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Abstract

The objective of this thesis is to screen for biochemical determinants in sorghum varieties cultivated
in Burkina Faso to identify the best sorghum varieties to be used as source of bioactive components
or for specific local foods, e.g. “td”, thin porridges for infants, granulated foods “couscous”, and
local beers “dolo”. The results revealed that sorghum varieties have different contents of starch,
amylose, amylopectin and that germination decreased more the content of amylose than
amylopectin. While on average oi-amylase activity increased in all varieties by 2-20 fold, B-amylase
activity did not uniformly increase after germination and even decreased in some varieties. The
majority (82%) of sorghum varieties cultivated in Burkina Faso are low proanthocyanidins
(condensed tannins) containing sorghums. Some varieties had relatively high content (> 0.4%,
w/w), of phenolic compounds such as 3-deoxyanthocyanidins and flavan-4-ols, which are of
particular interest for food, colorant and pharmaceutical industries. Independent of grain
germination, all sorghum varieties are among the most prominent natural sources of antioxidants
due essentially to their phenolic contents. Sorghum varieties are highly polymorph in their
expression of phenolic biosynthesizing enzymes, e.g. phenylalanine ammonia lyase, and phenolic
modifying enzymes, e.g. peroxidases and polyphenol oxidases. Several peroxidase isoenzymes are
expressed both before and after germination, and display a high activity in vitro. These enzymes are
the main potential oxidases involved in the oxidation of endogenous phenolic compounds in
sorghum grain. The major sorghum grain peroxidase isoenzyme representing more than 80% of
total peroxidase activity was characterized at the molecular level. The enzyme, localized in
chromosome 1 of sorghum, is a monomeric glycoprotein containing a non-covalently bound type-b
heme. The catalytic properties and primary structure of the enzyme are similar to cereal
peroxidases, in particular to barley peroxidase 1. Agronomic characteristics of grains (presence of
absence of pigmented testa layer and color of the glumes) and plants (red or tan) could be linked to
sorghum grain contents in phenolics and starch modifying enzymes. On average, varieties resistant
to stresses have greater content and diversity in phenolic compounds and higher oxidative enzyme
activities than stress susceptible varieties. The screened biochemical parameters could be linked to
the preferences of varieties for specific local foods. For instance, among varieties used for “t0”,
“dolo”, couscous and thin porridge preparation, the “dolo” varieties had the highest average content
and diversity in phenolics as well as the highest antioxidant activities. Varieties good for infant

porridges preparation have low amylose content and high a-amylase activity after germination.

Keywords: sorghum, starch, amylose, amylopectin, a-amylase, 3-amylase, phenolic compounds,
proanthocyanidins, 3-deoxyanthocyanidin, apigeninidin, luteolinidins, flavan-4-ols,
phenylalanine ammonia lyase, peroxidase, polyphenol oxidase, antioxidant,
germination.






Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

CONTENTS

Abstract

General introduction

Comparison of content in phenolic compounds, polyphenol oxidase and

peroxidases in grains of fifty sorghum varieties from Burkina Faso

Evaluation of the effect of germination on phenolic compounds and

antioxidant activities in sorghum varieties

Effects of germination on the activities of amylases and phenolic enzymes

in sorghum varieties grouped according to food end-use properties

Impact of phenolics and related enzymes in sorghum varieties for

the resistance and susceptibility to biotic and abiotic stresses

Zymography of peroxidase, monophenolase and o-diphenolase activities

of polyphenol oxidase

Biochemical characterization of the major cationic sorghum peroxidase

General discussion
Summary
Samenvatting
Résumé

List of abbreviations
List of publications
Acknowledgements
Curriculum vitae

Training and supervision completed

35

55

73

91

107

117

145

159

161
163
166

167
168

170
171






CHAPTER 1

General introduction



Chapter 1

1. 1. Sorghum bicolor (L.) Moench

Description

Sorghum bicolor (L..) Moench (Figure 1) is the fifth most important cereal crop after wheat,
rice, maize, and barley in terms of production (FAO, 2005). The total world annual sorghum
production is about 60 million tons from a cultivated area of 46 millions ha. Sorghum is a plant
belonging to the tribe of Andropogoneae and the family of Poaceae. In 1753, Linnaeus described
three species of cultivated sorghum: Holcus sorghum, Holcus saccaratus and Holcus tricolor. In
1794, Moench distinguished the genus Sorghum from the genus Holcus, and in 1805 Person
suggested the name Sorghum vulgare for Holcus sorghum (L.). In 1961, Clayton proposed the name
Sorghum bicolor (L.) Moench as the correct name for cultivated sorghum and this is currently the

accepted one (Doggett, 1988).

Figure 1. Sorghum bicolor (L..) Moench

As most angiosperm (flowering plant) lineages, sorghum is thought to be ~200 million years
old (Paterson et al., 2003). Sorghum, maize, rice and wheat diverged from a common ancestor only
50-70 million years ago (Paterson et al., 2003). The main races of cultivated sorghum are: bicolor,
vulgare, caudatum, kafir, guinea, and durra (Deu et al., 1994; BSTID-NRC, 1996). Common names
of sorghum vary from continent to country levels. The most encountered names are: kafferkoren,

soedangras, suikergierst, or suiker-sorghum (The Netherlands), kaoliang (China), mtatam, shallu or
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feterita (East Africa), durra (Egypt), chicken corn, sorghum or guinea corn (United Kingdom), jola,
jowar, jawa, cholam, bisinga, durra or shallu (India), kaffir corn (South Africa), milo, sorgo,
sudangrass or sorghum (USA), milo (Middle East Africa) and great millet, guinea corn, feterita,
sorghum or sorgho (West Africa). Sorghum is C4 crop, whom certain varieties also posses ‘“stay
green” genes that enable them to perform photosynthesis permanently. Sorghum is particularly
adapted to drought prone areas: hot, semi-arid tropical environments with 400-600 mm rainfall-
areas that are too dry for other cereals. Sorghum is also found in temperate regions (France) and at
altitudes of up to 2300 meters in the tropics. It is well suited to heavy soils commonly found in the
tropics, where tolerance to water logging is often required.

Sorghum is a vigorous grass that varies between 0—6 m in height. It has deep and spread
roots with a solid stem. Leaves are long (0.3-1.4 m) and wide (1-13 cm), with flat or wavy margins.
The flower is a panicle, usually erect, but sometimes recurved to form a goose neck (Figure 1 and
cover picture). Grain or caryopse is usually covered by glumes. Glumes are the maternal plant
tissues in the panicle that holds the developing caryopses after pollination. The caryopse is rounded
and bluntly pointed, from 4-8 mm in diameter and varying in size, shape and color with variety

(Figure 2). Caryopse color is an important trait that affects grain quality in sorghum.

Caryopse (grain)

Stylet

Glassy endosperm

Floury endosperm Scutellum

Germ Plumule

Pericarp Epiblast

Testa

Radicle
Endosperm——

Figure 2 . Structure of sorghum grain (Sautier and O’Deye, 1989).
Reproduced with the permission of Harmattan Editions, Paris
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Sorghum caryopse is composed of three main parts: seed coat (testa or pericarp), germ
(embryo) and endosperm (storage tissue). In some sorghum genotypes the testa is highly pigmented.
The presence of pigment and the color is a genetic character controlled by the R and Y genes
(Waniska, 2000). The thickness of the testa layer is not uniform and is governed by the Z gene. In

some genotypes there is a partial testa, while in others it is not apparent or is absent.

Distribution

It is believed that sorghum originated in Africa, more precisely in Ethiopia, between 5000
and 7000 years ago (ICRISAT, 2005). From there, it was distributed along the trade and shipping
routes around the African continent, and through the Middle East to India at least 3000 years ago. It
then journeyed along the Silk Route into China. Sorghum was first taken to North America in the
1700-1800's through the slave trade from West Africa. It was re-introduced in Africa in the late
19th century for commercial cultivation and spread to South America and Australia. Sorghum is
now widely found in the dry areas of Africa, Asia (India and China), the Americas and Australia.

Sorghum is genetically diverse. The world sorghum germplasms are deposited at the
International Crop Research Institute for the Semi-Arid Tropics (ICRISAT, Patancheru) in India.
ICRISAT holds about 36,000 germplasm accessions of this crop. The varieties are distinguished on
the basis of morphological traits, differences in isoenzyme patterns and DNA polymorphism
(Chantereau and Nicou, 1991; Ollitraut et al., 1989a, 1989b; Zongo, 1991; Tao et al., 1993; Vierling
et al., 1994, Deu et al., 1994). The sorghum genome is currently sequenced (Paterson et al., 2003;
http://fungen.org/Sorghum.htm). Sorghum has 2n=20 chromosomes and is estimated to contain 750
Mb being twice the genome of rice and six times the genome of Arabidopsis (Passardi et al., 2004).
Thus, a rough estimate of the total number of genes in sorghum based upon the currently 107 652
known expressed sequence tag (EST) data would be between 35 000 and 40 000
(http://fungen.org/Sorghum.htm).

Worldwide utilization

Sorghum, is grown in the United States, Australia, and other developed nations essentially
for animal feed. However, in Africa and Asia the grain is used both for human nutrition and animal
feed. It is estimated that more than 300 millions people from developing countries essentially rely
on sorghum as source of energy (Godwin and Gray, 2000). The main foods prepared with sorghum

are: tortillas (Latino America), thin porridge, e.g. “bouillie” (Africa and Asia), stiff porridge, e.g. td



General introduction

(West Africa), couscous (Africa), injera (Ethiopia), nasha and kisra (Sudan), dolo (Africa), baked
products (USA, Japan, Africa), etc. Tortillas are a kind of chips prepared from sorghum alone or by
mixing sorghum with maize and cassava (Anglani, 1998). Nasha is a traditional weaning food
(infant porridge) prepared by fermentation of sorghum flour (Graham et al., 1986). Injera is a local
fermented pancake-like bread prepared in Ethiopia from sorghum (Yetneberk et al., 2004). Kisra is
traditional bread prepared from a fermented dough of sorghum (Mahgoub et al., 1999).

Sorghum alone is not considered as a bread making cereal because of the lack of gluten, but
addition of 20-50% sorghum flour to wheat flour produces excellent bread (Anglani, 1998; Carson
et al., 2000; Hugo et al., 2000, 2003). Among interesting features of sorghum utilization is biscuits
and other cooked products (Olatunji et al., 1989). In the USA and Japan, sorghum utilization as
human food is increasing because of its use in snacks and cookies (Rooney and Waniska, 2004).
The future promise of sorghum in the developed world is for wheat substitution for people allergic
to gluten (Fenster, 2003). In addition, pasta products, such as spaghetti and macaroni made from
semolina or wheat could be made with mixtures of composite flour consisting of 30-50% sorghum
in wheat (Hugo et al., 2000; 2003). Pre-cooked sorghum flours mixed with vitamins and exogenous
sources of proteins (peanuts or soybeans) are commercially available in many African countries for
the preparation of instant soft porridge for infants. Sorghum can be puffed, popped, shredded and
flaked to produce ready-to-eat breakfast cereals.

Sorghum starch is successfully applied for the production of bio-ethanol (Suresh et al.,
1999; Aggarwal et al., 2001). In Nigeria and South Africa, sorghum is industrially used for the
production of lager beer (Taylor and Dewar, 2001). More information on sorghum utilization for
human nutrition can be found elsewhere (FAO, 1995; Anglani, 1998; Taylor and Dewar, 2001;
Awika and Rooney, 2004a, Rooney and Waniska, 2004).

Production and utilization in Burkina Faso

Current annual sorghum production in Burkina Faso is about 1.4 million tons; the country
being the world leader in sorghum production and consumption per inhabitant (FAO, 2005). In
Burkina Faso, sorghum alone accounts for 51% of the total cereal crop land area. Therefore, true
food security will be hard to achieve in this country without a significant improvement in the
production, use, and marketing of this major staple cereal. The yield is 950 kg/ha, while in the USA
it is 3310 kg/ha (FAO, 2005). The low production in Burkina Faso is essentially due to biotic

(insects, fungal diseases, weeds, etc.) and abiotic stresses (drought, logging, photoperiod, soil
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quality, etc.). Most of the cultivated varieties in Burkina Faso have white or red caryopses. An
investigation of sorghum diversity in Burkina Faso based on agro-morphological traits and
isoenzyme patterns has revealed (Zongo, 1991; Tenkouano, 1995) the presence of more than 800
ecotypes. This number increases every year because of the introduction of newly improved varieties
(Tenkouano, 1995; Sérémé et al., 1994, Trouche et al., 2000, 2001). In Burkina Faso, sorghum is
essentially used for thin porridges, td, couscous, and dolo.

To is prepared by cooking a slurry of sorghum flour. Thin porridges (usually used as
weaning food) are also prepared in the same manner with less amount of flour to obtain a fluid end-
product. Often sorghum porridges are characterized by thick pastes that may form rather stiff gels
depending on variety used.

Couscous is a steamed and granulated traditional African food originating from North
Africa. The traditional method of preparing couscous is a steam-cook process in a special pot called
“couscoussiere”. Couscous is prepared by mixing flour with water to obtain agglomerated flour-
water mixtures. The agglomerates are then put on top of the “couscoussiere”. The stew cooks in the
bottom pot while the granules are steamed on top. Sorghum varieties differ in their couscous-
making ability. White sorghum varieties from tan plants yield the best couscous product (Galiba et
al., 1988). Couscous quality criteria include size uniformity, color, stickiness, and mouth-feel
(Aboubacar and Hamaker, 1999).

Dolo is a reddish, cloudy or opaque local beer prepared exclusively from red sorghum malt
(Hilhorst, 1986). The primary quality criterion of selection of sorghum varieties for beer is their
potential to produce malt with high a-amylase and -amylase activities (Verbruggen, 1996; Taylor
and Dewar, 2001). The sorghum malting process starts by immersing the grain in water to activate
hydrolytic enzymes. Traditional germination involves seedling growth in warm water-saturated air
for 3 to 5 days (Hilhorst, 1986). The germinated grain is then dried to moisture content of 10-12%.
The malt obtained is used to prepare dolo. Briefly, dolo preparation starts by mixing sorghum malt
flour with water (1:10, w/v). The mixture is decanted and the supernatant (containing hydrolytic
enzymes) is separated from the precipitate (containing starch). Water is added to the precipitate and
the mixture is boiled to gelatinize starch, but the supernatant is not boiled. It is interesting to note
that people, who originally prepare dolo (“dolotieres”), empirically know that the supernatant
contains “some things”, e.g. enzymes that are thermolabile so they should not be boiled. After
cooling, the precipitate is filtered to separate soluble components (starch, sugars, proteins, etc.) and
the spent (used as animal feed). The mashing step (incubation of hydrolytic enzymes with their

substrates) consists of combining the previous supernatant and the filtrate at 50-60°C for 12-16h, to
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obtain the wort. The wort is cooked, and then re-cooled overnight to room temperature (35-40°C).
The cooled wort is a sweet non-fermented beverage highly appreciated by children. It is
traditionally called “soft dolo”. The fermentation (1-2 days) is initiated by addition of dried yeasts
to the wort. The final product, dolo, is separated from yeasts by filtration. Characteristics of dolo
are: alcohol content (2-4%, v/v), pH 4-5, stability at room temperature (12-16h), red color, and
opaque appearance. In Burkina Faso, the government has encouraged since 1984 the research on the
preparation of lager beer from sorghum. However, until now it is not successful because of the lack

of real financial support.

Sorghum grain composition and nutritive value

Starch is the main component of sorghum grain, followed by proteins, non-starch
polysaccharides (NSP) and fat (Table 1). The average energetic value of whole sorghum grain flour
is 356 kcal/100g (BSTID-NRC, 1996). Sorghum has a macromolecular composition similar to that
of maize and wheat (BSTID-NRC, 1996). However, sorghum contains resistant starch, which
impairs its digestibility, notably for infants (FAO, 1995). This resistance is desired in other
applications to fight human obesity. Foods prepared from high tannin sorghums varieties have a
longer passage in the stomach (Awika and Rooney, 2004a). Edible products incorporating slowly
digestible starch are known to exhibit a low glycemic index and increase satiety (Shin et al., 2004).
Sorghum contains non-starch polysaccharides (NSP), mainly located in the pericarp and endosperm
cell walls, with proportions in the kernel ranging from 2 to 7% depending on variety (Knudsen and
Munck, 1985; Verbruggen et al., 1993). The NSP in sorghum grain are essentially constituted of
arabinoxylans and other B-glucans representing 55% and 40% of the total NSP (Verbruggen et al.,
1993; Hatfield et al., 1999). Verbruggen and co-workers (1993, 1998) found arabinoxylans from
sorghum to be glucuronoarabinoxylans containing ferulic acid and p-coumaric acid. Arabinoxylans,
being one of the major NSP present in sorghum cell walls, play an important role in the processing
of sorghum for baking and brewing (Rouau, 1993; Verbruggen et al., 1998). The other 3-glucans
comprise cellulose (1,4-B-D-glucans), curdlan-type glucans (1,3-B-D-glucans), and lichenan-type
glucans (1,3; 1,4-B-D-glucans) (Knudsen and Munck, 1985; Verbruggen et al., 1993, 1996, 1998).
These -glucans are predominantly water-unextractable, and form viscous and sticky solutions. In
brewing, together with arabinoxylans, they are associated with processing problems like poor wort

and beer filtration rates and the occurrence of haze (Aisien and Muts, 1987; Dufour et al., 1992).
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Sorghum also contains non-carbohydrate cell-wall polymers such as lignins with proportions
constituting up to 20% of the total cell wall materials (Hatfied et al., 1999).

The protein content in whole sorghum grain is in the range of 7 to 15% (FAO, 1995; Beta et
al., 1995). Using the solubility-based classification (Jambunatan et al., 1975), sorghum proteins
have been divided into albumins, globulins, kafirins (aqueous alcohol-soluble prolamins), cross-
linked kafirins and glutelins. The kafirins comprise about 50-70% of the proteins (Hamaker et al.,
1995; Oria et al., 1995; Duodu et al., 2003). a--Kafirins (23 and 25 kDa) make up about 80% of the
total kafirins and are considered the principal storage proteins of sorghum, whereas -kafirins (16,
18, and 20 kDa), and y-kafirin (28 kDa) comprise about 5% and 15% of total kafirins, respectively.
The nutritional quality of sorghum proteins is poor because these kafirins are protease resistant
(Badi et al., 1990; Oria et al., 1995; Anglani, 1998). However, a wide variability according to
variety has been observed with respect to the levels of proteins in sorghum (Reddy and Eswara,
2002). The protein digestibility of sorghum may decrease upon cooking (Axtell et al., 1981; Taylor
and Taylor, 2002), but pre-fermentation may increase the digestibility (Taylor and Taylor, 2002).
The low digestibility is due to protein-protein, protein-carbohydrate, protein-(poly)phenol and
carbohydrate-(poly)phenol interactions (Knudsen et al., 1988; Axtell, 1981, Hamaker et al., 1987;
Cherney, et 1992, Taylor and Taylor, 2002).

The fat in sorghum grain (mainly present in the germ) is rich in polyunsaturated fatty acids
(Glew et al., 1997). The fatty acid composition of sorghum fat (linoleic acid 49%, oleic 31%,
palmitic 14%, linolenic 2.7%, stearic 2.1%, etc.) is similar in content to that of corn fat, but it is
more unsaturated (Knudsen et al., 1988; Adeyeye and Ajewole, 1992; FAO, 1995).

Sorghum is a good source of vitamins, notably the B vitamins (thiamin, riboflavin,
pyridoxine, etc.), and the liposoluble vitamins A, D, E and K.

Sorghum is reported to be a good source of more than 20 minerals (BSTID-NRC, 1996).
Sorghum is also rich in phosphorus, potassium, iron and zinc (Glew et al., 1997; Anglani, 1998).
Zinc (an important metal for pregnant women) deficiency is more common in corn and wheat than

in sorghum (Hopkins et al., 1998).
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Table 1. Proximate composition of sorghum grain®

Macro-components Essential amino-acids Vitamins Mineral
(g/100g f. m.) (mg/100g, d.m.) (mg/100g d. m.) (mg/100g d. m.)
Carbohydrates 65 - 80 Leu 832 - 1480 Vit.-A 21 RE** Ca 21
Starch 60 -75 Ile 215- 460 Thiamin 0.35 Cl 57
Amylose 15-30 Met/Cys 190 - 244 Riboflavin 0.14 Cu 1.8
Amylopectin 45- 55 Lgfs 126 - 277 Niacin 2.8 I 0.029
Non starch polysaccharides 2-17 Phe/Tyr* 567 - 386 Pyridoxine 0.5 Fe 5.7
Low M,, carbohydrates 2-4 Thr 189 - 425 Biotin 0.007 Mg 140
Proteins 7-15 Trp 63 - 187 Pantothenate 1.0 P 368
a-Kafirins 4- 8 Val 313 - 607 Vitamin C <0.001 K 220
B-Kafirins 0.2- 0.5 Arg* 500 - 537 Na 19
v-Kafirins 0.7- 1.6 His* 200 - 234 Zn 25
Other proteins 2-5
Fat 1.5-6
Ash 1-4
Moisture 8-12

*Sources: Verbruggen et al. (1993, 1996); FAO (1995), Hamaker et al., (1995), BSTID-NRC (1996), Glew et al. (1997),
Duodu et al. (2003). *Not strictly essential amino-acids,**RE = retinol equivalent; f.m. = fresh matter, d. m. = dry
matter; NSP = non starch polysaccharides.

Effect of germination on sorghum composition

The physiological maturity of sorghum grain generally occurs 50 days after anthesis, and
marks the end of nutrient delivery and the beginning of senescence, and caryopse desiccation
(Waniska, 2000). The mature grain is then harvested and stored. In a dormant stage, it is
characterized by dehydration and a dramatic decrease of metabolic activity. Germination is induced
by rehydration of the seed, which increases both respiration and metabolic activity thus allowing the
mobilization of primary and secondary metabolites (Limami et al., 2002). Therefore, the
biochemical composition between ungerminated and germinated kernels is different. Germination
induces the synthesis of hydrolytic enzymes, e.g. starch degrading enzymes, and proteases. The
reduction of phytic acid, some flavonoids and proanthocyanidins has been observed during
germination (FAO, 1995; Traoré et al., 2004). The breakdown of protease resistant prolamins
(Mazhar and Chandrashekar, 1993) and the increase of the availability of minerals (iron, zinc, etc.)
and essential amino acids (principally Lys, Tyr and Met) upon germination has also been reported
(FAO, 1995; Anglani, 1998). Germination of sorghum is important for the preparation of weaning

foods with low paste viscosity and high energy density (Malleshi and Desikachar, 1988). While
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germination usually has positive aspects, it is important to note that it increases the content of
nitrilosides (cyanogenetic 3-glycosides, e.g. dhurrin) of the grain (Ahmed et al., 1996; Traoré et al.,
2004). These compounds release cyanide (prussic acid) which may be removed either by heating
the flour or removing shoots, roots and the germs, but removing the latter reduced the content in a-
amylase (Uvere et al., 2000; Traoré et al., 2004). Upon germination, the initially low content of

vitamin C is strongly increased (Taur, et al., 1984).

1.2 Starch and starch degrading enzymes

Starch

Starch is the primary source of stored energy in cereal grains. Starch is deposited as granules
in the endosperm cells, being the main constituent of the endosperm. Sorghum starch granules have
diameters ranging from 5 to 25 pm (average 15 um). Sorghum starch has a specific particularity
because of its high gelatinization temperature (70-75°C), which decreases its industrial application
(Dufour et al.; 1992; Taylor, 1992). Native starch granules are essentially insoluble in cold water.
The term “gelatinization” is used to describe the swelling and hydratation of granular starches
(Zobel, 1984). Starch gelatinization is the disruption of molecular orders within the starch granule
manifested in irreversible changes in properties such as granular swelling, native crystalline
melting, loss of birefringence, and starch solubilization. These changes render all or part of the
material in granules soluble and consequently enable to contribute to food properties such as
texture, viscosity, and moisture retention (Whistler and BeMiller, 1997). The point of initial
gelatinization and the range over which it occurs is governed by the starch structure. Sorghum
starch is classified as type-B, e.g. a moderate swelling starch compared to type-A starches (potato,
tapioca, waxy sorghum, etc.), which are high swelling starches (Beta and Corke, 2001). The
retrogradation involves reassociation of the molecules and occurs when the starch is cooled, and
this is dependent on the ratio of amylose and amylopectin. Enzymatic sorghum starch hydrolysis or
chemical treatment can improve its technological properties (Zhang et al., 1999).

Regardless of the botanical source, starch is structurally composed of two high molecular
weight homopolysaccharides known as amylose and amylopectin (Figure 3). Amylose constitutes
approximately 20-30% of starch, and is composed of essentially homogenous linear units of

a-(1—4)-D-glucopyranose, which can form helicoidal structures in solution (Manners, 1974; Jarvis

10
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and Walker, 1993). The interior of the helix is hydrophobic, allowing amylose to form a complex
with free fatty acids, iodine, etc. (Fennema, 1985).

Amylopectin is constituted of short chains of a-(1—4)-D-glucopyranose (majority 10-20 units in
sorghum starch) branched to «-(1—6)-D-glucopyranoses to form a highly ramified structure

(Blennow et al., 2001).

a-Amylase and B-amylase

Starch degradation in plants is accomplished by «-amylase [o-1,4-D-glucan
4-glucanohydrolase, EC 3.1.1.1], B-amylase [o-1,4-D-glucan maltohydrolase, EC 3.1.1.2],
amyloglucosidase [o-1,4-glucan-glucohydrolase, EC 3.1.1.3] and starch phosphorylase [1,4-0-D-
glucan:phosphate «-D-glucosyltransferase, EC 2.4.1.1] action on a-(1—4)-linkages (Manners,
1974). Amylases are hydrolytic enzymes, which depolymerize starch according to a classic acid-
base mechanism. a-Amylases are endo-enzymes that randomly split o-(1—4)-linkages in starch
with retention of anomeric configuration of glucose residues. B-Amylase is an exoglucosidase
acting from the non-reducing end, releasing [3-maltose units from starch, hence the name B-amylase
(Kaplan and Guy, 2004). The B-maltoses released undergo mutarotation into a-maltose (Robyt and
Akerman, 1973). Both a-amylase and B-amylase cannot split the a-(1—6)-linkages in amylopectin.
Therefore, the degradation of starch by these enzymes is incomplete. In addition, plant amylases

scarcely hydrolyze raw starch: their action is lower than 5% hydrolysis (Dicko et al., 1999).

oH

AMYLOSE

. O Haon % Ocnjom cHoH
...... » o-amylase endo-fashion OJ(:::‘:N;}{ Kf:m?)‘_‘, @ @
o N\QH o
. oH OH OH
— » P-amylase exo-fashion -
AMYLOPECTIN

Figure 3. Structures of amylose and amylopectin. The mode of starch hydrolysis
by a-amylase and B-amylase is illustrated.

11



Chapter 1

Sorghum amylases were first detected in 1928 and partially purified since that time by
solvent fractionation (Patwardhan and Norris, 1928). The starch-liquefying or dextrinizing power is
referred to a-amylase activity, while the starch-saccharifying or saccharolytic power is referred to
as B-amylase activity. Sorghum o-amylases and -amylases occur as glycosylated (2-3 glycoforms),
anionic (p/ 4-5) isoenzymes of different molecular weights (Mundy, 1982; Okon and Uwaifo,
1984). Two a-amylase isoenzymes with molecular masses of 41.5 and 42.7 kDa (Mundy, 1982) and
three B-amylases with molecular masses of 20, 40 and 60 kDa were purified from sorghum grain
(Okon and Uwaifo, 1984).

One of the constraints of utilizing sorghum varieties in industrial brewing is the low activity
of starch degrading enzymes. For instance, in Nigeria, sorghum has become the predominant cereal
for industrial scale malting and brewing of beer, following legislation banning the importation of
barley and wheat (Hug et al., 1991). The major disadvantage encountered using sorghum in brewery
is its low content of B-amylase (Taylor and Robbins, 1993; Swanston et al. 1993; Verbruggen,
1996).

1. 3. Sorghum phenolic compounds

Phenolic compounds, of which more than 8000 are known, embrace a wide range of plants
secondary metabolites possessing in common an aromatic ring substituted by one or more hydroxyl
groups (Harborne, 1994; Pietta, 2000). Phenolic compounds are the most widely distributed
secondary metabolites, ubiquitously present in the plant kingdom. Located in the vacuole, they are
found in free form or linked to carbohydrates (glucose, galactose, rhamnose, mannose, rutinose
etc.), and tend to be soluble in water or organic solvents (methanol, HCl-methanol, acetone,
dimethylformamide, etc.). Among cereals, sorghum has the highest content of phenolic compounds
reaching up to 6% (w/w) in some varieties (Deshpande et al., 1986; Beta et al., 1999, Awika and
Rooney, 2004a). The main classes are simple phenols, hydroxybenzoic acids, hydroxycinnamic
acids, flavonoids (flavanols, flavones, flavanones, isoflavones and anthocyanins), chalcones,
aurones  (hispidol),  hydroxycoumarins, lignans, hydroxystilbenes and polyflavans
(proanthocyanidins and pro-deoxyanthocyanidins) (Chung et al., 1998; Krueger et al., 2003).
Sorghum does not contain tannic acid and hydrolysable tannins (Waniska, 2000, Awika et al.,
2004a). Lignans and hydroxystilbenes are not yet detected (Awika et al., 2004a). Table 2 gives the

approximate range of phenolic compounds content in sorghum varieties.
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Table 2. Phenolic contents in sorghum grain

Phenolic compounds Content pg/g (dry Reference
weight)
Hydroxybenzoic acids
p-Hydroxybenzoic 15 - 36 Hahn et al. (1983)
Gallic 26 - 46 Hahn et al. (1983)
Protocatechuic 24 141 Hahn et al. (1983)
Vanillic 8 - 50 Hahn et al. (1983)
Hydroxycinnamic acids
p-Coumaric 100 - 200 Verbruggen et al. (1993)
Caffeic 25 - 52 Hahn et al. (1983)
Ferulic 300 - 500 Verbruggen et al. (1993)
Sinapic (sinapinic) 50 140 Hahn et al. (1983)
Flavonoids
Anthocyanins 0 - 2800 Sérémé et al. (1992);
Awika et al. (2003, 2004b)
Flavan-4-ols 0 - 1300 Bate-Smith (1969) ;
Audilakshmi et al. (1999)
Proanthocyanidins 0 - 68000 Beta et al. (1999); Awika and
Rooney (2004a)

Simple phenols and phenolic acids

Simple phenols are relatively rare in plants. Catechol and resorcinol were reported in
sorghum grain; however their concentrations were not given (Watt and Breyer-Brandwijk, 1962;
Czarnota et al., 2003; Towo et al., 2003). These compounds are undesired in food products because
they are carcinogenic, hepatotoxic and goitrogenic (Gaitan et al., 1989, Reed, 1995). Interestingly,
if present they can be removed by food processing like heating (Gaitan et al., 1989). The phenolic
acids in sorghum include hydroxybenzoates and hydroxycinnamates (Figure 4). They are found in
free form or bound as esters, and are concentrated in the outer layers of the grain (Waniska, 2000;
Awika et al., 2004a). The most abundant phenolic acids in sorghum are ferulic acid and p-coumaric

acid (Hahn et al., 1983; Verbruggen et al., 1993).
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COOH
OH COOH
Ry R "
Ry Rs Re Re e e
Rs Rs
Simple phenols Hydroxybenzoic acids Hydroxycinnamic acids
Phenol: Ry =R, =R3;=H Gallic: R; =H, R, =R3; =R, =0OH p-Coumaric: R; =R, =R, =H, R; = OH
Catechol: R, =OH, R, =R;=H Gentisic: R, =R, = OH, R, =R; = OH Caffeic : Ry =R;=H,R, =R; =0H
Resorcinol: R, = OH, Rj=R; =H Salicylic: R; =OH, R, =R;=R,=H Ferulic: Rj=R, = H, R4= OCHj3, R; = OH
Phloroglucinol: R, =R3;=0OH, p-(OH)-Benzoic: Ry =R, =R,;=H, R; =OH Sinapic : R; =H, R, =Ry = OCH;, R; = OH
R,=H Protocatechuic: R, =R;=H, R, =R; =0OH
Syringic: R; = H, R, = R4 = OCH3;, R; = OH
Vanillic: R; = R4 = H, R; = OH; R, = OCHj3;
Flavonoids

Flavonoids sensu latu constitute the largest class of phenolic compounds with more than
3000 structures, possessing in common a flavylium unit (Cs-C3-Cs) (Iacobucci and Sweeny, 1983).
Sorghum contains flavonoids such as flavanols (flavan-3-ols, flavan-4-ols, etc., Figure 5),
flavanones, flavones and anthocyanins (Haslam, 1998; Awika, 2004a). The flavan-4-ols apiforol
(pro-apigeninidin or leuco-apigeninidin) and tuteoforol (proluteolinidin or leuco-luteolinidin) are
abundant in sorghum, and precursors of apigeninidin and luteolinidin, respectively (Ferreira and

Desmond and Slade, 2002; Haslam, 1998; Hagerman, 2005).

OH
OH

HO o}

OH OH

Flavan-4-ols
Apiforol (leucoapigeninidin) : R =H
Luteoforol (leucoluteolinidin) : R = OH

Flavan-3-ol
catechin

Figure 5. Structure of some sorghum flavanols (Melake-Berhan et al., 1996; Hagerman, 2005)
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The most abundant anthocyanins in sorghum grain are 3-deoxyanthocyanidins, e.g.
apigeninidin and luteolinidin (Figure 6) (Bate-Smith, 1969; Kouda et al., 1994, 1996; Palé et al.,
1997; Awika et al., 2004b). The red color of the grain’s pericarp is essentially due to the presence of
3-deoxyanthocyanidins (Bate-Smith, 1969, see cover picture). Like most anthocyanidins, these
compounds are used as natural food colorants (Morazzoni and Magistretti, 1990; Coultate, 1996;
Awika et al., 2004a). As a food (E163) or pharmaceutical (Myrtocyan) additive, these phenolic
compounds represent a world market of 250 millions US dollars (Morazzoni and Magistretti, 1990;
Coultate, 1996). 3-Deoxyanthocyanidins have interesting food applications because of their thermal

and color stability (Iacobucu and Sweeny, 1983, Awika et al., 2003, 2004b).

R4
OH
OH
HO &
HO o) X
AN Ro
/
/
OH
OH
Rs
Anthocyanidins 3-Deoxyanthocyanidins
Fisetinidin : R, =R, =OH, R;=H Apigeninidin : R; = H
Cyanidin : R; =OH ; R, =H, R; = OH Luteolinidin : R; = OH

Pelargonidin : R, =R, = H, R; = OH
Peonidin : R; = OCH3 ; R, =H, R; = OH
Malvidin : Rl = Rz = OCH3, R3 =OH
Delphinidin Ry =R, =R; = OH
Petunidin R, = OCH3 ; R, =R; = OH

Figure 6. The main sorghum anthocyanidins and 3-deoxyanthocyanidins (Kouda-Bonafos et al., 1996;
Palé et al., 1997; Awika et al., 2004a, 2004b).

Polyflavans

The term polyflavan is referred to phenolic compounds formed by polymers of flavylium
units substituted with hydroxyl groups (Krueger et al., 2003, Awika and Rooney, 2004a). Most
polyflavans are often called condensed tannins, but this generic name is sometimes confusing
because it does not give a structural definition of the compounds. The polyflavans found in sorghum
are essentially polymers of flavan-3-ols (proanthocyanidins) and pro-3-deoxyanthocyanidins
(Figure 7). Sorghum proanthocyanidins consist of flavan-3-ol units linked by C-C (type B

proanthocyanidins) and occasionally C-O-C (type A proanthocyanidins) bonds ranging from one to

15



Chapter 1

fifteen (Krueger et al. 2003, Awika and Rooney, 2004a). The most abundant polyflavans in
sorghum are homopolymers of catechin/epicatechin with uniform B-type interflavan bonds
(Krueger et al., 2003). Not all sorghum varieties contain these polyflavans because their content is
genetically governed by B1-B2 genes (Serna-Salvidor and Rooney, 1995; Butler, 1992; Waniska,
2000). In general, varieties with pigmented testa layers contain proanthocyanidins (Waniska, 2000).

The main pro-deoxyanthocyanidins found in sorghum are pro-apigeninidins and
pro-luteolinidins (Figure 7). Stafford (1990) has suggested that although present in sorghum, these
polyflavans are very rare in other plants. Hydrolysis of pro-apigeninidins and pro-luteolinidins

yields apigeninidins and luteolinidins, respectively (Hagerman, 2005).

Ri

OH
OH

OH

n=1-15

Flavanone
terminal unit
OH

OH

o

Proanthocyanidins Pro-3-deoxyanthocyanidins
R, =H, pro-apigeninidins
R = OH, pro-luteolinidins

Figure 7. Structure of sorghum polyflavans (Krueger et al. 2003; Chen and Hagerman, 2004; Awika and
Rooney, 2004a).

Role of phenolic compounds in plants

Phenolics play an important role in plant metabolism, but also protect the plant against
stresses. For instance, it has been recently shown that flavonoids, such as catechin, regulate the
auxin transport in plants, and, therefore, play an important role in plant development (Brown et al.,

2001). Several studies have shown that the plant resistance to both biotic (pathogens and predators)
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and abiotic (UV-radiation, drought, etc.) stresses is related to phenolic compounds (Parr, 2000). All
classes of phenolic compounds (hydroxyl benzoic acid and hydroxycinnamic acid derivatives,
flavonoids, polyflavans, etc.) are involved in the resistance mechanisms. Sorghum
3-deoxyanthocyanidins are phytoalexins (plant-microbe interaction) or allelochemicals (plant-plant
interaction), involved in plant resistance to biotic stresses such as fungi and parasitic plant invasion
(Weiergang et al., 1996; Lo et al, 1999; Parr and Bolwell, 2000; Weir et al., 2004).
Proanthocyanidins, 3-deoxyanthocyanidins and flavan-4-ols prevent losses from premature
germination and damage due to mold (Waniska, 2000). Hydroxycinnamic acids are constituent of
plant cell-wall polymers such as lignin, suberin and cutin. These polymers are physical barriers

against invading predators, drought and several other stresses (Parr and Bolwell, 2000).

Health related properties of phenolic compounds

Condensed tannins, e.g. proanthocyanidins, may bind to proteins, carbohydrates and
minerals, thereby affecting the nutritional and functional value of the bound constituents. Of major
nutritional concern is the ability of proanthocyanidins to bind strongly to large proteins and to
proline-rich proteins, thereby reducing their digestibility (Butler, 1992). Proanthocyanidins may be
antinutritional through direct interference within the animal body of the digestive processes or
inhibition of hydrolytic enzymes through formation of complexes (Nguz et al., 1998). One of the
most undesired effects of phenolic compounds is their pro-oxidant activity which can lead to
mutagenicity and carcinogenicity (Stoewsand et al., 1984; Morton, 1992). This pro-oxidant activity
depends strongly on the type of phenolic compounds (Awad et al., 2000; Rietjens et al., 2001;
Awad, 2002; van der Woude et al., 2002).

The earlier idea of classification of proanthocyanidins exclusively as antinutritional factors
is now questioned because they also are believed to have health benefits for humans (Hagerman et
al., 1998; Waniska, 2000, Parr and Bolwell, 2000; Clifford, 2000; Awika, 2004a). Sorghum
proanthocyanidins are unlikely to bind minerals (Waniska, 2000) and high molecular weight
proanthocyanidins (DP >3) do not cross the gastroinstinal cell monolayer (Deprez et al., 2001).
Bioavailability of iron in sorghum for human subjects was found to be affected more by phytic acid
than by the proanthocyanidins content of the grains (Radhakrishnan and Sivaprasad, 1980). Gomez-
Cordoves and co-workers (2001) demonstrated the effective therapeutic effect of sorghum
proanthocyanidins against human melanoma. The binding of proanthocyanidins with proteins
participates in their antibacterial activity (Murdiati and McSweeney, 1987; Scalbert, 1991).

Proanthocyanidins have been shown to inhibit the growth of human immunodeficiency virus 1
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(HIV-1), influenza virus, and herpes simplex virus by blocking their entry in the host cells (Chan
and Kim, 1998; Okuda et al.; 1991, Lu et al., 2004; Hamauzu et al., 2005). The anti-HIV-1 activity
is of high interest in Africa, and in Burkina Faso in particular, where HIV-1 prevalence is a major
concern. The mechanism of proanthocyanidins toxicity against microbes is related to inhibition of
hydrolytic enzymes, interactions to inactivate microbial adhesions and cell envelope transport
proteins, and non-specific interaction with carbohydrates (Cowan, 1999). Among sorghum
flavanols, the flavan-4-ols (Figure 5) have particular therapeutic interest because of their antitumor
activity (Ferreira and Slade, 2002). Flavan-4-ols revealed strong host mediated antitumor activity,
which is due to the enhancement of immune response of the host animals through the actions on
tumor cells and some immunocytes (Okuda et al., 1991; Ferreira and Slade, 2002).

A number of highly reactive oxygen species such as singlet oxygen (‘0,), superoxide anion
radical (O,"), hydroxyl radical (OH’), nitric oxide radical (NO"), and alkyl peroxyl (ROQO") are
regularly produced in the human body (Langseth, 1995). These radicals can damage lipids, proteins
and DNA and participate in pathogenesis and ageing (Ryan and Robards, 1998; Santos-Buelga and
Scalbert, 2000; Parr and Bolwell, 2000). Phenolic compounds, together with other natural
compounds (vitamins C and E, and carotenoids), contribute to the defense by scavenging free
radicals, by inhibiting oxidative enzymes such as lipoxygenase and cyclooxygenase and by
chelating metal ions (Shi et al., 2001). The antioxidant activity of phenolic compounds is mainly
due to their redox properties, which can play an important role in adsorbing and neutralizing free
radicals (Bors et al., 2001). In general, phenolic compounds possessing ortho-hydroxyls, found for
instance in caffeic acid and in the B-ring of some flavonoids (catechin, quercetin, luteolinidin, etc.),
have higher antioxidant activities than the others (Natella et al., 1999; Shi et al., 2001). Antioxidant
activities of phenolic compounds have been suggested to exert beneficial pharmacological effects
on neurological disorders on the basis of in vitro observations (Moosmann and Behl, 1999).
Epidemiological studies have shown that consumption of some phenolic compounds is associated
with a reduced risk for developing chronic diseases, such as coronary heart disease, cancer,
diabetes, and Alzheimers’s disease, linked to their free radical scavenging activities (Ames et al.,
1993; Block et al., 1992; Hertog et al., 1993; Temple, 2000; Joshipura et al., 2001; Willett, 2002;
Khokhar and Magnusdottir, 2002; Yang et al., 2004). Another interesting property of phenolic
compounds, notably hydroxyanthraquinones and hydroxynapthoquinones, is their cathartic effect
(Clifford, 2000). Cathartic compounds are believed to give a better feeling and help to deal with

difficult emotions and eliminate them.
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1.4. Phenolic enzymes in sorghum

Importance of phenylalanine ammonia lyase in biosynthesis of phenolic compounds

The biosynthesis of phenolic compounds in plant (Figure 8) is initiated by the shikimic acid
pathway (Tomas-Barberan and Espin, 2001; Heldt, 2005). This pathway continues with the
production of phenylalanine, which is subsequently deaminated by the enzyme phenylalanine
ammonia lyase [EC 4.3.1.5, PAL]. PAL can deaminate both L-phenylalanine and L-tyrosine into
cinnamate derivatives (Hodgins, 1971, Rosler et al., 1997; Heldt, 2005). The released ammonia is
refixed by glutamine synthetase [L-glutamate-ammonia ligase, EC 6.3.1.2] to produce glutamine
(Singh et al., 1998; Heldt, 2005). PAL is inhibited by its products, e.g. trans-cinnamates (Heldt,
2005). Apart from PAL, the main other important enzymes in phenolic synthesis are cinnamate-4-
hydroxylase [EC 1.14.13.11]; 4-coumarate CoA ligase [EC 6.2.1.12], acetyl CoA carboxylase [EC
6.4.1.2], chalcone synthase [EC 2.3.1.74); and chalcone-flavanone isomerase (EC 5.5.1.6]
(Hrazdina, 1992, Haslam, 1998). PAL is indirectly associated with the synthesis of phenol
polymers, including lignin and suberin (Parr and Bolwell, 2000; Heldt, 2005). In several fruits and
vegetables, a high plant PAL activity has been associated with the accumulation of anthocyanins
and other phenolic compounds (Tovar et al., 2002). In barley, PAL activity has been associated with
the response to pathogen challenge (Shiraishi et al., 1995) and to light (Baztan and Torres, 1988).
The inhibition of PAL activity in barley induces the susceptibility to fungal attack (Carver et al.,
1994). PAL activity has been detected in the green shoots and leaves (Stafford, 1969, Mohan et al.,
1988) of sorghum. In sorghum, the infection of the plant with pathogen involved a very rapid

accumulation of PAL mRNA (Cui et al., 1996).
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Figure 8. Schematic illustration of the biosynthesis of plant phenolic compounds (Ryan and
Robards 1998; Parr and Bolwell, 2000). PAL= phenylalanine ammonia lyase

Polyphenol oxidases

Polyphenol oxidases [monophenol, o-diphenol: oxygen oxidoreductase, EC 1.14.18.1,
PPOs] are type-3 copper containing oxidases that occur in plants as monomeric, dimeric and
tetrameric structures, and as several isoforms (Kowalski et al., 1992; Martinez and Whitaker, 1995;
Sheptovitsky and Bruvig, 1996; Jolivet et al., 1998; Klabunde et al., 1998; Timothy et al., 2001;
Chazarra et al., 2001). In wheat, PPO isoenzymes displaying monophenolase activity were found
exclusively in the endosperm while those having only o-diphenolase activity were localized in the
pericarp (Taneja and Sachar, 1974; Mayer and Harel, 1979; Marsh and Galliard, 1986; Hatcher and
Kruger, 1993). The crystal structure of a potato PPO has been solved (Klabunde et al., 1998). The
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active site of PPO is constituted of a binuclear copper-cluster (Figure 9). The copper atoms are
linked to each other through oxygen atoms and bound to the polypeptide chain through three
histidine residues. PPO may catalyze a regioselective aerobic two electrons transfer oxidation of
monophenols (monophenolase or cresolase activity) to o-diphenols and their subsequent
dehydrogenation to the corresponding o-quinones (diphenolase or catecholase activity) (Martinez
and Whitaker, 1995; Timothy et al., 2001). The o-quinones produced may undergo non-enzymatic
cyclization or polymerization reactions to yield melanin-like pigments (Martinez and Whitaker,
1995; Rodakiewicz-Nowak and Ito, 2003). Not all PPO isoenzymes can perform the hydroxylation
step and even those possessing that activity may loose it during extraction or storage (Sanchez-
Ferrer et al., 1995). The catecholase activity is a shared property of all PPOs.

PPOs are involved in various protection mechanisms, including human pigmentation and the
browning of fruits and vegetables. The defense function of PPO in plants is attributed to the
modification of endogenous phenolic compounds, notably allelochemicals or phytoalexins into
o-quinones which are toxic to the invading pathogens and pests (Mayer and Harel, 1979; Lagrimini
and Rothstein, 1987; Luthra et al., 1988; Kowalski et al., 1992; Dowd et al., 2000, Weir et al.,
2004). PPO is suggested to be indirectly involved in auxin biosynthesis because the o-quinones
produced by PPO can react with tryptophan to form indole-3-acetic acid (Mayer and Harel, 1979).
PPO was also found both in latent and active forms in the photosystem-II of the thylacoid
membrane-protein complex, suggesting a function in photosynthesis (Sheptovitsky and Brudvig,
1996).

In sorghum, PPO is present in the leaves (Stafford and Dresler, 1972; Vaughn and Duke,
1981) and in the grain (Glennie, 1981). Three PPO isoforms with different molecular masses were
found in the leaves, although no molecular masses were given (Stafford, 1972). PPO activity in
sorghum leaves has been associated in response to fungal invasion (Luthra et al., 1988; Gowda et
al., 1989). However, until now no further purification and characterization of sorghum PPO has

been performed.
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Figure 9. Structure of potato PPO and its binuclear copper-cluster (Klabunde et al., 1998).

Peroxidases

Peroxidases [EC 1.11.1.7, POXs] are ubiquitous enzymes found in bacteria, fungi, plants
and animals (Krylov and Dunford, 1996, Dunford, 1999). They have in common that they accept
hydrogen peroxide or hydroperoxide analogs as oxidant by forming water as by-product. Most
POXs studied to date contain ferric protoporphyrin IX as prosthetic group and act through a
high-valence iron-oxo species. Besides these heme-containing POXs, selenium-, manganese-,
vanadium- and flavin-containing POXs are known (Adam et al., 1999). Based on sequence
similarity, number of calcium ions and origins, POXs have been divided in three major classes
(Welinder, 1992). Class I includes yeast cytochrome c POXs, ascorbate POXs and bacterial
catalase-POXs. Cytochrome ¢ POXs are found in the mitochondrial electron transport chain, where
they probably protect against toxic peroxides. Ascorbate POXs are the main enzyme responsible for
hydrogen peroxide removal in chloroplasts and cytosol of higher plants (Dalton, 1993). Bacterial
catalase-POXs have both classical POX and catalase activities (Welinder, 1991; Fraaije et al.,
1996). Class II comprises secretory fungal POXs such as lignin POXs and manganese-dependent
POXs (Reddy and Souza, 1994). Class III consists of the secretory plant POXs found in e.g.
horseradish, barley, and wheat.

Plant POXs have many different physiological functions including the removal of hydrogen
peroxide from chloroplasts and cytosol; the oxidation of toxic compounds; the biosynthesis of cell
walls (lignin and suberin); defense responses towards wounding and other stresses; indole-3-acetic

acid regulation; ethylene biosynthesis; etc. (Dunford, 1999; Welinder et al., 2002; Duroux and
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Welinder, 2003). POXs occur in plants as several isoenzymes or glycoforms, with different cell
localization (Dunford, 1999; Duroux and Welinder, 2003). While in the five chromosomes of
Arabidopsis 73 POX genes were found (Duroux and Welinder, 2003), up to 138 POX genes and 14
POX pseudogenes were annotated in the twelve chromosomes of rice (Oryga sativa japonica)
(Passardi et al., 2004). Considering the phylogenetic linkage between rice and sorghum (Paterson,
2003), and the fact that the genome of sorghum (750 Mb) is twice as large as that of rice, even more

POX genes are expected in sorghum.

Plant secretory POXs generally have the following structural properties in common
(Henriksen et al., 1998; Dunford, 1999; Welinder et al., 2002; Duroux and Welinder, 2003; Veitch,
2004):

- monomeric glycoprotein structure of 300-310 amino-acids
- putative N-glycosylation sites: Asn-X-Ser/Thr (X#Pro)
- non-covalently bound iron(IIl)-protoporphyrin-IX (type-b heme)

- key catalytic amino-acid residues around the heme prosthetic group: His*, His'", Arg3 8,

Asn”, Asp23 ¥ Phe*' and Pro'* (horseradish peroxidase numbering)

- four conserved disulphide bridges: Cys“'gl, Cys44'49, Cys97'301, and Cys”no9 (horseradish

peroxidase numbering)
- two structural calcium ion binding sites
- structural water molecules extending from the heme pocket to the distal calcium-binding site

The crystal structures of POXs from peanut (Schuller et al., 1996), horseradish (Gajhede et
al., 1997); barley (Henriksen et al., 1998), and Arabidopsis (Mirza et al., 2000; @stergaard et al.,
2000) have been elucidated. The cationic horseradish (HRP-C) isoenzyme is the most studied POX

(Figure 10), because of its availability and its catalytic performance.

POXs oxidize reducing substrates (AH) either in presence of hydrogen peroxide (classical
POX cycle) or molecular oxygen (oxidase cycle) (Figure 11). Recently, it has been shown
(Berglund et al., 2002) that HRP-C is essentially in five oxidation states (Figure 11) during
catalysis (native enzyme, compound-I, compound-II, Compound-III, and ferro-peroxidase). In each

of these states, the enzyme has a different conformation, especially at the heme environment
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(Berglund et al., 2002). Compound-I is obtained by two-electron oxidation of the resting enzyme by
H,0, and is stable (Hiner et al., 2002). In contrast to the generally assumed concept of irreversible
formation of Compound-I, Rietjens and co-workers proposed that the formation of Compound I can
be a reversible reaction via an uptake of a water molecule (van Haandel et al., 1998, van Haandel,
2000). The one-electron-reduction of Compound-I by AH produces Compound-II. Another electron
from AH is required to reduce Compound-II to the native enzyme (Dunford, 1999). Formation of
Compound-I (k;) and the regeneration of the native enzyme (k3) are generally rate-limiting steps in
POXs catalysis (Dunford, 1999). Compound-III is formed from Compound-II with excess of H,O,
or upon reaction of the ferrous-enzyme (oxyperoxidase) with O, (Dunford, 1999, Berglund et al.,
2002). It is important to note that an excess of H,O, can irreversibly inactivate POX because
Compound-III is unstable (van Haandel, 2000). In addition, Compound-III can also react with an
excess of H,O, to produce verdohemoprotein called P-670; in this case H,O, acts as a suicidal
substrate (Dunford, 1999; Hernandez-Ruiz et al., 2001; Sakharov and Sakharova, 2002). The POX
catalytic cycle yields free radicals (A"), which can undergo polymerization reactions, coupling with
molecular oxygen, etc. In the oxidase cycle, POX transfers one electron to molecular oxygen, which
in turn is transferred to a substrate; this is termed the monooxygenase activity (Dawson, 1988). The
monooxygenase catalytic route of POX is performed via the formation of the ferrous form (Fe™*) of
the enzyme (ferro-POX) (Gazarian et al., 1998). Native POX or Compound III may also perform
catalase or dismutase reactions (EC 1.11.1.6) by decomposition of H,O; to water and oxygen (Hiner
et al., 2001).

Some POXs are able to oxidize auxin in the absence of H,O,, thus display indole-3-acetic
acid (IAA)-oxidase activity (Christensen et al., 1998, Gazarian et al., 1998; Dunford, 1999). POXs
from non-plant sources are unable to oxidize IAA in the absence of H,O,, because they are lacking
the IAA-binding site localized in the distal domain near the heme pocket (Savitsky et al., 1999).
The IAA-oxidase activity of POX isoforms is related to their physiological role in auxin metabolism
(Hiner et al., 2001; Marco et al., 1999). Comparison of [AA-oxidase activity among barley and
HRP isoenzymes revealed that only strongly basic isoenzymes possessed this activity (Hiner et al.,
2001; Marco et al., 1999). The indole-3-acetic acid oxidase mechanism is complex; one of the
possible routes is depicted in Figure 11, which is different from the POX and oxidase cycles
(Gazarian et al., 1998; Savitsky et al., 1999).

POX activities have been detected in the leaves (Stafford and Bravinder-Bree, 1972;
Vaughn and Duke, 1981; Luthra et al., 1988) and grains (Glennie, 1981) of sorghum, but a sorghum

POX enzyme has never been purified and characterized before.
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Figure 10. Three-dimensional structure of horseradish peroxidase. Shown are the heme, the
structural calcium ions, and the three key amino-acid residues of the active site: Arg
+ 2 His. Source: Dunford (1999) and Silaghi-Dumitrescu (2005).
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Figure 11. Mechanism of the peroxidases (POX) catalysis. The solid lines show the peroxidases and oxidase
cycles as proposed by Berglund and co-workers (2002). The dotted lines show the route of the
indole-3-acetic acid oxidase activity which can be performed by some plant POXs (Gazarian et al.,
1998; Dunford, 1999; Savitsky et al., 1999). IAA= indole-3-acetic acid.
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Role of phenolic enzymes in food

The contents of phenolic compounds and the phenolic oxidizing enzymes are strongly
associated with food quality (Deshpande et al., 1986; Hilhorst et al., 1999; 2002; Tomas-Barberan
and Espin, 2001). Phenolic compounds are potential substrates of POX and PPO and their oxidation
products (benzoquinones and polymeric compounds) affect food quality (Matheis and Whitaker,
1984, Martinez and Whitaker, 1995). PPO and POX work synergistically because PPO may
generate H,O, during the course of catalysis (Richard-Forget et al., 1997) and POX on other hand
can generate O, (Matheis and Whitaker, 1984). Both PPO and POX generate benzoquinones.
Because of their electrophilic nature, these quinones undergo secondary reactions, such as
polymerization with amino acid side groups in proteins (Anderson and Morris, 2001). PPO and
POX are known to influence product properties during and after food processing (Matheis and
Whitaker, 1984; Haslam, 1998, Feillet et al., 2000). They affect post harvest degradation of food by
causing browning and the development of off-flavors in raw and unblanched cereals (March and
Galliard, 1986; Hatcher and Kruger, 1993). In wheat the appearance of colored products in the flour
is attributed to the oxidation of endogenous phenolic compounds by PPO (March and Galliard,
1986; Hatcher and Kruger, 1993). PPO and POX are generally admitted to be the most determinant
enzymes for the preservation and organoleptic qualities of fruits and vegetables (Matheis and

Whitaker, 1984; Parr, 2000, Tomas-Barberan and Espin, 2001).
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1.5. Objective of the thesis

Several improved sorghum varieties adapted to semi-arid and tropic environments are
released every year by sorghum breeders. Selection of varieties meeting specific local food and
industrial requirements from this great biodiversity is of high importance for food security. In
Africa in general and in Burkina Faso in particular, demand for sorghum is increasing. This is due
to not only the growing population, but also to the country policy to enhance its processing and
industrial utilization. In Burkina Faso, although more than 800 sorghum ecotypes have been
described, at the present, none of the varieties have been characterized at the molecular level with
respect to food quality. However, the acquisition of good quality grain is fundamental to produce
acceptable food products from sorghum. In this thesis, 50 sorghum varieties originating from all
over the world, which are cultivated in Burkina Faso, will be analyzed for their (bio)chemical and
food processing properties. Varieties are selected on the basis of their current utilization in several
local foods and because of their adapted agronomic properties.

The major goal of this thesis is to screen for biochemical markers in sorghum to identify the
best suited sorghum varieties to be used according to the targeted utilization as a source of food
ingredient or utilization for specific foods.

To reach these objectives, the content of starch and starch degrading enzymes as well as
phenolics and phenolic related enzymes in ungerminated and germinated sorghum varieties will be
determined. In particular, sorghum grain peroxidases were purified and characterized to the

molecular level.

1.6. Outline of the thesis

In Chapter 1 an introduction is presented on the importance of sorghum on food security
and the relevance of the screened biochemical constituents for food quality, in order to give an
insight in the food quality properties of sorghum varieties.

In Chapter 2, fifty sorghum varieties were selected according to their agronomic and food
properties. The contents of phenolic compounds and the activities of polyphenol oxidase and
peroxidases in ungerminated sorghum varieties were determined. This allowed to compare contents
in total phenolic compounds and proanthocyanidins (condensed tannins) and to identify phenolic

oxidizing isoenzymes.
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In Chapter 3 the effect of germination on proanthocyanidins, 3-deoxyanthocyanidins and
flavan-4-ols is described. The varieties were compared with respect to their antioxidant activities
and the best varieties as novel natural sources of free radical scavenger were identified.

Chapter 4 describes the effect of germination on the contents of starch and the activities of
a-amylase, B-amylase, phenol biosynthesizing enzyme phenylalanine ammonia lyase and the
phenol modifying enzymes peroxidase and polyphenol oxidase in sorghum varieties.

In Chapter 5 the impact of the content of phenolic compounds and related enzymes for the
resistance and susceptibility of sorghum varieties to biotic and abiotic stresses is discussed.

Chapter 6 focuses on a new and universal zymography method for the detection of both
monophenolase and o-diphenolase activities of polyphenol oxidase as well as peroxidases in crude
(plant) extracts.

Chapter 7 describes the purification and characterization of the major peroxidase from
sorghum grain. This highly basic, heme-containing glycoprotein is active with a wide range of
phenolic compounds and catalyzes the oxidation of auxin (indole-3-acetic acid) in the absence of
hydrogen peroxide.

Chapter 8 deals with the concluding remarks and discussion of the findings.
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ABSTRACT

Analysis of fifty sorghum [Sorghum bicolor (L.) Moench] varieties used in Burkina
Faso showed that they have different contents of phenolic compounds, peroxidase (POX),
and polyphenol oxidase (PPO). Most of the varieties (82%) had a tannin content less than
0.25% (w/w). POX specific activity was higher than the monophenolase and o-diphenolase
specific activities of PPO. For POX, there was a diversity of isoforms among varieties. No
clear correlation could be made between the quantitative composition of the grain in
phenolics, PPO and POX, and resistance of plant to pathogens. In general, varieties good
for a thick porridge preparation ("t6") have low phenolic compounds content and a medium
POX activity. From the red varieties, those used for local beer ("dolo") had a high content
in phenolic compounds and PPO, and a low POX activity. The variety considered good for
couscous had a low POX content. The characteristics might be useful as selection

markers for breeding for specific applications.

Keywords: sorghum, peroxidase, polyphenol oxidase, tannin, phenolic compounds
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INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is the staple cereal in sub-Saharan Africa and
India where 300 million people rely on its grains (Goodwin and Gray, 2000). Burkina Faso is the
World leader in sorghum consumption per inhabitant (FAO, 2001). Sorghum represents in this
country 48-57% of the total cereal production (FAO, 2001; Diawara et al., 1995). The grain is
mainly used for human nutrition, with an average consumption of 200 kg per person per year

AN

(Diawara et al., 1995). White grains are used for local foods such as "t6" or other porridges,

AN

couscous, etc. "Td" is a thick porridge prepared by cooking a slurry of cereal flour in boiling water.
Couscous is a steamed and granulated food with different type of texture, also prepared from cereal
flour. Malt from red sorghum grains is widely used for the preparation of a cloudy local beer
("dolo") and for non-fermented beverages. The knowledge about the content of phenolic
compounds, polyphenol oxidase (PPO), and peroxidase (POX) within cereal grains is scarce.
However, these biochemical constituents have been shown to be determinants in food quality (Parr
and Bolwell, 2000; Tomas-Barberan and Espin, 2001).

PPOs [monophenol, 3,4-L-dihydroxyphenylalanine: oxygen oxidoreductase, EC 1.14.18.1]
are copper-containing oxidases that catalyze the O,-dependent oxidation of catechols to the
corresponding quinones (o-diphenolase or catecholase activity). They may also catalyze the
regioselective aerobic hydroxylation of monophenols to ortho-diphenols and their subsequent
oxidation to o-quinones (monophenolase or cresolase activity). In most plants POXs [donor: H,0,
oxidoreductase, EC 1.11.1.7] are heme-containing enzymes that catalyze the conversion of H,O, to
water using phenolic compounds as hydrogen donors. POX and PPO activities have been detected
in the leaves (Stafford and Dresler, 1972; Stafford and Bravinder-Bree, 1972; Vaughn and Duke,
1981; Luthra et al., 1988) and grains (Sae et al., 1971; Glennie, 1981; Ollitrault et al., 1989) of
sorghum.

POX and PPO may act synergistically in enzymatic browning, because PPO may promote
POX activity by generating H,O, from the oxidation of phenolic compounds (Richard-Forget and
Gaulliard, 1997). They play an important role in plant defense by the oxidation of endogenous
phenolic compounds into quinones, which are toxic to the invading pathogens and pests (Luthra et
al., 1988; Dow et al., 2000). The resulting quinones may undergo non-enzymatic
auto-polymerization or covalent hetero-condensation with proteins and carbohydrates to produce
colored compounds (Parr and Bolwell, 2000). These compounds may also constitute a physical

barrier against biotic and abiotic stresses (Dowd et al., 2000; Abdel-Aal et al., 2001). In food, the
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reaction products of these enzymes may not only affect taste, bitterness, astringency and color, but
when interacting with proteins, these products may hinder digestibility and palatability, thereby
reducing the nutritional value of foods (Matheis and Withaker, 1984, Tomas-Barberan and Espin,
2001). In barley, POXs and PPOs have been found to be involved in oxygen scavenging during the
mashing process (Clarkson et al., 1992). Interestingly, POX could modify the functional properties
of food macromolecules, notably hydroxycinnamic acids containing polysaccharides (pectins,
arabinoxylans, etc.) and tyrosine containing proteins, via the mediation of their homo and hetero-
crosslinking (Oudgenoeg et al., 2001). This property may be desired in bakery since it results in a
better quality of both the dough and the baked product (Hilhorst et al., 1999).

Sorghum and barley are the two important food grains reported to contain significant
quantities of phenolic compounds (Butler, 1992; Billau and Nicolas, 2001). Phenolic compounds
are plant secondary metabolites biosynthesized through the shikimic acid pathway, in which
phenylalanine ammonia-lyase is the key enzyme (Parr and Bolwell, 2000; Tomas-Barberan, and
Espin, 2001). Phenolic compounds are believed to be involved in plant growth and reproduction,
protection against UV radiation, and resistance to pathogens and predators (Parr and Bolwell,
2000). Some phenolic compounds present in food may have dietary and therapeutic effects (Parr
and Bolwell, 2000; Tomas-Barberan, and Espin, 2001). However, tannins are often considered as
antinutritional factors, since they inhibit hydrolytic enzymes and link with macronutrients to form
indigestible complexes (Butler, 1992). Further, vicinal hydroxyl groups of phenolic compounds
(caffeic acid, chlorogenic acid, quercetin, etc.) may chelate metal ions and reduce their
bioavailability (Parr and Bolwell, 2000; Layrisse et al., 2000). Possible carcinogenic effect (Morton,
1992) and pro-oxidant activity (Awad et al., 2001) of phenolic compounds are also reported.
Nevertheless, the enzymatic oxidation of phenolic compounds considerably enhances their enzyme
inhibitory effect and toxicity, and also reduces their health promoting properties (Field and
Lettinga, 1992; Awad et al., 2001).

The objective of this study was first to determine the content of phenolic compounds and
their oxidative enzymes in fifty sorghum varieties that are produced in Burkina Faso and used for
food processing, second to relate the determined biochemical properties to food use as these are

reported to be determinants of food quality.
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MATERIALS AND METHODS

Chemicals and reagents

Electrophoresis gels (IEF, pH 3-9) were purchased from Amersham Pharmacia Biotech. 4-
Hydroxyanisole (4HA) and gallic acid (3,4,5-trihydroxybenzoic acid) were from Aldrich. Catechin
and 3,4-dihydroxyphenylpropionic acid (DHPPA) were from Across Organics. Folin-Ciocalteu’s
reagent, 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTYS), insoluble
polyvinylpyrrolidone (PVP), 3,3’-diaminobenzidine (DAB), bovine serum albumin (BSA) and
3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) were from Sigma Chemicals Co.
Hydrogen peroxide and ferric ammonium citrate (FAC) were from Merck. All other chemicals were

of analytical grade.

Sorghum grains

Grains of 50 sorghum [Sorghum bicolor (L.) Moench] varieties were kindly provided by the
Centre de Coopération International en Recherche Agronomique pour le Développement (CIRAD)
at Ouagadougou (Burkina Faso) and Montpellier (France), and the Centre National de Recherche
Scientifique et Technique (CNRST) of Burkina Faso. The selection included local varieties as well
as internationally improved varieties in order to represent the most widely cultivated sorghums in
Burkina Faso (Table 1). Varieties were grown (1996-1998) in the natural season, in the semi-arid
environment of West Africa (temperature: 30-42°C; precipitation: 600-800 mm/year), at the
Breeding Station in the village of Saria (Burkina Faso). Of the varieties 90% were white and 10%
red, which reflects the actual figure of sorghum production in Burkina Faso. The varieties were
chosen according to their resistance or susceptibility to pests (anthracnose, sorghum midge, sooty
stripe and the parasitic plant striga), sensitivity or insensitivity to photoperiod, drought tolerance or
susceptibility, grain hardness or softness and suitability or not for traditional processing into local
foods ("t6" and couscous) or beer ("dolo"). All the outlined known properties of the plant and grain
processing were either obtained from literature (Trouche et al., 1998; Chantereau et al., 1998; Neya
and Normand, 1998; Sharma et al., 1999; Trouche et al., 2000; Ouattara et al., 2001) or from
CIRAD and CNRST. For convenience, the sorghum varieties were designated with Arabic numbers
from 1 to 50 preceded by V. The order was used as it occurred in the collection of breeders. The
mature grains (ungerminated) were surface-sterilized by washing with 5% (v/v) aqueous sodium

hypochlorite for 5 min with stirring.
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Table 1. List of local and improved sorghum varieties used in Burkina Faso®

Variety Name Genetic  Country of Race Grain  Color of Known particular properties:
number type origin testa grain/plant Plant/grain Food®
1 CEF 322/53-1-1 IL Burkina Faso C - W/R Post-flowering drought resistant good for "td"
2 Sariaso 10 IL Burkina Faso C - W/Tan Post-flowering drought resistant poor for "dolo"
3 IRAT 204 IL Senegal C - W/Tan Sooty stripe and anthracnose /
susceptible
4 BF 89-18/139-1-1 IL Burkina Faso C - W/Tan Post-flowering drought good for "to"
susceptible
5 BF 88-2/31-3 IL Burkina Faso C - W/Tan Pre-flowering drought /
susceptible
6 SRN 39 IL Sudan C - Y/Tan Striga resistant /
7 Framida IL South Africa KC + R/R Striga resistant good for "dolo"
8 IS 15401 LR Cameroon GC - W/R Striga resistant /
9 S 29 LR Burkina Faso G - W/R Striga susceptible good for "to"
10 F2-20 IL Burkina Faso C - W/Tan Leaf anthracnose resistant /
11 CE 180-33 IL Senegal C +  W/Tan Leaf anthracnose susceptible /
12 ICSV 1049 IL Burkina Faso C - W/Tan Sooty stripe resistant good for "t0"
13 ICSV 745 IL India C - W/Tan Sooty stripe susceptible /
Sorghum midge resistant
14 IRAT 174 IL Burkina Faso C - W/R Photoperiod sensitive /
15 Cauga 22-20 IL Burkina Faso GC + WR Photoperiod sensitive /
16 G 1414 LR Burkina Faso G W/R Photoperiod sensitive /
17 Cauga 108-15 IL Burkina Faso GC - W/R Photoperiod insensitive /
18 Magadji 1-509 LR Burkina Faso GC - R/R Photoperiod insensitive /
19 ICSV 1002 IL Burkina Faso C - W/Tan Leaf anthracnose resistant good for "t0"
20 BC1 S29/2-2 IL Burkina Faso G - W/R Sorghum midge susceptible good for “t6”
21 Kaapelga LR Burkina Faso G - W/Tan Hard grains (PSI< 10) good for “t6”
22 IRAT 277 IL Burkina Faso C - W/Tan Soft grains (PSI >16) poor for “t6”
23 BF 88-2/31-1 IL Burkina Faso C - W/Tan - poor for “td”
24 CEM 326/11-5-1-1 IL Mali GC - W/Tan Hard grains (PSI< 10) good for "t0"
25 CEF 396/12-3-1 IL Burkina Faso GC - W/R Hard grains (PSI< 10) good for "to"
26 G 1636 LR Burkina Faso G - W/Tan Soft grains (PSI >16) /
27 Nazongala tan IL Burkina Faso G - W/Tan Soft grains (PSI >16) good for "t0"
28 Nongomsoba LR Burkina Faso G - W/Tan Soft grains (PSI>16) good for "t0"
29 CGM 19/9-1-2 IL Mali G - W/R - good for"dolo"
30 Kokologho LR Burkina Faso C + W/R Post-flowering drought resistant /
31 IRAT 202 IL Senegal C +  W/Tan Pre-flowering drought resistant ~ good for
couscous
32 Tiamassie 289 LR Burkina Faso G + W/R - poor for “t6”
33 Kapla-57 LR Burkina Faso G + R/R Sorghum midge susceptible good for "dolo"
34 IRAT 9 IL Cameroon C + RR Grain mold resistant good for "dolo"
35 Sariaso 9 LR Burkina Faso G - W/R Sooty stripe resistant good for "to"
36 IRAT 10 IL Niger C - W/R Grain mold susceptible /
37 CEF 395/9-2-3 IL Burkina Faso GC - W/Tan Hard grains (PSI < 10) good for "to"
38 G 1296 LR Burkina Faso GC R/R Good for dyeing /
39 Nafo-Natogué LR Burkina Faso G - R/R - good for "dolo"
775
40 Farkakofsi 781 LR Burkina Faso G + RR - good for "dolo"
41 Sariaso 808 LR Burkina Faso G + RR - good for "dolo"
42 Zugilga LR Burkina Faso G + R/R - good for "dolo"
43 90L1235 IL USA GC - W/R Sorghum midge resistant /
44 CCGM 1/19-1-1 IL Mali G - W/R Sorghum midge susceptible /
45 CK 60 IL USA K - W/R Striga susceptible /
46 CGM 19/9-1-1 IL Mali G - W/R Striga susceptible /
47 B35 IL USA D - W/R Post-flowering drought resistant /
48 Tx 7000 IL USA C - W/R Post-flowering drought /
susceptible
49 Segaolane IL Botswana C - W/R Pre-flowering drought resistant  /
50 Ajabsido LR Sudan C + W/R Pre-flowering drought resistant /

*Abbreviations: C, Caudatum; G, Guinea, CG, Guinea-Caudatum;, D, Durra; K, Kafir; KC, Kafir-Caudatum, R, red; W,
white; Y, yellow; IL, Inbred line; LR, Landrace; PSI, particle size index. Grain with (+) or without (-) pigmented testa
layer. /, not known. *Note that all white varieties are generally used for to and porridge preparation and the red ones are
used for brewing "dolo".
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The grains were dried by ventilation at room temperature (20-25°C) to a moisture content of
12-14% (w/w), and ground into flour in a microanalytical mill (Fritsch, Marius Instruments, The
Netherlands) to pass a screen of 0.5 mm. Milling was done at 4°C and carefully to avoid
overheating. The flours were stored at -80°C prior to analysis to prevent endogenous enzymatic or

non-enzymatic reactions.

Determination of total phenolic compounds content

Total content of phenolic compounds was extracted from 50 mg of sorghum flour by
continuous stirring with 1.5 mL of 1% (v/v) HCI in methanol at 25°C, for 20 min (Cai et al., 1995).
The suspension was centrifuged (5000g, 10 min, 25°C) and the supernatant collected. The residue
was re-extracted with HCl-methanol as described above, and the two supernatants were pooled.
Total phenolic compounds content was determined using Folin-Ciocalteu’s method (Singleton et
al.,, 1999) adapted to a 96-well plate assay. To 10 uL of extract was added 25 pL of
Folin-Ciocalteu’s reagent (50%, v/v). After 5 min of incubation, 25 uL of 20% (w/v) sodium
carbonate solution and water were added to the mixture to have a final volume of 200 uL. Blanks
were prepared for each sorghum sample by replacing Folin-Ciocalteu’s reagent with water. Gallic
acid was used as a standard and results were expressed as gallic acid equivalent per gram of flour
(w/w). The standard was always freshly prepared. The absorbances (after 30 min) were measured at

760 nm using a multiwell plate reader (EAR 400, Labinstruments, Australia).

Determination of tannin content

Tannins were extracted from 50 mg of sorghum flour with 75% DMF and quantified by the
FAC method as described by Beta and co-workers (1999), using catechin (flavan-3-ol monomer) as
a standard. The assay was monitored at 525 nm. The standard was always freshly prepared. Tannin

content was expressed as catechin equivalent per gram of flour (w/w).

Extraction of enzymes

Enzyme extracts were prepared by mixing 250 mg of sorghum flour with 1.2 mL of 50 mM
Tris-HCI buffer pH 7.3 containing 0.5 M CaCl, and 2% (w/v) PVP, at 4°C for 1 hour. The
homogenate was centrifuged (14000g, 4°C, 45 min) and the resulting supernatant was used as crude
extract of both PPOs and POXs. Total protein was quantified by the linearized method of Bradford
(Zor and Selinder, 1996) using the ratio of Ago/A4so versus protein concentration. BSA was used as

standard.
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Enzyme assays

The spectrophotometric assay for PPO was performed as described by Espin and co-workers
(1995, 1998). 4HA and DHPPA were used as phenolic substrates to determine the monophenolase
and o-diphenolase activities of PPO, respectively. The enzyme extract (10 uL) was incubated with
150 uL 50 mM sodium acetate pH 5.5, 10 uL. 40% (v/v) DMF and 10 uL. 50 mM MBTH, at 25°C,
for 5 min. The reaction was started by addition of 20 uL 100 mM of the phenolic substrate
(prepared in 0.15 mM phosphoric acid). The reaction was monitored at 500 nm. Control assays, in
which the enzyme extract or substrates were replaced by buffer were performed. One unit of PPO
activity (U) is defined as the amount of enzyme producing 1 pumol of MBTH-quinone-adducts per
min resulting from the oxidation of 4HA or DHPPA. POX activity was measured
spectrophotometrically by monitoring the H,O,-dependent oxidation of ABTS, at 25°C. The
reaction mixture consisted of 10 pL of 200-fold diluted crude enzyme extract, 20 uL of 100 mM
ABTS, 10 pL of 100 mM H,0, and 160 puL of 50 mM sodium acetate pH 5.0. Control assays in
which the enzyme extract or substrates were replaced by buffer were performed. The reaction was
monitored at 405 nm. One unit of POX activity (U) is defined as the amount of enzyme releasing 1
pumol of ABTS radical/min under the assay conditions.

All enzyme assays were monitored with a multiwell plate reader SLT340 ATTC
(Labinstruments, Australia) on-line interfaced to a computer (Macintosh Performa 450). Kinetic
data were determined in the linear phase of reaction traces using DeltaSoftll version 4.1S
(Biometallic, Inc.). The reactions were monitored over 3 min. The initial slopes of the reaction

traces caused by enzyme activities were corrected with the slopes of the blanks.

Zymography of POX and PPO

For enzyme zymography, IEF was carried out with a PhastSystem unit (Amersham
Pharmacia Biotech) using pH 3-9 gradient gels, according to the manufacturers instructions. The
crude extract (2 puL) from each variety was loaded onto the gel. After IEF the gels were stained
separately for POX and PPO activities. For the zymography of POX the gel was incubated in 50
mM sodium citrate buffer pH 5.0, containing 1 mM DAB and 10 mM H,O,, for 30 min. The
zymography of o-diphenolase activity of PPO was performed as described previously (Dicko et al.,

2002; this thesis, Chapter 6).
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Statistical analysis

All assays were carried out in triplicate, and the means and standard deviations are reported.
Differences in mean performance for each composition among sorghum varieties were tested by the
Student’s #-test. Pearson linear correlation coefficients were used to assess relationships among total

phenolic compound, tannin, PPO, POX and protein contents.

RESULTS

Phenolic compounds in sorghum varieties
The 50 sorghum varieties varied significantly (P< 0.01) in their total phenolic compound
and tannin contents (Figure 1). Total phenolic compound and tannin contents were highly

positively correlated among varieties (Table 2).

Table 2. Pearson correlation (r values) matrix between phenolic compounds, oxidative enzymes and
proteins of sorghum grains

Total phenolic Tannins Monophenolase o-Diphenolase ~ Peroxidase
compounds
Tannins 0.88"
Monophenolase 0.12 0.17
o-Diphenolase -0.04 -0.19 0.35
Peroxidase -0.24 -0.19 -0.01 0.07
Proteins 0.29 0.39 0.05 -0.23 -0.26

*Significant (P< 0.001), n=50.

The mean values of total phenolic compounds and tannin in the varieties were 0.60 and
0.27%, respectively. The average content of phenolic compounds was higher in the red grains (1.39
and 0.90% of total phenolic compounds and tannin, respectively) than in the white grains (0.40 and
0.11% of total phenolic compounds and tannin, respectively). The average content of total phenolic
compounds is lower in the hard grains (0.31%) than in the soft grains (0.59%). The highest
concentration of total phenolic compounds and tannin was found in variety V7 (2.72 and 1.97%,
respectively) and variety V38 (2.64 and 1.97%, respectively). All the varieties contained phenolic
compounds, but some of them (V1, V8, V26, V43, V44 and V49) contained almost no tannin
(Figure 1). Tannin content-based classification of varieties (Table 3) shows that the majority (82%)

has low tannin content (£0.25%). Varieties with relatively high tannin content (=0.75%) accounted
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for 10%. Among tannin containing varieties, the variation was 6-fold. The inter-varietal difference

in total phenolic compounds content was a factor 20.

Table 3. Classification of Burkina Faso sorghum grain varieties based on tannin content

Tannin content (%) Group Percentage of
varieties
<0.25 Low 82
0.26-0.5 Medium 4
0.51-0.75 High 4
>0.75 Very high 10

Oxidative enzymes in sorghum varieties

The mean values of the monophenolase and o-diphenolase specific activities of PPO in
sorghum varieties were 0.9 mU/mg and 45.3 mU/mg, respectively. The o-diphenolase activity of
PPO was 50-100 times higher than the monophenolase activity among varieties (Figure 2). Inter-
varietal difference in monophenolase activity was a factor of three, but the varieties exhibited
almost similar o-diphenolase activity (Figure 2). There was no significant (P<0.001) difference
between the monophenolase and o-diphenolase activities of PPO in the group of red and white
grains. The mean value of the POX specific activity in the varieties was 1.90 U/mg. Average POX
activity was higher in the group of white grains (2.0 U/mg) than the red grains (1.6 U/mg). Inter-
varietal difference of POX specific activity was at most a factor of five. Variety V17 (Cauga 108-
15) displayed the highest POX specific activity (4.23 U/mg). Lowest POX specific activity (0.81
U/mg) was found in the variety V31 (IRAT 202). Specific activity of POX was twenty (V31) to
ninety (V17) times higher than the PPO o-diphenolase activity. No significant correlation was found
between phenolics, monophenolase and o-diphenolase activities of PPO, and POX activity of all
varieties (Table 2).

Zymography of PPO and POX in the grain extracts allows the detection of isoenzymes
present in the varieties. A band of PPO was found at p/ > 9 for all varieties. As an illustration
(Figure 4), PPO is shown for eight varieties. Cationic (p/ 29) POX isoenzymes were ubiquitous in
all varieties (Figure 5). However, in some varieties neutral and anionic POX isoenzymes could be

detected in the pH range of 4 to 8 (Figure 5).
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Comparison of the average content of phenolic compounds, PPO and POX in groups of
varieties according to their food properties

The average content of PC, PPO and POX in varieties grouped according to their known
properties and food processing is illustrated in Table 4. The group of varieties that is less suitable
for t6 has a low average content of POX (1.2 U/mg) compared to the group of varieties good for
"t6" (1.8 U/mg).“Td” varieties have, interestingly, less total phenolic compounds (0.32%) and
tannin (0.11%) than the other groups good for "dolo" and couscous. Varieties that are good for
"dolo" have noticeably high total phenolic compounds (1.18 %) and tannin (0.71%) contents. Those
that are poor for "dolo" differ in all aspects (phenolic compounds, PPO and POX) from those that
are good for “dolo”. The variety used for couscous had the lowest POX activity (0.8 U/mg) of all

the varieties investigated (Table 4).

Table 4. Comparison of the average content (value + standard error) of phenolic compounds and
their oxidative enzymes in groups of sorghum varieties of known food properties

Group properties Total phenolics  Tannins ~ Monophenolase o-Diphenolase Peroxidase
(%) (%) (mU/mg) (mMU/mg)  (U/mg)
good for "td" (n=12) 032+003 0.11 +£0.01 0.8 +0.1 434 +1.3 1.8 0.1
poor for "td "(n=2) 0.31+0.02 0.09+0.01 0.6 +0.1 42134 1.2+0.1
Food good for "dolo" (n=8) 1.18 £0.05 0.71 £0.03 1.1+£0.1 47.0+£3.8 1.5+0.1
poor for "dolo" (n=2) 029+001 0.25%+0.01 0.7+0.1 39.7+3.2 3.0+£0.2
good for couscous (n=1) 0.79+£0.04 0.19£0.01 1.1£0.1 42.7+34 0.8+0.1
hard grain (n=4) 031+0.02 0.12+0.01 0.8 +0.1 422 +34 1.3+0.1
Grain Soft grain (n=4) 0.59+0.03 0.08+0.01 09+0.1 46.1 £3.7 1.7+£0.1
white color (n=40) 040+002 0.11 £0.01 09+0.1 452 +£3.5 20+0.1
red color (n=10) 1.39+0.07 0.90+0.01 1.0£0.1 45.7+3.6 1.6 £0.1
Mean value (n=50) 0.60+0.03 0.27+0.01 09=+0.1 453 +£2.3 1.9+0.1
DISCUSSION

Phenolic compounds and oxidative enzymes in sorghum grain

Although, total content of phenolic compounds, tannin and oxidative enzyme may change
according to age/harvesting-time and environmental conditions, it was shown for wheat, barley and
other plants that mainly genetic factors are responsible for differences among varieties (Park et al.,
1997; Billau and Nicolas, 2001; Parr and Bolwell, 2000; Tomas-Barberan and Espin, 2001). Since

grains were not dehulled prior to surface-sterilization, and the incubation time was kept short (5
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min), sodium hypochlorite is not likely to react with polyphenols. Best extraction results for total
phenol and tannins in sorghum grain were obtained with HCl-methanol (Deshpande et al., 1988; Cai
et al., 1995) and DMF (ISO, 1988), respectively. Whereas some polyphenol assays (FAC, vanillin-
HCI, butanol-HCI, prussian blue, etc.) are supposedly specific for different types of polyphenols
(Deshpande et al., 1986), Folin-ciocalteu’s assay for total phenol has been recommended because of

its wide applicability for biological materials (Singleton et al., 1999).

O Total phenolic compounds

B Tannins

Proportion of phenolic compounds (%)

1M

1 2 83 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Variety number

Figure 1. Total phenolic compound and tannin contents of sorghum varieties. The standard error bars
represent the average standard error for each experiment.

Although the FAC method for tannins quantitation may include non-tannins phenolic compounds, it
has been chosen as standard assay for sorghum tannins (ISO, 1988). It may allow distinguishing
between sorghum varieties containing free and condensed-polyphenols (tannin). In agreement with
earlier studies (Cai et al., 1995; Beta et al., 1999), several sorghum varieties were found to contain
no tannin. A high tannin content may be a positive agronomic trait but less suitable for food usage
due to its alleged anti-nutritional properties (Butler, 1992; Morton, 1992; Layrisse et al., 2000). In
line with the general observation, sorghum grains with high phenolic content were found to be soft

(Waniska et al., 1989). In order to prevent the reaction of oxidative enzymes with endogenous
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polyphenols, insoluble PVP, was used in the enzyme’s extraction buffer. The occurrence of POX
and PPO in mature sorghum grains found in the present study disagrees with those of Glennie
(1981) who found that for Sorghum bicolor var. NK-300, PPO and POX activities could not be
detected in mature grain. Since cereals do not contain laccase (EC 1.10.3.2) (Billau and Nicolas,
2001), and knowing that 4HA and DHPPA are not oxidized by POX in absence of hydrogen
peroxide (Dicko et al., 2002, this thesis, Chapter 6), it may be inferred that the O,-dependent
oxidase activity is essentially due to PPO. The higher o-diphenolase of PPO (as compared to the
monophenolase activity) is due to the lower turnover rate of the monophenolase activity of plant
PPOs (Sanchez-Ferrer et al., 1995). The protein band at p/ =29 may be due to several cationic PPO
isoenzymes having a high pl. Thus, the difference in monophenolase activity among the varieties
might originate from the heterogeneity of cationic PPO isoenzymes (Stafford and Dresler, 1972).
The varieties are highly polymorph in their POX composition, in agreement with the results of
Ollitrault and co-workers (1989) who also found varietal differences of POX isoenzymes in
germinated sorghum grains. Cationic POXs were also the only detectable isoenzymes in the grain of
Sorghum var. Frontier 400 (Sae et al., 1972) and the major isoenzymes in the first internodes of
Sorghum vulgare var. Wheatland milo (Stafford and Bravinder-Bree, 1972). Similar results were
reported for barley and wheat kernels, where 93% and 98% of the POX activities, respectively, are
cationic isoenzymes (Billau et al., 1999). The average specific activity of POX in the fifty sorghum
varieties (1.90 U/mg) is higher than the POX specific activity in both barley (1.35 U/mg) and wheat
(1.35 U/mg) kernels (Billau et al., 1999). The inter-varietal difference in POX activity (5-fold)
among Burkina Faso sorghums is higher than that found (1.2-fold) between Nigeria sorghums
(Nwanguma and Eze, 1995). The enzyme assays and zymogram studies showed that POXs in
sorghum grain have more isoforms and a higher activity than PPOs. Luthra and co-workers (1988)
analyzed sorghum leaves and also showed that POX activity was several times higher than PPO
activity. From this, it may be tentatively concluded that POX is more involved in the in vivo
oxidation of phenolic compounds than PPO.

Although the average POX specific activity was higher in the group of white grains than for
red, the color of the grain could not be significantly linked to its content in POX and PPO.
Therefore, the appearance of the grain may be controlled by other physiological parameters than the
content in oxidative enzymes. Indeed, several interacting factors (pericarp color and thickness,
presence or absence of testa, endosperm texture, etc.) are known to influence the appearance of the

grain.
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Figure 2. Monophenolase and o-diphenolase specific activities of PPO in sorghum varieties. The
standard error bars represent the average standard error for each experiment.
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Figure 3. POX specific activities in sorghum varieties. The standard error bars represent the
average standard error for each experiment.
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The phenolic, POX and PPO contents of the grains could not be simply related to the
susceptibility or resistance of individual sorghum plant to striga, anthracnose, sorghum midge or

sooty stripe. This also holds true for the abiotic factors such as drought and photoperiod.

pH3 —>

PHY  — P v o m———i— i S

1 2 3 4 5 6 7 8

Figure 4. Zymograms of o-diphenolase activity of PPO in sorghum varieties. Since all varieties presented
the same PPO pattern, eight of them were arbitrarily selected as examples. Lanes 1 to 8 are
crude extracts from grains of sorghum varieties V1, V5, V10, V15, V20, V25, V30 and V35,
respectively. The samples were applied in the middle of the gels ().

Relationship between phenolic compounds, PPO and POX contents in grain and food
application
It is known in industrial brewing that high POX activity may not be desired because POX

may catalyze the oxidative polymerization of endogenous phenolic compounds of malt, notably the
anthocyanidins, leading to flavor deterioration and the occurrence of haze (Clarkson et al., 1992;
Billau and Nicolas, 2001). "Dolo" varieties have a higher content in total phenolic compounds
(P<0.05) and tannin (P<0.1), and higher monophenolase activity (P<0.05) than varieties that are
poor for "dolo". Their content in phenolic compounds is also higher than in varieties used for "td"
and couscous, as well as the mean value. PPO may be involved in the oxidation of endogenous
phenolic compounds to yield the desired opaque color of "dolo" and influence its organoleptic

properties.
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Figure 5. Zymograms of POX activity in sorghum varieties. Each Arabic number represents a sorghum
variety. Samples were applied in the middle of the gel (»).

Thus, red varieties with high phenolic compounds and PPO contents and a low POX activity may
be the best for "dolo" preparation. Among "dolo" varieties, V40 (Zouobdo) and V39 (Nafo-
Natogué) have high (0.97%) and low (0.12%) tannin content, respectively. The latter also has a
medium POX activity (2.15 U/mg), therefore, it may be the most suitable for industrial brewing

AN AN

purposes. The group of varieties poor for "t6" differs from the group good for "t6", exclusively with

AN

respect to its low POX content. In "td" preparation, the formation of a thick paste is necessary.

Thus, in analogy with what was found in wheat dough (Hilhorst et al., 1999) POX may mediate the
gelatinization of sorghum flour during "td" preparation. Among “t0” varieties, V1
(CEF-322/53-1-1) and V21 (Kaapelga) have white flour and low phenolic compound and PPO
contents, and a suitable POX activity. Hence, these varieties may be the most suitable for this local
food. The variety V31 (IRAT 202) reputed to be the best sorghum variety for couscous preparation

in West Africa, notably in Senegal, deviates from the other varieties in its low content of POX (0.8
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U/mg). That may be justified by the fact that for couscous preparation the formation of a gel
mediated by POX via the crosslinkage of macromolecules is not desired. Therefore, couscous
varieties might have a low POX content. It is known that the suitability of sorghum varieties for
food and beverages is a function of the chemical and physical properties of kernels, and process
conditions. In addition to these parameters, the composition of the grain in oxidative enzymes may
also play an important role in grain quality.

Although phenolic compounds and their oxidative enzymes are thought to be involved in
plant responses to physical stress and to pathogens the present study shows that these constituents
of the grains could not be used as a marker for the described agronomic properties of the fifty
varieties. It remains to be investigated whether these constituents in the whole plant are useful
indicators, or whether specific polyphenols and their oxidative enzymes are induced upon
challenging the plant with a pathogen. The present work has given some indications for the use of

biochemical properties as criteria to select for varieties most suited for a specific food application.
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ABSTRACT

The screening of fifty sorghum varieties showed that, on average, germination did not
affect the content in total phenolic compounds, but decreased the content of
proanthocyanidins, 3-deoxyanthocyanidins and flavan-4-ols. Independent of germination,
there are inter-varietal differences in antioxidant activities among sorghum varieties.
Phenolic compounds and antioxidant activities were more positively correlated in
ungerminated varieties than in germinated ones. Sorghum grains with pigmented testa
layer, chestnut color glumes and red plants had higher contents, larger diversity of
phenolic compounds and higher antioxidant activities than other sorghums. Some red
sorghum varieties had higher antioxidant activities (30-80 umol of Trolox equivalents/g)
than several sources of natural antioxidants from plant foods. Among varieties used for
“t6”, “dolo”, couscous and porridge preparation, the “dolo” (local beer) varieties had the
highest average content and diversity in phenolic compounds as well as the highest
antioxidant activities. The biochemical markers determined are useful indicators for the
selection of sorghum varieties for food and agronomic properties.

Keywords: sorghum, germination, antioxidant, proanthocyanidins, 3-deoxyanthocyanidins,
apigeninidins, flavan-4-ols
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INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench is one of the most important cereal crops in the
world with a current annual production over 60 million tons, of which USA and Africa produce
20% and 40%, respectively (FAO, 1995, 2005). Sorghum is the staple food in several countries,
notably in Africa (FAO, 1995; Anglani, 1998; Taylor and Dewar, 2001; Awika and Rooney,
2004a). In West Africa, ungerminated sorghum grains are generally used for the preparation of “t6”
(thick porridge) and couscous (granulated food). Malted sorghum is often used in the production of
local beer (“dolo”), infant food (thin porridge) and non-fermented beverages.

Sorghum is a cereal reported to contain simple phenols, hydroxybenzoic acids,
hydroxycinnamic acids (ferulic acid being the most abundant), anthocyanins, proanthocyanidins
(PAs) and several other flavonoids (Schutt and Netzly, 1991; Melake-Berhan et al., 1996; Palé et
al., 1997; Kouda-Bonafos et al., 1996; Haslam, 1998; Audilakshmi et al., 1999; Awika and Rooney,
2004a, Awika et al.,, 2004b). The 3-deoxyanthocyanidins (3-DAs), namely apigeninidins and
leucoluteolinidins, are particularly abundant in sorghum grain, but rare or absent in other plants
(Palé et al., 1997; Awika and Rooney, 2004a; Awika et al., 2004b). 3-DAs are of interest because
they are more stable in organic solvents as well as in acidic solutions than anthocyanidins
commonly found in fruits, vegetables and other cereals (Kouda-Bonafos et al., 1996; Palé et al.,
1997; Awika et al., 2004b). This has been suggested as a potential advantage of sorghum as a viable
commercial source of anthocyanins (Awika and Rooney, 2004a). An agronomic interest exists in
sorghum grains containing flavan-4-ols, such as leucoapigeninidin (apiforol) and leucoluteolinidin
(luteoforol), because they may confer a high resistance of the grain to molding (Schutt and Netzly,
1991; Melake-Berhan et al., 1996; Audilakshmi et al., 1999). A new interest in flavan-4-ols is
linked to their anticarcinogenic activity (Ferreira and Slade, 2002).

Nowadays, phenolic compounds are generally regarded as desirable components of human
food, because of their antioxidant activity. Therefore, they are considered to be of nutraceutical
importance (Parr and Bolwell, 2000; Awika and Rooney, 2004a). Even for proanthocyanidins
(condensed tannins), their earlier classification as essentially antinutritional factors, throughout
formation of complexes with proteins and carbohydrates, could be balanced against their potential
to serve as biological antioxidants (Hagerman et al., 1998). All phenolic compounds are able to
scavenge free radicals through electron-donating properties, generating a relatively stable phenoxyl

radical or non radical species (Hagerman et al., 1998; Parr and Bolwell, 2000; Santos-Buelga and
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Scalbert, 2000; Lu and Foo, 2001; Pellegrini et al., 2003). Some phenolic compounds protect
against neurological disorders and exert anticarcinogenic, antimutagenic and cardioprotective
effects linked to their free radical scavenging activities (Parr and Bolwell, 2000; Santos-Buelga and
Scalbert, 2000; Lu and Foo, 2001; Pellegrini et al., 2003). Research on discovering naturally
occurring antioxidants for use in foods or medicinal materials to replace synthetic antioxidants has
attracted much attention (Parr and Bolwell, 2000; Santos-Buelga and Scalbert, 2000). Recently,
Awika and co-workers (2003) reported methods to determine antioxidant activities of sorghums,
their brans, baked and extruded products. For red sorghum the bran had 3-5 times more antioxidant
activity than the whole grain (Awika et al., 2003). These antioxidant activities were higher than
those of blueberries (Vaccinium species), one of the most important natural sources of antioxidants
(Awika et al., 2003). In a previous study on fifty sorghum varieties (Dicko et al., 2002; this thesis,
Chapter 2), we showed that the varieties are highly diverse in their contents in phenolic compounds
and oxidative enzymes. Although phenolic antioxidant activities are detected in sorghum (Awika et
al., 2003), it is not known whether germination affects the content of these phenolic compounds and
their antioxidant activities.

Germination is an essential step in the preparation of sorghum grains for several products. In
one study, a several-fold increase in total phenolic compounds and PAs after germination of
sorghum was reported (Nwanguma and Eze, 1996). In other studies, both an increase or a decrease
of total phenolic compounds and PAs upon germination has been observed (Subramanian et al.,
1992; Iwuoha et al., 1997; Bvochora et al., 1999). However, these studies were performed with only
a limited number of sorghum varieties. In the present work, the effect of germination on phenolic
compounds and antioxidant activities in 50 sorghum varieties is studied and correlations between

these properties and local food applications are determined.

MATERIALS AND METHODS

Chemicals and reagents

2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS), 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), Folin-Ciocalteu reagent for phenol, and
ascorbic acid (vitamin C) were from Sigma-Aldrich. Gallic acid (3,4,5-trihydroxybenzoic acid) was
from Aldrich. Sorghum apigeninidin, isolated and characterized by Kouda-Bonafos and co-workers.

(1996), was a gift of Dr. Eloi Palé from the Laboratory of Natural Substances, University of
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Ouagadougou, Burkina Faso. Cyanidin-chloride was from Extrasyntheése (Lyon, France). Apple
ciders procyanidin oligomers (average degree of polymerization of 7.4) were kindly provided by
Stephanie Prigent (Wageningen University, Wageningen, The Netherlands) and Dr. Catherine M.
G. C. Renard (INRA, Rennes, France). These procyanidins were purified by RP-HPLC and
characterized by thiolysis-HPLC as described by Guyot and co-workers (Guyot et al., 1998, 2001).

All other chemicals were of analytical grade.

Sorghum bicolor L. (Moench) varieties

Sorghum varieties were grown during the rainy season of 2002 at the experimental station of
Saria, in Burkina Faso (West Africa). Growth conditions were as described previously (Trouche et
al., 2001; Ouattara et al., 2001). The varieties were chosen according to criteria described
previously (Dicko et al., 2002; this thesis, Chapter 2). Information as to which varieties were
“good” or “poor” for the preparation of specific dishes was collected from sorghum breeders
familiar with the preference of the local population after a participatory survey (Trouche et al.,
2001). For convenience, the sorghum varieties were classified in alphabetic order of their name
followed by Arabic numbers from 1 to 50 preceded by V (Table 1). Mature grains (> 60 days after
anthesis) were harvested, surface-sterilized and germinated as described previously (Subramanian et
al., 1992; Dicko et al., 2002; this thesis, Chapter 2). Prior to germination, grains were steeped in
water in the dark at 20-25°C, for 16 h. Germination was performed at 27 + 2°C for 72 h. The
appearance of primary shoots and roots was observed in all the varieties at the end of germination.
Germinated and ungerminated sorghum grains were dried, ground and stored as described
previously (Dicko et al., 2002; this thesis, Chapter 2). The moisture contents of the flours as

determined by heating in oven ate 110°C, for 5-6h were 5-7% (w/w).

Total phenolic compounds extraction and assay

Sorghum phenolic compounds were extracted from sorghum flour as described previously
(Dicko et al., 2002; this thesis, Chapter 2). The total phenolic extract was analyzed directly or kept
in the dark, at —30°C for less than 48 h to avoid oxidation. The total phenolic compounds content
was determined using a miniaturized Folin-Ciocalteu method (Dicko et al., 2002; this thesis,
Chapter 2). Results were expressed as gallic acid equivalents per gram of flour (w/w, dry matter

basis). The same extract was used for quantification of PAs, 3-DAs and flavan-4-ols.
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Proanthocyanidins (PAs) and dlavan-4-ols Assay

The total phenolic extract was assayed for PAs and flavan-4-ols essentially as described by
Melake-Berhan and co-workers (1996) with miniaturization to adapt the assay to a 96-well plate
format as follows. To determine flavan-4-ols, 50 pL of the extract was added to 700 uL of reagent
A (30%, v/v 12N HCI in butan-1-ol) or to 700 puL of reagent B (15 %, v/v 0.1 N acetic acid; 15%,
v/v, methanol and 70%, v/v, butan-1-ol). The sample in reagent A was mixed by vortex and left at
25°C, for 1 h, to allow formation of anthocyanidin pigments derived from flavan-4-ols (Melake-
Berhan et al., 1996). Aliquots of the mixture (150 pL) were put in duplicate in a 96-multiwell plate
and the absorbance read at 550 nm to quantify anthocyanidins formed from flavan-4-ols (Melake-
Berhan et al., 1996). Cyanidin was used as standard to estimate the total amount of the
anthocyanidins derived from flavan-4-ols.

For PAs quantification, the remaining sample in the tube with reagent A was further heated
at 100°C, for 2 h. Under these conditions, PAs are converted to anthocyanidins, and the unstable
pigments formed from flavan-4-ols are destroyed (Melake-Berhan et al., 1996). After cooling, 200
pL of the sample was put in duplicate in a 96-multiwell plate and the absorbances of anthocyanidin
compounds derived from PAs were read at 550 nm (Melake-Berhan et al., 1996). Sample mixtures
with reagent B, which were not heated served as blanks for the quantification of both PAs and
flavan-4-ols. Apple procyanidins with an average DP = 7.4, treated as indicated above were used as

standard for sorghum PAs quantification (Figure 1).

3-Deoxyanthocyanidins (3-DAs) assay
For direct spectrophotometric quantification of 3-DAs, 50 uL of the total phenolic extract
was mixed with 150 pL of methanol and the absorbances were read at 475 nm (Melake-Berhan et

al., 1996). Sorghum apigeninidin (Kouda-Bonafos et al., 1996) was used as standard.

Determination of antioxidant activity

The antioxidant activity of sorghum phenolic compounds was determined both by the ability
to scavenge 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid radical (ABTS™) (Riedl and
Hagerman, 2001) and by reduction of phosphomolybdenum Mo(VI) to Mo(V) (Prieto et al., 1999;
Lu and Foo, 2001).

The stock of ABTS™ radical was chemically generated by incubation of 10 mL of 100 mM
ABTS with 10 mL of 50 mM (NH4),S,;0s, in 5 mM Na,HPO, buffer pH 7.4. The decolorization
was initiated by incubation of 250 pL of ABTS™ radical with 10 uL of total phenolic extract. The
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decrease in absorbance at 734 nm was monitored at 1 min intervals for 30 min. The absorbances of
control and sample were monitored simultaneously in a 96-well plate. The amount of ABTS™
radical scavenged was calculated from the difference in absorbance between the control and the
total phenolic extract containing sample, using the extinction coefficient (€734= 12 867 Mm! cm'l) of
the radical.

To evaluate the antioxidant activity by the phosphomolybdenum assay, the reagent was
prepared by constituting a mixture of 0.6 M H,SO4, 28 mM Na,HPO4 and 4 mM
(NH4)6M070,4.4H,0. Oxido-reduction assay was performed by incubating 50 pL of phenolic
extract with 500 pL of the reagent, in an 1.5 mL Eppendorf vial, at 95°C in oven, for 90 min. The
blank was prepared by replacing the phenolic extract with the extraction solution (acidified
methanol). After cooling, 200 uL of the formed green phosphate/Mo(V) complex was put in a
microtiter plate, and the absorbances were read at the maximum absorption (820 nm).

Calibration curves were made using Trolox and vitamin C. Trolox antioxidant equivalents
(TAE) and vitamin C antioxidant equivalents (VCAE) were expressed on weight basis (umol/g of

flour, dry matter).

Statistical analysis

All spectrophotometric assays were carried out in 96-well microtiter plates (Nunclon,
Denmark) using a multiwell plate reader (uQuant Bio-Tek Instrument, Inc) on line interfaced with a
personal computer. The absorbances and slopes of absorbances (OD/min) were automatically
recorded using KC junior software version 1.31.5 (Bio-Tek Instrument, INC, USA). All assays were
carried out at least in duplicate. Mean values, standard deviations and standard errors are reported.
Significant differences in mean performance for each composition among sorghum varieties were
tested by Student’s t-test, P< 0.05 implies significance. Pearson linear correlation coefficients were

used to assess relationships among biochemical constituents.
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Figure 1. Calibration curve of procyanidins of DP=7.4. The phenolic extract (50 pL) was incubated with
700 pL of reagent A (30%, v/v 12N HCl in butan-1-ol) at 100°C for 2 h. The blank was
prepared by mixing 50 puL of the sample with 700 puL of reagent B (15 %, v/v 0.1 N acetic acid;
15%, v/v, methanol and 70%, v/v, butan-1-ol) without heating. Vertical bars indicate the
average standard error for each experiment.

RESULTS AND DISCUSSION

Effect of germination on phenolic compounds in sorghum varieties

It is important to note that the levels of phenolic compounds within varieties found are of
more interest for inter-varietal comparison than as absolute levels because of the lack of universal
assays and standards, and because of differences in reactivity among phenolic compounds within a
particular class. The apple procyanidins (DP=7.4) used as standard could underestimate the level of
PAs with low degree of polymerization or overestimate the level of PAs with high degree of
polymerization (Guyot et al., 1998). The wavelength (475 nm) used to measure the amount of
3-DAs may mostly quantify apigeninidins over the other 3-DAs such as luteolinidins (Melake-
Berhan et al., 1996). The used assays may not reveal all the complexity of the chemistry of phenolic
compounds that occurs in the plant tissue during germination, but they are useful in assessing the
effect of germination on the selected classes of phenolic compounds.

Although grown under the same conditions, the sorghum grains screened varied
significantly in their levels of total phenolic compounds, PAs, 3-DAs and flavan-4-ols (Table 1).
The average total phenolics content of sorghum varieties used in this study (harvested in 2002) was
on average 40% higher than that of the same sorghum varieties harvested in 1998 (Dicko et al.,

2002; this thesis, Chapter 2). This increase in total phenolic content was observed in 80% of the
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varieties. However, in some varieties the total phenolic content decreased by a factor 1.2 to 2.5.
Nevertheless, varieties containing the highest amounts of total phenolic compounds (V18 and V19)
remained the same over the years. These results indicate that there is an inter-seasonal variation of
total phenolic compounds content among sorghum varieties. This is in agreement with the
observation that environment may affect the biosynthesis of phenolic compounds in sorghum
(Mueller-Harwey and Reed, 1992). Germination affected the content in phenolics according to
variety (Table 1). Nwanguma and Eze (1996) found an increase of several-fold in total phenolic
compounds in all screened four sorghum varieties after germination. In contrast, the results of the
present study showed that on average germination does not generally affect the total phenolic
compounds content in sorghum. However, in line with previous observations (Subramanian et al.,
1992; Iwuoha and Aina, 1997; Bvochora et al., 1999), depending on variety, sorghum total phenolic
compounds decreased or increased upon germination. The presence of PAs (condensed tannins) in
sorghum varieties was previously (Dicko et al., 2002; this thesis, Chapter 2) assessed using the
ferric ammonium citrate (International Standard Organization method). In the present study, it was
confirmed using the acid-butanol assay that the majority (more than 80%) of the screened sorghums
from Burkina Faso are not high tannins (<0.5%, w/w) containing sorghums. This is observed for
worldwide sorghums (FAO, 1995; Nwanguma and Eze, 1996; Anglani, 1998; Bvochora et al.,
1999; Beta et al., 1999; Awika and Rooney, 2004a). Some of the screened varieties (32%) were PAs
free. Overall, the PAs content decreased after germination. The decrease in extractable PAs after
germination could be due to leaching of water-soluble PAs which are located in the pericarp and
testa (Beta et al., 1999; Waniska, 2000; Awika and Rooney, 2004a) or due to formation of insoluble
complexes with proteins (Riedl and Hagerman, 2001). Quantifying PAs content in two sorghum
varieties, Iwuoha and Aina (1997) also found a decrease in PAs content after germination. This
indicates that the effect of germination on total phenolic compounds content is dependent on
variety.

Among the varieties 42% contained 3-DAs before and after germination. On average,
germination did not induce the synthesis of 3-DAs among varieties but decreased their content.
Variety V19 displayed a higher content of 3-DAs (0.42%, w/w of apigeninidin equivalent) than
sorghum variety Monome Kaya found by Sérémé and co-workers (1994). This sorghum variety
Monome Kaya was determined to have the highest content (0.25%, w/w of apigeninidin) among 30
sorghum varieties from Burkina Faso which were screened for apigeninidin (Sérémé et al., 1994).
Because 3-DAs are anthocyanidins with industrial importance in food, varieties V19 and V37,

which were found to be rich in these compounds in this study, can be considered as important
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sources. The apigeninidin content is also an indicator of grain resistance to fungi such as
Colletrichum graminicola, Fusarium oxysporum, Gibberelle zeae, and Gliocladium roseum (Schutt
and Netzly, 1991). The screening for 3-DAs is, therefore, of great interest for breeders.

Only 28% of varieties displayed detectable amounts in flavan-4-ols. After flavan-4-ol
contents were screened in 22 sorghum varieties, Audilakshmi and co-workers (1999) detected these
compounds in only four varieties (18%). This supports that flavan-4-ols are quite rare in sorghum.
On average, germination reduced the content in flavan-4-ols by 33% in varieties containing those
compounds, and even led to the complete disappearance in some varieties (V2, V34, and V35). The
decrease of flavan-4-ol content in all varieties upon germination may be related to their conversion
into other flavonoids (anthocyanidins and flavan-3-ols), which is stimulated by enzymes that are
produced during germination and that are involved in the biosynthesis of the latter compounds

(Haslam, 1998).

Effect of germination on antioxidant activities in sorghum varieties

Because the ranking obtained by the comparison of antioxidant activities of food plants is
dependent on the assays used (Pellegrini et al., 2003), the evaluation of the antioxidant activities of
sorghum phenolic compounds was performed in this study using two different methods. While the
ABTS assay monitored the capacity of phenolic compounds to scavenge free radicals (Riedl and
Hagerman, 2001), the phosphomolybdenum measured their reducing power (Prieto et al., 1999).
Phenolic extracts of non-germinated sorghum varieties evaluated using the ABTS assay showed
antioxidant activities ranging from 16 to 80 pmol of TAE/g or 6 to 28 umol of VCAE/g (Figures
2A and 2B). The evaluation of the antioxidant activity using the phosphomolybdenum assay gave
values ranging from 17 to 85 umol TAE/g or 9 to 96 umol VCAE/g. The mean value of antioxidant
activities in sorghum varieties before germination was 42 umol TAE/g or 15 umol VCAE/g, with
the ABTS assay and 45 pmol TAE/g or 24 umol VCAE/g with the phosphomolybdenum assay.
Antioxidant activities changed differently in varieties upon germination, but on average, they were
not affected by germination. The inter-varietal differences of the antioxidant activities of sorghum
varieties could be related to the difference in their total phenolic compounds content and to the
diversity of phenolic compounds. Indeed, several studies of structurally-related phenolic
compounds have revealed differences in their antioxidant capacity (Rice-Evans, 1999; Bors et al.,
2001). The antioxidant activity of phenolic compounds depends on the number of conjugated
unsaturated bonds, the redox properties, and the presence of vicinal hydroxyls in the aromatic ring

(Rice-Evans, 1999; Bors et al., 2001; Lu and Foo, 2001).
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Table 1. Comparison of phenolics composition of ungerminated (g-) and germinated (g+)
sorghum varieties™

code name color of testa® main food total phenolics PAs (%)° 3-DAs (%)!  flavan-4-ols
grain/glumes/ property (%)° (%)°
plant
g g+ g g+ g g+ g g+
V1  Ajabsido W/R/R +  good for "to" 0.58 096 0.11 0.19 0.04 0.05 nd nd
V2  BF88-2/31-1 W/P/tan - poor for "td" 0.85 0.60 nd nd nd nd 0.17 nd
V3  BF88-2/31-3 W/R/tan - good for couscous  0.72  0.69 nd nd nd nd nd nd
V4  BF 89-18/139-1-1 W/P/tan - good for "t6" 066 041 nd nd nd nd nd nd
V5  Cauga 108-15 W/P/R - good for "t0" 072 0.63 0.17 0.18 004 002 nd nd
V6  Cauga 22-20 W/P/R +  good for "td" 1.38 122 150 121 0.02 0.02 022 0.13
V7  CE 180-33 W/R/tan + goodfor couscous 0.59  0.87 0.11 0.06 nd nd nd nd
V8  CEF 322/53-1-1 W/P/R - good for "to" 0.71  0.67 0.07 nd nd nd nd nd
V9  CEF 395/9-2-3 W/P/tan - good for "t6" 0.87 091 nd nd nd nd nd nd
V10  CEF 396/12-3-1 W/P/R - good for "to" 0.68 0.88 0.06 0.17 0.02 0.02 nd nd
V1l CEM 326/11-5-1-1 W/P/tan - good for "to" 069 073 nd nd nd nd nd nd
V12 CGM 1/19-1-1 W/P/R - good for "to" 0.64 081 0.06 007 =nd 002 nd nd
V13  CGM 19/9-1-1 W/B/R - good for "t0" 061 082 nd nd nd 0.02 nd nd
V14 CGM 19/9-1-2 W/P/R - good for “dolo” 055 081 008 nd nd nd nd nd
V15 CK60 W/P/R - good for "t0" 0.76 122 024 028 0.04 007 nd nd
V16 F2-20 W/R/tan - good for couscous  0.55 0.86 nd nd 002 nd nd nd
V17  Farkakofsi 781 R/B/R +  good for “dolo” 1.28 147 066 0.72 0.14 0.12 038 0.30
V18  Framida R/C/R + good for “dolo” 1.74 1.85 1.13 058 0.03 005 037 0.29
V19 G 1296 R/R/R +  good for “dolo” 3.01 295 218 1.85 042 024 042 037
V20 G 1414 W/P/R - good for "td" 071 0.84 0.08 0.15 nd nd nd nd
V21 G 1636 W/P/tan - poor for "to" 0.76  0.74 0.07 0.08 nd nd nd nd
V22 ICSV 1002 W/P/tan - good for "to" 0.82 051 nd nd 002 nd nd nd
V23 ICSV 1049 W/P/tan - good for porridge 064 078 nd nd nd nd nd nd
V24 ICSV 745 W/P/tan - poor for "t6" 066 046 nd nd nd nd nd nd
V25 IRAT 10 W/B/R - good for "t0" 082 072 0.06 0.06 nd nd nd nd
V26 IRAT 174 W/C/R - good for “t6” 092 075 0.09 0.08 0.06 0.04 nd nd
V27 1RAT 202 W/R/tan + good for couscous  1.20 1.22 062 033 nd nd nd nd
V28 IRAT 204 W/P/tan - good for couscous  0.96  0.61 nd nd nd nd nd nd
V29 1IRAT 277 W/R/tan - poor for "td" 0.87 0.79 nd nd nd nd nd nd
V30 IRATO9 R/C/R + good for “dolo” 1.50 1.18 090 0.54 0.07 0.03 041 038
V31 IS 15401 W/P/R - good for couscous  0.65 0.63 0.09 nd nd nd nd nd
V32  Kaapelga W/P/tan - good for "to" 0.73 0.83 nd nd nd nd nd nd
V33  Kapla-57 R/P/R +  good for “dolo” 0.60 097 053 041 nd nd nd nd
V34  Kokologho W/B/R +  poor for “dolo” 0.81 1.02 066 041 002 006 019 nd
V35 90L1235 W/B/R - good for couscous  1.28 097 053 040 0.07 0.07 0.19 nd
V36  Magadji 1-509 R/B/R - good for “dolo” 0.70 099 0.07 0.11 nd nd nd nd
V37  Nafo-Natogué 775 R/B/R +  good for “dolo” 1.47 1.75 1.16 1.17 0.18 0.17 034 0.24
V38 Nazongala tan W/B/tan - good for porridge 0.66 1.16 0.09 0.13 004 0.06 nd nd
V39  Nongomsoba W/B/tan - good for porridge 082 076 nd 0.08 nd nd nd nd
V40 S29 W/R/R - good for "t0" 0.72 1.01 007 0.12 nd nd nd nd
V41  Sariaso 10 W/R/R - good for porridge 0.73 0.70 0.08 nd nd nd 023 0.22
V42  Sariaso 11 W/P/tan - good for "to" 074 055 nd nd nd nd nd nd
V43 Sariaso 12 W/B/R - good for "t0" 0.83 1.05 0.17 0.14 005 0.03 0.18 0.13
V44  Sariaso 14 W/P/tan - good for porridge 0.45 0.63 nd nd nd nd nd nd
V45  Sariaso 9 W/B/R - good for "t0" 098 077 026 0.17 006 004 022 0.14
V46  Segaolane W/P/R - poor for "t6" 0.63 0.71 0.12 0.06 nd nd nd nd
V47  SRN 39 Y/P/tan - poor for “dolo” 1.10 096 0.17 0.09 0.06 0.03 0.19 0.12
V48  Tiamassie 289 W/B/R +  poor for "td" 0.58 0.61 0.06 0.06 0.03 0.02 nd nd
V49 Tx 7000 W/P/R - poor for "to" 046 081 0.08 0.07 nd nd nd nd
V50  Zugilga R/B/R + good for “dolo” 1.71 1.01 091 042 005 0.02 020 0.18
Mean Value (n=50) 0.88 092 026 021 003 0.02 007 0.05
SE (n=2) 0.05 0.05 0.01 0.01 0.002 0.002 0.003 0.003

*Abbreviations: W = white; R=red; Y= yellow; P = pale, C = chestnut; B= black; nd = not detected; g- = ungerminated sorghum; g+
= germinated sorghum. “Pigmented testa layer present (+) or absent (-); "Gallic acid equivalents (%, w/w, dry matter basis); “PAs =
proanthocyanidins (%, w/w , procyanidins DP=7.4, dry matter basis); “3-DAs = 3-deoxyanthocyanidins (%, w/w, apigeninidin);

‘anthocyanidin equivalents derived from flavan-4-ols (%, w/w , cyanidin, dry matter basis).
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Although the antioxidant activities of phenolic compounds could be beneficial, the major
nutritional concern is the ability of PAs to bind strongly to large proteins and to proline-rich
proteins, thereby reducing their digestibility (Butler, 1992). PAs display free radical scavenging
activity even when forming complexes with proteins (Riedl and Hagerman, 2001), and they may be
degraded in the digestive system into low molecular weight monomers which could be absorbed by
the intestine (Awika and Rooney, 2004a). This supports the idea that the potential of PAs to
diminish nutrient digestibility may be compensated by their in vivo antioxidant activity, even when

bound to proteins (Hagerman et al., 1998).

Correlations between antioxidant activities and phenolic compounds

In line with the report of Awika and co-workers (2003), antioxidant activities were
positively correlated with the level of total phenolic compounds, both before and after germination
(Table 2). A relatively strong correlation was found between antioxidant activities and PAs when
compared to those for 3-DAs and flavan-4-ols. The weaker correlation between antioxidant activity
and phenolic compounds upon germination could be due to the synthesis of other antioxidant
compounds such as vitamin C and tocopherols in sorghum during germination (Malleshi and
Klopfenstein, 1998; Simontacchi et al., 2003). Germination lowered the correlations between
different phenolic compounds and antioxidant activities. The difference found between Trolox and
vitamin C on scavenging the ABTS™ radical is related to the difference in their mechanism of
radical scavenging (Rice-Evans, 1999). Indeed, it has been found that a-tocopherol, an analogue of
Trolox, is a much more effective chain-breaking antioxidant in scavenging lipid peroxyl radicals

than vitamin C (Rice-Evans, 1999).

Table 2. Pearson correlation (r values) matrix between phenolic compounds and their antioxidant
activities in ungerminated (g-) and germinated (g+) sorghum varieties

antioxidant  total PAs® 3-DAs®
activities®  phenolics

g gt g- gt g g+ g g+
Total phenolics 0.78 0.64

PAs 0.79 0.63 092 0.87
3-DAs 0.66 056 0.80 0.86 0.68 0.78
Flavan-4-ols 0.67 0.07* 0.68 0.65 0.61 0.52* 0.60 0.57

“Trolox antioxidant equivalents using the ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) assay. "PAs = proanthocyanidins, °3-DAs = 3-deoxyanthocyanidins; g- =
ungerminated sorghum; g+ = germinated sorghum. *Not significant (P<0.05); all others are
significant.
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Figure 2. Comparison of the effect of germination on antioxidant activities of sorghum varieties. (A),
evaluation of the antioxidant activities as Trolox antioxidant equivalents (TAE). (B),
evaluation of the antioxidant activity as vitamin C antioxidant equivalents (VCAE). ABTS=
(2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); PMA= phosphomolybdenum assay.
Vertical bars indicate the average standard error for each experiment.
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On weight/weight basis, the total phenolic compounds (gallic acid equivalents) of whole sorghum
grains have an antioxidant capacity comparable to that of pure sorghum PAs (Riedl and Hagerman,
2001). This may explain the good correlation found between antioxidant activity and the content in
PAs (Table 2). PAs are reported to have higher antioxidant activity than other phenolic compounds
because they have little or no pro-oxidant activity and because of the presence of ortho-hydroxyl
groups in their structures (Hagerman et al., 1998). In addition, oxidized PAs undergo phenolic
coupling reactions, generating hydroxyls, which govern their antioxidant activity and which are

higher than the other phenolic compounds (Bors et al., 2001).

Phenolic compounds and antioxidant activities of sorghum varieties grouped according to
plant or grain properties

Independent of germination, red varieties contained on average significantly more total
phenolic compounds, PAs, 3-DAs and flavan-4-ols than white varieties (Table 3). Nevertheless,
some white varieties (V6, V27 and V35) have a relatively high contents of total phenolic
compounds (1.2-1.4%, w/w). Investigations carried out by others also showed phenolic content in
white varieties to be as high as 3% (w/w) (Beta et al., 1999). All red varieties contained 3-DAs,
whereas among white varieties only 35% possessed trace amounts of 3-DAs (0-0.07%, apigeninidin
equivalents), if no interference of other phenolics in the assay is assumed. Red sorghum grains had
on average significantly higher antioxidant activities (30-80 umol TAE/g) than white grains (16-62
pumol of TAE/g) both before and after germination. These results are in line with those of Awika
and co-workers (2003) who found the same trend for ungerminated sorghum grains. Sorghum
grains with pigmented testa layer have higher levels of total phenolic compounds (2 fold), PAs (9-
11 fold), 3-DAs (8-10-fold), and antioxidant activities (1.5 fold) than sorghum without pigmented
testa. Sorghum grains covered with glumes possessing the chestnut color have a higher content in
total phenolic compounds, PAs, 3-DAs, flavan-4-ols and antioxidant activities than the other red,
black and pale glume colors. Audilakshmi and co-workers (1999) also found correlations between
glume colors and the content of the grains in total phenols and flavan-4-ols. Table 3 shows that the
grains from red sorghum plants have higher phenolic compounds and antioxidant activities than
grains from tan sorghum plants. The levels of phenolic compounds in plant tissues are not only
dependent on the genotype but they are also dependent on the biotic and abiotic stresses. Because
the varieties were grown in the same environment and no visible effect of stress was observed, these

correlations between the levels of phenolic compounds and the plant and grain characteristics may
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be essentially attributed to the genetic diversity of sorghum varieties (Doherty et al., 1987;
Audilakshmi et al., 1999; Waniska et al., 2000).

Phenolic compounds and antioxidant activities of sorghum varieties grouped according to
food properties

The groups of sorghum varieties used for specific local foods displayed significant
differences in their contents of total phenolic compounds, PAs, 3-DAs, flavan-4-ols and antioxidant
activities before and after germination (Table 3). Varieties good for “dolo” had, before and after
germination, on average the highest total phenolic content (1.40-1.44%, w/w), PAs (0.61-0.79%,
w/w), 3-DAs (0.06-0.09%, w/w), flavan-4-ols (0.20-0.24%, w/w) and antioxidant activities (49-55
pumol TAE/g) of all groups.

Table 3. Comparison of the average content of phenolics and antioxidant activities in groups of
ungerminated (g-) and germinated (g+) sorghum varieties of known properties

Group properties total phenolics PAs 3-DAs flavan-4-ols  antioxidant
(%)* (%)° (%)° (%)° activities®
g g+ g gt g g+ g g+ g gt
good for “t0” (n = 20) 078 081 0.15 0.14 002 0.02 003 0.02 40 39
poor for “t6” (n=7) 0.69 0.68 0.05 0.04 <00l <001 002 <001 34 33
food good for “dolo” (n =9) 140 1.44 079 061 009 006 024 020 55 49
poor for “dolo” (n = 2) 096 099 041 025 004 005 019 006 39 44
good for couscous (n=7)  0.85 0.84 0.19 0.11 <0.01 <00l 003 <001 43 40
good for porridge (n=5)  0.66 081 0.04 0.04 <001 <00l 005 004 35 41
mean value (n=50) 088 092 026 021 0.03 0.02 0.07 0.05 42 41
red grains (n = 9) 146 146 0.80 062 0.11 007 026 021 56 50
white grains (n=41) 076 0.80 0.13 0.11 <0.01 <001 003 <00l 39 38
grains without testa (n=37) 0.75 0.78 0.07 0.07 <0.01 <0.01 003 0.02 38 37
grains with testa (n=13) 127 131 081 0.61 0.10 0.08 032 027 53 51
. |glumes chestnut (n= 3) 139 126 0.71 040 0.05 004 026 022 55 37
plant/grain
glumes red (n=9) 1.00 1.12 035 028 005 003 007 007 46 47
glumes black (n= 13) 097 101 036 030 005 005 013 008 44 46
glumes pale (n=25) 074 078 0.16 013 <0.01 <001 <001 <001 37 37
red plants (n=30) 096 1.03 041 032 004 004 011 0.08 43 44
tan plants (n=20) 0.77 075 0.05 0.04 <00l <0.01 <00l <001 41 35
SE (n=2) 0.05 0.01 0.002 0.003 2

“Gallic acid equivalents (%, w/w, dry matter basis). "PAs = proanthocyanidins (%, w/w of apple procyanidins DP~7.4,
dry matter basis); “3-DAs = 3-deoxyanthocyanidins (%, w/w, apigeninidin, dry matter basis); “anthocyanidin
equivalents derived from flavan-4-ols (%, w/w, cyanidin, dry matter basis); “Trolox antioxidant equivalents (umol/g of
flour, dry matter basis) using the ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) assay. g- = ungerminated
sorghum; g+ = germinated sorghum.

69



Chapter 3

To obtain the desired reddish or opaque color of “dolo”, local manufacturers tend to use red
varieties that contain, even after malting, a high content of colored polyphenols such as 3-DAs. In
addition, the fact that varieties good for “dolo” had more flavan-4-ols and 3-DAs than varieties poor
for “dolo” may be an advantage for grain molding resistance (Schutt and Netzly, 1991; Melake-
Berhan et al., 1996; Audilakshmi et al., 1999) during the traditional malting of sorghum. The high
antioxidant activities found in varieties used for “dolo” (49-55 umol TAE/g) indicates that “dolo”
varieties contain antioxidant activity levels higher than red wines (9-12 pmol TAE/g) (Pellegrini et
al., 2003). From our data, it can be inferred that the whole grains of (for example) the sorghum
varieties V17, V19, V30, V37 and V50 have antioxidant activities (66-80 umol TAE/g) higher than
most other plant foods (Pellegrini et al., 2003), e.g. blackberry (20 pumol TAE/g). Furthermore, it is
important to stress that a high antioxidant activity is expected to be found in sorghum brans (Awika
et al., 2003), which are commercially available in West Africa and are used as animal feed
(Akintayo and Sedgo, 2001).

Germination did not significantly affect the content of PAs in groups of varieties both good
and poor for t6. The group of varieties good for porridge had on average low contents of total
phenolic compounds, PAs, DAs and flavan-4-ols. Apparently, varieties with moderate or high PAs
and colored flavonoid levels are already avoided for porridge preparation. The high PA contents in
varieties may impair the nutritional quality of their final products with respect to the possible
inhibitory effect of PAs on hydrolytic enzymes. Therefore, varieties good for porridge, which do
not contain PAs after germination (V41 and V44), may be the best for the preparation of infant
porridges from a nutritional stand-point. For infant porridges, the low PAs content is presumably
more desired than high antioxidant activity. Varieties good for couscous did not contain 3-DAs
before and after germination, in line with the preparation of this dish for which a colorless final

product is often preferred.
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ABSTRACT

Fifty sorghum varieties were screened to determine the effect of germination on levels
of starch, a-amylase, B-amylase, phenylalanine ammonia lyase (PAL), peroxidase
(POX) and polyphenol oxidase (PPO). Germination decreased starch content, with
amylose being more degraded than amylopectin. In germinated grain, a-amylase
activity increased several fold in all varieties, whereas B-amylase activity did not
uniformly increase and even decreased in some varieties. Activity of the key enzyme in
phenolic compounds biosynthesis, PAL, was detected only in half of the varieties before
germination, but after germination PAL was detected in all of them. PPO was not
activated in germinated sorghum grains, whereas POX activity increased up to 10 fold
in some varieties. Zymography revealed that germination induced de novo synthesis of
several POX isoenzymes, among which an anionic POX isoenzyme (p/ 3.1) was
ubiquitously present. Amylase and phenolic enzyme activities are correlated to grain
and plant agronomic characteristics. The use of sorghum varieties for local dishes such
as “t6”, “dolo”, couscous and thin porridges could be correlated with amylase and
phenolic enzyme activities and in the contents of their substrates. The biochemical
constituents determined are useful markers for selection of varieties for food utilization

with special emphasis on infant porridges.

Keywords : sorghum, germination, starch, amylase, phenylalanine ammonia lyase, peroxidase,
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INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] plays a crucial role in food security in developing
countries. In particular, in West Africa it is also a source of income on family level. Sorghum
production is increasing due to the introduction of improved varieties and breeding conditions. It is,
therefore, important to select varieties meeting specific agricultural and food requirements from this
great biodiversity to insure food security.

Germination is one of the essential steps of sorghum processing into food because of the
activation of enzymes, the decrease of antinutritional factors, the increase of bioavailability of
minerals (iron, zinc, etc.), the increase of the content of essential amino acids (especially lysine,
tryptophan and methionine), and the increase in digestibility of macronutrients (FAO, 1995;
Anglani, 1998). These germination-related properties are dependent on sorghum variety
(Nwanguma and Eze, 1995; Bvochora et al., 1999). Among the important reasons for germinating
sorghum is the activation of starch degrading enzymes. During sorghum germination, o-amylase
[a-1,4-D-glucan 4-glucanohydrolase, EC 3.2.1.1] isoenzymes are de novo synthesized (Marambe
and Ando, 1995), whereas B-amylase [0-1,4-D-glucan maltohydrolase, E.C 3.2.1.2] isoenzymes
may not be synthesized (Ziegler , 1999). The technological interest in high a-amylase activity-
containing sorghum varieties is for brewing, and for preparation of low-viscosity weaning food
(Malleshi and Desikachar, 1988; Thaoge et al., 2003; Traoré et al., 2004). Also, for B-amylase, the
major disadvantage encountered using sorghum as brewing cereal is the low activity (Dufour et al.,
1992; Taylor and Robbins, 1993) or total absence (Uriyo and Eigel, 2000) of this maltogenic
enzyme, causing incomplete saccharification of starch.

Phenolic compounds and related enzymes are also important for the quality of plant-derived
foods (Tomas-Barberan and Espin, 2001). Although sorghum grain contains a high proportion of
phenolic compounds (Dicko et al., 2002a 2005; this thesis, Chapters 2 and 3) the activity of
phenylalanine ammonia lyase [EC 4.3.1.5, PAL], the key enzyme in phenolic biosynthesis (Rosler
et al., 1977; Parr and Bolwell, 2000; Tomas-Barberan and Espin, 2001) is scarcely studied.
Furthermore, the effects of sorghum grain germination on PAL activity are unknown. PAL
catalyzes the deamination of L-phenylalanine and L-tyrosine to trans-cinnamate derivatives (Rosler
et al,, 1977; Parr and Bolwell, 2000) and is involved in the formation of phenylpropanoids,
hydroxycinnamates, flavonoids, proanthocyanidins, hydroxystilbenes, coumarins, lignans and

lignins (Parr and Bolwell, 2000). Thus, PAL activity in plant-foods is important for the quality of
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the final product (Thomas-Barberan and Espin, 2001; Parr and Bolwell, 2000). Peroxidases [donor:
H,0, oxidoreductase, EC 1.11.1.7, POXs] and polyphenol oxidases [monophenol,
3,4-L-dihydroxyphenylalanine: oxygen oxidoreductase, EC 1.14.18.1, PPOs] are the main enzymes
involved in the oxidation of endogenous phenolic compounds and phenolic containing
biomolecules. POX can modify the properties of food macromolecules, notably proteins and ferulic
acid-containing polysaccharides, via oxidative-crosslinking (Boeriu et al., 2004). PPO is involved in
the oxidation of endogenous cereal phenolic compounds resulting in browning of grain-flour and
derived products (Baik et al., 1994). Recently, POX and PPO activities in sorghum kernels were
analyzed (Dicko et al., 2002a; this thesis, Chapter 2). The POX activity was higher than the
monophenolase and o-diphenolase activities of PPO, suggesting that POX may be more involved in
endogenous phenolic compounds oxidation than PPO (Dicko et al., 2002a; this thesis, Chapter 2).
Comparison of POX and PPO activities among sorghum varieties used for specific food

A9

applications such as “t6”, porridge, couscous and “dolo”, showed differences in these enzyme
activities (Dicko et al., 2002a; this thesis, Chapter 2). However, the effect of germination on the
activity of POX and PPO, and the occurrence of different isoenzymes in sorghum grain remains to
be evaluated.

In the present study, the effect of germination on the content of starch and the activities of
starch degrading enzymes is determined. A simultaneous comparison of the effect of germination
on the occurrence of phenolic enzymes, e.g. PAL, PPO and POX in sorghum varieties was made for

the first time. This information is useful in selecting varieties for specific local food applications,

e.g. for instance the preparation of complementary infant food.

MATERIALS AND METHODS

Sorghum grains

Fifty sorghum [Sorghum bicolor (L.) Moench] varieties were grown during the rainy season
of 2002 at the experimental station of Saria, in Burkina Faso (West Africa). The environment was
semi-arid (temperature: 30-42°C; annual precipitation: 850 mm). Mature grains (= 60 days after
anthesis) were harvested, surface-sterilized and germinated (Dicko et al., 2002a, 2005; this thesis,
Chapters 2 and 3). Germinated and ungerminated sorghum grains were dried, ground and stored at
-80°C, prior to analysis (Dicko et al., 2002a; this thesis, Chapter 2). The sorghum varieties were
classified in alphabetic order of their name followed by Arabic numbers from 1 to 50 preceded by V

(Table 1). Information as to which varieties were “good” or “poor” for the preparation of specific

76



Amylases and phenolic enzymes in sorghum

dishes was collected from sorghum breeders. Hunter L (lightness), a* (green to red) and b* (blue to
yellow) color values of flours were obtained with a tristimulus Hunter colorimeter (Microcolor II
DR LANGE, The Netherlands) with a light excluder cap of 50 mm diameter and powder cuvette of

34 mm diameter.

Determination of protein content and enzyme activities

Enzymes extraction and total protein quantification were performed as described previously
(Dicko et al., 2002a, this thesis, Chapters 2). Enzyme extracts were prepared by mixing 250 mg of
sorghum flour with 1.2 mL of 50 mM Tris-HCI buffer pH 7.3 containing 0.5 M CaCl, and 2% (w/v)
polyvinylpyrrolidone, at 4°C for 1 hour. The homogenate was centrifuged (14000g, 4°C, 45 min)
and the resulting supernatant was used as crude extract of all screened enzymes. Total protein was
quantified by the method of Bradford using the ratio of Agpo/A4so versus protein concentration.
Bovine serum albumin was used as standard. Enzyme activities were determined as follows.
o-Amylase and P-amylase activities were determined using azurin-crosslinked amylose
(MegaZyme, Australia) and p-nitrophenyl maltopentaoside (Betamyl kit, MegaZyme, Australia) as
substrates, respectively (McCleary and Sheehan, 1989; Dicko et al., 1999, 2001). PAL activity was
determined by measuring trans-cinnamic acid formation from L-phenylalanine (Tovar et al., 2002)
using sodium trans-cinnamate (Aldrich) as standard. POX activity was determined by monitoring
the H,O,-dependent oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Dicko et al.,
2002a; this thesis, Chapter 2), in 50 mM sodium acetate pH 4. The monophenolase and
o-diphenolase activities of PPO were determined as described previously (Dicko et al., 2002a,
2002b; this thesis, Chapters 2 and 6). Enzymes activities are expressed in term of specific activities

(units/mg of protein).

Zymography of POX and PPO

Electrophoresis was performed with a PhastSystem (Amersham Pharmacia Biotech).
Isoelectrofocusing (IEF) was performed using polyacrylamide pH 3-9 gradient gels calibrated with
standard proteins (p/ 3-10) as described previously (Dicko et al., 2001). After IEF, activities of POX
and PPO were in-gel stained in conditions minimizing their mutual interference (Dicko et al.,

2002b; this thesis, Chapter 6).
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Viscosity measurement

Sorghum flours were compared for their viscosity at 20% (w/v) in water, taking into account
the moisture content of the flour (5-7%, w/w), and water evaporation during heating. The heating
device (Heidolph-MR 3001, 230V, 625 W) was preheated at 200°C. Sorghum flour was mixed with
water, the slurry was stirred and then heated at a rate of 40°C/min, until gelatinization of starch (75
+ 2°C). The paste was stirred for 5 min, at 75 = 2°C, then further heated to 95-98°C, for 5 min.
Next, the paste was cooled on ice to 45 = 2°C, with occasional stirring to measure the viscosity in a

Brookfield viscometer (HBDV-II+ model) using a HB 6 spindle at 50-100 rpm.

Component analyses

Total starch and amylose contents were simultaneously determined using an iodine-binding
spectrophotometric method (Jarvis and Walker, 1993), and amylopectin was deduced by difference.
Total carbohydrate and soluble sugars were analyzed (Fox and Robyt, 1991; Subramanian et al.,
1992), using glucose as standard. Total lipids, proteins, moisture and ash contents were determined
as described previously (Verbruggen et al., 1993). Levels of components were expressed on fresh

weight of the flour (w/w).

Statistical analysis

All spectrophotometric assays were carried out in 96-well microtiter plates (Nunclon,
Denmark) using a multiwell plate reader (uQuant Bio-Tek Instrument, Inc) on line interfaced with a
personal computer. The absorbances and slopes of absorbances (OD/min) were automatically
recorded using KC junior software version 1.31.5 (Bio-Tek Instrument, INC, USA). All assays were
carried out at least in duplicate. Statistical analyses were performed using the Student #-test as
described previously (Dicko et al., 2005; this thesis, Chapter 3). To determine correlation
coefficients between phenolic compounds and their related enzymes, data obtained from previous
screening (Dicko et al., 2005; this thesis, Chapter 3) for total phenol, proanthocyanidins,

3-deoxyanthocyanidins, and flavan-4-ols of the flour of the same varieties were used.
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RESULTS AND DISCUSSION

Enzymes related to food quality and their substrates in sorghum varieties

The selected sorghum varieties had different contents of starch, amylose and amylopectin
(Table 1). The mean values of starch, amylose and amylopectin were 63.0%, 13.4% and 49.6%,
respectively. Germination induced a reduction of the starch, amylose and amylopectin contents to
59.5%, 11.3% and 48.2%, respectively. The average proportion of amylose and amylopectin in
sorghum starch before germination was 21.2% and 79.8%, respectively. After germination, the
average proportion of amylose and amylopectin in sorghum starch slightly changed to 19.0% and
81.0%, respectively. The content of starch components found in this study is comparable to that
reported for other sorghum varieties (FAO, 1995; Beta et al., 1995, 2000). Among the varieties
screened, no waxy sorghum was found. This is because almost all sorghum varieties cultivated in
Burkina Faso are primarily selected for “t6” preparation, for which high amylose content is needed
(Bello et al., 1990; Trouche et al., 2000).

In contrast to the results of Ahmed and co-workers (1996), both a-amylase and B-amylase
activities were detected in all fifty sorghum varieties before germination (Table 1). On average,
o-amylase and P-amylase displayed similar activities in ungerminated sorghum grains. Upon
germination, a-amylase activity increased several fold in all the varieties, whereas [-amylase
activity either increased or decreased depending on variety. The increase of f-amylase activity in
certain varieties may be explained by the release of “bound” forms of the enzyme, as de novo
synthesis is not expected (Ziegler, 1999). The inter-varietal difference factors (ratio of highest to
lowest values) of ai-amylase activities among varieties were 56 and 18 before and after germination,
respectively. The inter-varietal difference factor for B-amylase was 15, independent of germination.
The inter-varietal difference factors for the a-amylase and B-amylase activities of the fifty sorghum
varieties were higher than the corresponding values found in a previous study on sixteen sorghum
varieties (Beta et al., 1995). This indicates a high polymorphism in amylase activities among
sorghum varieties. Although o-amylase and B-amylase catalyze starch hydrolysis synergistically,
their activities were not correlated (r = 0.07) in both ungerminated and germinated sorghum grains,
in agreement with other findings (Beta et al., 1995). This supports the hypothesis that a-amylase
and B-amylase may have different physiological functions in germinating cereal other than starch

hydrolysis (Ziegler, 1999).
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Table 1. Comparison of starch components” and amylase activities in ungerminated (g-) and
germinated (g+) sorghum varieties

Grain/ .
. Total starch ~ Amylose ~ Amylopectin - Amylase B-Amylase
Code Name 1(3}11;;:1:5/ Testa Main food property (%)° (%)° (%)° U mg'l)c U mg'l)c
g g+ g gt g g+ g g+ g g+
V1 Ajabsido W/R/R +  good for “t6” 66.1 581 215 148 446 433 14 128 35 54
V2 BF88-2/31-1 W/P/tan - poor for “t6” 595 552 115 91 480 461 3.1 6.8 0.9 1.9
V3 BF88-2/31-3 W/R/tan -  good for couscous 595 562 102 92 493 470 0.6 1.7 1.2 2.8
V4 BF89-18/139-1-1 W/P/tan - good for “td” 660 632 171 17.0 489 462 1.1 1.4 0.6 1.1
V5 Cauga 108-15 W/P/R - good for “td” 665 602 161 100 504 502 34 79 1.3 1.7
V6 Cauga 22-20 W/P/R +  good for “t6” 662 581 168 12.0 494 461 39 72 1.7 1.1
V7 CE 180-33 W/R/tan  + good for couscous 685 58.1 167 128 51.8 453 43 5.6 22 4.6
V8 CEF 322/53-1-1  W/P/R - good for “td” 61.6 595 109 104 50.7 49.1 1.6 1.9 1.0 29
V9  CEF 395/9-2-3 W/P/tan - good for “td” 652 61.6 123 92 529 524 02 1.9 1.7 3.9
V10 CEF 396/12-3-1  W/P/R - good for “td” 637 581 11.6 10.7 521 474 03 4.9 1.8 3.8
V11 CEM 326/11-5-1-1 W/P/tan - good for “td” 61.6 595 12,6 10.7 489 488 0.6 0.9 1.9 8.7
V12 CGM 1/19-1-1 W/P/R - good for “t0” 623 592 148 133 475 459 04 2.9 1.5 6.1
V13 CGM 19/9-1-1 W/B/R - good for “t6” 625 567 11.0 73 515 494 25 39 1.1 4.0
V14 CGM 19/9-1-2 W/P/R - good for “dolo” 685 616 142 9.7 543 519 08 32 0.9 2.7
V15 CK60 W/P/R - good for “t6” 623 608 143 129 480 480 53 6.0 2.1 2.8
V16 F2-20 W/R/tan -  good for couscous  61.6 595 115 95 501 500 1.6 1.7 1.6 2.1
V17 Farkakofsi 781 R/B/R +  good for “dolo” 602 593 12,6 122 476 471 69 8.4 1.7 2.6
V18 Framida R/C/R +  good for “dolo” 642 592 155 114 487 478 14 1.6 1.1 3.1
V19 G 1296 R/R/R + good for “dolo” 61.6 575 109 10.1 507 474 113 115 2.0 4.7
V20 G 1414 W/P/R - good for “t6” 64.1 588 132 9.7 509 491 6.6 110 2.6 4.3
V21 G 1636 W/P/tan - poor for “t0” 625 616 108 101 51.7 515 1.2 8.7 1.3 8.7
V22 ICSV 1002 W/P/tan - good for “td” 626 615 132 122 494 493 54 7.8 2.8 73
V23 ICSV 1049 W/P/tan - good for porridge 645 592 143 129 502 463 1.1 1.7 1.6 3.6
V24 ICSV 745 W/P/tan - poor for “t6” 67.6 602 172 13.8 504 464 43 7.5 25 32
V25 IRAT 10 WI/B/R - good for “td” 61.6 591 11.6 114 500 477 40 164 2.7 1.7
V26 IRAT 174 WIC/R - good for “td” 652 602 148 11.1 504 491 35 5.5 25 3.0
V27 1RAT 202 W/R/tan  + good for couscous  66.1 60.2 156 109 505 493 14 1.8 1.0 0.9
V28 IRAT 204 W/P/tan - good for couscous 620 61.6 11.2 102 50.8 514 102 163 0.9 2.1
V29 1IRAT 277 W/R/tan -  poor for “t6” 65.1 598 157 120 494 478 48 6.4 2.0 2.0
V30 IRAT9 R/C/R +  good for “dolo” 586 583 114 11.1 472 472 53 103 5.1 3.7
V31 IS 15401 W/P/R - good for couscous  57.2 552 11.5 10.0 457 452 49 138 2.0 5.4
V32 Kaapelga W/P/tan - good for “td” 635 610 119 102 516 508 14 122 22 5.7
V33  Kapla-57 R/P/R + good for “dolo” 655 616 125 99 530 51.7 22 135 1.2 3.4
V34 Kokologho W/B/R +  poor for “dolo” 59.5 585 11.0 101 485 484 4.1 59 2.1 23
V35 90L1235 W/B/R - good for couscous  65.0 62.0 148 121 502 499 34 4.9 3.1 1.9
V36 Magadji 1-509 R/B/R - good for “dolo” 657 60.1 151 142 506 459 0.7 101 1.5 24
V37 Nafo-Natogué 775 R/B/R +  good for “dolo” 662 638 147 126 515 511 1.3 2.0 13.0 9.0
V38 Nazongala tan W/B/tan -  good for porridge 61.6 608 12.8 124 488 484 2.7 33 6.7 1.6
V39 Nongomsoba W/B/tan -  good for porridge 63.5 60.1 135 133 500 468 1.8 146 1.6 2.0
V40 S29 W/R/R - good for “t0” 626 616 112 11.1 514 505 08 141 35 29
V41 Sariaso 10 W/R/R - good for porridge 635 602 142 114 493 488 3.7 137 34 4.8
V42  Sariaso 11 W/P/tan - good for porridge 642 617 127 106 515 51.1 5.1 14.3 1.8 2.2
V43  Sariaso 12 WI/B/R - good for “td” 644 595 153 11.1 49.1 484 1.7 121 1.2 2.4
V44  Sariaso 14 W/P/tan - good for porridge 625 574 150 103 475 472 3.1 13.2 1.1 1.1
V45  Sariaso 9 WI/B/R - good for “td” 595 587 135 130 460 457 08 16.1 29 3.4
V46 Segaolane W/P/R - poor for “t6” 58.1 572 109 10.8 472 464 14 130 1.2 1.1
V47 SRN 39 Y/P/tan - poor for “dolo” 61.6 582 127 11.7 489 465 23 101 125 139
V48 Tiamassie 289 WI/B/R +  poor for “t6” 595 588 123 115 472 473 40 106 74 43
V49  Tx 7000 W/P/R - poor for “t6” 595 581 119 114 476 468 0.8 124 1.0 2.1
V50 Zugilga R/B/R + good for “dolo” 605 588 114 114 49.1 475 35 133 1.5 1.5
Mean 63.0 / 595 134 /113 49.6/ 482 3.0 / 8.1 25/ 3.6
Overall range of variation 57-69/55-64 10-17/9-16  45-54/43-52  0.4-11/0.9-16 0.6-13/0.9-14
Standard experimental error 3.8 0.8 3 0.4 0.2

*Abbreviations: R = red; W = white; Y = yellow; C = chestnut; B = black; g- = ungerminated sorghum; g+ = germinated
sorghum. “Pigmented testa layer present (+) or absent (-). "Fresh weight basis (w/w). “Specific activities (Units/mg of
protein).
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PAL activity was detected in only 50% of the varieties before germination, whereas it was
present in all varieties after germination (Table 2). PAL activity has been positively correlated with
the content of total phenolics in developing olive (Olea europaea L. cv. Arbequina)(Tovar et al.,
2002). Such a correlation is not observed in sorghum grains. This supports the notion that the total
phenolics content in plants depends on a complex interplay of phenol (bio)synthesizing and
modifying enzymes (Rosler et al., 1997).

POX activities increased by 1.2-10 fold in sorghum varieties upon germination (Table 2). The
germination-induced increase of sorghum POX activities was higher than that found in barley,
which ranged from 1.5 to 5 (Billau and Nicolas, 2001).

The increase of POX activities after germination can be related to the activation or de novo
synthesis of POX, or both. To study this in more detail, a zymography analysis of POXs was
performed. Figure 1 shows an ubiquitous band of POX activity with p/ = 9 present both before and
after germination. Due to the limited resolution of the pH gradient, POX isoenzymes (Cx) with p/
29 could not be resolved in the gel. Preliminary analysis by cation exchange chromatography of
variety V5 showed that Cx consists of one major and two minor isoenzymes. Upon germination, an
anionic isoenzyme (Al, p/ 3.1) is induced only in germinated varieties, together with several other
isoenzymes (A2-C4), which occurred differently according to variety. In summary, at least seven
anionic isoenzymes: Al (p/ 3.1), A2 (pl 4.2), A3 (pl 4.8), A4 (pl 5.2), AS (pl 6), A6 (pl 6.2) and A7
(pl 7.1) and five cationic isoenzymes: C1 (p/ 7.8), C2 (pI 8.1), C3 (pI 8.3), C4 (pl 8.7) and Cx (pl =
9), were clearly detected in sorghum grain. Although germination induces several new POX
isoenzymes, it is difficult to correlate the spectrophotometric assays with in-gel enzyme staining
because of the difference in the substrate specificity of the isoenzymes, the difference in their
optimum pH of activity, and the in-gel inhibition of the oxidases by their products (Rescigno et al.,
1997; Dicko et al., 2002b; this thesis, Chapter 6). In barley, germination activated essentially the
cationic isoenzymes, and 20 isoenzymes were detected (Billau and Nicolas, 2001). Multigene
families of POXs are described (Passardi et al., 2004), however it remains a challenge to assign a
specific physiological role of each POX isoenzyme. The activation of POXs during germination
may be related to their function in cell-wall (lignin and suberin) biosynthesis and the metabolism of
the plant growth hormone auxin (Quiroga et al., 2000; Passardi et al., 2004). The anionic sorghum
isoenzyme Al expressed upon germination might play a role in plant development by participating

in cell wall biosynthesis during the early stage of plant growth (Quiroga et al., 2000).
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Table 2. Comparison of total phenolics* and their anabolic (PAL) and catabolic enzymes (POX and
PPOs) in ungerminated (g-) and germinated (g+) sorghum varieties

Code Name Main food property Total PAL? POX® mono-PPO° di-PPO¢
phenolics (%)* (mU mg'l)** U mg"l) (mU mg'l) (mU mg")
g g+ g g+ g g+ g g+ g g+
V1 Ajabsido good for “t6” 058 096 nd 10.3 6838 81.2 0.7 1.0 35.6 16.3
V2 BF 88-2/31-1 poor for “td” 085 061 39 1.7 11 49.9 0.7 0.2 39.7 18.7
V3 BF 88-2/31-3 good for couscous 0.72  0.69 2.3 9.9 17.4 79.9 0.7 0.8 392 244
V4 BF 89-18/139-1-1  good for “td” 066 041 41 1.8 15.1 106.7 0.7 0.9 442 14.6
V5 Cauga 108-15 good for “t0” 072 0.63 nd 5.8 933 1759 0.7 0.9 39.9 11.3
V6 Cauga 22-20 good for “t6” 138 122 1.1 1.1 317 100.7 0.7 0.7 48.0 14.1
\i CE 180-33 good for couscous  0.59 0.87 nd 155 81.8 1247 09 0.7 39.9 23.0
V8 CEF 322/53-1-1 good for “t6” 071 0.67 24 8.7 59.9 76.3 0.9 0.5 424 15.7
V9 CEF 395/9-2-3 good for “t6” 087 091 nd 25 56.5 75.8 1.0 0.1 48.1 14.0
V10  CEF 396/12-3-1 good for “t6” 068 0.88 nd 10.1  60.8 714 1.3 0.2 57.0 14.5
V11  CEM 326/11-5-1-1 good for “t6” 069 073 nd 7.1 50.9 81.6 0.7 0.2 36.4 20.7
V12 CGM 1/19-1-1 good for “t6” 064 081 nd 32 732 99.9 1.0 0.5 40.5 17.3
V13  CGM 19/9-1-1 good for “t6” 061 0.82 nd 8.8 442 95.4 0.6 0.5 34.6 15.1
V14  CGM 19/9-1-2 good for “dolo” 055 081 13.1 62 413 54.5 1.0 0.8 41.0 9.5
V15 CK60 good for “t6” 076 122 9.0 112 59.7 1443 1.0 0.8 40.7 0.9
Vi6  F2-20 good for couscous 0.55 0.86 9.2 1.2 428 1840 1.0 0.3 43.6 15.1
V17  Farkakofsi 781 good for “dolo” 128 147 3.1 2.8 20.9 89.6 0.7 0.4 45.6 14.7
V18  Framida good for “dolo” 1.74 185 6.2 6.0 8.8 89.2 0.9 0.7 429 18.1
V19 G 1296 good for “dolo” 301 295 29 6.6 152 109.7 09 1.0 414 20.3
V20 G 1414 good for “t6” 071 0.84 nd 0.9 22.6 1053 1.0 1.4 50.3 9.7
V21 G 1636 poor for “td” 076 0.74 nd 16.5 623 75.8 0.8 1.9 433 19.8
V22 ICSV 1002 good for “t6” 082 051 47 2.0 244 425 0.6 0.5 437 18.3
V23 ICSV 1049 good for porridge  0.64  0.78 5.1 0.6 232 83.0 0.6 1.2 40.5 20.5
V24  ICSV 745 poor for “td” 066 046 nd 1.4 257 56.5 0.5 0.8 40.6 27.0
V25 IRAT 10 good for “t6” 082 072 5.6 2.3 21 98.5 1.1 0.8 42.8 17.2
V26  IRAT 174 good for “t6” 092 075 39 1.2 24.6 753 1.0 0.3 47.1 21.0
V27 IRAT 202 good for couscous 1.20 1.22 nd 3.8 12 15.6 1.0 0.6 42.8 153
V28 IRAT 204 good for couscous 0.96 0.61 2.2 9.2 18.9 16.4 0.9 0.8 50.8 16.9
V29  IRAT 277 poor for “td” 087 079 41 1.9 214 49.1 1.1 0.6 479 13.0
V30 IRATY good for “dolo” 1.50 1.18 4.4 8.1 31.5 82.4 1.0 23 483 18.5
V31 1S 15401 good for couscous  0.65 0.63 nd 0.1 86.6 1075 1.1 1.9 427 24.4
V32  Kaapelga good for “t6” 073 0.83 nd 137 40.2 76.5 0.9 0.9 409 39.5
V33 Kapla-57 good for “dolo” 060 097 27 136 37 92.6 1.1 1.4 423 40.7
V34  Kokologho poor for “dolo” 081 1.02 5.1 169 184 26.1 1.3 1.3 41.8 62.5
V35  90L1235 good for couscous 128 097 3.6 19.7 363 45.7 1.3 1.9 434 54.6
V36  Magadji 1-509 good for “dolo” 070 099 nd 30.1 717 86.6 0.7 1.6 46.0 435
V37  Nafo-Natogué 775  good for “dolo” 147 175 2.0 6.0 359 88.3 0.8 1.1 42.0 42.1
V38  Nazongala tan good for porridge 0.66 1.16 nd 7.4 75.8 180.3 0.8 14 39.0 45.0
V39  Nongomsoba good for porridge 0.82 0.76 nd 13.7 179 374 0.6 1.6 47.7 473
V40 S29 good for “t6” 072 101 nd 17.1 258 53.1 1.1 1.5 50.0 34.1
V41  Sariaso 10 good for porridge  0.73 0.7 7.7 8.7 31.7 39.5 1.1 2.1 52.7 46.3
V42  Sariaso 11 good for porridge  0.74 055 7.3 10.8 79 58.8 1.3 1.5 522 37.8
V43 Sariaso 12 good for “t6” 083 105 1.0 127 239 51.7 1.0 1.4 49.6 11.7
V44  Sariaso 14 good for porridge 045  0.63 6.1 119 183 53.8 0.4 1.5 542 42.1
V45  Sariaso 9 good for “t6” 098 0.77 nd 9.8 423 51.0 0.9 1.2 49.3 372
V46  Segaolane poor for “td” 0.63 071 nd 8.7 39.8 65.7 1.2 1.6 57.1 36.2
V47  SRN 39 poor for “dolo” .10 096 nd 13.1  47.1 96.2 1.0 23 547 33.1
V48  Tiamassie 289 poor for “td” 058 0.61 nd 126 134 51.5 1.2 1.0 50.0 34.8
V49 Tx 7000 poor for “td” 046 0.81 nd 127 675 82.6 0.4 1.3 52.6 28.3
V50  Zugilga good for “dolo” 171 1.01 1.7 7.1 32.3 58.8 1.0 1.4 59.2 39.2
Mean 0.88/0.92 2.49/8.49 38.21/79.90 0.90/1.05 45317255
Overall range of variation 0.5-3/0.5-29 0-13 /0.1-30 8-93/16-184 0.4-1.3/0.1-2 36-59/1-63
Standard experimental error 0.05 0.4 4 0.05 2

*Data of total phenolics were obtained previously (Dicko et al., 2005; this thesis, Chapter 3). “PAL= phenylalanine
ammonia lyase, "POX= peroxidase, “mono-PPO = monophenolase activity of polyphenol oxidase (PPO), o-diphenolase
activity of PPO. **Specific activities (Units/mg of protein).
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The high expression of POXs in germinated sorghum grain indicates that these enzymes are
involved in the oxidation of endogenous phenolic compounds in sorghum flour during the
processing of foods requiring the germination step, e.g. beer, infant porridge, other beverages, etc.
Monophenolase (mono-PPO) and o-diphenolase (di-PPO) activities of PPO were present in
sorghum varieties both before and after germination (Table 2). The mono-PPO activity was not
markedly affected by germination, but, as found for barley (Billau and Nicolas, 2001), germination
halved the di-PPO activity in most sorghum varieties. Mono-PPO and di-PPO activities were not
correlated with total contents of phenolic compounds in both ungerminated and germinated grains.
Zymography of PPO isoenzymes in both ungerminated and germinated grains (results not
shown) did not reveal any difference in isoenzymes pattern and intensity with previous results on
ungerminated varieties (a single band at p/ = 9) (Dicko et al., 2002a; this thesis, Chapter 2). This
observation is in good agreement with the lack of PPO activation during germination. In wheat,
PPO isoenzymes displaying mono-PPO and di-PPO activities were localized in the endosperm and
pericarp, respectively (Mayer and Harel, 1979; Hatcher and Kruger, 1993). The decrease of di-PPO
activity during germination could be linked to the leaching of PPO present in the pericarp during the
steeping step or formation of complex with phenolic compounds, which are concentrated in the
pericarp. A positive correlation was found between mono-PPO and PAL (r = +0.53) in germinated
grains. One possible hypothesis is that newly synthesized p-coumarates may easily undergo

hydroxylation reactions to yield caffeic acid derivatives.

Amylases and phenolic enzymes in sorghum varieties grouped according to plant or grain
agronomic characteristics

Table 3 shows that there is no significant difference between red and white grains in their
starch contents. Red sorghum grains have higher amylase activities than white ones. The high
amylase activities probably explains the preference for red sorghums for the preparation of “dolo”,
a local sorghum beer. PAL, POX and PPO were more activated during germination in red grains
than in white ones, indicating that the phenolic biosynthesis and catabolism process are relatively
more important in red grains than in white grains. In wheat, the di-PPO activity was also higher in

red grains than in white ones (Mayer and Harel, 1979; Hatcher and Kruger, 1993).
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Figure 1. Zymograms of POX activity in ungerminated and germinated sorghum varieties. Samples were
applied in the middle of the gels (»). Each Arabic number represents a sorghum variety; the

6 9

letter “g

stands for germinated sample. Symbols <> and [ illustrate the isoenzymes

detected before and after germination, respectively. *The main detected anionic isoenzymes are
Al (pl 3.1), A2 (pl 4.2), A3 (pl 4.8), Ad (pl 5.2), AS (pl 6), A6 (pl 6.2) and A7 (pl 7.1). The
main detected cationic isoenzymes are C1 (p/ 7.8), C2 (pI 8.1), C3 (pI 8.3), C4 (pl 8.7) and Cx

(pI >9).
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None of the plant characteristics could be linked to the starch content (Table 3). a-Amylase and
B-amylase activities were higher in ungerminated grains possessing pigmented testa layers than the
grains without testa. However, after germination the presence of the testa could not be linked to
these enzymes. PAL activity was higher in germinated grains with pigmented testa than in grains
without testa, as expected by the high phenolic contents and their diversity found in the varieties
with testa (Dicko et al., 2005; this thesis, Chapter 3). Germinated sorghum varieties covered by
black glumes had remarkably higher mono-PPO and di-PPO activities than sorghums with other
colors of glumes. This may indicate the involvement of PPO (present in the pericarp and in contact
with glumes) in the oxidation of phenolic compounds into melanin-like pigments, which could
contribute to the black color of glumes. In general, the results suggest that red plants produce grains

with higher activities of amylases and phenolic related enzymes than tan plants.

Contents of food-grade biochemical markers in sorghum varieties grouped according to end-
use properties

The average activities of amylases and phenolic enzymes and the contents of their substrates
in sorghum varieties, grouped as function of food properties are also shown in Table 3. A relatively
high amylose content was found in “t6” varieties, in line with the “t6” consistency conferred by
amylose (FAO, 1995; Bello et al., 1990; Trouche et al., 2000).

One might speculate that the high POX activity found in t6 varieties might be beneficial for
the preparation of “td6” by increasing td consistency through the homo and hetero cross-linking
(Boeriu et al,, 2004) of sorghum arabinoxylans that contain ferulic and p-coumaric acids
(Verbruggen et al., 1993).

Interestingly, varieties good for “dolo” had a relatively higher a-amylase activity than the
varieties poor for dolo. This is in agreement with the desired dextrinizing activity of a-amylase on
starch (Dufour et al.,, 1992; Taylor and Robbins, 1993) during the mashing step in “dolo”
processing. Although high activities of the maltogenic enzyme B-amylase are strongly desired in
industrial brewing of sorghum beer (Dufour et al., 1992; Taylor and Robbins, 1993), the two
varieties judged poor for “dolo” by local brewers had surprisingly more B-amylase than those good
for “dolo”. Thus, local brewers may tend to select varieties containing more starch liquefying

activities rather than saccharolytic ones.
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Table 3. Comparison of the average contents of (bio)chemical markers in ungerminated (g-) and
germinated (g+) sorghum varieties grouped according to plant/grain characteristics or food
end-use properties

Starch Amy- Amylo-  a-Amy-  B-Amy- Total PAL® POX® mono-  di-PPO°

(%)* lose pectin lase lase phenolics (mUmg") (Umg? PPO!  (mUmg")
(%)* (%)* Umg)  Umgh (%)° (mU mg")

g g+ g gt g gt g g+ g g+ g g+ g gt g g+t g g+t g gt
Plant and grain characteristics

White grains
(n=41)
Red grains
(n=9)
Grains
withouttesta 63 60 13 11 50 48 26 82 22 36 07 08 26 82 41 8 09 10 46 25
(n=37)
Grains with
testa (n=13)

63 59 14 11 50 48 27 78 21 33 08 08 50 80 40 79 09 1.0 45 24

63 60 13 12 50 48 42 97 41 46 14 14 38 10 31 8 09 14 47 31

63 59 14 12 49 48 41 79 33 36 13 13 22 92 31 78 09 1.1 45 28

Glumes

chestnut 63 59 14 11 49 48 34 58 29 33 14 13 48 51 22 8 10 1.1 46 19
(n=3)

Gl(‘rll‘f‘;s)red 64 59 14 11 50 48 34 76 23 34 10 1.1 29 83 35 8 09 1.0 44 23
Glumes

black 62 60 13 12 49 48 30 92 36 30 10 10 17 12 35 74 09 12 45 36
(n=13)

Gl(‘;ffg)pale 63 60 13 11 50 48 28 80 20 40 07 08 25 74 43 8 09 1.0 46 22
R?ggg‘)“ 63 50 13 11 49 48 3.1 90 26 33 1.0 10 25 93 41 8 09 11 46 26
T?ﬁ:pé%‘)“ 63 60 13 11 50 48 28 69 24 40 08 08 25 73 34 77 08 09 44 25

Food end-use properties

Good for

“4o” 64 60 14 11 50 48 24 77 20 38 08 08 1.7 74 44 88 09 08 44 18
(n=20)

Poor for

“4o” 62 59 13 11 49 47 28 93 23 33 07 07 40 79 34 62 09 1.0 47 25
(n=7)

Good for

“dolo” (n= 64 60 13 11 50 49 40 87 30 35 13 14 48 97 30 81 09 12 46 28
9)

Poor for

“dolo” (n= 61 58 12 11 49 47 32 81 73 81 1.0 1.0 25 15 33 61 12 1.8 48 48
2)

Good for

couscous 63 59 13 11 50 48 38 65 17 29 09 08 43 85 42 8 10 10 43 25
(n=7)

Good for

porridge 62 60 13 12 49 47 32 93 29 43 09 08 35 85 37 79 10 16 46 40
(n=35)

SE' 38 0.8 3 0.4 0.2 0.05 0.4 4 0.05 2

*Fresh weight basis (w/w), “Data from this thesis, Chapter 3 (gallic acid equivalent, %, w/w), "PAL= phenylalanine ammonia lyase,
POX = peroxidase, “mono-PPO = monophenolase activity of polyphenol oxidase (PPO), °di-PPO = o-diphenolase activity of PPO,
'SE= standard experimental error.

High POX activity may not be desired in industrial beer processing because of the beer

darkness and haze occurrence (Billau and Nicolas, 2001). For industrial brewing of sorghum, white
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varieties displaying relatively high a-amylase and B-amylase activities and relatively low POX
activity (V40, V41, V45, V47, V48) may be interesting.

Among the screened fifty sorghum varieties, ten (V18, V23, V28, V32, V39, V41, V42, V43,
V44 and V45) were selected for further analysis for the preparation of infant porridge with low
viscosity. These varieties were chosen because of their common availability in Burkina Faso. The
mean values of the contents (w/w, fresh matter) of total carbohydrates, soluble sugars, proteins,
lipids, ash, and moisture before germination were 75.2 + 4.5%, 0.50 £ 0.04%, 11.5 £ 0.92 %, 2 +
0.2%, 2.9 £ 0.2%, 7 £ 0.4%, respectively. Germination induced on average a reduction of the
content of total sugars, lipids, and ash by 12%, 44% and 34%, respectively. Upon germination,
protein contents increased by 10-20%, whereas soluble sugars increased up to 6 fold. The color
hunter values L (range: 68-79), a* (range: 4-12), and b* (range: 8-14) varied between the flours of
the selected varieties. Germination changed the color of the flours (L increased, a* and b*
decreased), which became lighter. This color change is attributed to the decrease of
3-deoxyanthocyanidins (apigeninidins and luteolinidins) after germination (Dicko et al., 2005a; this
thesis, Chapter 3). The potential energetic value of ungerminated sorghum flour was about 374 +
22 kcal 100g™. The average loss of potential energetic value after germination was 13% among the
varieties analyzed. Before germination, the viscosity of all porridges was relatively high (128-202
Pa.s). Upon germination, the viscosities of porridges dropped to an acceptable range (1-3 Pa.s) for
infant porridge preparation (Thaoge et al., 2003; Traoré et al., 2004). Amylose is more susceptible
to retrogradation than amylopectin and waxy sorghum is less viscous than normal sorghum (FAQO,
1995). Low amylose-containing sorghum varieties are also preferred for extrusion-cooking because
they give better functional characteristics of the extrudates, such as enzyme-susceptibility and
solubility (Gomez et al., 1988). Varieties (V2, V13, V23, V24, V28, V39 and V44) with low
amylose content, high a-amylase activities and which do not contain proanthocyanidins may be

recommended for infant porridges preparation.

Table 4 illustrates recommendations for selecting varieties adequate for specific foods. The
recommendations are based on the above mentioned biochemical criteria, other findings (Gomez et
al. 1988; Malleshi and Desikachar, 1988; Bello et al., 1990; Dufour et al., 1992; Taylor and
Robbins, 1993; FAO, 1995; Nwanguma and Eze, 1995; Uriyo and Eigel, 2000; Trouche et al.,
2000; Thaoge et al., 2003; Traoré et al., 2004; Dicko et al., 2002, 2005a, 2005b; this thesis,

Chapters 2, 3 and 4), and known technological properties as judged by local users (Trouche et al.,
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2000; Dicko et al., 2005a; this thesis, Chapter 3). Nevertheless, additional testing panels and

technological processes are necessary to support these recommendations.

Table 4. Recommended sorghum varieties for local foods according to apparent determinant
(bio)chemical markers
Use Apparent determinant biochemical markers or process Recommended
varieties
Grain | Germi- | Starch | Amylose | a-Amylase and | Phenolics | POX* PPO°
color | nation | content | content B-amylase content
V1, V4, V5, V6,
V8, V9, V10, V11,
V12,V14, V15,
conrs . . . . . V20, V21, V22,
To white no high high low medium high low V25%, V26, V32¥,
V34, V38, V42%,
V43*, V45% V46,
V48, V49
V17, V18*, V19*,
“Dolo” red yes high high high high high low | V30%, V33, V36,
V37, V50
{)r;cehrlstrlal white yes high low high low low low Xig: Xié*’ vas*,
V3, V7,Vl1e6,
Couscous | white no medium low medium low medium low V27*%, V29, V31,
V35
Infant . . . V2, V13, va3%,
porridge white yes high low high low low low V24, V28*, V39*,
V41*, V44*

*Varieties widely available in Burkina Faso. “POX = peroxidase activity, "PPO = polyphenol oxidase activity.

In conclusion, sorghum varieties differ both qualitatively and quantitatively in the activities

of amylase and phenolic enzymes and in the contents of their substrates. Germination induced

changes in the activities of amylases and phenolic enzymes in sorghum grain differently depending

on variety. The characteristics of sorghum plant (tan or red), grain (red, white, presence of testa)

and the end-use properties of the grain can be correlated with the biochemical composition of the

grain. The screened biochemical markers have allowed recommendation of varieties as potential

candidates for the preparation of specific local foods.
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ABSTRACT

Contents of phenolic compounds and related enzymes before and after sorghum
grain germination were compared between varieties either resistant or susceptible to
biotic (sooty stripe, sorghum midge, leaf anthracnose, striga, and grain molds) and abiotic
(logging, drought resistance and photo-period sensitivity) stresses. Independent of grain
germination, sorghum varieties resistant to biotic and abiotic stresses had on average
higher contents in proanthocyanidins (PAs), 3-deoxyanthocyanidins (DAs), and flavan-4-
ols than susceptible varieties. Results show that content of 3-DAs is a good marker for
sorghum resistance to both biotic and abiotic stresses because it is positively correlated
with the resistance to all stresses except for photoperiod sensitivity. The second good
marker for stress resistance is the content of PAs. Total phenolic compounds and the
activities of related enzymes are not good markers for stress resistance in sorghum

grains.

Keywords: sorghum, proanthocyanidins, 3-deoxyanthocyanidins, phenylalanine ammonia lyase,
peroxidase, polyphenol oxidase, stress, biotic, abiotic
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INTRODUCTION

Sorghum [Sorghum bicolor (L.)] Moench is a C4 plant grass of the hot, semi-arid tropics,
genetically very diverse. It adequately takes the advantage of sunlight of tropical environment to
perform photosynthesis in the most efficient way (Sheen, 1999). On the basis of genetic diversity,
some sorghum varieties are more resistant to stresses than others (Deu et al, 1994; Tao et al, 1993;
2003). The constraints of sorghum production are both biotic and abiotic stresses. Among biotic
stresses, leaf anthracnose caused by the fungus Colletotrichum graminicola, sooty stripe incited by
the fungus Ramulispora sorghi, and striga caused by the parasitic plant Striga hermonthica (Del.)
Bent are the most damaging pests in West-Africa in general, and particularly in Burkina Faso
(Tenkouano, 1995; Neya et al., 1998; Trouche et al., 2001). In addition, sorghum midge caused by
insects (Contarinia sorghicola, Sitodiplosis moselana, Stenodiplosis sorghicola, etc.), attacks
developing sorghum grains (Sharma and Hariprasad, 2002; Tao et al., 2003). Also, grain mold is a
high constraint of sorghum production, and several molds are associated with sorghum caryopse
damage (Melake-Berhan et al., 1996; Waniska et al., 2001). In Africa, the absence of grain mold
resistance has been cited as a constraint to adoption of improved cultivars (Audilakshmi et al.,
1999).

Important abiotic stresses limiting sorghum production in West-Africa are drought,
photoperiod sensitivity and logging (Tenkouano, 1995; Trouche et al., 2001). Logging may be
indirectly related to fungal infections, which weaken the plant (Waniska et al., 2001).

Increase of activities of phenolic related enzymes and accumulation of phenolic compounds
have been correlated with resistance of cereals to biotic stresses (Mohammadi and Kazemi, 2002).
Plant resistance to biotic and abiotic stresses is often regulated by the metabolism of phenolic
compounds. Sorghum phenolic compounds, e.g. phytoalexins (3-deoxyanthocyanidins) or
allelochemicals (p-hydroxybenzoates, p-coumarates, and flavanols), are involved in plant
resistance to all kind of stresses (Lo et al., 1999; Weston et al., 1999, Weir et al., 2004). The well
known sorghum allelochemical, e.g. sorgoleone is also a phenolic derivative (Dayan et al., 2003;
Weir et al., 2004).

It has been shown that both biotic (fungi, insects, viruses, etc.) and abiotic (drought,
temperature, photoperiod, nutrient deficiencies, etc.) stresses induce phenylalanine ammonia lyase
[EC 4.3.1.5, PAL] synthesis (Chalker-Scott and Fuchigami, 1989; Tovar et al., 2002). PAL activity
has been detected in the green shoots and leaves (Stafford, 1969; Mohan et al., 1988) of sorghum.
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In sorghum, the infection of the plant with pathogens involves a very rapid accumulation of PAL
mRNA (Cui et al., 1996).

Also, peroxidases [donor: H,O; oxidoreductase, EC 1.11.1.7, POXs] play an important role
in stress related resistance. One of the important physiological roles of POXs is the synthesis of
cell-wall polymers (lignin and suberin), which constitute physical barriers for both biotic and
abiotic stresses (Cosgrove, 1997). In sorghum, POXs have been shown to be involved in thermal
tolerance (Choudhary et al, 1993) and resistance to fungal infection (Luthra et al., 1988).

Polyphenol oxidases [monophenol, 3,4-L-dihydroxyphenylalanine: oxygen oxidoreductase,
EC1.14.18.1, PPOs] play an important role in plant defence by the oxidation of endogenous
phenolic compounds into o-quinones, which are toxic to the invading pathogens and pests
(Mohammadi and Kazemi, 2002). The PPO activity in plants increases under abiotic stress
conditions (Mayer and Harel, 1991) and upon fungal infections (Luthra et al, 1988).

Several studies in other plant species have shown that the levels of phenolic compounds,
and the activities of PAL, POX and PPO are different between plants resistant and plants
susceptible to stresses (Lo et al., 1999; Mohammadi and Kazemi, 2002). Comparing the effects of
germination on the levels of phenolic compounds (Dicko et al., 2005a; this thesis, Chapter 3) and
the activities of phenolic compounds related enzymes (Dicko et al., 2005b; this thesis, Chapter 4),
it was found that sorghum varieties are highly variable in levels in these compounds. Germination
affected these levels differently depending on variety. Whether the levels of phenolic compounds
and related enzymes in sorghum grain could be linked to the grain or plant resistance or
susceptibility to stress is unknown. The aim of the present study is to identify possible markers for
the grain or plant resistance or susceptibility to these stresses. This is done by comparing the levels
of endogenous phenolic compounds and related enzymes in ungerminated and germinated sorghum
kernels of known grain or plant agronomic properties for resistance or susceptibility to biotic and

abiotic stresses.

MATERIALS AND METHODS

Chemicals
4-Hydroxyanisole (4HA) and gallic acid (3,4,5-trihydroxybenzoic acid) were from Aldrich.
3,4-Dihydroxyphenylpropionic acid (DHPPA) was from Across Organics. Folin-Ciocalteu’s

reagent, 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTYS), insoluble
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polyvinylpyrrolidone (PVP), bovine serum albumin (BSA) and 3-methyl-2-benzothiazolinone
hydrazone hydrochloride (MBTH) were from Sigma Chemicals Co. Hydrogen peroxide was from
Merck. Sorghum apigeninidin, isolated and characterized by Kouda-Bonafos and co-workers
(1996), was a gift of Dr. Eloi Palé¢ from the Laboratory of Natural Substances, University of
Ouagadougou, Burkina Faso. Cyanidin-chloride was from Extrasynthése (Lyon, France). Apple
ciders procyanidin oligomers (average degree of polymerization of 7.4) were kindly provided by
Stephanie Prigent (Wageningen University, Wageningen, The Netherlands) and Dr. Catherine M.
G. C. Renard (INRA, Rennes, France). These procyanidins were purified by RP-HPLC and
characterized by thiolysis-HPLC as described by Guyot and co-workers (Guyot et al., 2001). All

other chemicals were of analytical grade.

Sorghum grains

Fifty sorghum varieties were grown during the rainy season of 2002 at the experimental
station of Saria, in Burkina Faso (West Africa). The environment was semi-arid (temperature: 30-
42°C; annual precipitation: 850 mm). Growth conditions have been described previously (Dicko et
al., 2005a; this thesis, Chapter 3). For convenience, the sorghum varieties were classified in
alphabetic order of their name followed by Arabic numbers from 1 to 50 preceded by V. Mature
grains (=60 days after anthesis) were harvested, surface-sterilized and germinated as described
previously (Dicko et al., 2002, 2005a, this thesis, Chapters 2 and 3). Germinated and
ungerminated sorghum grains were dried, ground and stored (Dicko et al., 2005a; this thesis,
Chapter 3). Flours of both germinated and ungerminated sorghum varieties were analyzed. The
list of varieties screened is shown in Table 1. The varieties were grouped according to their
resistance or susceptibility to biotic stresses, e.g. sooty stripe, sorghum midge, leaf anthracnose,
striga, and grain molds; and abiotic stresses, e.g. logging, drought resistance and photo-period
sensitivity (Table 2). The information on resistance and susceptibility to these specific stresses was
obtained from sorghum breeders from the experimental station of Saria and Farakoba (Institut

National pour I’Environnement et la Recherche Agronomique, Burkina Faso).

Extraction and quantification of phenolic compounds

Sorghum phenolic compounds were extracted and quantified as described previously
(Dicko et al., 2002, 2005a, this thesis, Chapters 2 and 3). Phenolic compounds were extracted
from 50 mg of sorghum flour by continuous stirring with 1.5 mL of 1% (v/v) HCI in methanol at

25°C, for 20 min, followed by centrifugation (5000g, 10 min, 25°C) and supernatant collection.
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The residue was re-extracted with 0.5 mL HCl/methanol as described above and the supernatants
were pooled and denoted total phenolic extract. The total phenolic extract was used directly for
analysis or kept in the dark at -30°C. The same extract was used for quantification of total
phenolics, proanthocyanidins (PAs), 3-deoxyanthocyanidins (3-DAs) and flavan-4-ols. The total
phenol content was determined using the Folin-Ciocalteu’s method adapted to a 96-well plate
assay. To 10 pL of extract, 25 uL of Folin-Ciocalteu’s reagent (50%, v/v) was added. After 5 min
of incubation, 25 uL. of 20% (w/v) sodium carbonate solution and 165 pLL water were added.
Blanks were prepared for each sorghum sample by replacing Folin-Ciocalteu’s reagent with water.
Gallic acid was used as a standard and results were expressed as gallic acid equivalent per gram of
flour (w/w). The standard was always freshly prepared. The absorbances were measured after 30
min at 760 nm.

PAs and flavan-4-ols were assayed essentially as described by Melake-Berhan and co-
workers (1996) with miniaturization to adapt the assay to a 96-well plate format as follows. For
PAs quantification, the sample remaining in the tube with reagent A was further heated at 100°C,
for 2 h. Under these conditions, PAs are converted to anthocyanidins, and the unstable pigments
formed from flavan-4-ols are destroyed. After cooling, 200 uL of the sample was put in duplicate
in a 96 multiwell plate and the absorbances of anthocyanidin compounds derived from PAs were
read at 550 nm. Sample mixtures with reagent B, which were not heated served as blanks for the
quantification of both PAs and flavan-4-ols. Apple procyanidins with an average DP = 7.4, treated
as indicated above were used as standards for sorghum PAs quantification (Dicko et al., 2005a; this
thesis, Chapter 3). For direct spectrophotometric quantification of 3-DAs, 50 uL of the total
phenolic extract was mixed with 150 uL of methanol and the absorbances were read at 475 nm

(Melake-Berhan et al., 1996). Sorghum apigeninidin was used as standard.

Enzyme extraction and determination of protein concentration

Enzyme extraction and total protein quantification were performed as described previously
(Dicko et al., 2002, 2005b, this thesis, Chapters 2 and 4). Enzyme extracts were prepared by
mixing 250 mg of sorghum flour with 1.2 mL of 50 mM Tris-HCI buffer pH 7.3 containing 0.5 M
CaCl, and 2% (w/v) polyvinylpyrrolidone, at 4°C for 1 hour. The homogenate was centrifuged
(14000g, 4°C, 45 min) and the resulting supernatant was denoted enzyme extract of PPO, POX,
and PAL. Total protein was quantified by the linearized method of Bradford, using bovine serum

albumin as standard.
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Table 1. List of sorghum varieties and their agronomic properties®

Code Variety name Gen.” Country of Race Grain Color of Known particular properties
origin testa grain/glu-
me/plant
V1  Ajabsido LR  Sudan C + W/R/R Pre-flowering drought resistant
V2  BF88-2/31-1 IL  BurkinaFaso C - W/P/tan -
V3  BF88-2/31-3 IL  BurkinaFaso C © W/R/tan Pre—ﬂowering drought .susceptible, sooty stripe 'suscep.tible, grain mold
susceptible, post-flowering drought resistant, logging resistant
V4  BF89-18/139-1-1 IL  BurkinaFaso C - W/P/tan Post-flowering drought susceptible
V5  Cauga 108-15 IL  BurkinaFaso GC - W/PIR Photoperiod insensitive
V6  Cauga22-20 IL  BurkinaFaso GC +  W/PR Photoperiod sensitive
V7 CE180-33 IL  Senegal C +  W/R/tan Leaf anthracnose susceptible, photoperiod insensitive, logging resistant
V8  CEF 322/53-1-1 IL  BurkinaFaso C - W/PIR Post-flowering drought resistant
V9  CEF 395/9-2-3 IL  BurkinaFaso GC - W/P/tan Hard grains (PSI< 10)
V10 CEF 396/12-3-1 IL  BurkinaFaso GC - W/PRR Hard grains (PSI< 10)
V11 CEM 326/11-5-1.1 IL  Mali GC © W/P/tan Leaf anthracngse resis.tant, _photoperiod ipsensitive, post-flowering
drought susceptible, logging resistant, Hard grains (PSI< 10)
V12 CGM 1/19-1-1 IL  Mali G - W/PIR Sorghum midge susceptible
V13 CGM 19/9-1-1 IL Mali G - W/BR Striga susceptible
V14 CGM 19/9-1-2 IL Mali G - W/PRR -
V15 CK 60 IL USA K - W/P/IR Striga susceptible
V16 F2-20 IL  BurkinaFaso C © W/R/tan Leaf ' anthracnose Fesistam, sorghum midge resistant, photoperiod
sensitive, logging resistant
V17 Farkakofsi 781 LR BurkinaFaso G + R/B/R -
V18 Framida IL  South Africa  KC + R/C/R Striga resistant, photoperiod sensitive
V19 G 1296 LR BurkinaFaso GC - R/R/R Good for dyeing, grain mold resistant
V20 G 1414 LR BurkinaFaso G - W/P/IR Photoperiod sensitive
V21 G 1636 LR BurkinaFaso G - W/P/tan photoperiod sensitive, soft grains (PSI >16)
V22 ICSV 1002 IL  BurkinaFaso C - W/P/tan Leaf anthracnose resistant
V23 ICSV 1049 IL  BurkinaFaso C © W/P/tan So9ty stripe .resista{lt, photoperiod insensitive, post-flowering drought
resistant, logging resistant
V24 ICSV 745 IL  India C - W/P/tan Sooty stripe susceptible, sorghum midge resistant
V25 IRAT 10 IL  Niger C - W/BR Grzilin mold susceptible, drought resistant, photoperiod insensitive, logging
resistant
V26 IRAT 174 IL  BurkinaFaso C - W/C/R Photoperiod sensitive, logging resistant
V27 IRAT 202 IL  Senegal C + Pre-flowering drought resistant, photoperiod insensitive, logging
W/R/tan .
susceptible
V28 IRAT 204 IL  Senegal C © W/P/tan Sooty _stripe and _amhracnqs_e susceptible, p0§t—ﬂowering drought
susceptible, photoperiod insensitive, logging susceptible
V29 1RAT 277 IL  BurkinaFaso C - W/R/tan Leaf anthracnose resistant, photoperiod insensitive, soft grains (PSI >16)
V30 IRATO9 IL  Cameroon C + R/C/R Grain mold resistant, photoperiod insensitive
V31 IS 15401 LR Cameroon GC - W/P/IR Striga resistant
V32 Kaapelga LR BurkinaFaso G - photoperiod insensitive, post-flowering drought resistant, Hard grains
W/P/tan (PSI< 10)
V33 Kapla-57 LR BurkinaFaso G + R/PRR Sorghum midge susceptible
V34 Kokologho LR BurkinaFaso C +  W/B/R Post-flowering drought resistant
V35 90L1235 IL USA GC - W/B/R Sorghum midge resistant
V36 Magadji 1-509 LR BurkinaFaso GC - R/B/R Photoperiod insensitive
V37 Nafo-Natogué 775 LR Burkina Faso G - R/B/R -
V38 Nazongala tan IL  BurkinaFaso G - W/B/tan Soft grains (PSI >16)
V39 Nongomsoba LR BurkinaFaso G - W/B/tan Soft grains (PSI>16)
V40 S29 LR BurkinaFaso G - W/R/R Striga susceptible
V41 Sariaso 10 IL  BurkinaFaso C - W/R/R Post-flowering drought resistant, photoperiod insensitive
V42  Sariaso 11 LR BurkinaFaso G + Sooty stripe resistant, leaf anthracnose sensitive, striga resistant, post-
W/P/tan . . R ..
flowering drought resistant, photoperiod sensitive
V43 Sariaso 12 LR BurkinaFaso G +  W/B/R Photoperiod insensitive, post-flowering drought resistant
V44  Sariaso 14 IL  BurkinaFaso C © W/Plan Grz.lin mold resist.ant,. sorghqm midge resistant, 'p.ost-ﬂow'ering (.irought
resistant, photoperiod insensitive, thumbtacks sensitive, logging resistant
V45 Sariaso 9 LR BurkinaFaso G - W/B/R Sooty stripe resistant, photoperiod sensitive
V46 Segaolane IL  Botswana C - W/PIR Pre-flowering drought resistant
V47 SRN 39 IL  Sudan C - Y/P/tan Striga resistant
V48 Tiamassie 289 LR BurkinaFaso G +  W/B/R -
V49  Tx 7000 IL USA C - W/P/IR Post-flowering drought susceptible
V50 Zugilga LR BurkinaFaso G + R/B/R -

*Abbreviations: C, Caudatum; G, Guinea; CG, Guinea-Caudatum; D, Durra; K, Kafir, KC, Kafir-Caudatum, R, red; W, white; Y,
yellow; IL, Inbred line; LR, Landrace; PSI, particle size index. Grain with (+) or without (-) pigmented testa layer. /, not known.
"Gen. = genetic type.
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Determination of enzyme activities

PAL activity was evaluated by measuring frans-cinnamic acid formation from
L-phenylalanine as described previously (Dicko et al., 2005b; this thesis, Chapter 4). Commercial
sodium trans-cinnamate was used as standard. The spectrophotometric assay for PPO was
performed as described previously (Dicko et al., 2002a; this thesis, Chapter 2). 4-Hydroxyanisole
(4HA) and 3,4-dihydroxyphenylpropionic acid (DHPPA) were used as substrates to determine the
monophenolase and o-diphenolase activities of PPO, respectively. The enzyme extract (10 uL) was
incubated with 150 pL. 50 mM sodium acetate, pH 5.5, 10 uL 40% (v/v) DMF and 10 uL 50 mM
3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) at 25°C for 5 min. The reaction
was started by addition of 20 uL 100 mM of the phenolic substrate (prepared in 0.15 mM
phosphoric acid). The reaction was monitored at SO0 nm. Blanks, in which the enzyme extracts or
substrates were replaced by buffer, were performed. One unit of PPO activity (U) is defined as the
amount of enzyme producing 1 umol of MBTH-o-quinone-adducts per min resulting from the
oxidation of 4-HA or DHPPA. Prior to determination of POX activity, extracts from ungerminated
and germinated sorghums were diluted 400 and 1000 fold, respectively in 50 mM Tris-HCI, pH
7.3, containing 0.5 M CaCl, and 1 mg/mL bovine serum albumin. POX activity was measured
spectrophotometrically by monitoring the H,O,-dependent oxidation of ABTS, at 25°C (Dicko et
al., 2002, this thesis, Chapter 2). The reaction mixture consisted of 10 puL of 200-fold diluted
crude enzyme extract, 20 uL of 100 mM ABTS, 10 puL of 100 mM H,0, and 160 puL of 50 mM
sodium acetate, pH 4.0. Blanks, in which the enzyme extract or substrates were replaced by buffer,
were performed. The reaction was monitored at 405 nm. One unit of POX activity (U) is defined as

the amount of enzyme releasing 1 pmol of ABTS radical/min under the assay conditions.

Statistical analysis

Statistical analyses were carried out as described previously (Dicko et al., 2002, 2005a, this
thesis, Chapters 2 and 3). All spectrophotometric assays were carried out in 96-well microtiter
plates (Nunclon, Denmark) using a multiwell plate reader (uQuant Bio-Tek Instrument, Inc) on
line interfaced with a personal computer. The absorbances and slopes of absorbances per min
(OD/min) were automatically recorded using KC junior software version 1.31.5 (Bio-Tek
Instrument, INC, USA). All assays were carried out at least in duplicate. Mean values, standard
deviations and standard errors are reported. Significant differences in mean performance for each

composition among sorghum varieties were tested by the Student’s t-test, P< 0.05 implies
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significance. Pearson linear correlation coefficients were used to assess relationships among

biochemical constituents.

Table 2. Agronomic properties of sorghum varieties

Type of stress

Plant/grain agronomic properties

Variety code

sooty stripe resistant (n=3) V23, V42, V45
sooty stripe susceptible (n=3) V3,V24,V28
anthracnose resistant (n=4) V11, V16, V22, V29
anthracnose susceptible (n=3) V7,V28, V42
sorghum midge resistant (n=4) V16, V24, V35, V44
Biotic sorghum midge susceptible (n=2) V12, V33
striga resistant (n=4) V18, V31, V42, V47
striga susceptible (n=3) V13, V15, V40
grain mold resistant (n=3) V19, V30, V44
grain mold susceptible (n=2) V3, V25
logging resistant (n=7) V3, V10, V16, V23, V25, V26, V44
logging susceptible (n=2) V27,V28
pre-flowering drought resistant (n=3) V1, V27, V46
pre-flowering drought susceptible (n=1) V3
Abiotic V3,V23,V32,V34, V41, V42, V43,

Post-flowering drought resistant (n=8)
Post-flowering drought susceptible (n=4)
photoperiod insensitive (n=14)

photoperiod sensitive (n=7)

V44

V4, V11, V28, V49

V5, V7, V11, V23, V25, V27, V28,
V29, V30, V32, V36, V41, V43, V44
V6, V18, V20, V21, V26, V42, V45

RESULTS AND DISCUSSION

The contents of phenolic compounds and the activities of related enzymes in varieties

grouped according to their agronomic properties are given in Table 3. Difference in composition

was determined using the Student -test for paired comparison between varieties resistant and

varieties susceptible to specific biotic or abiotic stresses (Table 4).

Correlations between phenolic compounds and related enzyme and resistance or

susceptibility to biotic stress

In the present study, independent of grain germination, no significant difference in total

phenolic compounds content between sorghum varieties susceptible and those resistant to biotic
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stresses was found. However, leaves of sorghum resistant to fungi contained a higher content of
total phenolics than leaves of susceptible ones upon pathogen challenge (Luthra et al., 1988). This
suggests that total phenolic compounds content in sorghum grains, which are not challenged by
pathogens, is not a good indicator for the resistance to biotic stress.

When focusing on individual classes of phenolic compounds, it can be seen that PAs levels
were higher on average in varieties resistant to sooty stripe, sorghum midge, and grain mold than
susceptible ones. In contrast, the resistance to anthracnose and striga was not correlated with the
content of PAs. The high contents of PAs in varieties resistant to mold is in line with previous
observations showing that high PAs containing sorghums are generally resistant to grain molding
and weathering (Waniska et al., 2001). Sorghum midge resistance has also been found to be
associated with PAs contents in another study (Sharma and Hariprasad, 2002).

The contents of 3-DAs are higher in all varieties resistant to the referred biotic stresses
compared to those of the susceptible ones. This indicates a function as phytoalexins (Weiergang et
al., 1996; Lo et al., 1999). For example, the content of 3-DAs, notably apigeninidin is an indicator
of grain resistance to fungi such as Colletrichum graminicola, Fusarium oxysporum, Gibberelle
zeae, and Gliocladium roseum (Schutt and Netzly, 1991) and sorghum resistance to anthracnose
(Lo et al., 1999). Colored phenolic compounds, probably 3-DAs, have been suggested to be
involved in sorghum resistance to striga (Arnaud et al., 1999). Recently, the importance of
phenolic compounds as allelochemicals, involved in plant-parasite interactions, were indicated
(Weir et al., 2004). Our results suggest that the content of 3-DAs in sorghum grain is not only an
indicator of resistance to mold, but also to sooty stripe, anthracnose, sorghum midge and striga.

The content of flavan-4-ols (apiforol and luteoforol) is on average higher in varieties
resistant to mold than in susceptible ones. This is in line with previous findings showing that
flavan-4-ols content is an indicator to grains resistance to molds (Schutt and Netzly, 1991; Melake-
Berhan et al., 1996). Moreover, the results presented here show that independent of germination,
the flavan-4-ols content was on average higher in varieties resistant to sooty stripe, sorghum

midge, leaf anthracnose, and striga, than in susceptible ones.
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Table 3. Phenolic compounds and phenolic enzymes in groups of sorghum varieties* resistant and

susceptible to stresses.

Type of Total PAs(%)° 3-DAs Flavan-4- PAL POX Mono-PPO Dipheno-
stress phenolics (%)°  ols (%) (mU/mg)® (U/mg)® (mU/mg)’  PPO
(%) (mU/mg)®
Ungerminated grains
sooty stripe resistant (n=3) 0.79 0.22 0.06 0.18 6.2 24.5 0.9 473
sooty stripe susceptible (n=3) 0.78 nd nd nd 2.3 20.7 0.7 43.6
anthracnose resistant (n=4) 0.73 nd 0.02 nd 6.0 349 0.9 429
anthracnose susceptible (n=3) 0.76 0.09 nd nd 4.7 36.2 1.0 47.7
L sorghum midge resistant (n=4) 0.74 0.45 0.05 0.16 6.3 30.8 0.8 45.5
biotic | orghum midge susceptible (n=2) 062 005  nd nd 27 551 1.0 414
striga resistant (n=4) 1.06 0.39 0.05 0.24 6.7 37.6 1.1 48.1
striga susceptible (n=3) 0.70 0.13 0.04 nd 9.0 43.2 0.9 418
grain mold resistant (n=4) 1.65 1.31 0.25 0.35 4.5 21.7 0.8 48.0
grain mold susceptible (n=2) 0.77 0.05 nd nd 4.0 19.2 0.9 41.0
logging resistant (n=7) 0.68 0.06 0.03 nd 5.4 29.7 09 464
logging susceptible (n=2) 1.08 0.53 nd nd 2.2 15.5 09 468
pre-flowering drought resistant (n=3) 0.80 0.24 0.04 nd nd 40.2 1.0 452
pre-flowering  drought  susceptible 0.72 nd nd nd 2.3 17.4 0.7 39.3
abiotic (n=1) . .
Post-flowering drought resistant (n=8)  0.71 0.26 0.04 0.17 4.9 22.6 09 464
Post-flowering  drought susceptible 0.69 0.07 nd nd 32 38.1 0.7  46.0
n=4
1(3h0t())period insensitive (n=14) 0.82 0.23 0.05 0.23 4.5 38.6 09 452
photoperiod sensitive (n=7) 1.03 0.44 0.04 0.22 4.6 28.6 09 476
Germinated grains
sooty stripe resistant (n=3) 0.70 0.14 0.04 0.12 7.06 64.3 1.3 31.8
sooty stripe susceptible (n=3) 0.59 nd nd nd 6.80 50.9 0.8 22.8
anthracnose resistant (n=4) 0.72 nd nd nd 3.04 89.3 0.4 16.8
anthracnose susceptible (n=3) 0.68 0.05 nd nd 11.81 66.6 1.0 25.9
biotic |sorghum midge resistant (n=4) 0.73 0.34 0.07 nd 8.54 85.0 1.1 34.7
sorghum midge susceptible (n=2) 0.89 0.06 0.02 nd 8.37 96.3 09 290
striga resistant (n=4) 1.00 0.29 0.04 0.17 7.49 87.9 1.6 28.3
striga susceptible (n=3) 1.02 0.17 0.05 nd 12.38 97.6 1.0 16.7
grain mold resistant (n=4) 1.59 1.02 0.14 0.32 8.86 82.0 1.6 27.0
grain mold susceptible (n=2) 0.71 0.05 nd nd 6.10 89.2 0.8 20.8
logging resistant (n=7) 0.76 0.09 0.03 nd 5.33 92.3 0.8 22.1
logging susceptible (n=2) 0.92 0.28 nd nd 6.47 16.0 0.7 16.1
pre-flowering drought resistant (n=3) 0.96 0.16 0.05 nd 7.59 54.2 1.0 22.6
pre-flowering  drought  susceptible 0.69 nd nd nd 9.86 79.9 0.8 24.4
abiotic (n=1) . .
Post-flowering drought resistant (n=8)  0.78 0.24 0.05 0.15 10.65 58.7 1.4 35.6
Post-flowering drought susceptible 0.64 0.06 nd nd 7.71 71.8 0.8 20.1
(n=4)
photoperiod insensitive (n=14) 0.84 0.17 0.03 0.20 9.39 74.0 1.1 24.2
photoperiod sensitive (n=7) 0.96 0.32 0.04 0.16 8.04 79.4 1.1 22.5

“Total phenolic compounds (w/w, gallic acid equivalents), "PAs = proanthocyanidins (w/w, procyanidin equivalents), °3-
DAs = 3-deoxyanthocyanidins (w/w, apigeninidin equivalents), ‘PAL= phenylalanine ammonia lyase, ‘POX=
peroxidase, ‘mono-PPO = monophenolase activity of polyphenol oxidase (PPO), ®dipheno-PPO= diphenolase activity of
PPO. *Data from previous study (Dicko et al., 2005a, 2005b; this thesis, Chapters 3 and 4).
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This suggests that the flavan-4-ols content in sorghum grain is a good indicator for plant
resistance to sooty stripe, sorghum midge, and striga. For leaf anthracnose, no correlation could be
made with the grain content in flavan-4-ols.

Before germination, PAL activity was higher in varieties resistant to sooty stripe and
sorghum midge than in susceptible ones. However, after germination there was no difference
between them. PAL activity in germinated varieties resistant to anthracnose was higher than in
susceptible ones. This supports that high PAL activity in sorghum is associated to the resistance to
Colletotrichum species (Kamida et al., 2000).

POX and PPO activities before germination could not be linked to resistance or susceptibility
to biotic stresses. Germination did not affect this trend for POX. After germination, the mono-PPO
activity was increased in sooty stripe resistant varieties and decreased in anthracnose resistant
varieties. These results support that PPO may confer resistance to some fungal species such as

Ramulispora sorghicola (sooty stripe agent) (Luthra et al., 1988).

Correlations between levels of phenolic compounds and related enzymes and the resistance

or susceptibility to abiotic stress

Varieties resistant to logging had significantly less PAs than susceptible ones, both before
and after germination. From this it may be inferred that the PAs content of the grain is a marker for
plant resistance to logging. Independent to grain germination, varieties resistant to both
pre-flowering and post-flowering drought contained apparently more PAs, 3-DAs, and flavan-4-ols
than susceptible ones. This points at the importance of polyphenols in drought resistance.

For other plants (Mangifera indica), the phenolic compounds content is influenced by their
response to light (Tovar et al., 2002). However, no significant difference in content of total
phenolic compounds, PAs, 3-DAs and flavan-4-ols was found between the grain of sorghum
varieties resistant and susceptible to photoperiod.

POX activity in ungerminated grains was not significantly different between varieties
resistant and susceptible to abiotic stresses. After germination, POX activity appeared to be on
average higher in varieties resistant to logging than in susceptible ones. High activity of POX in
varieties resistant to logging could be related to the role of POX in formation of physical polymeric
barriers such as suberin and lignin (Cosgrove, 1997; Quiroga et al., 2000), which might confer the

plant a high rigidity.
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Table 4. Student #-test results indicating level of significance in composition of phenolic

compounds and related enzymes for paired comparison between sorghum varieties

resistant and susceptible to stresses.

Type of Group of varieties Total PAs* 3-DAs” Flavan PAL® POX® Mono- Di-

stress

phenolics -4-ols PPO° PPO’

Ungerminated grains

sooty stripe resistant (n=3) NS + + + + NS NS NS

{sooty stripe susceptible (n=3) NS - - - - NS NS NS

anthracnose resistant (n=4) NS - + NS NS NS NS NS

{anthracnose susceptible (n=3) NS + - NS NS NS NS NS

biofic {sorghum midge resistant (n=4) NS + + + + NS NS NS

sorghum midge susceptible (n=2) NS - - - - NS NS NS

striga resistant (n=4) NS NS + + NS NS NS NS

{striga susceptible (n=3) NS NS - NS NS NS NS

grain mold resistant (n=4) NS + + NS NS NS NS

{grain mold susceptible (n=2) NS - - - NS NS NS NS

{logging resistant (n=7) NS - + NS + NS NS NS

logging susceptible (n=2) NS + - NS - NS NS NS

pre-flowering drought resistant (n=3) NS + + NS - NS NS NS

L. pre-flowering drought susceptible (n=1) NS - - NS + NS NS NS

abiotic Post-flowering drought resistant (n=8) NS + + + NS NS NS NS

Post-flowering drought susceptible (n=4) NS - - - NS NS NS NS

photoperiod insensitive (n=14) NS NS NS NS NS NS NS NS

{photoperiod sensitive (n=7) NS NS NS NS NS NS NS NS
Germinated grains

sooty stripe resistant (n=3) NS + + + NS NS + NS

{sooty stripe susceptible (n=3) NS - - - NS NS - NS

anthracnose resistant (n=4) NS - + NS + NS - NS

{anthracnose susceptible (n=3) NS + - NS - NS + NS

biotic sorghum midge resistant (n=4) NS + + NS NS NS NS NS

{sorghum midge susceptible (n=2) NS - - NS NS NS NS NS

striga resistant (n=4) NS NS + + NS NS NS NS

{striga susceptible (n=3) NS NS - - NS NS NS NS

grain mold resistant (n=4) NS + + NS NS NS NS

grain mold susceptible (n=2) NS - - - NS NS NS NS

logging resistant (n=7) NS - + NS NS + NS NS

{logging susceptible (n=2) NS + - NS NS - NS NS

pre-flowering drought resistant (n=3) NS + + NS NS NS NS NS

abiotic pre-flowering drought susceptible (n=1) NS - - NS NS NS NS NS

Post-flowering drought resistant (n=8) NS + + + NS NS + +

Post-flowering drought susceptible (n=4) NS - - - NS NS - -

photoperiod insensitive (n=14) NS NS NS NS NS NS NS NS

{photoperiod sensitive (n=7) NS NS NS NS NS NS NS NS

*PAs = proanthocyanidins, "3-DAs = 3-deoxyanthocyanidins, ‘PAL = phenylalanine ammonia lyase, POX =
peroxidase, “mono-PPO = monophenolase activity of polyphenol oxidase (PPO), 'dipheno-PPO = o-diphenolase activity
of PPO. NS, not significant (P>0.05); (+), significantly high (P<0.05); (-), significantly low (P<0.05).

It has been observed that specific POX isoenzymes in leaves, notably the cationic ones are

correlated with photoperiod sensitivity in sorghum and play a role in the plant adaptation (Pao and
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Morgan, 1988). However, in the present study the POX activity of the grain could not be linked to
the plant sensibility to photoperiod.

Before grain germination, PPO activities could not be linked to abiotic stresses. After
germination, both the monophenolase and o-diphenolase activities of PPO were higher in post-
flowering drought resistant varieties than in susceptible ones. This suggests a role of PPO in post-
flowering drought resistance, in agreement with earlier findings (Mayer and Harel, 1991).
Independent of grain germination, PPO activities could not be related to resistance to logging and
photoperiod. PAL activity in the grain cannot be used as marker for the resistance to logging,

drought and photoperiod variation as well.

Overall impact of phenolic compounds and related enzymes in stress resistance

Results in Table 4 show that content of 3-DAs is a good marker for sorghum resistance to
most of both the biotic and abiotic stresses because 3-DAs are positively correlated for the
resistance to all stresses except for photoperiod sensitivity. The second marker for stress resistance
is the content of PAs. Total phenolic compounds and the activities of related enzymes are not good
markers for stress resistance in sorghum grains. For photoperiod sensitivity, none of the screened

biochemical compounds could be used as marker of resistance in sorghum grain.
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ABSTRACT

A new procedure for the zymography of monophenolase and o-diphenolase activities
of polyphenol oxidase (PPO), and peroxidase (POX) is proposed using a highly sensitive,
chromogenic nucleophile 3-methyl-2-benzothiazolinone hydrazone (MBTH), which traps
quinones. The procedure allowed the distinction between PPO isoenzymes from sorghum
and mushroom in the same gel, as well as between monophenolase and o-diphenolase
activities of PPO isoenzymes from crude extracts of mushroom. Three isoforms were
detected with monophenolase activity, and at least seven isoforms were detected with
o-diphenolase activity. The procedure also allows the identification of PPO isoforms
exhibiting monophenolase activity from a crude extract. The sensitivity, speed and ability
to discriminate between mono and o-diphenolase activities could make the newly
developed procedure a universal and powerful method for the routine zymography of
PPOs and POXs in biological materials. The assay also discriminates the activities of
PPOs, POXs and laccases.

Keywords: zymography, polyphenol oxidase, peroxidase, mushroom, laccase, sorghum.
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INTRODUCTION

Polyphenol oxidase [monophenol, o-diphenol: oxygen oxidoreductase: EC 1.14.18.1, PPO]
is a binuclear copper-cluster containing monooxygenase ubiquitously present in biological systems
(Martinez and Whitaker, 1995; Klabunde et al., 1998). PPO may be distinguished from the related
oxidase laccase [p-diphenol:oxygen oxidoreductase, EC 1.10.3.2] by its substrate specificity and the
type and number of catalytic coppers (Timothy et al., 2001). PPO catalyses the oxidation of
o-diphenols (o-diphenolase or catecholase activity) to the corresponding o-quinones, by
consumption of molecular oxygen. It may also catalyze the regioselective ortho-hydroxylation of
monophenols to catechols and their subsequent oxidation to o-quinones (monophenolase, cresolase
or hydroxylase activity). The resulting quinones may undergo non-enzymatic autopolymerization or
covalent heterocondensation with proteins to produce colored compounds (Klabunde et al., 1998).
Peroxidases (POXs) [donor: H,O; oxido-reductase, EC 1.11.1.7] are heme-binding enzymes which
mediate a highly H,O,-dependent one electron oxidation of aromatic compounds with a very broad
substrate specificity (Dunford, 1999). Some POXs have oxidase activity in the absence of
exogenous hydrogen peroxide.

Browning in plant materials is associated with the enzymatic oxidation of phenolic
compounds. Therefore, much interest exists in the rapid quantitation and in-electrophoresis gel
detection of oxidases in plant tissues and food materials. In addition, it is known that for instance
not all PPO isoforms have hydroxylase activity (Martinez and Whitaker, 1995; Klabunde et al.,
1998). Hence, the identification of isoforms from crude biological extracts, possessing the
monophenolase activity could be of great importance. The interest in these isoforms is not only to
elucidate their physiological function but also their application as biocatalysts in the synthesis of
catechols from monophenolic substrates (Espin et al., 2001).

The zymography of PPO is routinely conducted by the visualization of the oxidation
products (dopachrome or melanochrome) of L-3,4-dihydroxyphenylalanine (L-DOPA), or the
reaction products of the released quinones with aromatic amines such as p-phenylenediamine and
4-amino-N,N’-diethylaniline sulphate (Janusz, 1994; Rescigno et al., 1997). Current procedures of
PPO zymography are time consuming, require relatively high amounts of enzyme (1-6 ug) for the
activity staining, and are suitable to monitor exclusively the o-diphenolase activity of PPO. The
zymography of PPO from mushrooms has revealed four isoforms when L-DOPA was used as a

substrate, two for catechin and chlorogenic acid, while only one was detected using tyrosine and p-
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cresol (Janusz, 1994). These results show clearly the substrate specificity of PPO and, therefore, the
importance of the choice of substrate for the determination of PPO in activity staining procedures.
Recently, Hoopes and Dean (2001) developed a new method of zymography of laccase and POX
using 1,8-diaminonaphthalene as substrate. This assay is essentially based on detecting enzyme
activity after SDS-PAGE analysis and counterstaining with Coomassie brilliant blue.

In recent years, Espin and co-workers have developed a highly sensitive, reliable and
accurate spectrophotometric method for the determination of the monophenolase and o-diphenolase
activities of PPO from fruits and vegetables (Espin et al., 1995, 1997, 1998, 1999, 2001; Espin and
Wichers, 1999). In this method, the chromogenic nucleophile 3-methyl-2-benzothiazolinone
hydrazone (MBTH) traps o-quinone products originating from the oxidation of phenolic compounds
by PPO. The stable MBTH-quinones are kept in solution by addition of 2% N,N’-dimethyl
formamide (DMF), allowing the continuously monitoring of the reaction. The most suitable
substrates for the monophenolase and o-diphenolase activities of PPO were found to be
4-hydroxyanisole (4HA) and 3,4-dihydroxyphenylpropionic acid (DHPPA), respectively (Espin et
al., 1995, 1997, 1998).

Whereas PPO activity from ungerminated grains of sorghum [Sorghum bicolor (L.)
Moench] could be quantified spectrophotometrically with the MBTH assay, the routinely used
methods of PPO zymography failed to detect the enzyme in gel, after IEF. Therefore, we have
developed a new procedure for the zymography of PPO and also POX, by making use of the
chemistry of the spectrophotometric assay developed by Espin and co-workers (1995, 1997, 1998).
Furthermore, it is demonstrated that this method can also be used to discriminate between PPO,

laccase and POX activities.

MATERIALS AND METHODS

Materials and reagents

Purified mushroom (Agaricus bisporus) PPO (EC 1.14.18.1, grade II, lot N° T-7755), and
catalase (EC 1.11.1.6, lot N° 119F3798) were products of Sigma. Horseradish peroxidase (HRP)
(EC 1.11.1.7) was obtained from Sigma (grade II, lot N° 16H9522) and from Boehringer Mannheim
(grade II, lot N°12486022-85). Crude extract of PPO from mushroom fruit bodies, prepared
essentially as described by Espin and co-workers (1999), was a gift of Dr. Harry J. Wichers from
Agrotechnological Research Institute (ATO-BV), Wageningen, The Netherlands. Ungerminated
grains of S. bicolor (L.) Moench var. Cauga 108-15, were kindly provided by the Centre
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International pour la Recherche Agronomique et de Développement at Ouagadougou, Burkina-
Faso. Crude extract of sorghum PPO was prepared by mixing 250 mg of sorghum flour with 1.2 mL
of 50 mM Tris-HCI buffer pH 7.3 containing 0.5 M CaCl, and 2% (w/v) insoluble
polyvinylpyrrolidone (PVP), at 4°C for 1 hour. The homogenate was centrifuged at 14000g, at 4°C,
for 45 min. The supernatant was used as crude extract of PPO. IEF gels (pH 3-9) were purchased
from Amersham Pharmacia Biotech. 4-Hydroxyanisole (4HA) was from Aldrich.
3,4-Dihydroxyphenylpropionic acid (DHPPA) was from Acros Organics. Bovine serum albumin
and 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) were from Sigma. All other

chemicals were of analytical grade.

Spectrophotometric assay

The monophenolase and o-diphenolase activities of PPO were determined using 4HA and
DHPPA as substrate, respectively, as described previously by Espin and co-workers (1995, 1998).
The reactions were monitored with a spectrophotometer multiwell plate reader SLT340 ATTC
(Labinstruments, Australia) on-line interfaced to a Macintosh Performa 450 computer. Data were
analyzed with the software DelatSoftIl version 4.1S (Biometallic, Inc.). One unit of enzyme activity
(U) is defined as the amount of enzyme producing 1 umol of MBTH-quinone adducts per min
during the linear phase of the reaction. POX content was determined using a molar absorption
coefficient of 100 mM™ cm™ at the Soret region (403 nm). Protein content was determined by the
linearized method of Bradford (Zor and Selinder, 1996), using the ratio Agyo/A4so versus protein

concentration. Bovine serum albumin was used as standard.

Zymography

Aliquots of enzyme preparations were applied on pH 3-9 IEF gradient gels. The IEF was
carried out with a PhastSystem unit (Amersham Pharmacia Biotech) according to the manufacture’s
instructions. For PPO detection, gels were incubated after IEF in 20 mL of 0.1 M sodium acetate pH
6.0 containing 10 mM MBTH and 10 mM of the phenolic substrate, at 25°C, for 3-5 min. 4HA and
DHPPA were used as phenolic substrates for the detection of the monophenolase and o-diphenolase
activities of PPO, respectively. To check for possible oxidation of 4HA and DHPPA by laccase, the
PPO above was replaced by laccase, for 30 min and up to 12 hours of incubation. For the detection
of hydrogen peroxide-independent POX oxidation, gels were incubated after IEF in 20 mL of 50
mM sodium citrate buffer pH 6.0 containing 10 mM MBTH, 10 mM of phenolic substrate, and 50
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U/mL of catalase. For the detection of hydrogen peroxide-dependent POX oxidation, staining was
as above with catalase replaced by 5 mM hydrogen peroxide. Note that the choice of the incubation
pH was guided by the fact that in the absence of DMF, the MBTH is poorly soluble above pH 6.
Citrate buffer was preferred for POX activity staining because, it is known to be a potential
inhibitor of copper oxidases. DMF, previously used in the spectrophotometric assay (Espin et al.,
1995, 1997, 1998), was omitted to allow red spots of the precipitate of the reaction products of
MBTH with quinones of 4HA and DHPPA to appear. After incubation, the gels were washed for
3-5 min with 20 mL of 40 % DMF to reduce the eventual background color, twice (3-5 min) with

20 mL distilled water and dried at room temperature.

RESULTS AND DISCUSSION

The monophenolase and o-diphenolase activities of PPO from sorghum (p/ 9) could be
easily detected after IEF of crude extracts using 4HA and DHPPA as substrates, respectively
(Figures 1A and 1B). A short incubation time (3-5 min) was enough to detect the enzyme.
Prolonged incubation did not increase the intensity of the bands, possibly because the PPO is
inhibited by the quinoids (Rescigno et al., 1997). The bands were not water-extractable and no
protein diffusion was observed. Figure 1C shows that the method allows to distinguish PPO
isoenzymes from sorghum (p/ 9) and mushroom (p/ 4.3) in the same gel. Figure 2 shows that the
assay can distinguish the monophenolase and o-diphenolase activities of PPO isoenzymes from
crude extract of mushroom. Indeed, three isoforms (a, b and c) were detected with monophenolase
activity (Figure 2A) and at least seven isoforms (a, b, c, d, e, f and g) with o-diphenolase activity
(Figure 2B). The low intensity of bands b, c, d, e, f, and g denotes the low abundance of theses
isoforms in the crude extract of mushroom. Thus, this method allows identifying directly from a
crude extract PPO isoforms exhibiting monophenolase activity. All detected mushroom PPO
isoforms are anionic with a p/ ranging from 4 to 5.5. The most abundant isoenzyme (a) having the
lowest pl 4.3, corresponds to the commercially available PPO from mushroom (p/ 4.1-4.3) (Espin et

al., 1999).
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Figure 2. Zymogram of the monophenolase
(A) and o-diphenolase (B)
activities of crude extract of
mushroom. Prior to IEF, the crude

Figure 1. Zymogram of PPO. A and B, detection of
the monophenolase and o-diphenolase
activities of sorghum PPO, respectively.
Note that after IEF, the gel was split into

two parts, and the pieces were incubated
separately for the detection of the
monophenolase (A) and o-diphenolase (B)
activities of sorghum, in the presence of
MBTH. C, detection of the o-diphenolase
activity (samples were applied in duplicate)
of commercial mushroom (Lane C1) and
sorghum (Lane C2) PPO isoenzymes in the
same electrophoretic gel. Prior to IEF, the
crude extract of PPO from sorghum (3.8
pg) and commercial mushroom (0.2 pg)
were loaded (4 pL) on the gel using the
PhastSystem sample applicator 6/4. The
samples were applied in the middle of the
gels (P).

extract of PPO from mushroom
(1.8 ng) were loaded (4 pL) on the
gel using the PhastSystem sample
applicator 6/4. After IEF, the gel
was split into two parts, and the
pieces were incubated separately
for the detection of the
monophenolase (A) and o-
diphenolase (B) activities, in the
presence of MBTH. Two sample
applications were performed for
each detection. The samples were
applied in the middle of the gels
(™). Letters a-g indicate the
detected PPO isoenzymes.

To assess the sensitivity of the method, commercial PPO was subjected to IEF at different
concentrations. Figure 3 shows a typical zymogram using either 4HA (Figure 3A) or DHPPA
(Figure 3B) as substrate. The sensitivity limit of the assay for the monophenolase activity of
commercial PPO is about 0.1 pg (Figure 3A). However, an amount of PPO as low as 0.05 ug could
be detected for the o-diphenolase activity (Figure 3B). The higher sensitivity of the o-diphenolase
activity is in agreement with the spectrophotometric assay revealing a specific activity 3.02 + 0.11
U/mg and 0.62 + 0.03 U/mg for the o-diphenolase and monophenolase activities of PPO,
respectively. The rate of the oxidation of o-diphenols is higher than that of monophenols because
the hydroxylation step is generally admitted to be rate limiting (Rodriguez-Lépez et al., 1992;
Martinez and Whitaker, 1995).

113



Chapter 6

Figure 3.

Figure 4.

114

A B
Cahode )y » 3 4 56 78 1234 56 78
pHO
[ 4
pH 3 "‘M o—‘li
Anode (+)

Zymogram of the monophenolase (A) and o-diphenolase (B) activities of commercial
mushroom PPO. Dilutions of PPO were made in 50 mM Na-phosphate buffer pH 6.5 and
aliquots of 1 uL of the enzyme solution were loaded on the gel using the PhastSystem
sample applicator 8/1. Lane 1, bovine serum albumin (30 pg) used as the inert control.
Lanes 2-8 represent the amounts of PPO of 0.05, 0.1, 0.25, 0.5, 1, 3, 6 ug, respectively,
applied on the gel. After IEF, the gels were incubated separately for the enzymatic
oxidation of 4HA (A) and DHPPA (B), in the presence of MBTH. Samples were applied
in the middle of the gels (P ).
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Zymogram of laccase (A and B) and peroxidase (C, D, C’ and D’) using 4HA and DHPPA as
substrates. A and B, detection of laccase activity (1 ug was loaded in each well) in the presence
of 4HA and DHPPA, respectively, after 30 min (lanes Al and B1) and 12 hours (lanes A2 and
B2) of incubation (in the presence of MBTH). C and D, detection of POX activity (10 ng were
loaded in each well) using 4HA and DHPPA, respectively, as substrates in the presence of
catalase (50 U/mL) and MBTH for 3-5 min. Lanes C1 and D1 contained HRP from Sigma and
lanes C2 and D2 contained HRP from Boehringer. C’ and D’, are the same conditions like in C
and D, respectively, except that catalase was replaced with 5 mM H,0,. Enzymes (1 uL) were
loaded on the gels using the PhastSystem sample applicator 8/1. Samples were applied in the
middle of the gels (P>).



Zymography of peroxidase and polyphenol oxidase

Figures 4A (lane 1) and 4B (lane 1) show that both 4HA and DHPPA are not readily
oxidized by laccase in conditions where they are oxidized by PPO. After prolonged incubation time
(12 hours, at 25 °C) laccase slightly oxidized DHPPA (Figure 4B, lane 2, p/ 5.2-5.4) without
noticeable oxidation of 4HA. These results are in agreement with the fact that laccases are more
specific for p-diphenols and aromatic amines and suggest that they do not interfere markedly with
the detection of PPO.

Figures 4C and 4D show that in the absence of hydrogen peroxide, POX is not able to
oxidize neither 4HA nor DHPPA. However, in the presence of hydrogen peroxide POX activity was
sensitively detected with the newly developed MBTH zymography method (Figure 4C’ and 4D”).
Indeed, several cationic, neutral and anionic HRP isoenzymes could be clearly detected loading
only 10 ng of protein (Figure 4C’ and 4D’). To determine the lowest limit of POX detection,
various amounts of POX were analyzed by MBTH zymography (Figures SA and 5B). In this way,
POX could be detected in the nanogram range using both 4HA and DHPPA as hydrogen donor.
Thus, the zymography of POX is up to 50 times more sensitive than that of PPO using 4HA or
DHPPA as substrate.
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Figure 5. Zymogram of the H,0,-dependent POX oxidation of 4HA (A) and DHPPA
(B). Dilutions of POX (HRP from sigma) were performed in 50 mM Na-
citrate buffer pH 6 and aliquots of 1 UL of the enzyme were loaded on the
gel using the PhastSystem sample applicator 8/1. Lane 1, bovine serum
albumin (30 pg) used as the inert control. Lanes 2-8 represent the amounts of
POX of 1, 4, 8, 16, 30, 100 and 200 ng, respectively, applied on the gel.
After IEF, the gels were incubated separately for the H,0,-dependent
oxidation of 4HA (A) and DHPPA (B), in the presence of MBTH for 3-5
min. Samples were applied in the middle of the gels (P ).
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The detection limit of our method is lower than the current methods of PPO and POX
zymography (Rescigno et al., 1997; Hoopes and Dean, 2001), which require 1-6 ug of enzyme for
the activity staining in native polyacrylamide electrophoresis gels. The sensitivity, speed and ability
to discriminate between mono and o-diphenolase activities could make the newly developed
procedure an universal and powerful method for the routine zymography of PPO in biological
materials. Aside from this, the MBTH zymography method can also be used for the specific and

sensitive detection of POX isoforms.
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ABSTRACT

The major cationic peroxidase (SPC4) in sorghum [Sorghum bicolor (L.) Moench] was
purified to apparent homogeneity, and found to be a highly basic protein (p/~11), containing a type-
b heme. MS analysis showed that SPC4 consists of two glycoforms with molecular masses of
34227 and 35629 Da. Chemical deglycosylation allowed to estimate sugar contents of 3.0% and
6.7% (w/w) in glycoform I and II, respectively, and a mass of the apoprotein of 33 246 Da. SPC4
has a relatively low sugar content compared to other peroxidases. High performance anion
exchange chromatography (HPAEC) revealed the presence of mannose, xylose, fucose and
N-acetylglucosamine as constituents of the polysaccharide chains. Combination of MS and HPAEC
analyses showed that the proportions of glycoforms I and II are 35 and 65%, respectively. SPC4 is
localized in the chromosome 1 of sorghum, and its primary structure has a high similarity with other
cereal peroxidases. SPC4 was activated by calcium ions. Ca** binding increased the protein
conformational stability by raising the melting temperature (7},) from 67 to 82°C. SPC4 catalyzed
the oxidation of a wide range of aromatic substrates, being catalytically more efficient with
hydroxycinnamates than with tyrosine derivatives. SPC4 displayed indole-3-acetic acid oxidase

activity suggesting a physiological role in auxin metabolism.

Keywords: sorghum, peroxidase, heme, glycoprotein, glycoform, isoenzyme, matrix-assisted laser-
desorption ionization time-of-flight mass spectrometry.
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INTRODUCTION

Plant secretory peroxidases [donor: H,0, oxidoreductase, EC 1.11.1.7, POXs] are class III
peroxidases that contain a non-covalently bound Fe-protoporphyrin-IX. They catalyze the
conversion of a large number of substrates, notably phenolic compounds for biosynthetic and
catabolic functions. In general, they use hydrogen peroxide as electron acceptor (Dunford, 1999).
Multigene families of POXs exist, and in the genomes of rice (Oryzae sativa) and thale cress
(Arabidopsis thaliania) up to 138 and 73 of POX genes, respectively, were discovered (Duroux and
Welinder, 2003; Passardi et al., 2004). The physiological functions of POXs are associated with
defence mechanisms, auxin metabolism and the biosynthesis of cell-wall polymers such as lignin
and suberin (Christensen et al., 1998; Dunford, 1999; Boerjan et al., 2003).

Most POXs are glycoproteins occurring in different glycoforms, which may contain different
glycan chains (Christensen et al., 1998). For instance, barley POX (BP1) consists of two forms; one
glycosylated at Asn300 (BPla) and the other (BP1b) non-glycosylated (Johansson et al., 1992;
Henriksen et al., 1998). The major glycan chain in BP1a represents 70% of the total carbohydrate
content and has as structure Manal-6(Xylol-2)Manol-4GlcNAcal-4(Fucal-3)GIcNAc
(Johansson et al., 1992). Next to iron, Ca** is an important metal cofactor of POX. Ca* ions play
both a structural and catalytic role in class-IIl POXs, and their removal decreased the enzyme
activity and stability (van Huystee et al., 2004).

Cereal POXs hitherto characterized are from barley (Johansson et al., 1992), wheat (Hertig et al.,
1991), rice (Chittor et al., 1997) and maize (Teichmann et al., 1997). All these enzymes are
monomers with molecular masses ranging from 35-40 kDa. The crystal structure of BP1, with two
domains and four disulfide bridges (C18-C99, C51-C56, C106-C301 and C186-C213) is highly
similar to the structure of the archetypical horseradish peroxidase (Henriksen et al., 1998).

Relatively little is known about the structure and properties of POX from sorghum [Sorghum
bicolor (L.) Moench]. Sorghum is the fifth most important cereal crop in the world after wheat, rice,
maize, and barley. Properties of a crude sorghum POX preparation such as p/ (9-10) and molecular
mass (43 kDa) have been reported (Sae et al., 1971). However, until now no sorghum grain POX
has been purified to homogeneity and characterized. When screening for POX activity in the seeds
of fifty sorghum varieties originating from different parts of the world, the cationic POX was
ubiquitously present in all varieties. It was also the most abundant isoenzyme in both ungerminated

and germinated sorghum grains (Dicko et al., 2002, 2005; this thesis, Chapters 2 and 4). In other
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cereals, the cationic isoenzymes are also the most abundant enzymes and account for more than
80% of total POX activity (Johansson et al., 1992; Converso and Fernandez, 1995).

In recent years, it has been shown that cationic POXs are more active with phenolic compounds
than anionic POXs and laccases (Wallace and Fry, 1999). Thus, cationic POXs may be of interest
for biocatalytic applications such as the production of useful polymers, the treatment of wastewater
streams polluted with toxic aromatic compounds, and various other clinical and biotechnological
applications (Regalado et al., 2004). Cationic POXs may also find interest in food biotechnology by
modification of functional properties of food proteins and carbohydrates (Oudgenoeg et al., 2001;
Boeriu et al., 2004). In this study, we have purified and characterized the cationic POX isoenzyme

from sorghum grain.

MATERIALS AND METHODS

Chemicals
Horseradish peroxidase [HRP, EC 1.11.1.7] (grade II, lot N° 16H9522), p-coumaric acid,

ferulic acids, L-tyrosine, and indole-3-acetic acid were from Sigma-Aldrich. Modified trypsin [EC
3.4.21.4] sequencing grade was from Roche. Electrophoresis gels (IEF, pH 3-9) were purchased
from Amersham Biosciences. N-acetyl tyrosine, N-Acetyl tyrosine methyl ester and Gly-Tyr-Gly
were from Bachem, Bubendorf, Switzerland. SDS-PAGE gradient gels (10-18%) were from Biorad.
Immobilon-P transfer membrane was from Millipore. Maltodextrin MDO0S5 standards were obtained
from Spreda (Burghof, Switzerland). Trifluoromethanesulphonic acid was from Aldrich. Hydrogen

peroxide was from Merck. All other chemicals were of analytical grade.

Enzyme purification

The grains of sorghum variety [Sorghum bicolor (L.) Moench var. Cauga 108-15] grown in
1998 were used (Dicko et al., 2002a, this thesis, Chapter 2). POX isoenzymes were extracted from
flour as described previously (Dicko et al., 2002a, 2005b; this thesis, Chapters 2 and 4). Protein
precipitation was performed with slow addition of acetone (-30°C) to the crude extract, followed by
centrifugation (10 000 g, 30 min). The precipitate obtained between 40-80% (v/v) acetone was
resuspended in the extraction buffer and dialyzed overnight against 20 mM Bis-Tris-Cl, pH 7.0,
containing 1 mM CaCl, (starting buffer), at 4°C. Insoluble material was removed by centrifugation

(15 000 g, 45 min, 4°C).
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Subsequent chromatography steps were performed at room temperature (20-22°C). Protein
eluates were monitored at wavelengths of 280 nm and 403 nm. Reinheitszahl (RZ) values
(A403/A2sp) were calculated directly from the chromatograms (Christensen et al., 1998). The
supernatant (150 mL) obtained after acetone precipitation and subsequent dialysis was loaded onto
a Superdex 75-PG gel filtration column (65 x 15 cm) equilibrated with starting buffer. Proteins were
eluted at a flow rate of 25 mL/min. Fractions containing POX activities were pooled and loaded
onto a Resource-Q column (Source™ 15Q, 1 mL, Amersham Biosciences; flow rate 2 mL/min)
equilibrated with starting buffer. After washing with 10 mL of starting buffer, elution was
performed with a 10 mL linear gradient of O to 0.5 M NacCl in starting buffer. Fractions containing
cationic POX isoenzymes were concentrated by ultrafiltration with a Y10 membrane (Amicon) and
equilibrated in 50 mM sodium acetate, pH 6.0. The protein sample was applied onto a Mono-S
cation-exchange column (HR 5/5, 5 x 50 mm, Amersham Biosciences; flow rate 1 mL/min),
equilibrated in the same buffer. After washing with 10 mL of equilibration buffer, the POX
isoenzymes were eluted with a gradient of 0 to 1 M NaCl in 50 mM sodium acetate, pH 6.0. The
enzyme fractions were pooled and frozen in liquid nitrogen and stored at -80°C. To estimate the
apparent molecular mass of the enzyme by molecular sieving, an analytical Superdex 75 column
(HR 60 x 16 mm, Amersham Biosciences) was calibrated using blue dextran (V, = 8.42 mL),
bovine serum albumin (67 kDa, V. = 10.71 mL), ovalbumin (43 kDa, V. = 12.86 mL),
chymotrypsin A (25 kDa, V. = 13.79 mL), and ribonuclease A (13.7 kDa, V. = 15.21 mL). The
column was running in 50 mM sodium acetate pH 5.0, containing 155 mM NaCl. Reference

proteins and the purified POX were loaded (100 uL) and eluted with the same buffer at 0.5 mL/min.

Primary structure analysis
Total protein was quantified by the linearized method of Bradford adapted to a microtiter

plate (Dicko et al., 2002a, this thesis, Chapter 2) using BSA as standard. Protein concentration of
pure enzyme was determined from the absorbance at the Soret region using a value of €493 = 104
mM'em™. SDS-PAGE was performed with 10-18% gradient gels. SDS-PAGE gels were calibrated
using a low-molecular weight marker kit (Amersham Biosciences). Protein bands were stained with
Coomassie brilliant blue R250. Isoelectrofocusing and zymography were performed as described
previously (Dicko et al., 2002b; this thesis, Chapter 6).

Amino acid composition was performed on a Biochrom amino acid analyzer (Amersham

Biosciences). Proteins were hydrolyzed in conditions allowing cysteine determination, essentially as
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described previously (Christensen et al., 1998). Protein samples were hydrolyzed in 6 N HCI, 0.05
% (v/v) phenol, 0.1% 3,3’-dithiodipropanoic acid in nitrogen atmosphere, at 110°C, for 22h.
Tryptophan content was estimated by a fluorimetric method (Pajot, 1976). Theoretical isoelectric
point values were estimated using the software developed by Bjellgvist and co-workers (1993)

available at http://expasy.ch/tools/#primary.

Prior to N-terminal microsequencing according to automated Edman degradation, the enzyme
was separated by SDS-PAGE, using a 10-20% gradient gel and blotted onto poly(vinylidene
difluoride) membrane according to Matsudaira (1987). The protein band was excised and
N-terminal amino-acid sequencing of the polypeptide was carried out on an automated amino acid
sequencer (Institute for Biomembranes Sequence Center, University of Utrecht, Utrecht, The
Netherlands). In order to obtain the full sequence of the enzyme, the N-terminal sequence was used
as input for tBLASTn searches (Altschul et al., 1997) within different databases. Sequence
alignments of cereal POXs were performed using Clustal W (Thomson et al., 1994) available at the

European Bioinformatic Institute (http://www.ebi.ac.uk/).

Determination of carbohydrate composition

The carbohydrate composition of SPC4 was determined by hydrolysis in 2M trifluoroacetic
acid at 100°C for 2h. After hydrolysis, the sample was dried, then dissolved in water, centrifuged
(10 000g, 10 min), and analyzed by high performance anion exchange chromatography (HPAEC).
The HPAEC system consisted of a Dionex Bio-LC GPM-II quaternary module (Dionex
Corporation, Sunnyvale, CA, USA) system, equipped with an eluent degas (He) module, a
CarboPac PA10 column (4 x 250 mm) with CarboPac PA100 guard column and a pulsed
electrochemical detector (PED-2) in the pulsed amperometric detection (PAD) mode. A Spectra
Physics AS3000 autosampler was used and chromatograms were recorded using PC1000 software.
The effluent was monitored using the PED-2 detector (reference electrode Ag/AgCl) containing a
gold electrode. Potentials of E1 0.1, E2 0.7 and E3 -0.1 were applied for duration times of T1 0.4 s,
T2 0.2 s and T3 0.4 s. The gradient (I mL/min) was obtained by mixing Millipore water, 0.1 M
NaOH and 1 M sodium acetate in 0.1 M NaOH. After equilibration with Millipore water, 20 pl of the
sample was injected and the elution program was 0—40 min, Millipore water isocratic, followed by
regeneration: 40—70 min, 0—1 M sodium acetate; 70—75 min, 1 M sodium acetate; 75—76 min,
Millipore water; 76—96 min, re-equilibration using Millipore water isocratic. The post-column

eluent was 2.5 M NaOH eluted at a flow rate of 0.5 mL/min. Standard carbohydrates used were
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D-glucose, D-galactose, D-mannose, D-ribose, D-xylose, L-fucose, L-arabinose, L-rhamnose,
D-fructose, D-mannosamine, N-acetyl-D-mannosamine, D-glucosamine, N-acetyl-D-glucosamine,
D-galactosamine and N-acetyl-D-galactosamine. Prior to HPAEC analysis, standards were
subjected to trifluoroacetic acid hydrolysis using the same conditions as with the protein sample.
Chemical deglycosylation of the enzyme was performed by incubating the enzyme with a
mixture of trifluoromethane sulfonic acid and anisole (Christensen et al., 1998) for 5h at room
temperature. Horseradish peroxidase (HRP) was used as positive control. After deglycosylation,
chemicals were removed by thoroughly washing the proteins with water using a Centricon-3 device
(3 kDa molecular sieve, Millipore Corp, The Netherlands). The deglycosylated protein samples

were kept at -20°C prior to mass spectrometry analysis.

Mass spectrometry

MALDI-TOF-MS was performed with a Voyager-DE-RP Biospectrometry Workstation
elite reflectron time of flight mass spectrometer (PerSeptive Biosystems, Inc., Framingham,
Manchester, England) with a delayed extraction MALDI ion source. Between 100 and 256 scans
were averaged for each of the spectra shown. Samples were deposited in non-welled gold plates.

The mass of the heme cofactor of sorghum POX was analyzed by using
3,5-dihydroxybenzoic acid saturated in methanol/water (60/40) as matrix. MALDI-TOF-MS was
performed using maltodextrins (MDOS) for calibration as external standard as described previously
(Dicko et al., 2001).

Intact and deglycosylated protein samples (5 uL) were cleaned up using a ZipTipcs reverse
phase microcolumn according to the manufacturer’s instructions (Millipore Corp, The Netherlands)
and mixed (1:1, v/v) with the MALDI-TOF-MS matrix. The matrix used for intact protein analysis
was a freshly prepared solution of 10 mg/mL sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic
acid) in aqueous 30% (v/v) acetonitrile containing 0.1% (v/v) trifluoroacetic acid. Intact protein
detection was performed in the linear mode. External calibrations under identical conditions were
performed according to the manufacturer's description using bradykinin (1060.56 Da), ACTH-1-17
(2093.08 Da), insulin (5734.59 Da), ribonuclease A (13682.30 Da), apomyoglobin (16952.56 Da)
and B-lactoglobulin B (18278.20 Da) as standards for the MALDI-TOF-MS analysis.

In-gel tryptic digestion was performed as described previously (Schevchenko et al, 1996). Prior
to MALDI-TOF-MS analysis, the peptide samples were cleaned using a ZipTipC;s (Millipore Corp,

The Netherlands) reverse phase microcolumn. A freshly prepared o-cyano-4-hydroxy-trans-
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cinnamic acid at 20 mg/mL in 50% aqueous acetonitrile containing 0.1% (v/v) trifluoroacetic acid
was used as a matrix for peptide analysis. Peptide mass spectra were acquired in the reflector mode
with delayed extraction. The above mentioned external calibrations for proteins were also used for
peptides. Mass spectrometry database searching and prediction of tryptic cleavage sites were

performed with the MS-fit and MS-digest programs, respectively (http://prospector.ucsf.edu).

Restrictions for database searches were made according to Kristensen and co-workers (1999).

Spectral properties

Absorption spectra were recorded on a Hewlett-Packard 8453A diode array
spectrophotometer at 25°C. The effect of sodium azide on the spectral properties of the enzyme was
determined by incubating the native enzyme (4.4 uM) with 0-500 uM sodium azide in 50 mM
sodium acetate pH 5.0. The heme cofactor of the enzyme was extracted with butanone adjusted to
pH 2.0 with acetic acid. The UV-spectrum of the heme was recorded in the extraction solution.
Fluorescence emission spectra were recorded on a Cary Eclipse fluorimeter (VARIAN, Australia).
Ca” binding of the enzyme was studied at 25°C by monitoring the intrinsic tryptophan fluorescence
of the enzyme (2.2 uM) in 10 mM sodium acetate pH 5.0 as a function of CaCl, concentration (0-10
mM). The excitation wavelength was 295 nm. The fluorescence titration data were analyzed as
described by Leskovac (2003), assuming a single non-structural Ca®* binding site.

Far-UV circular dichroism (CD) spectra of SPC4 (3.9 uM) were recorded in 10 mM sodium
acetate pH 5.0, with a Jasco J-715 spectropolarimeter (Jasco Corp., Japan) at 20°C. A quartz cell
with an optical path length of 1 mm was used. The CD intensity is expressed as molar ellipticity [6],
in deg cm dmol™. The secondary structure of the enzyme was analyzed as described by Venyaminor
et al. (1993). The effect of Ca®* binding on the protein secondary structure was determined by

recording CD spectra in the presence of increasing concentrations of CaCl, (0 to 10 mM).

Thermal stability

Thermal stability was studied by incubating SPC4 in the absence or presence of 5 mM
CaCl, at temperatures ranging from 40 to 95°C. Enzyme aliquots (0.27 puM) in 50 mM sodium
acetate pH 5.0 were heated in a thermocycler (Amplitron II Thermolyne; temperature accuracy
+ (.1°C) at indicated temperatures for the times specified. The time needed for the temperature to
reach equilibrium was less than 15 s. Following heating, samples were immediately cooled on ice

and the residual enzyme activity was determined under standard assay conditions. For each
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incubation temperature, control samples with or without Ca®* were analyzed in parallel. The
apparent first-order rate constants of enzyme inactivation (kin,;) Were obtained from the slopes of
log(A-A. /As-A-) versus time plots where A, is the initial enzyme activity, A is the activity after
heating for time t, and A. the background activity at infinite time. Activation energies for heat
inactivation were calculated from the slopes of Arrhenius plots. Heat-induced unfolding of SPC4
was studied by monitoring the intrinsic tryptophan fluorescence of the enzyme (2.2 uM) in 10 mM
sodium acetate pH 5.0 in the absence or presence of 5 mM CaCl,. The temperature of the
continuously stirred protein solution, as measured with a digital sonde with a reading precision of +
0.01 °C, was increased from 25 °C to 95°C at a speed of 0.5°C per min (Rodriguez et al., 2002).
The fluorescence emission at 342 nm was measured at 0.5 min interval with excitation at 295 nm.
To determine the temperature at midpoint transition (7y,), also referred to as melting temperature,
the changes in fluorescence emission were analyzed according to a two-state mechanism of
unfolding (van Mierlo et al., 1998). Data were fitted by non-linear, least-squares analysis using the

general curve fit option of the Profit program (Quantum Soft, Zurich, Switzerland).

Enzyme activity

POX activity was measured spectrophotometrically by monitoring the H,0,-dependent
oxidation of ABTS, at 25°C (Dicko et al., 2002a, this thesis, Chapter 2). Incubations were
performed in 50 mM sodium acetate pH 4.0. The pH optimum of POX activity was determined with
ABTS, ferulic acid and N-acetyl-L-tyrosine as substrates. Activity measurements were performed in
50 mM Mcllvaine buffers at pH values between 2.5 and 9.0, using the standard assay. The effect of
pH on enzyme stability was determined by preincubating the enzyme in various pH buffers (Dicko
et al., 2001) and determining the residual activity with the standard assay. The effect of Ca** ions on
POX activity was analyzed by measuring POX activity in the presence of varying (0-10 mM)
concentrations of CaCl,. Prior to the assay, the enzyme was desalted using a Y10 centricon
(Amicon) and preincubated with known concentrations of CaCl, for 10 min, at 25°C. The reaction
was then started by adding hydrogen peroxide. The concentration of the enzyme in the reaction
medium was 10 nM.

The inhibitory effect of sodium azide on POX activity was determined by measuring the
standard POX activity in the presence of 0 to 16 pM sodium azide. The concentration of the

enzyme in the reaction medium was 10 nM.
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Substrate specificity

Steady-state kinetics of SPC4 were performed by measuring the initial rate of enzyme
activity in 50 mM sodium acetate pH 5.5, containing 1 mM CacCl,, in the presence of 2.5 mM H,0O,
and varying concentrations of hydrogen donor, at 25°C. The enzyme concentration was 10 nM and
the reaction was started by the addition of H,O,. Spectral changes were recorded using a Hewlett-
Packard 8453A diode array spectrophotometer. Blanks where the enzyme was replaced with buffer
were prepared for each incubation to correct for autooxidation. Initial rates were determined as the
slope of initial change in absorbance of substrate disappearance or product formation. Unless
otherwise indicated, stock solutions of hydrogen donors were prepared in 10% ethanol at
concentrations ranging from 1 to 25 mM. The concentration of ethanol in the assay mixture never
exceeded 0.25% (v/v). Molar absorption coefficients of hydrogen donors at their maximum
wavelengths were determined in 50 mM sodium acetate pH 5.5 (Table 4). The molar absorption
coefficients of oxidation products were retrieved from literature (Oudgenoeg et al. 2001; Marco et
al., 1999; Liu et al. 1999; Nielsen et al., 2001; Michon et al., 1997). The following substrates were
used: ABTS, ferulic acid, p-coumaric acid, N-acetyl tyrosine, N-acetyl tyrosine methyl ester,
tyrosine, catechol, and the tripeptide Gly-Tyr-Gly. For each substrate concentration, the enzymatic
reaction rate was determined in duplicate. For the determination of indole-3-acetic acid (IAA)
oxidase activity, IAA was used as substrate without addition of H,O,. Steady state kinetics were
performed as indicated above. Blank reactions without enzyme served to correct for IAA

autooxidation.
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RESULTS AND DISCUSSION

Purification of major peroxidase from sorghum seed
At least four sorghum POX cationic isoenzymes, denoted SPC1, SPC2, SPC3 and SPC4,

according to their order of elution, could be distinguished and separated by the Mono-S cation
exchange chromatographic step (Figure 1A). SPC4 was by far the most abundant isoenzyme.
Zymography (Figure 2A) showed that this enzyme has an experimental p/ > 9. Three independent
repetitions of all purification steps were performed to confirm the profile and abundance of
isoenzymes within sorghum grain. The purification by three chromatographic steps resulted in a
final enrichment of SPC4 by 105-fold, with an activity yield of 28% (Table 1). The purity of SPC4
was assessed by the single band obtained by SDS-PAGE (Figure 2B) and the high RZ value (4.0)
of the enzyme. The purification of SPC4 is summarized in Table 1. The final specific activity of
SPC4 for the H,0,-dependent oxidation of ABTS was 1071 U/mg. The purified enzyme was
soluble in aqueous acetone, methanol and ethanol up to proportions of 40% (v/v) of organic solvent.
The enzyme eluted from a Superdex G75 column in one symmetrical peak with an apparent mass of
32 kDa (Figure 1B), calculated using the molecular markers proteins as described in Materials and
Methods. The molecular masses obtained by SDS-PAGE (38 kDa, Figure 2B) and MALDI-TOF-
MS (34283-35631 Da, Figure 3A), show that SPC4 is a monomer.

Table 1. Purification of the major sorghum peroxidase.

Step Total activity Total protein Specific activity Yield
U mg U mg‘1 %
Crude extract 10710 1050 10 100
Acetone fraction 7497 407 18 70
Superdex 75 5890 200 29 55
Resource-Q 4 820 12.7 379 45
Mono-S 2998 2.8 1071 28
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Figure 1. Purification of cationic isoforms of sorghum POX. A) Mono-S cation exchange
chromatography: POX activity (0), absorbance at 280 nm (==), absorbance at 403 nm (
and 0-1M NaCl gradient (—). B) Elution profile of Mono S purified SPC4 on Superdex 75
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Molecular characterization

Carbohydrate composition

MALDI-TOF-MS analysis revealed that SPC4 consists of two species with masses of 34 283
and 35 631 Da, respectively (Figure 3A). Chemical deglycosylation of the enzyme yielded a single
protein peak with a mass of 33 449 Da (Figure 3B). This indicated that the heterogeneity of the
enzyme is exclusively related to its glycan composition and that SPC4 has two glycoforms. For
convenience, the species with a mass of 34 283 Da is further referred to as glycoform I and the
species with a mass of 35 631 Da as glycoform II. The chemical deglycosylation was not complete

because it leaves one unit of GlcNAc (203 Da) remaining on the polypeptide chain at each
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attachment site (Edge et al., 1981). Thus, the molecular mass of fully deglycosylated SPC4 is at
most 33 246 Da. The sugar contents estimated by MALDI-TOF-MS are 3.0% and 6.7% in
glycoform I and II, respectively.

Carbohydrate analysis of SPC4 by HPAEC showed an average carbohydrate content of
approximately 5.4% (Table 2). From the overall sugar content (HPAEC) and the estimated sugar
contents of the individual glycoforms (MALDI-TOF-MS), the proportions of glycoforms I and II
can be calculated to be 35 and 65%, respectively. HPAEC analysis showed that the main sugar

constituents of the glycan chains are fucose, mannose, xylose and N-acetyl-glucosamine (Table 2).

A B
1 2 M 1 23 45 6 M
PH 94 kD o
a
64 kDa — A
30 kDa —
-
6 — 20 kDa —
e — -
7 — 14 kDa -
9 —— alie W & ™

Figure 2. Zymogram and SDS-PAGE of sorghum peroxidase. A) Zymography: lane 1, crude
extract and lane 2, purified SPC4. B) SDS-PAGE of purification steps of SPC4: lane M,
marker proteins; lane 1, crude extract; lane 2, acetone precipitate; lane 3, preparative
Superdex 75 fraction; lane 4, unbound Resource-Q fraction; lane 5, Mono-S fraction;

lane 6, analytical Superdex 75 fraction.
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Figure 3. MALDI-TOF-MS analysis of native and deglycosylated forms of SPC4 and HRP.
A) native SPC4, B) deglycosylated SPC4, C) native HRP, D) deglycosylated HRP.

MALDI-TOF-MS analysis of HRP as positive control showed masses of the native and
deglycosylated form of 43663 Da and 35505 Da, respectively (Figures 3C and 3D). Since HRP has
eight glycan chains (Tams and Welinder, 1995), at least 8 GIcNAc residues will remain after
chemical deglycosylation. Thus, the fully deglycosylated HRP would have a mass of 33 881 Da (35
505 — 203 x 8 Da) which is in good agreement with data obtained by electrospray ionization mass
spectrometry (Green and Olivier, 1991), and also with the calculated mass based on the primary
structure (Table 2). The mass of the sugar moiety in HRP is therefore 9 782 Da, corresponding to
22.4% (w/w). HPAEC analysis of the HRP C sugar composition revealed a carbohydrate content of
22.1% (w/w). The comparison of sugar composition between SPC4 and HRP C is illustrated in
Table 2. The sugar content of SPC4 is much lower than observed with HRP (Tams and Welinder,
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1995) as well as from other cationic peroxidases except for BP1, which also has a low sugar content

(Table 3).

Table 2. Molecular mass and sugar composition of SPC4 and HRP

Mass of intact | Mass of carbohydrate Proportion of Number of residues (mol/mol)
protein (Da) moiety carbohydrate determined by HPAEC
(Da) (%, wiw)
MS* MS HPAEC’ MS HPAEC | Fucose | Mannose | Xylose | NGlc
¢ | I:35631 1:1037 I: 3.0
SPC4 1T 34283 1 2385 1903 I 6.7 54 1.4 5.6 1.7 2.7
HRP’
(present 43663 9782 9689 22.4 22.1 9.5 26.8 8.0 14.2
study)
HRP® | 42200 to 44000 / / 22 to 27 / 8 24 8 16

"MS = mass spectrometry analysis of the two glycoforms I and II; "HPAEC = high performance anion exchange
chromatography analysis of both glycoforms; “SCP4 = sorghum cationic peroxidase (for HPAEC analysis, the average
molecular mass and sugar composition of the two glycoforms was considered); “Horseradish peroxidase according to
the present study ; “Horseradish peroxidase according to theoretical prediction (Tams and Welinder, 1995).

Amino acid composition and N-terminal sequence analysis

The amino acid composition of SPC4 together with those of other cationic POXs is given in
Table 3. The average amino acid calculated mass of cationic POXs is 106.7 Da (Table 4), allowing
to estimate 311 amino acid residues in SPC4. From this amino acid composition, a theoretical p/
value of 11 was calculated, assuming that all 8 cysteines are involved in disulfide bridges (Dunford,
1999; Welinder, 1976; Henriksen et al., 1998). The low ratio of (Asx+GlIx) to (Arg+Lys) of SPC4
and its p/ indicate that in comparison to other cationic POXs, SCP4 is highly basic (Table 3).
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Table 3. Amino acid composition of SPC4 and other cationic plant POXs

Amino acid SPC4* RP* WP*  BPI® CC® HRPC®  PNC2I' SB1¢  TP7"
Ala 31 (10.0) 50 39 22 37 23 27 29 32
Arg 23 (714 15 12 30 21 21 19 22 17
Asp+Asn 35 (11.1) 32 38 34 31 48 35 35 39
Cys 8 (25 8 9 8 9 8 8 9 8
Glu+Gln 12 (39 13 15 26 21 20 22 27 14
Gly 29 (93 22 24 25 26 17 28 26 24
His 5 (1.6) 5 4 4 5 3 5 4 3
Ile 8 (26) 14 11 11 13 13 13 12 15
Leu 29 (94) 32 31 30 28 35 25 30 21
Lys 14 45 7 10 6 4 6 12 8 10
Met 3 (1.0 7 8 2 8 4 3 6 6
Phe 16 (52) 11 12 17 13 20 18 17 14
Pro 15 48 12 10 21 17 17 11 15 11
Ser 27 87 36 37 26 31 25 29 30 42
Thr 25 (81 26 27 16 19 25 22 16 16
Trp 2 (0.6) 1 1 1 1 1 2 2 1
Tyr 6 (1.9 6 4 4 6 5 4 9 4
Val 23 (14 17 20 26 17 17 24 25 19
(Asx+GIx)/ 127 205 241 1.67 2.08 2.52 1.84 2.07 1.96
(Arg+Lys)
Sum 311 (100) 314 312 309 307 308 307 322 296
Apoprotein Mw** 33226 32437 32382 33 825 32 508 33918 32954 35029 31086
Carboh?/drate 3-6% [EEE / 0-3% / 22-27% 12-19% / 7%
proportion
Accession code® P84516 022440 Q05855 Q40069 Q43416 P00433  AAA32676 QISSZ9  POO434

*Rice (Chittoor et al. 1997), "Wheat (Hertig et al. 1999), “Barley (Johansson et al., 1992), “Cenchrus ciliaris (Ross,
1994), *Horseradish (Welinder, 1976), "Peanut (Buffard et al. 1990), EScutellaria baicalensis (Morimoto et al. 1999),
hTurnip (Mazza and Welinder, 1980).

*Results of SPC4 are presented in number of amino acid/protein and in mol % (mol/mol) in brackets.

**Calculated molecular weights using a software to compute pl/Mwi/titration curve, available at
http://expasy.ch/tools/#primary.

[¥*%_sugar composition not given.

$Entries in Swiss-Prot/TrEMBL
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Sorghum 1 M R PTLAAAAA VL C TATAADG
Barley 1 LG---PRA AR
Rice 1 C AAGDGNAD TR
Wheat 1 LG--—-HGA AA
Maize 1 SGS—-RP| ALV LA 'C| LS---SATVTVNE
Sorghum 60

Barley 56

Rice 59

Wheat 54

Maize 56

* * % *

Sorghum 120 H ECGGT S S G

Barley 116 ECRG RS T D

Rice 119 GAS G

Wheat 114 ECRG. D

Maize 113 HAVEG-PT TTLAT, E GLAPA - S— GT
*

Sorghum 180 P SK

Barley 176 Q GR T S DRLFPRPDP-T 'SPTEL

Rice 179 P S F P—A NAT,

Wheat 174 T Q S DRLFPRPDP-T 'NPPEL

Maize 171 uFFiTl ESFKNR! l m:IPI:IDGT DPAER

*

Figure 4. Multiple sequence alignment of sorghum POX (P84516) with other cereal POXs.
The N-terminal fragment of SPC4 is aligned with barley BP1 (gi:167080), rice
Prx23 (gi:55700912), wheat WSP1 (gi:22001284), and maize POX (gil:2224845).
The highly conserved catalytic residues among all class III POXs are marked with

asterisks. The N-terminal sequence of SPC4 obtained by Edman sequencing is
underlined. The signal peptides of SPC4 and BP1 are shown in the box.

Like BP1 (Johansson et al., 1992), the N-terminal sequence of SPC4 is not blocked by
pyroglutamate, in contrast to most other POXs (Welinder, 1976; Mazza and Welinder, 1980). The
first 20 amino acid residues are shown in Figure 4. The tBLASTn search at the Gramene website

(www.gramene.org) indicated that the SPC4 gene is localized in the sorghum chromosome 1. At the

Institute for Genomic Research (www.tigr.org), the best match with 100% identity was found with
gene indice TC102191 (213 amino acids). MALDI-TOF-MS analysis (Figure 5) showed that six
peptides, including the N-terminal sequence of SPC4 matched with the predicted tryptic peptides of
TC102191, indicating that TC102191 codes for the N-terminal part of the sequence of SPC4. SPC4
has a signal peptide of 31 amino acids (Figure 4). Since the expected full length of SPC4 is about
311 amino-acid residues, the C-terminal sequence of about 129 amino-acids is unknown. With the

currently ongoing sorghum genome project (http:/fungen.botany.uga.edu), the sequence of this
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fragment will be available soon. The sequence of the N-terminal part of SPC4 was analyzed by

searching for specific POX motifs (rpsblast at NCBI: www.ncbi.nlm.nih.gov), and protein families

(Pfam at Sanger Institute: www.sanger.ac.uk). SPC4 consists of two domains and has an N-terminal

extension of one and eight residues, compared to BP1 (Johansson et al., 1992) and HRP-C
(Welinder, 1976), respectively. The key catalytic residues (Arg46, Phe49, His50, Asn78, Pro150
and His180) and cysteines involved in intramolecular disulfide bridges (Cys19-Cys100; Cys52-
Cys57; Cys107) are all conserved (Figure 4). With the N-terminal fragment of SPC4 the only
putative glycosylation site found is Asn78 (active site residue), which is unlikely glycosylated
among plant POXs (Johansson et al., 1992). Thus, like found for most POXs, the glycosylation sites
of SPC4 are localized in the C-terminus part of the enzyme. The sorghum peroxidase sequence data
reported in this paper will appear in the Swiss-Prot and TrEMBL knowledgebase under the
accession number P84516.

A tBLASTn search against the non-redundant database at NCBI (www.ncbi.nlm.nih.gov)
indicated that SPC4 is most closely related to cereal POXs (Figure 4). The N-terminal fragment of
SPC4 has a high sequence identity with barley BP1 (85%), rice Prx23 (90%), wheat WSP1 (82%)

and maize (58%), indicative for a common ancestor (Paterson et al., 2003).
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Figure 5. MALDI-TOF-MS peptide mass fingerprint of SPC4.

134



Cationic sorghum peroxidase

Spectral properties
The absorption spectrum of native SPC4 showed characteristics typical of high-spin ferric heme

proteins, with a maximum in the Soret region at 403 nm and charge transfer band at 497 nm
(Figure 6). With the spectrum of the heme, a B-band at 532 and another charge transfer band at 637
nm were observed. This spectrum is characteristic for a Fe"'-protoporphyrin-IX cluster. The molar
absorption coefficient of SPC4 at 403 nm was determined to be approximately 104 mM'cm™.

Figure 7 shows the mass spectral analysis of the heme cofactor of SPC4. The mass of 616 Da
corresponds to the FeHI—protoporphyrin—IX cluster, confirming that SPC4 contains a type-b heme.
The peak with a mass of 563 Da is ascribed to the partial loss of iron by the protoporphyrin-IX
cluster. The MALDI-TOF-MS spectrum also shows an intense peak with a mass of 650, which is
assigned to a heme-H,O, adduct. Thus, SPC4 is a type-b heme-containing POX, which shares
similar molecular properties with cereal POXs (Johansson et al., 1992; Converso and Fernandez,
1995; Dunford 1999).

Far UV-circular dichroism spectroscopy showed that SPC4 contained 42 + 6% o-helix, 35 + 7%
B-sheet and 24 + 7 % B-turns. This secondary structure is similar to that of other plant peroxidases

(Melo et al., 1997).

0.24
—-—--heme of SPC4
0.19 - 403 ———SPCA4 native
8 497 532
% 0.14 -
=
o
£ 009 637
< N
0.04 - 497 \
'001 T T T T T T T |

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 6. UV-visible spectra of SPC4 and extracted heme. The spectrum of native enzyme was
recorded in 50 mM sodium acetate pH 5. The spectrum of heme was recorded in
acidified butanone at pH 2.
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Figure 7. MALDI-TOF-MS analysis of SPC4 heme

Catalytic properties

SPC4 was stable between pH 3 and pH 7 for 2h at 25°C. The enzyme showed optimal activity
with ABTS, ferulic acid and N-acetyl-L-tyrosine at pH 3.8, 5.5 and 6.5, respectively. These
different pH optima are in line with reported properties of other peroxidases (Melo et al., 1997).
Nevertheless, SPC4 remarkably differs from BP1 (Rasmussen et al., 1998) in being active with
aromatic compounds above pH 5. The enzyme was inactivated by sodium azide. This compound is
a common inhibitor of POXs because it reacts with the heme group (Dunford, 1999).

Stafford and Brown (1976) reported an oxidative dimerization of ferulic acid by sorghum grain
extracts. Furthermore, using a crude extract from sorghum variety NK300, a high POX activity on
ferulic acid and no activities on tyrosine and other phenolics was found (Glennie, 1981). Here we
found that purified SPC4 has a high preference for hydroxycinnamates, including ferulic acid and p-
coumaric acid, which are among the most abundant phenolic compounds in sorghum (Awika,
2004). Kinetic studies performed at pH 5.5 showed that the catalytic efficiency of SPC4 with
phenolic compounds decreased in the following order: ferulic acid > p-coumaric acid > N-acetyl-

tyrosine methyl ester > N-acetyl-tyrosine> tyrosine > catechol > Gly-Tyr-Gly (Table 4).
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Table 4. Substrate specificity of sorghum POX

Substrate Substrate  Substrate molar Product Apparent

Amax absorption Amax Vinax/Kin

coefficient

nm mM " cm’” nm M's!
ABTS 317 34 414# 1.16
ferulic acid 310* 14.9 318" 0.92
p-coumaric acid 287% 19.7 308" 0.23
indole-3-acetic acid 280* 5 261° 0.08
N-acetyl tyrosine methyl ester 275 14 318% 0.07
N-Acetyl tyrosine 275 14 293% 0.05
tyrosine 276 2.7 318%# 0.03
catechol 276 23 398 0.01
Gly-Tyr-Gly 275 1.3 318% 0.01

The substrates are ranked by order of preference. “Oudgenoeg and co-workers (2001), "Nielsen and co-
workers (2001) ; “Marco and co-workers (1999):*Michon and co-workers (1997); °Liu and co-workers
(1999); The reaction was followed by *substrate disappearance or #product formation.

The high reactivity with hydroxycinnamic acid derivatives suggests that the enzyme is involved
in the cross-linking of the plant cell wall. On the other hand, the low catalytic efficiency of SPC4
with tyrosine and tyrosine-containing peptides suggests that the enzyme probably is not involved in
protein modification via tyrosine cross-linking. The low activity of BP1 with aromatic substrates
compared to HRP-C has been justified by the presence of Ser152 and Serl53 at the substrate
binding region in BP1 instead of Phel42 and Phel43 in HRP (Johansson et al., 1992). Recently,
analysis of the crystal structure of the HRP C-ferulic acid complex confirmed the involvement of
these residues in substrate binding (Henriksen et al., 1999). In case of SPC4, the corresponding
residues are Thr153 and Alal54. These amino acid replacement may justify the low activity of
SPC4 on some phenolic compounds.

SPC4 also displayed IAA (auxin) activity. This oxidase activity is not a property of all plant
POX isoenzymes (Marco et al., 1999), suggesting that SPC4 plays a role in auxin regulation. Some
POXs regulate the level of this plant hormone either by directly degrading auxin or by oxidizing

endogenous flavonoids, which are inhibitors of auxin transport (Mathesius, 2001). The activity of
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SPC4 on TAA might be related to the presence of His48 (His40 in HRP) in the distal domain, near
the heme, which is believed to play a role in auxin catabolism based on sequence similarity with
auxin binding proteins (Savitsky et al., 1999).

The activity of SPC4 was stimulated in the presence of CaCl,. The maximum increase of activity
of the purified enzyme was two-fold with an apparent semi-maximal activation at 0.7 mM CaCl,. A
similar, but somewhat more stronger activation, was observed for BP1 (Rasmussen et al., 1998).
The Ca® activation of POX is of particular interest because not all POXs, including HRP are
activated by Ca™ (Converso and Rodriguez, 1996). Binding of Ca®* decreased the intrinsic
tryptophan fluorescence intensity of SPC4. From the binding curve, a dissociation constant for the
SPC4-Ca’" ion complex, Kq = 2.4 =+ 0.3 mM, was estimated. The affinity of SPC4 for Ca’" was
higher than that of BP1 (K4 = 4 mM; Rasmussen et al., 1998). The binding of Ca** has been
proposed to change the electronic properties of the heme iron or the topology of the heme vicinity
and might improve substrate binding (Converso and Fernandez, 1996; Rasmussen et al., 1998;
Henriksen et al., 1998, van Huystee et al., 2004). In the case of SPC4, such structural perturbations
must be small because circular dichroism analysis revealed that Ca®* binding does not change the

secondary structure of the enzyme (not shown).

Thermal stability

In the absence of added CaCl,, the enzyme readily lost activity when incubated at temperatures
above 55°C (Figure 8A). However, in the presence of added Ca** ions, the enzyme kept its full
activity up to 65°C for 90 min incubation (Figure 8B). Arrhenius plots (Figure 8C) of the
thermoinactivation data revealed straight lines and showed that Ca® binding increased the
activation energy of heat inactivation of SPC4 from 157 % 12 kJ mol™ to 170 % 14 kJ mol™. The
increased stability of SPC4 in the presence of Ca®* ions was confirmed by fluorescence
experiments. Upon heating, both in the absence and presence of Ca®" ions, a strong increase in
protein tryptophan fluorescence was observed (Figures 9A and 9B). Independent of the presence of
Ca’* ions, and treating the data according to van Mierlo and co-workers (1998), SPC4 followed a
simple two-state mechanism of heat-induced unfolding. This is in agreement with other plants

POXs (Rodriguez et al., 2002).
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Figure 8. Thermoinactivation of SPC4. The enzyme (270 nM) was incubated at different
temperatures in 50 mM sodium acetate pH 5, either in the absence (A) or
presence (B) of 5 mM CaCl,: 55°C (e), 60°C (0), 65°C (A), 70°C (A), 75°C (m),

80°C (o), 85°C (X); 90°C (® ), 95°C (¢ ). C) Arrhenius plot for heat inactivation
of SPC4 in the absence (m) or presence ( ) of calcium. Vertical bars indicate the
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Fluorescence intensity (a.u)

Fluorescence intensity (a.u)

Figure 9. Thermal unfolding of SPC4 as followed by intrinsic tryptophan fluorescence. The
enzyme (2.22 uM) was heated in 10 mM sodium acetate pH 5, either in the absence (A)
or presence (B) of 5 mM CaCl, at a rate of 0.5°C/min. The excitation wavelength was
295 nm. The emission at 342 nm was monitored at 0.5 min intervals. Solid lines are the
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Thermal unfolding of SPC4 induced not only an increase of fluorescence intensity but also a
bathochromic shift of the fluorescence maximum from 338 nm to 348 nm (not shown). Tm values
of 67°C and 82°C for the free and metal ion bound form, respectively, were found. In the absence of
Ca®™, the melting temperature of SPC4 was between that of HRP C (T, = 60°C) and the African
palm tree POX (T}, = 74°C) (Rodriguez et al., 2002). In the presence of Ca** the T,, of SPC4 is near
that of soybean POX, which is reputed to be the most stable POX with a T,,, of 90°C in the presence
of calcium (McEldoon and Dordick, 1996). Thus, SPC4 may be considered as one of the most
thermostable cationic POXs.

In conclusion, the major isoenzyme in sorghum grain (SPC4) was shown to be a cationic POX
having two glycoforms with unusual basic character and a high heat stability in the presence of
calcium. The enzyme has a relatively low carbohydrate content. It shares similar molecular
properties with other cereal peroxidases and may develop as an alternative peroxidase for

biochemical and clinical assays, and biocatalysis.
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Chapter 8

Inter-relations between biochemical markers and food quality

As illustrated by the presence of several thousands of sorghum germplasms, sorghum is
genetically very diverse. Therefore, it was a challenge to select a representative number of sorghum
varieties cultivated in Burkina Faso to screen for biochemical markers, which can serve as
determinants for sorghum grain quality in food processing. The varieties were chosen according to
their agronomic characteristics (resistance or susceptibility to biotic and abiotic stresses) and food

An

end-use properties: "td", thin porridge, couscous and "dolo". In this study, biochemical markers for
food-quality, such as phenolic compounds and enzymes involved in their biosynthesis
(phenylalanine ammonia lyase) and their oxidation (polyphenol oxidases and peroxidases), and the
reserve polysaccharide starch and its hydrolytic enzymes (amylases) were investigated. Figure 1
shows the inter-relations between the biochemical markers screened. Since germination influences
the biochemical composition of the grain, the effect of germination on these markers was also

assessed.
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Figure 1. Relationships between biochemical markers relevant for food quality
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Biotic and abiotic stresses

The (bio)chemical markers of sorghum studied in this thesis are not only important for food
quality but are also determinants for the grain and even the whole plant resistance to several biotic
and abiotic stresses (Weiergang et al., 1996; Lo et al., 1999; Parr et al., 2000; Tomas-Barberan and
Espin, 2001). It was, therefore, of interest to compare the levels of these compounds in groups of
varieties either resistant or susceptible to known stresses that affect sorghum production in Burkina
Faso (Neya et al., 1998; Trouche et al., 2000; 200; Sharma et al., 1999;). Such a comparison has not
been done before for sorghum and other cereals. In Chapter 5, we found that the contents of
phenolic compounds and activities of related enzymes before and after sorghum grain germination
are significantly different between varieties resistant and susceptible to biotic (sooty stripe, sorghum
midge, leaf anthracnose, striga, and grain molds) and abiotic (logging, drought resistance and
photo-period sensitivity) stresses. The total phenolic compounds content could not be linked to any
stress. However, independent of germination, sorghum varieties resistant to biotic and abiotic
stresses have on average higher contents in PAs, 3-DAs and flavan-4-ols than varieties susceptible
to the stresses mentioned. PAL activities in ungerminated grain are higher in varieties resistant to
sooty stripe, sorghum midge and logging than in susceptible ones. In germinated grain, POX is
higher in varieties resistant to logging than in susceptible ones. PPO activities in germinated
sorghum are higher in drought resistant varieties than in susceptible ones. These results show that
contents of phenolic compounds and activities of phenolic enzymes are candidate markers for

resistance and susceptibility of grain or plant to stress.

Relevance of phenolic compounds for food quality

Among phenolic compounds of particular interest in sorghum are proanthocyanidins (PAs),
3-deoxyanthocyanidins (3-DAs) and flavan-4-ols. This is because of their importance in human
nutrition and because of their agronomic properties in grain preservation. For instance, the content
of PAs is important in assessing the food grade quality of sorghum because of their possible
antinutritional effect linked to the inhibition of hydrolytic enzymes (Butler, 1992). While most
plants, including other cereals, are lacking 3-deoxyanthocyanidins, e.g. apigeninidins and
luteolinidins, sorghum is unique in containing a relatively high level of these compounds (Awika et
al., 2004). Reports on the levels of phenolic compounds in sorghum varieties are suffering from the
limited number of varieties screened (Subramanian, et al., 1992; FAO, 1995; Iwuoha and Aina,
1999; Bvochora et al.,, 1999). The studies described in this thesis were conducted with a

representative number of fifty sorghum varieties. Flavan-4-ols, present in only rare sorghum
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varieties (Audilakshmi et al., 1999), are of particular interest for grain storage (Melake-Berhan et
al., 1996) and for treating various cancers (Ferreira and Slade, 2002). Chapters 2 and 3 describe for
the first time the comparison of the content of total phenolics, PAs, 3-DAs and flavan-4-ols in a
large number of sorghum varieties. They reveal that the contents of these compounds among
sorghum varieties from Burkina Faso vary more than in other sorghums for instance from Nigeria,
India and Zimbabwe. The majority of sorghum varieties from Burkina Faso do not contain high
amounts of PAs, which is an advantage for weaning foods preparation.

Despite their importance for nutrition, the effect of germination on PAs, 3-DAs, and flavan-4-
ols in sorghum varieties has been scarcely studied. Previous reports on 2-4 varieties indicated that
the analyzable content of phenolic compounds may increase (Nwanguma and Eze, 1996) or
decrease upon germination (Iwuoha and Aina, 1997). In Chapter 3 it is shown that, on average
germination does not affect the total phenolic compounds content of the fifty selected varieties.
This could be related to the fact during germination, both enzymes involved in phenolic compounds
biosynthesis as well as enzymes involved in their degradation are activated (Chapter 4). A clear
decrease in PA, 3-DA and flavan-4-ol contents was observed. The observation that the means of
PAs, 3-DAs and flavan-4-ols decrease upon germination while the mean of total phenolic
compounds is more constant is an overall observation for the fifty screened varieties. However,
considering a single variety we observed different fluctuations. The assays used do not reveal all
the complexity of the chemistry that occurs in the plant tissue during germination, but showed the
chemical diversity in terms of classes of chemical compounds. In addition, sorghum contains
several other important groups of phenolic compounds such as hydroxybenzoic acids and
hydroxycinnamic acids (for instance ferulic and p-coumaric acids are abundant in sorghum) and
other flavonoids which were not individually quantified to assess the effect of germination on their
levels. The decrease in extractable PAs and DAs upon germination could be due to leaching of
water-soluble PAs and DAs, which are located in the pericarp and testa (Beta et al., 1999; Waniska
et al., 2000) or due to formation of insoluble complexes between PAs and proteins (Riedl and
Hagerman et al., 2001).

Nowadays, phenolic compounds in food are receiving much attention because their antioxidant
activities are proven to be of beneficial effect on human health (Moosmann and Belh, 1999; Santos-
Buelga and Scalbert, 2000; Parr and Bolwell, 2000; Yao et al., 2004). Recently, Awika and
co-workers (2003) reported methods to determine antioxidant activities of sorghum grains. In
Chapter 3, it is shown that independent of germination, there are large inter-varietal differences in

antioxidant activities among sorghum varieties. Phenolic compounds and antioxidant activities were
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well correlated before germination, but germination lowered this correlation. This study revealed
that although white sorghum varieties have lower antioxidant activities than red varieties, these
activities are comparable to the most important sources of natural antioxidants such as Vaccinium
species, e.g. blackberries (Pellegrini et al., 2003). Moreover, the red sorghum varieties, e.g. V17,
V19, V30, V37 and V50 are among the most important potential sources of natural antioxidants.
Since sorghum is a staple food in Africa, it can be tentatively inferred that it is the main potential
source of natural antioxidants for people relying on it as a main source of energy. Cardiovascular
disease (CVD) is one of the most important diseases in Western countries. Epidemiological studies
suggest that the consumption of whole cereal grains, including sorghum lowers the mortality from
CVD, linked probably to their antioxidant properties (Kushi et al., 1999; Anderson et al., 2003;
Awika and Rooney, 2004). This implies that several sorghum varieties characterized in the present
study could be candidate to be processed into food not only for Africa, but also for other countries.
For sorghum varieties displaying high levels of antioxidant activities, it would be interesting to
perform a further analysis of the nature of phenolic compounds contained in these varieties and to
study their antioxidant or pro-oxidant properties. A thorough analysis of the phenolic composition
of these selected varieties may allow discovering new flavonoids displaying anti-HIV-1 activities
(Li et al., 1998; Kitamura et al., 1998; Yao et al., 2004). The same analysis could allow to find

lignans and other bioactive phenolic compounds in sorghum grains.

Phenolic enzymes

Enzymes involved in the biosynthesis and oxidation of phenolic compounds have been shown to
be determinants for the quality of plant-derived foods (Tomas-Barberan and Espin, 2001). In
Chapter 4, the presence of PAL activity in sorghum grain and its activation upon germination was
assessed. Although PAL is indirectly involved in the synthesis of almost all phenolic compounds,
its activity was not correlated with the contents in phenolic compounds in both ungerminated and
germinated varieties. This lack of correlation may be due to the presence of phenolic oxidizing
enzymes in the grain.

A few decades ago, it was found that sorghum grains contain polyphenol oxidase (PPO) activity
(Stafford and Dresler, 1972). However, the inter-varietal difference of PPO activity and the effect
of germination on the occurrence of PPO isoenzymes in sorghum varieties are unknown. In
Chapter 2 and 4, it is shown that sorghum varieties display different monophenolase and

o-diphenolase activities. Like most other plant PPOs (Martinez and Whitaker, 1995), the sorghum
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PPOs are more active with o-diphenols than with monophenols. Germination decreases the
o-diphenolase activity and slightly increases the monophenolase activity.

When we started our research, current methods to detect PPO by zymography were time
consuming and suffered from lack of sensitivity (Rescigno et al., 1997; Hoopes and Dean, 2001). In
Chapter 6 we present a fast and sensitive new method of PPO zymography. Interestingly, this
method allows to discriminate between the monophenolase and o-diphenolase activities of PPO, as
well as between these activities and the activities of laccase and POX. The method is particularly
useful for the high sensitive detection of POX isoenzymes in the presence of hydrogen peroxide
(Chapter 4). The zymography of PPO revealed that germination does not induce new PPO
isoenzymes in sorghum grain (Chapter 4). As reported for wheat (Hatcher and Kruger, 1993), the
decrease of o-diphenolase activity of PPO might be related to its localization in the pericarp, where
it can leach out during germination or form complexes with phenolic compounds. Since both
activities of PPO can be kinetically controlled for the synthesis of o-diphenols or o-quinones,
sorghum varieties possessing these activities may find interesting applications in the food and
chemical industries (Dubey et al., 1998; Espin et al., 2001).

POX activities in sorghum varieties and the occurrence of isoenzymes have been reported
(Ollitrault et al., 1989; Bvochora et al., 1999). However, the effect of germination on these enzymes
was not addressed. The studies in Chapters 2 and 4 revealed that there is a strong inter-varietal
difference of POX activity among sorghum varieties, before and after germination. Germination
increased POX activity due to the activation of already present isoenzymes and/or due to de novo
synthesis of POX isoenzymes. Interestingly, cationic POX isoenzymes with p/ =9 are ubiquitously
present in both ungerminated and germinated varieties, and as found for other cereals (wheat, barley
and maize). However, an anionic isoenzyme (p/ 3.1) is expressed only in germinated grain. This
germination-associated isoenzyme may play a role in cell wall synthesis and protect the seed against
pathogens (Passardi et al., 2004). Purification and characterization of this anionic isoenzyme will
give more insight in its specificity for phenolic compounds that are involved in plant growth.

Cationic POXs are generally more active on phenolic compounds than laccases and anionic
POXs. Therefore, they have better promise as biocatalysts (Wallace and Fry, 1999). In Chapters 2
and 4 we found that the cationic POX is the most abundant in sorghum, and it is ubiquitously
present in all varieties, in both ungerminated and germinated grains. Therefore, the characterization
of this isoenzyme was a challenge. In other cereals such as barley, wheat and maize, the cationic
isoenzymes were also the most abundant, accounting for 80-90% of total POX activity (Johansson

et al., 1992; Converso and Fernandez, 1995; Billau et al., 1999). Except for sorghum, the major
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peroxidases of all these cereals have been purified, sequenced and biochemically characterized. In
Chapter 7, it is shown that sorghum contains several isoenzymes that can be purified. The major
sorghum cationic POX (SPC4) was purified and characterized for the first time. Mass spectral
analysis showed that SPC4 consists of two glycoforms. Chemical deglycosylation allowed to
estimate carbohydrate contents of 3% and 6.7% (w/w) in glycoform I and II, respectively, and a
mass of the apoprotein of 33 246 Da. The glycoform II was the major (65%) form of the enzyme.
Through N-terminal sequencing, MALDI-TOF-MS peptide fingerprinting and analyzing the
currently released sorghum expressed sequence tags (ESTs) it was possible to identify the amino-
acid sequence of the first 213 residues of SPC4 (TC102191). With the currently ongoing sorghum
genome sequencing project, the full length sequence of SPC4 is expected to be obtained. Sequence
analysis and spectroscopic studies showed that, apart from an extremely high isoelectric point (p/
11), SPC4 has many properties in common with other cereal peroxidases (maize, barley, wheat and
rice). The enzyme is soluble in organic solvents and Ca** binding increases its denaturation
temperature (T,,) from 67 to 82°C. Interestingly, the thermal stability of the enzyme is between that
of HRP (Rodriguez et al., 2002) and soybean POX (Amisha and Behere, 2002). SPC4 showed
higher activity with hydroxycinnamates than with tyrosine derivatives. Therefore, SPC4 may be
applied in food biotechnology for the modification of carbohydrate-containing hydroxycinnamates
(Oudgenoeg et al., 2001, 2002; Boeriu et al., 2004; Regalado et al., 2004). Furthermore, SPC4
displayed indole-3-acetic acid oxidase activity. These reactions are useful for (bio)chemical, clinical

and biocatalytic applications (Adam et al., 1999; Passardi et al., 2004).

Starch and starch degrading enzymes

Starch is the principal source of calorific energy in the developing world because cereals are
the staple food in those countries. The screening of starch, amylose and amylopectin in 50 sorghum
varieties before and after germination showed that there is an inter-varietal difference of content in
these compounds (Chapter 4). Although, some varieties contained relatively little amylose, there is
no waxy sorghum, e.g. containing only amylopectin (FAO, 1995) among cultivated sorghums in
Burkina Faso. This is probably because cultivated varieties were primarily selected and bred for t0,
for which a high amylose content is required (Bello et al., 1999; Trouche et al., 2000). So far,
comparison of a-amylase and B-amylase activities were performed in sorghum varieties from other
parts of the world but not for those from Burkina Faso. In addition, comparison of the effect of
germination on a-amylase and B-amylase activities in sorghum varieties is rare, because most

studies focused only on germinated grains (Dufour et al., 1992; Beta et al., 1999). Contrary to
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previous results stating that o-amylase and -amylase activities were not detected in ungerminated
sorghum varieties (Ahmed et al., 1996), it is shown in Chapter 4 that these enzymes are present in
all sorghum varieties. The results of Ahmed and co-workers have been biased because of the low
number (three) of varieties screened, and also because of the used ferricyanide assay, which is less
specific for B-amylase than the assays we used in the present study (McCleary BV and Codd, 1989).
While B-amylase activity did not show an overall increase after germination, oi-amylase activity
increased up to 20 fold in some varieties. The main reason for the difference of the effect of
germination between a-amylase and -amylase may be due to the fact that B-amylase is not de novo
synthesized during germination (Ziegler, 1999). Using a statistically significant number of samples,
it is shown that although a-amylase and B-amylase have a common substrate, e.g. starch, their
activities are not correlated in sorghum grain both before and after germination. The clear
polymorphism of B-amylase and o-amylase activities in sorghum varieties may give direction for

the selection of sorghum varieties containing these enzymes for specific food utilization.

Recommended varieties as potential source of bioactive components

The investigation of several constituents within sorghum varieties has shown their wide
(bio)chemical diversity. This large (bio)chemical diversity could be rationally exploited. Among the
phenolic compounds and enzymes studied, some are of particular interest as bioactive constituents
or biocatalysts. Therefore, it is useful to recommend some varieties as sources of specific
molecules. For instance, varieties containing a high level of total phenolic compounds could be
novel sources of antioxidants (Chapter 3). Varieties containing high levels of PAs could be
candidate to isolate these compounds because they are currently gaining attention as antibacterial
and anti-HIV1 agents (Chan and Kim, 1998). Varieties containing high levels of 3-DAs will be of
interest for the isolation of apigeninidins and luteolinidins which are currently commercialized as
food colorants and various other industrial utilizations (Morazzoni and Magistretti, 1990; Coultate,
1996). Based on the literature, a recommendation of some sorghum varieties as sources of specific

biochemical components is given in Table 1.
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Table 1. Recommended varieties as potential source of biochemical constituents

Recommended five Germination (Bio)chemical

.. . Utilizations References
varieties requirement component
V17, V19 V30, V37, no Total phenolic antioxidant, food 1,2,3
V50 compounds additive, antimicrobial
V6, V18, V19, V30, no Proanthocyani-  antioxidant, antimicrobial 4,5, 6
V37 dins and antiviral agent
V17, V18, V19, no 3-deoxyantho- food colorant 7,8
V30, V37 cyanidins
V17, V18, V19, no Flavan-4-ols anti-cancer agent 9,10
V30, V37
V31, V35, V40, no Polyphenol synthesis of o-diphenols 11,12, 13
V41, V42 oxidase and o-quinones
V10, V44, V46,
V47, V50
V5, V15, V16, V31, yes Peroxidase synthesis of various 14, 15, 16,
V38 organic compounds, 17, 18
functional modification
of carbohydrates and
proteins
V5, V6, V7, V14, no Starch stabilizing agent in 19
V27 pharmaceutical and food
industries

"Awika et al. (2003); “Pellegrini et al. (2003); "Tomas-Barberan and Espin (2001); *Scalbert (1991); >Chan and Kim
(1998); ®Lu et al. (2004); "Awika and Rooney (2004), 8Kouda-Bonafos et al. (1996); °Ferreira and Slade (2002);
Okuda et al. (1991); ""Dubey et al., 1998; '“Espin et al. (2001); *Lamarino et al. (2003); '*Guerra and Ferraz (2003);
Adam et al. (1999); '* "Oudgenoeg et al. (2001, 2002); '*Boeriu et al. (2004); '*Whistler et al. (1984).

Recommended varieties for food processing

As shown in Figure 1, the relationships between the screened biochemical markers may give
directions for the selection of sorghum varieties for specific foods.

In t6 preparation, the formation of a thick paste linked to high amylose content is necessary.
Low o-amylase activity found in varieties good for t is beneficial to obtain a relatively stick
porridge. In analogy with what was found in wheat dough (Hilhorst et al., 1999), POX may mediate
the thickness of sorghum flour during t6 preparation by cross-linking carbohydrates containing
endogenous hydroxycinnamate derivatives.

On the other hand, sorghum varieties with low viscosity are desired in the formulation of
weaning foods with high energy density (WHO, 1998). In that case low amylose content and high
a-amylase activities are determinant. For infant porridges, low PAs containing varieties, and low
PPO and POX activities may be more convenient by avoiding enzyme-mediated oxidation of

endogenous phenolic compounds into colored products. Interestingly, food-based sorghum varieties
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rich in PAs can be suggested to obese people and diabetic patients by analogy with the 50% weight
loss observed with animals (rabbits, pigs, etc.) fed with sorghums containing high levels of PAs
(Ambula et al, 2001). This is supported by the observation that in certain cultures in Africa, people
prefer to consume PAs containing sorghums because they have a longer “staying power” in the
stomach (Awika and Rooney, 2004). The low digestibility of high PAs containing sorghums
through the inhibition of hydrolytic enzymes, together with their high antioxidant activities may be
interesting from a nutritional standpoint for obese persons.

For dolo and industrial beer preparations, high a-amylase and B-amylase activities are desired
(Dufour et al., 1992; Taylor and Robbins, 1993). In industrial brewing, a specific interest exists in
high B-amylase-containing sorghum varieties because this enzyme is usually deficient in sorghum
(Dufour et al., 1992; Taylor and Robbins, 1993; Verbruggen et al., 1993, 1996). In Chapter 4, it is
shown that some sorghum varieties contain B-amylase activities comparable of that of barley (Beta
et al., 1995). These varieties can be suggested for industrial brewing. A constraint in the utilization
of sorghum for industrial brewing is the high starch gelatinization temperature (Okafor and Aniche,
1987). Since amylose has a higher gelatinization temperature than amylopectin (Whistler et al.,
1984), sorghum with low amylose content could be targeted for industrial brewing. Low POX and
PPO activities to avoid beer darkness and haze occurrence by the oxidation of endogenous phenolic
compounds are other criteria for selection of sorghum for industrial brewing (Clarkson et al., 1992).

For couscous preparation, the formation of a gel, mediated by POX via the cross-linking of
macromolecules, is not desired. In addition, low a-amylase activity is required to avoid starch
dextrinization during the process.

In Burkina Faso, bakers do not use composite sorghum/wheat flour. However, acceptable bread
can be produced with 30-50% sorghum substitution for wheat (Anglani, 1998; Carson et al., 2000).
Addition of sorghum flour possessing high POX activities (Hilhorst et al., 1999) in combination
with suitable a-amylase activity (Baik et al., 2003) could lead to the cross-linking of sorghum
glucuronoarabinoxylans. These polysaccharides are known to contain ferulic acid (Verbruggen et
al., 1993; 1996) and may make addition of a higher percentage of sorghum flour acceptable, in
analogy with the action of POX in wheat bread (Hilhorst et al., 1999). For bread making, it is
important to have sorghum lines with low amylose contents (Lee et al., 2001; Martin et al., 2004).
These criteria may give directions for selecting sorghum varieties of the present study for bread
making.

The (bio)chemical characteristics screened are suggested to serve as determinants for sorghum

utilization for various foods. The recommended varieties having important (bio)chemical
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constituents as quality-grade markers for the preparation for foods are shown in Table 2. It is
important to stress that the suitability of sorghum varieties for food and beverages is also dependent
on the chemical and physical properties of kernels and process conditions. The recommendations
made in Table 2 need further investigations on technological levels and consumer acceptance for

confirmations.

Table 2. Summary of apparent (bio)chemical properties of groups of sorghum varieties according to
known properties and recommended applications

Utilization Apparent (bio)chemical determinant Recommended
varieties
Grain Germi- Starch  Amylose q-amylase Phenolics “POX °PPO
color nation content  content and content
B-amylase
To white no high high low medium high low VI, V4,V5,V6, V8,
V9, V10, V11, V12,
V15, V20, V21, V22,
V25, V26, V32, V34,
V38, V40, V43, V45,
V46, V47, V48, V49
Dolo red yes high high high high high low  VI7,VI18,VI9, V30,
V33, V36, V37, V42,
V50
Couscous  white no medium low medium low mediu  low  V3,V7,VI4,Vie,
V27,V29, V31, V35
m
Infant white yes high low high low low low V2, V13, V23, V24,
porridge V28, V39, V41, V44
Industrial ~ white yes high low high high low low V40, V41, V45 V47,
beer Vas
Bread white no high high high high high low V5, V7, Vle, V31,
V38

In conclusion, sorghum is a tropical cereal that nature gave us with the highest environment
tolerance and the greatest possible (bio)chemical diversity. The findings in this thesis show that it is
possible to use state-of-the-art (bio)chemical knowledge to give directions for selecting the most
suitable sorghum varieties for specific food utilization. Research on endogenous bioactive
components such as phenolic compounds and industrial enzymes, is essential to unleash sorghum’s

capacity to be the cornerstone of food security in Africa as well as in many developing countries.
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SUMMARY

Sorghum is a staple food grain in many semi-arid and tropic areas of the world, notably in
Sub-Saharan Africa because of its good adaptation to hard environments and its yield of production.
It is therefore important to select varieties meeting specific agricultural and food requirements from
this great biodiversity to insure food security.

The major objective of this thesis is to screen for biochemical components in fifty sorghum
varieties cultivated in Burkina Faso to identify the best sorghum variety to be used as source of
bioactive component or for specific local foods, e.g. “td”, thin porridges for infants, granulated
foods “couscous”, and local beers “dolo”. The choice of screened biochemical components was
based on their role in food processing and their importance for nutritional quality of end-products.
The main screened biochemical constituents are: i) starch and starch degrading enzymes such as a-
amylases and P-amylases; ii) phenolic compounds and phenolic synthesizing (phenylalanine
ammonia lyase) and oxidizing (polyphenol oxidase and peroxidase) enzymes. Since ungerminated
and germinated sorghum kernels are differently used according to the processed food, the effects of
germination on the biochemical constituents were assessed.

The mean values of starch, amylose and amylopectin in sorghum varieties were 63%, 13.4%
and 49.6%, respectively. Germination induced a reduction of starch, amylose and amylopectin
content by 5%, 14% and 3%, respectively. The proportion of amylose and amylopectin in sorghum
starch was on average 21.2% and 79.8%, respectively. While ai-amylase activity increased by 2-20
fold, B-amylase activity did not uniformly increase after germination. Some phenolic compounds
are beneficial in foods because of their antioxidant activities, whereas others such as
proanthocyanidins (PAs) may impair nutritional qualities of grain. Most of the screened varieties
are low PAs containing sorghums (< 0.25%, w/w) whereas only a few are high PAs containing
sorghums (= 0.75%, w/w). Germination generally reduces the level of PAs. Thus, the majority of
the cultivated sorghum varieties in Burkina Faso are PAs free sorghums. Other important phenolic
compounds in sorghum are 3-deoxyanthocyanidins (3-DAs) and flavan-4-ols because of their
involvement in grain resistance to molds and their utilization as natural food colorant. The present
study revealed that some varieties had relatively high content in 3-DAs (> 0.4%, w/w), both before
and after germination. Remarkably, only a minor fraction of the varieties contained flavan-4-ols. In
general, germination decreased the content of 3-DAs and flavan-4-ols in sorghum varieties.

Independent of grain germination, all sorghum varieties displayed antioxidants activities due
essentially to their phenolic contents. Germination did not strongly affect the content in total
phenolic compounds and total antioxidant activities. Phenolic compounds and antioxidant activities
were more positively correlated in ungerminated grains than germinated grains. Red sorghum
varieties, notably those with pigmented testa layers had higher antioxidant activities (Trolox
equivalents) than white varieties, and these activities are higher than currently reported for most
natural phenolic antioxidants from plant foods.

Activity of the key enzyme in phenolics biosynthesis (phenylalanine ammonia lyase, PAL),
was detected only in half of the varieties, before germination. However, germination activated PAL
in all of them. Independent of germination, peroxidase (POX) activity was several fold higher than
the monophenolase and o-diphenolase activities of polyphenol oxidase (PPO). Germination did not
affect the monophenolase activity of PPO but induced a decrease of the o-diphenolase activity of
PPO. In contrast, germination stimulated the POX activity by 1.2 to 10 fold. This indicates that
POX might be more involved in the oxidation of endogenous phenolic compounds than PPO.

In the course of the study of POX and PPO expression in sorghum, a new method of in-gel
detection of both POX and PPO after isoelectrofocusing was developed. The method allowed the
distinction between the monophenolase and o-diphenolase activities of PPO isoenzymes. The newly
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developed method revealed that PPO is not polymorph in sorghum varieties. For POX, a high
polymorphism in isoenzyme pattern was observed. During germination, POX isoenzymes were de
novo synthesized, allowing to detect at least twelve isoenzymes. While cationic POX isoenzymes
with p/ 29 are ubiquitously present in both ungerminated and germinated varieties, an anionic
isoenzyme (pl 3.1) was expressed exclusively in germinated grain.

The major sorghum POX isoenzyme (SPC4) representing more than 80% of POX activity
was purified to apparent homogeneity, and found to be a highly basic protein (p/ ~ 11). MALDI-
TOF-MS analysis showed that the enzyme consisted of two glycoforms with molecular masses of
34227 and 35629 Da, respectively. Chemical deglycosylation and HPAEC analysis allowed to
estimate sugar contents of 3% and 6.7% (w/w) for glycoforms I and II, respectively, and a mass of
the apoprotein of 33 246 Da. The proportions of glycoforms I and II are 35 and 65%, respectively.
N-terminal sequencing and MALDI-TOF-MS peptide fingerprinting were performed to determine
the primary structure of SPC4. Analyzing the currently released sorghum ESTs (expressed sequence
tags) allowed to identify the first 213 amino acids (TC102191). The enzyme is localized in the
chromosome 1 of sorghum. Spectroscopic studies, amino acid composition and N-terminal
sequence analysis indicated that SPC4 is most related to other cereal peroxidases (barley, rice,
wheat and maize). Inactivation and protein unfolding studies showed that the enzyme has an
unusual thermal stability in the presence of Ca®. The substrate specificity of SPC4 suggests its
involvement in the cross-linking of the plant cell wall. Moreover, the enzyme had indole-3-acetic
acid oxidase activity suggesting a role in auxin regulation.

Agronomic characteristics of grains (presence of absence of pigmented testa layer and color
of the glumes) and plants (red or tan) could be linked to grain contents in phenolic compounds and
phenolic related enzymes (PAL, PPO and POX). Contents in phenolic compounds and related
enzymes were also compared between varieties resistant and susceptible to biotic (sooty stripe,
sorghum midge, leaf anthracnose, striga, and grain molds) and abiotic (logging, drought resistance
and photo-period sensitivity) stresses. From this it was deduced that 3-deoxyanthocyanidins and
proanthocyanidins are potential markers of sorghum stress.

The screened biochemical parameters could be linked to the preferences of varieties for
specific local foods. For instance, among varieties used for “t6”, “dolo”, couscous and thin porridge
preparation, the “dolo” varieties had the highest average content and diversity in phenolics as well
as the highest antioxidant activities. Varieties used for “dolo” had relatively higher a-amylase
activities than varieties poor for “dolo”. “Dolo” varieties had a high content in PPO and a low POX
activity. Varieties good for “t6” had the highest contents of total starch and amylose, before and
after germination and, interestingly, showed the lowest o-amylase specific activity. In general, “t&”
varieties have low phenolic compounds content and a medium POX activity. Varieties good for
infant porridges preparation have low amylose content and high o-amylase activity after
germination. Varieties good for couscous have a characteristic low POX content. In conclusion, the
screened biochemical markers are determinants for the utilization of sorghum grains for human
nutrition.
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SAMENVATTING

Sorghum is de voornaamste graansoort in vele half-droge en tropische gebieden van de wereld,
met name in de Sub-Sahara van Afrika, vanwege zijn klimatologisch aanpassingsvermogen en zijn
productie-opbrengst. Het is daarom belangrijk om uit de grote diversiteit aan sorghum soorten de
juiste variéteiten te selecteren die voldoen aan de specifieke vereisten om mensen van voldoende
veilig voedsel te voorzien.

Het hoofddoel van dit proefschrift was om een aantal biochemische bestanddelen van vijftig
verschillende, in Burkina Faso gekweekte, sorghumvariéteiten te onderzoeken om zo de beste
sorghumsoort te selecteren als bron voor voedingsingrediént of voor specifieke lokale gerechten
zoals “t0”, dunne sorghumpap voor zuigelingen, gemalen voedsel “couscous” en plaatselijke bieren
“dolo”. De keuze van de te onderzoeken biochemische bestanddelen was gebaseerd op hun rol in de
voedselverwerking en hun belang voor de voedingswaarde van de eindproducten. De belangrijkste
biochemische bestanddelen zijn: i) zetmeel en zetmeel afbrekende enzymen zoals oi-amylases en
B-amylases; ii) fenolische verbindingen en iii) enzymen die fenolen synthetiseren (fenylalanine
ammonia lyase) dan wel oxideren (polyfenol oxidase en peroxidase). Omdat niet-ontkiemde en
ontkiemde sorghum pitten anders gebruikt worden voor de voedselbereiding, werden de effecten
van ontkieming op de biochemische bestanddelen bestudeerd.

De gemiddelde gehaltes aan zetmeel, amylose en amylopectine in de sorghum variéteiten waren
respectievelijk 63%, 13,4% en 49,6%. Ontkieming veroorzaakte een verlaging van de zetmeel,
amylose en amylopectine gehaltes met respectievelijk 5%, 14% en 3%. Het amylose en
amylopectine gehalte in sorghum zetmeel was gemiddeld 21,2% en 79,8%. Na ontkieming nam de
gemiddelde o-amylase activiteit met een factor 2 tot 20 toe. De B-amylase activiteit steeg echter
niet uniform en nam zelfs af in sommige variéteiten.

Sommige fenolische verbindingen uit sorghum zijn nuttig vanwege hun antioxidante
eigenschappen, terwijl andere zoals proanthocyanidines (PAs) de voedingswaarde van de granen
kunnen benadelen. De meeste sorghumvariéteiten bleken lage concentraties PAs (£ 0,25%, w/w) te
bevatten, terwijl slechts een klein deel een hoge concentratie (=0,75%, w/w) bevat. Ontkieming
vermindert het gehalte aan PAs en de meeste gecultiveerde sorghumvariéteiten in Burkina Faso zijn
daarom PAs-vrij. Andere belangrijke fenolische componenten in sorghum zijn 3
deoxyanthocyanidines (3-DAs) en flavan-4-ols vanwege hun weerstand tegen schimmels en hun
gebruik als natuurlijke voedselkleurstof. De huidige studie liet zien dat sommige variéteiten een
relatief hoog gehalte aan 3-DAs bevatte (> 0,4%, w/w), zowel voor als na ontkieming. Opvallend
genoeg, bevatte slechts een klein deel van de variéteiten flavan-4-ols. In het algemeen veroorzaakte
ontkieming een verlaging van het gehalte aan 3-DAs en flavan-4-ols.

Door de aanwezigheid van fenolische verbindingen, vertoonden alle sorghum variéteiten
antioxidant activiteit. Ontkieming beinvloedde het totale gehalte aan fenolische verbindingen en
anti-oxidanten niet in sterke mate. Rode sorghum variéteiten, vooral die met gekleurde testa lagen,
hadden hogere antioxidant activiteiten (Trolox equivalenten) dan de witte variéteiten. Deze
activiteiten zijn hoger dan van andere natuurlijke fenolische antioxidanten.

De activiteit van het sleutelenzym in de biosynthese van fenolen (fenylalanine ammoniak lyase,
PAL), was voor ontkieming slechts in de helft van de variéteiten aanwezig. Ontkieming zorgde
echter voor een activering van PAL alle variéteiten. Zowel voor als na ontkieming was de activiteit
van peroxidase (POX) vele malen hoger dan de monofenolase en o-difenolase activiteit van
polyfenol oxidase (PPO). Ontkieming had geen invloed op de monofenolase activiteit van PPO,
maar veroorzaakte een afname van de o-difenolase activiteit. Door ontkieming werd echter de POX
activiteit in alle variéteiten 1,2 tot 10 maal verhoogd. Dit wijst er op dat POX betrokken zou kunnen
zijn bij de oxidatie van endogene fenolische verbindingen.
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Tijdens de studie van POX en PPO expressie in sorghum, werd er een nieuwe methode
ontwikkeld voor de in-gel detectie van zowel POX als PPO activiteit na iso-electrofocusering. Door
deze methode kan er in de gel al onderscheid gemaakt worden tussen de monofenolase en
o-difenolase activiteiten van de verschillende iso-enzymen van PPO. Met deze nieuwe methode
werd aangetoond dat sorhum PPO niet polymorf is. In de iso-enzym patronen van POX werd een
hoog polymorfisme waargenomen. Tijdens de ontkieming worden er diverse POX iso-enzymen de
novo gesynthetiseerd. In totaal konden er aldus in sorghum tenminste twaalf POX iso-enzymen
worden aangetoond. Kationische POX iso-enzymen met een p/ 29 werden zowel voor als na
ontkieming in hoge concentratie aangetroffen. Een anionisch iso-enzym met p/ 3,1 komt alleen in
ontkiemde graankorrels tot expressie.

Het iso-enzym (SPC4) dat in sorghum verantwoordelijk is voor meer dan 80% van de POX
activiteit, werd gezuiverd en bleek een zeer basisch eiwit (p/ ~ 11) te zijn. MALDI-TOF-MS
analyse toonde aan dat het enzym in twee glycovormen aanwezig was met molecuulgewichten van
respectievelijk 34227 en 35629 Da. Met behulp van chemische deglycosylering en HPAEC analyse
kon het suikergehalte bepaald worden op 3% en 6,7% (w/w) voor respectievelijk glycovorm I en II.
De massa van het apo-eiwit is 33 246 Da.

Door middel van de bepaling van de N-terminale sequentie, MALDI-TOF-MS peptide
fingerprinting en analyse van beschikbare sorghum ESTs (Expressed Sequence Tags) was het
mogelijk om de volgorde van de eerste 213 aminozuren (TC102191) van SPC4 te identificeren.
Spectroscopische studies, aminozuur samenstelling en N-terminale sequentie analyse toonden aan
dat SPC4 nauw verwant is aan andere graanperoxidases (uit gerst, rijst, tarwe en mais).
Inactiverings- en eiwitontvouwings studies lieten =zien dat het enzym een ongewone
thermostabiliteit bezit in aanwezigheid van Ca®*. De substraatspecificiteit van het enzym duidt op
een betrokkenheid in de cross-linking van de plantencelwand. Verder heeft SPC4 indool-3-acetaat
oxidase activiteit wat een rol in de regulatie van auxine suggereert.

Agronomische kenmerken van graankorrels (aan- of afwezigheid van gekleurde testa lagen en
kleur van het vlies) en planten (rood- of taan-kleurig) konden gerelateerd worden aan de sorhum
gehaltes aan fenolische verbindingen en fenolen gerelateerde enzymen (PAL, PPO en POX). Deze
gehaltes werden ook vergeleken met de resistentie van de variéteiten en de gevoeligheid voor
biotische (“Sooty stripe”(langwerpige bruine vlekken met een gele kern), sorghum-insekt,
bladgrijskleuring, Striga (parasietplant) en graanschimmels) en abiotische stress (wortelhechting in
de grond, droogte resistentie en gevoeligheid voor licht/donker periodes). Hieruit kwam naar voren
dat deoxyanthocyanidines en proanthocyanidines potentiéle markers zijn voor sorghum stress.

De onderzochte biochemische parameters zouden gekoppeld kunnen worden aan de voorkeur
voor variéteiten om specifieke lokale producten te bereiden. Bijvoorbeeld, onder de variéteiten die
gebruikt worden voor de bereiding van “t6”, “dolo”, couscous en dunne pap, had de “dolo” variéteit
zowel het hoogste gehalte en diversiteit aan fenolen en de hoogste antioxidant activiteit. De
variéteiten die gebruikt worden voor “dolo” hadden relatief meer o-amylase activiteit dan de
variéteiten die ongeschikt zijn voor de bereiding van “dolo”. “Dolo” variéteiten hadden ook een
hoger gehalte aan PPO en een lage POX activiteit. Variéteiten geschikt voor de bereiding van “t6”
hadden het hoogste gehalte aan zetmeel en amylose, zowel voor als na ontkieming, maar
vertoonden verassend genoeg de laagste o-amylase activiteit. In het algemeen hebben “t6”
variéteiten een laag gehalte aan fenolische verbindingen en een middelmatige POX activiteit.
Variéteiten geschikt voor de bereiding van zuigelingenpap hebben, na ontkieming, een laag gehalte
aan amylose en een hoge O-amylase activiteit. Variéteiten geschikt voor couscous hebben een
karakteristiek laag POX gehalte. Samenvattend kan geconcludeerd worden dat de onderzochte
biochemische eigenschappen een goede leidraad vormen voor het gebruik van sorghum in humane
voeding.
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RESUME

Le sorgho est un aliment de base dans beaucoup de zones semi-arides et tropiques du
monde, plus particulierement en Afrique Sub-Saharienne & cause de sa bonne adaptation aux
environnements hostiles et son bon rendement. Il est donc important de sélectionner des variétés
possédant des caractéristiques agronomiques et des propriétés nutritionnelles désirées au sein de
cette biodiversité, afin d’assurer la sécurité alimentaire. L'objectif majeur de cette these sera de faire
le screening des composés biochimiques dans cinquante variétés de sorgho cultivées au Burkina
Faso pour identifier les meilleures variétés a étre utilisées comme source de molécules bioactives ou
pour la préparation de nourritures locales spécifiques, ex : “t0”, bouillies infantiles, couscous, et la
biere locale “dolo”. Le choix des composants biochimiques étudiés est basé sur leur role dans la
transformation alimentaire et leur importance dans la valeur nutritive du produit final. Le screening
a porté sur les principaux constituants biochimiques suivants: i) l'amidon et les enzymes le
dégradent telles que les a-amylases et les B-amylases; ii) les composés phénoliques, les enzymes les
synthétisant (phenylalanine ammonia lyase) ou les oxydant (polyphenol oxidase et peroxydase).
Puisque les grains non germés et germés sont utilisés pour différents besoins alimentaires, les effets
de la germination sur les constituants biochimiques ont été évalués. Les valeurs moyennes de
I’amidon, ’amylose et I’amylopectine dans les variétés de sorgho étaient respectivement de 63%,
13,4% et 49,6%. La germination a provoqué une réduction de I’amidon, I’amylose et I’amylopectin,
respectivement de 5%, 14% et 3%. La proportion de I’amylose et I’amylopectin dans I'amidon de
sorgho était en moyenne, respectivement de 21,2% et 79,8%. Pendant que les activités des o-
amylases ont augmenté dans toutes les variétés de 2-20 fois aprés germination, les activités des -
amylases n’ont pas augmenté dans toutes les variétés. Certains composés phénoliques présents dans
les grains sont bénéfiques a cause de leurs activités antioxydantes, tandis que d’autres tels que les
proanthocyanidines (PAs) peuvent altérer les qualités nutritives des grains. Heureusement, parmi les
variétés étudiées 82% ont des teneurs faibles en PAs (<0,25%, w/w), 8% ont des teneurs moyennes
(0.25-0.75 %, le w/w) et seulement 10% ont des teneurs élevées en PAs (>0,75%, w/w). De ce fait,
la majorité des variétés de sorgho cultivées au Burkina Faso sont sans PAs. La tendance générale
dans les variétés de sorgho est que la germination réduit la teneur des PAs. Les autres groupes de
composés phénoliques étudiés sont les 3-deoxyanthocyanidines (3-DAs) et les flavane-4-ols a cause
de leurs impacts dans la résistance des grains aux moisissures et leurs utilisations comme colorants
alimentaires naturels. La présente étude a révélé que quelques variétés de sorghos ont des teneurs
relativement élevées en 3-DAs (> 0,4%, w/w), avant et apres la germination. Remarquablement,
seulement 28% des variétés contenaient les flavan-4-ols. En général, la germination a diminué les
teneurs en 3-DAs et les flavan-4-ols dans les variétés de sorgho. Indépendant de la germination,
toutes les variétés de sorgho ont affiché des activités antioxydantes essentiellement dues a leurs
composés phénoliques. La germination n'a ni fortement affecté le taux des composés phénoliques ni
réduit les activités antioxydantes totales. Les composés phénoliques et les activités antioxydantes
sont plus positivement corrélés dans les grains non germés que dans les grains germés. Les variétés
rouges de sorgho, notamment celles avec des couches de testa pigmentés avaient plus d’activités
antioxydantes (30-80 umol d'équivalents Trolox/g) que les variétés blanches (16-62 pmol
d'équivalent de Trolox/g), et ces activités sont plus élevées que celles actuellement rapportées pour
la plupart des antioxydants phénoliques naturels trouvés dans les plantes alimentaires. L'activité de
I'enzyme clé dans la biosynthese des composés phénoliques (phenylalanine ammonia lyase, PAL), a
été seulement détectée dans 50% des variétés avant la germination, mais la germination a activé la
PAL dans toutes les variétés. Indépendant de la germination, les activités des peroxydases (POXs)
étaient plusieurs fois plus élevées que les activités monophénolasiques et o-diphénolasiques des
polyphenols oxydases (PPO). La germination n'a pas affecté 1'activité monophenolase des PPOs
mais a induit une diminution de l'activité o-diphénolasique. Cependant, l'activité des POXs a
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augmenté de 1,2 a 10 fois dans toutes les variétés, apres germination. Ceci montre que les POXs
pourraient étre plus impliquées dans l'oxydation des composés phénoliques endogenes que les
PPOs.

Au cours de I'étude d'expression des POXs et PPOs dans le sorgho, une nouvelle méthode de
détection «dans-le-gel» a la fois des POXs et PPOs apres 1'électrophorese sur gel de
polyacrylamide natif a été développée. La méthode a permis la distinction entre les isoenzymes des
PPOs du sorgho et celles du champignon dans un méme gel, de méme qu'entre les activités
monophenolase et o-diphénolase des isoenzymes des PPOs. L'application de la méthode récemment
développée a permis de montrer que les PPOs ne sont pas polymorphes dans les variétés de sorgho.
Pour les POXs, un haut polymorphisme des isoenzymes a été observé dans les variétés. Pendant la
germination, les isoenzymes des POXs étaient synthétisées de novo, permettant ainsi de détecter au
moins douze isoenzymes. Pendant que les isoenzymes cationiques des POXs avec un p/ = 9 étaient
ubiquitaires a la fois dans les variétés non germées et germées, une isoenzyme anionique (p/ 3,1) a
été seulement exprimée dans le grain germé. L’isoenzyme majeure parmi les POXs des grains de
sorgho (SPC4), représentant plus de 80% d'activités des POXs a été purifiée a I'homogénéité, et a
s’est révélée étre une protéine extrémement basique (p/ = 11). L’analyse par MALDI-TOF-MS a
montré que I'enzyme avait deux glycoformes avec les masses moléculaires respectivement de 34227
et 35629 Da. La déglycosylation chimique et 1'analyse par HPAEC ont permis d'estimer des teneurs
en carbohydrates de 3% et 6,7% (p/p), respectivement dans les glycoformes I et II, et une masse de
I’apoprotéine de 33 246 Da. Le séquencage N-terminal et I’empreinte digitale des peptides par
MALDI-TOF-MS ont été réalisés pour déterminer la structure primaire de SPC4. L’analyse des
étiquettes des séquences exprimées (ESTs) de sorgho actuellement disponibles dans les banques
d’ADN a permis d’identifier les premiers 213 acides aminés (TC102191) de la protéine. Les études
spectroscopiques, la composition en acide aminés et l'analyse de la séquence N-terminale indique
que SPC4 est apparentée aux peroxydases des céréales (orge, riz, blé et mais). L’enzyme est située
sur le chromosome 1 du sorgho. L'étude des propriétés catalytiques de la protéine et le dépliement
de sa conformation tertiaire ont montré que l'enzyme a une stabilité thermique insolite en présence
de Ca®. L'enzyme a aussi une activité d’indole-3-acétique acide oxydase, suggérant un role
physiologique dans la régulation de I’auxin. La spécificité de I'enzyme pour le substrat suggere son
implication dans le crosslinking des carbohydrates contenant des acides hydroxycinnamiques au
lieu de la modification des protéines. Les caractéristiques agronomiques des grains (la présence
d'absence de couche de testa et la couleur des glumes) et des plantes (rouge ou tan) pourraient €tre
correlées aux contenus des grains en composé€s phénoliques et les enzymes phénoliques (PAL,
POX, et PPO). Les teneurs en composé€s phénoliques et les enzymes apparentées ont été aussi
comparées entre les variétés résistantes et susceptibles aux stresses biotiques (la bande de suie, le
moucheron du sorgho, I’anthracnose des feuilles, le striga, et les moisissures des grains) et
abiotiques (la verse, la résistance a la sécheresse et la sensibilité a la photopériode). En moyenne,
les variétés résistantes aux stresses ont des teneurs élevées et une plus grande diversité en composés
phénoliques. Elles ont aussi des activités en enzymes oxydatives plus importantes que les variétés
susceptibles. Les parametres biochimiques dont le screening a été effectué pourraient étre corrélés
avec les préférences des variétés pour les nourritures locales. Par exemple, parmi les variétés
utilisées pour le “t6”, le “dolo”, le couscous et les bouillies, les variétés bonnes pour le “dolo”
avaient, en moyennes les teneurs les plus élevées et la plus grande diversit€é en composés
phénoliques. Elles ont aussi les plus grandes activités antioxydantes. Les variétés bonnes pour le
“dolo” avaient plus d’activités a-amylasiques que les variétés moins bonnes pour le “dolo”. Les
variétés bonnes pour le “dolo” avaient des activités élevées en PPOs et de faibles activités en POXs.
Les variétés bonnes pour le “td” avaient les teneurs les plus élevées en amidon et amylose, avant et
apres la germination. De maniere intéressante, elles ont les activités a-amylasiques les plus faibles.
En général, les variétés bonnes pour le “td” ont de faibles teneurs en composés phénoliques et une
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activité élevée en POXs. Les variétés bonnes pour la préparation des bouillies infantiles ont des
teneurs en amylose faibles, et des activités o-amylasiques élevées, apres la germination. Les
variétés bonnes pour le couscous ont des activités faibles en POXs. En conclusion, les parametres
biochimiques dont le screening a été effectué s’averent déterminants pour l'utilisation des grains de
sorgho en nutrition humaine.
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ABTS :
BLAST:
BP1:
CD:
DAB:
3-DAs:
DHPPA:
Di-PPO:
DMF:
DP:
FAC:
FAO:
FPLC:
4-HA:
HPAEC:
HRP:
IAA:
ICRISAT:
IEF:

MALDI-TOF-MS:

MBTH:
Mono-PPO:
NSP:
PAD:
PAs:
PC:
PMA.
PNPGS5:
POX:
PPO:
PVP:
TAE:
TFA:
TFMS:
VCAE:
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basic local alignment search tool
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matrix assisted laser desorption/ionization-time of flight mass spectrometry
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monophenolase activity of polyphenol oxidase
non-starch polysaccharides

pulsed amperometric detection

proanthocyanidins

phenolic compounds

phosphomolybdenum assay

p-Nitrophenyl maltopentaoside

peroxidase

polyphenol oxidase
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Trolox antioxidant equivalent
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