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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND: TWO INDIGENOUS AFRICAN CEREALS

There are more than 50,000 known edible plants in the world, yet two-thirds of global
plant-derived food is provided by only three major cereals: maize, wheat and rice. The
dominance of this triad, now considered truly global food commaodities, has led to a
decline in the number of crop species contributing to global food supplies. The
dependence on only a few crop species limits our capability to deal with challenges
posed by the adverse effects of climate change and the consequences of dietary
imbalance. Emerging evidence suggests that climate change will cause shifts in crop
production and yield loss due to more unpredictable and hostile weather patterns. One
solution to this problem is through the wider use of underutilized (also called orphan
or minor) crops to diversify agricultural systems and food sources. In addition to being
highly nutritious, underutilized crops are resilient in natural and agricultural
conditions, making them a suitable surrogate to the major crops (Cheng et al., 2017).

Two such crops are C4 plants (Fig.1A-B) as teff [Eragrostis tef (Zucc.) Trotter], a
warm-season annual cereal with the tiniest grain in the world, native to Ethiopia, and
sorghum (Sorghum bicolor L.) an important staple food in parts of Asia and Africa,
where usually is consumed as grain or as flour in recipes including fermented and
unfermented porridges, bakery products and alcoholic beverages.

Both teff and sorghum plants are efficient in water usage and tolerates drought as well
as waterlogged and saliferous soils, this capability makes them better able to grow on
marginal lands that do not support maize and other cereal crops. Sorghum and teff,
despite being considered minor cereals and having an absolutely not comparable
productivity with popular cereals, can take in the short term a prominent role in cereal
production also in industrialized countries, where until now are not used for human
food.

The phylogenetic tree constructed on partial sequences of the waxy gene, exposed the
evolutionary relationships between teff and sorghum (Fig. 2). Cannarozzi et al., (2014)
observed that the closest cultivated species to teff was finger millet (Eleusine
coracana), and the closest subfamily to teff was Panicoideae including sorghum

(Sorghum bicolor), maize, and pearl millet (Pennisetum glaucum).
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Figure 1. Sorghum and Teff shoots (A) and plants (B) at Azienda
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Sperimentale Inviolatella (CREA-IT, Rome).
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Figure 2. Phylogenetic tree for five subfamilies from the family Poaceae. The tree was constructed on

the basis of partial sequences of the waxy gene (NCBI database: http://www.ncbi.nlm.nih.gov/) from

barley (Hordeum vulgare, X07931), wheat (Triticum aestivum, KF861808), finger millet (Eleusine
coracana, AY509652), foxtail millet (Setaria italica, AB089143), maize (Zea mays, EU041692),
Paspalum simplex (AF318770), pearl millet (Pennisetum glaucum, AF488414), proso millet (Panicum
miliaceum, GU199268), rice (Oryza sativa, FJ235770.1), sorghum (Sorghum bicolor, EF089839), and
teff (Eragrostis tef , AY136939). Numbers at nodes represent posterior probabilities. Image from

Cannarozzi et al. (2014).
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1.2 SORGHUM (Sorghum bicolor (L.) MOENCH)

Sorghum (Sorghum bicolor L.) is a cereal of the Poaceae family, native to Africa where
was domesticated between 3,000 and 5,000 years ago (U.S. Grains Council, 2004) and
then widespread to other continents.

Sorghum is the fifth most widely grown cereal crop worldwide, after wheat, rice, corn,
and barley, with a world area of over 44 million hectares and a production exceeding
63 million tons in year 2016/2017(https://ipad.fas.usda.gov/) (Fig.3).

World Area 2016/2017 World Production 2016/2017

(Million hectares)

63,37 24,17 (Million metric tons)
147,06

337,19 12,33 141371 wcorn

® Corn i

B Wheat B Wheat
u Rice m Rice
m Barley M Barley
® Sorghum B Sorghum

¥ Oats m Oats

Rye Rye

Figure 3. Pie chart of area (on the left) and production (right) of major cereal crops cultivated
in the world in year 2016/2017(Foreign Agricultural Service/USDA, December 2018 report).

This cereal, due to its peculiar agronomic traits such as drought tolerance and
adaptation to tropical and subtropical conditions, is a major human food source in
Africa and Asia where agricultural and environmental conditions are unfavorable for
other crops (Bean et al., 2011; Goodall et al., 2012). In these developing Countries
sorghum usually is consumed as grain or as flour, representing thus the dietary staple
and the major source of energy and nutrients for more than 300 million people
(Althwab et al., 2015). However, in Western Countries, where 40% of sorghum

production worldwide occurred (https://ipad.fas.usda.gov/) (Fig.4), this cereal is

mainly used as animal feed and for ethanol production (Wang et al., 2009).
Furthermore, it is noteworthy that despite the decrease expected for the subsequent
years (projections of 2017/2018 and 2018/2019), both in terms of cultivated area and
production for African and American continents, there is a prediction of an increase of
8% for the next 2 years (2017/2018 and 2018/2019) for the sorghum production in the
European Union (28 States) (https://ipad.fas.usda.gov/).

3
%u /a/m-u


https://ipad.fas.usda.gov/
https://ipad.fas.usda.gov/
https://ipad.fas.usda.gov/
https://ipad.fas.usda.gov/
https://ipad.fas.usda.gov/
https://ipad.fas.usda.gov/

Tesi di dottorato in Bioingegneria e Bioscienze, di Elena Galassi,
discussa presso I'Universita Campus Bio-Medico di Roma in data 28/05/2019.
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,

a condizione che ne venga citata la fonte.

Chapter 1: Introduction

63 Area 2016/2017 Area2017/2018

037
A 529
6,75 \"

(Million hectares) (Million hectares)

m UE mUE
B America W America

 Africa ® Africa

Asia Asia
Oceania "
Oceania

Yield 2016/2017 Yield 2017/2018

(Metric tons per hectare) 2,71

5,45 5,41
mUE

(Metric tons per hectare)

mUE

205 W America W America

m Africa W Africa

Asia Asia

1,58

Oceania Oceania

3,97

Production 2016/2017 Production 2017/2018

0,67
’ ‘ {Million metric tons) 1'4|4 (Million metric tons)
8,28
mUE = BUE
W America B America
m Africa m Africa

Asia Asia

Oceania Oceania

Figure 4. Pie chart of area yield and production of sorghum crops in 2016/2017 year and

preliminary data for 2017/2018 year (Foreign Agricultural Service/USDA, December 2018 report).

The interest in sorghum for human foods has recently increased because it is
considered safe for people with celiac disease (Pontieri et al., 2013). In this sense, due
to its high nutritional potential and to a growing demand for gluten-free foods and
beverages from people with coeliac disease and other intolerances (Taylor et al., 2006),
several studies on sorghum for human consumption have been conducted in developed
Countries (Ciacci, et al., 2007; Dykes, et al.,2005), and several sorghum products have
been made, including bread, pasta and biscuits (Khan et al., 2013; Stefoska- Needham
et al., 2016; Yousif et al., 2012).

In recent years, public and private sector sorghum breeding programs have released
many improved sorghum varieties that are adapted to semi-arid and tropic
environments including cultivars that meet specific food and industrial requirements;
among these, sorghum hybrids with white grain from a tan-color plant (often called
“food-grade” sorghum) for production of gluten-free foods (Tuinstra, 2008).
Furthermore, epidemiological studies suggest that the consumption of whole cereal

grains, including sorghum, lowers the mortality from cardiovascular disease, which is

4
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probably linked to their antioxidant properties (Kushi et al., 1999; Awika & Rooney,

2004).

1.2.1 Agronomic and physical characteristics of sorghum

Sorghum (Sorghum bicolor (L.) Moench) (Fig.5) is a tropical C4 cereal grass,

belonging to the Poaceae family (Tab.1), related to sugar cane and maize. Like maize,

which in many respects it resembles, it is diploid with 2n = 2x = 20 chromosomes,

with a relatively small genome of 740 Mb (Paterson et al., 2009), only one-third the

size of maize.

Figure 5. Panicles of sorghum hybrids at Azienda Sperimentale Inviolatella (CREA-IT, Rome).

The genus Sorghum (Tab.1) is spread across the world but the important species for

cultivation is Sorghum bicolor.

Table 1. Botanical classification of the Sorghum bicolor.

Class Liliopsida (Monocotyledones)
Order Poales

Family Poaceae

Sub-Family Panicoideae

Species Sorghum vulgare
Synonymous Sorghum bicolor (L.) Moench.
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The species comprises an extremely variable group of cultivated and wild types
genotypes, categorized into five separate races and nine intermediate races. Around
the world, there are over 7,000 varieties of sorghum (Kangama & Rumei, 2005).

Sorghum can usefully be categorized according to end use:

- Broom sorghum (Sorghum vulgare var. technicum): the inflorescences,

deprived of the grain, and dried, are used for brooms and brushes;

- Sweet sorghum (Sorghum vulgare var. saccharatum): they are very tall plants,
with big buds and wide leaves, juicy and sugary stems due to the presence in
the marrow of considerable quantities of sucrose (15-20%). This sucrose is
always accompanied by significant amounts of invert sugar that inhibits
crystallization, therefore the sugar sorghum is not suitable for sugar
production, but it is used for the syrups or alcohol industries. The best varieties
have been selected in the United States, and is also grown in Italy;

- Forage sorghum (Sorghum vulgare var. saccharatum and Sudan grass): the

plant in its milky or waxy phases lends itself well to feeding livestock. The
plant has slender culms and considerable biomass with high sugar content
(ensiling);

- Grain sorghum: come from different hybrids, low plants (1-1.5 m), limited
tillering, naked kernels, without tannins. They are grown for their grain that is
widely used for human food in developing Countries or for feeding livestock
in developed Countries;

- Grassy sorghum: tall stems for grazing silage and hay.

As for the other cereals, the edible part in the sorghum is represented by the seeds. The
kernel is a naked caryopsis, typically 2-5 mm in length and 2-3 mm thick at the widest
point (Taylor & Belton, 2002). The kernel weight varies from 15 to 40 mg, and present
an extreme variability of the morphological characteristics, both in the form (round,
apiculata), and in the color (white, orange, rosy, red, brown) (Figs. 5 and 7). Each
panicle brings to maturation from 1,500 to 2,500 kernels.

The sorghum grain has three distinct anatomical structures called pericarp, endosperm
and germ (Fig.6). Some varieties have a fourth structure called testa, located between

the pericarp and the endosperm (Earp et al., 2004). Testa is an inner integument, which

6
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separates the pericarp from the aleurone layer, it is generally very thin and almost
invisible in low tannin sorghum varieties (Taylor & Belton, 2002), whereas it is darkly
pigmented and generally thicker in the high tannin sorghums (Serna-Salvidar &
Rooney, 1995).

The aleurone layer consists of a single layer of cells, which contains proteins and oil.
The main endosperm contains protein bodies and starch granules that are tightly

packed in a continuous matrix (Taylor & Belton, 2002).

Seedtip —

Endosperm Coleoptile

Plumule (shoot)

Aleurone layer Scutellum
Testa
Pericarp Radicle (root)

_- Coleorhiza

Figure 6. Section of sorghum kernel. Manual of good practice for the integrated
production of sorghum (Guiducci M., 2000).

Generally, the pericarp and the testa are composed of non-starch polysaccharides,
phenolic compounds (3-deoxyanthocyanidins, tannins and phenolic acids), and
carotenoids. The starch, proteins, B-complex vitamins, and minerals are located in the
endosperm (storage tissue); moreover, the germ (embryo) is composed of lipids, fat-
soluble vitamins, B-complex vitamins, and minerals (Earp et al., 2004; Slavin 2004;
Waniska & Rooney, 2000). However, the proportion and chemical composition of
sorghum anatomical structures depend on the variety and growing conditions
(Waniska & Rooney, 2000).
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Figure 7. Sorghum plants with two different colors: on the left hybrids with tannins (red

panicles), on the right, without tannins (white panicles).

The sorghum appears to be very similar to maize, but, in order to germinate, the
sorghum plant needs soil temperature of at least 14 °C, whereas for the corn 12 °C are
sufficient. Sorghum is also well suited to heavy clayey with a mediocre structure; it
tolerates a wide range of acidity (from pH 5.5 to 8.5) and high salinity. Sorghum
maturation goes through the same phases described for other cereals: milky, waxy and
physiological maturation. The biological cycle of sorghum is very similar to maize.
The periods of achievement of the different stages of development are very variable in
relation to the time of sowing, the environment and the precocity of the variety; the
complete cycle in Italy ranges from 90 days in the early varieties to over 150 days in

the late varieties (Fig.8).

8
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Figure 8. Vegetative cycle of sorghum from ‘Manual of good practice for the integrated
production of sorghum’ (Guiducci M., 2000).

Once the physiological maturation has been reached, the grain is rapidly dried, and in
the early varieties cultivated in Italy, the desiccation is complete, so at harvest the
moisture of the grain is almost lower than the standard value of 14% (Guiducci, 2000).
The sorghum harvest occurs using the same combine harvesters of wheat.

The average productions are variable as sorghum is a dry summer crop. However, with
the refinement of cultivation techniques (especially about sowing and the choice of
hybrids) and the concentration of the crop in the most suitable areas, sorghum can
provide permanently yields of 5-6 t ha™without irrigation subsidy, with tips of 8-9 t
hal in favorable environments or with limited irrigation aid. Making a comparison
with the dry maize crop, of which sorghum should be the substitute, it is interesting to
highlight that in favorable environments the sorghum is similar to corn in production,
whereas in drought years it surpasses it a lot, because sorghum plant is able to enter
into vegetative stasis, slowing down the vital processes and then recovering them with
limited damage as soon as the most favorable water conditions have been restored (in
corn water stress stops the growth irreparably).

Thus, this cereal represents a valid alternative to maize especially in areas where poor
irrigation, reduced summer rainfall and infestations of Fusarium make it unproductive.
The precise reasons of sorghum drought tolerance are not known, but this ability is
due to physiological and morphological causes. Sorghum often has deeper penetrating

and more extensive roots. Apparently, it conserves moisture by reducing transpiration
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when stressed by leaf rolling and closing stomata; higher than normal levels of
epicuticular wax appear to be of importance in this respect (Jordon & SuHivan, 1980).
Sorghum appears to have a higher capacity for osmotic adjustment to water stress (the
accumulation of sugars and amino acids in cells to hold water and maintain turgor
pressure) than maize (Nguyen et al., 1997).

Among the abiotic adversities, which can damage sorghum, there are excessive rainfall
during germination and low temperatures at the beginning of the vegetative phase,
which can accentuate the attacks of aphids on young seedlings. In fact, the seed in
germination is very sensitive to excess water and low temperatures that cause severe
thinning and scalar births, often compromising the uniformity of the crop.
Furthermore, the plant lodging due to bad weather events causes damage to the crop
as the interruption of apical dominance can lead to the emergence of adventitious
shoots and affects the harvest, however this phenomenon does not occur in low and
robust varieties.

Different varieties of sorghum, despite having optimal components for feeding, are
characterized by the presence of tannins. Although tannins play a role of considerable
importance before harvesting, as they give the grain characteristics of repellency to the
attack of birds and resistance to mold, currently the market requires grains of sorghum
free of tannins, focusing on white or rosy grain types.

The sorghum grain to be marketable in the European Union must have a low tannin
content, which presence lowers the digestibility of proteins. Therefore, the hybrids that
had been selected for high tannin content, in order to make them resistant to the
predation of the birds (BR: Bird Resistant hybrids), at present are dismissing. All
sorghum hybrids currently on the market, in fact, are free of tannins, regardless of the
color of the grain. Moreover, as sorghum is a safe cereal for celiac patients (Ciacci et
al., 2007), its flour is an attractive alternative to wheat flour for the celiac market
because of its neutral flavor and the use of hybrids with a white pericarp. Indeed, these
white grain sorghum lines produce a flour similar for the color to wheat flour (De Mesa
et al., 2010).

The sorghum crop, as for the maize, must include hybrid varieties, for their superior
qualities of uniformity and vigor, and therefore of productivity. Sorghum hybrids,

which experience has shown to be the most suitable and reliable in Italy, are those with
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a medium-early cycle corresponding to 105-110 conventional days (Bonciarelli &
Bonciarelli, 1994). In the last 10 years the agricultural area destined to cereal crops
decreased from a total surface of about 4 million hectares in 2008 to just over 3 million
in 2017, almost 25% in less (Istat 2017) (Fig.9).The decrease concerned the main crops
such as wheat, barley, maize and oats, almost unaltered for rice, whereas a slight
increase is highlighted for sorghum, from 38600 to 40900 ha ( +16.7% ) and in other
cereals (Fig.9).

Crops Areas (ha x 1000)
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1304,9
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991,5
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645,7
330,5
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, 224,2 x
147,6 i -IIEI
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Figure 9. Histograms of major cereal crops areas in Italy in 2008 (blue) and 2017 years
(red) (Istat 2017).
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Figure 10. Pie chart of major cereal harvest production in Italy in 2017
year (Istat 2017.)
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However, the sorghum crop remains somewhat marginal in Italy, in 2017, its
production at harvest was equal to just over 2.4 million quintals, representing about
1.5% of total cereal production (Fig.10), three quarters of this come from Emilia
Romagna (Istat 2017).

1.2.2 Chemical and nutritional composition of sorghum

The chemical composition of whole sorghum is very interesting from a nutritional
point of view for its contents in fibers, proteins, lipids and polysaccharides; moreover,
energy value of 100g of sorghum grains varies between 296 and 356 kcal (Martino et
al., 2012). In this crop, starch and proteins are more slowly digested than that of other
cereals. Furthermore, most sorghum varieties are rich in phenolic compounds,
especially 3-deoxyanthocyanidins and tannins, and they are a source of some minerals

and vitamins.

1.2.2.1 Carbohydrates

The content and composition of starch are influenced by the genetic characteristics and
growing conditions of the grain (Hill et al., 2012). The starch content of sorghum
resides mainly in the endosperm and is distributed between the floury endosperm in
the middle of the seed and the glassy endosperm in the outer regions. The granules
have a large range of sizes (from 30 to 2-3 um), with typical values about 10-16 pum
range, often misshapen due to the compressive effects of contact with the protein
bodies and as a result may take on complex shapes (Taylor & Belton, 2002). It is
characteristic of all starches that they swell when exposed to hot water and, if the
temperature increases sufficiently, they will gel. Typical gelling temperatures for
sorghum starch cover the range 68-78°C for onset to completion of gelation; this is
similar but slightly higher than the range for normal maize starch (Becker & Hanners,
1991).

In some varieties, starch ranges between 32 and 72.5 g/100g and is composed mainly
of amylopectin (81.0-96.5%) and amylose (3.5-19.0%) (Shegro et al., 2012; Udachan
et al., 2012). The proportion of these two components affects the rheological
proprieties as gelatinization, retrogradation and gelling, and consequently the
digestibility of sorghum starch (Sang et al., 2008; Singh et al., 2010a). Moreover,
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among cereals, sorghum has the lowest starch digestibility due to the strong association
between its granules and proteins and tannins (Barros et al., 2012; Mkandawire et al.,
2013).

The non-starch polysaccharides of sorghum (6 to 15 %) include insoluble fibers (75-
90%), mainly arabinoxylans, and soluble fibers (10-25%) (Martino et al., 2012; Taylor
& Emmambux, 2010). The total sugars content present in the sorghum varies
according to the different stages of plant development and the main sugars found in
the mature seed are sucrose, glucose and fructose. Raffinose, glucose and fructose are

present in greater quantities in the varieties of sugary sorghum.

1.2.2.2 Proteins

Sorghum grain has protein content varying from 7% to 15%, with an average of 10%
(Bean et al., 2011). Sorghum proteins can be broadly classified into prolamin and non-
prolamin proteins. Kafirins, the major storage proteins, are classified as prolamins, and
as such, they contain high levels of proline and glutamine and are soluble in nonpolar
solvents such as aqueous alcohols. Kafirins account for 77% to 82% of the protein in
the endosperm, whereas non-prolamin proteins (albumins, globulins, and glutelins)
make up about 30% of the proteins (Belton et al., 2006).

Since maize and sorghum are closely related genetically, the large volume of research
on maize prolamins, called zein, has served as a framework for studying kafirins. Shull
and others (1991) utilized procedures developed for maize to characterize the proteins
of sorghum based on solubility, molecular weight, and structure. Thus, kafirins are
classified in a (66-84%), B (8-13 %), v (9-21%) and & (low levels). The a-kafirins are
divided into 2 groups of polypeptides with molecular weights (MW) of 23 and 27 kDa
and they are rich in nonpolar amino acids and are found primarily as monomers and
oligomers. These proteins do not crosslink extensively and form mainly intramolecular
disulfide bonds. The B-kafirins have a MW of approximately 18 kDa, they are rich in
the sulfur-containing amino acids methionine and cysteine, and they are found in
monomeric and polymeric forms. The y-kafirins have a MW of approximately 28kDa
and they are rich in the amino acids proline, cysteine, and histidine. These subunits are
found as oligomers and polymers. Both B- and y-kafirins form intermolecular and

intramolecular disulfide bonds and they are highly crosslinked. The d-kafirins have a
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MW of about 13 kDa and they are rich in methionine (Belton et al., 2006; Bean et al.,
2011). The kafirins are stored in the endoplasmic reticulum in spherical protein bodies,
between 0.4 to 2 um in diameter (Taylor et al., 1984), where the a-kafirins compose
the core and the - and y-kafirins decorate the periphery of these protein bodies, which
are embedded in a glutelin protein matrix and surrounded by starch granules. It is
thought that the organizational structure of the protein bodies has a major impact on
protein digestibility of sorghum food and feed products (Hicks et al., 2001). Overall,
the prolamins of sorghum, rich in glutamic acid and non-polar amino acids (proline,
leucine and alanine), are almost totally free of essential amino acids such as lysine.
Taylor and Belton (2002) reported an indicative table of the amino acid composition
of the different kafirine forms compared to the homologous corn proteins (Tab.2). In
recent years, the importance of kafirins as a potential source of protein for gluten-free
products has been recognized (De Mesa-Stonestreet et al., 2010). Yet, the low
digestibility of kafirins (Duodu et al., 2003; Afify et al.,2012b) and the poor
functionality due to their encapsulation in protein bodies (Hamaker & Bugusu, 2003)

hinder their use in food systems.

Table 2. Comparison of amino acid content (% moles) in kafirins and zeins. (Taylor &
Belton, 2002).

Aminoacid  a-Zein a-Kafirin f-Zein f-Kafirin y-Zein  y-Kafirin

Asn 5.3 6 25" 3.3° 0 0

Asp 0 0.4 0 0

Thr 2.8 4 2.5 4.6 4.4 47
Ser 6.9 6 5 4.6 3.9 5.2
Gln 20.7 24.6 18.1° 17.79° 14.7 11.9
Glu 0.8 0.4 1 1

Pro 8.9 7.7 8.8 9.7 25 233
Gly 0.8 1.6 8.8 6.8 6.4 8.8
Ala 13.8 14,9 13.8 13.4 49 5.7
Cys 0.4 0.4 4.4 4.9 7.4 7.8
Vval 6.9 4.4 1.9 5.2 7.4 6.2
Met 2 0.8 11.3 5.7 0.5 1

Ile 45 5.6 0.6 2.3 2 2.6
Leu 17.1 15.3 10 12 9.3 8.3
Tyr 2.8 2.8 8.8 3 2 2.1
Phe 3.3 2.4 0 1.9 1 1.6
His 1.2 1.2 0 0.9 7.8 7.8
Lys 0 0 0 0.5 0 0

Arg 1.6 0.8 3.1 2.7 25 21
Trp 0 0.4 N ¢ 0 0

* Asn+ Asn expressed as Asn.
® Gln + Glu expressed as Gln.
“ Not given,
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Thus, several approaches to achieve efficient food-grade extraction methods to isolate
functional kafirins have been performed (Espinosa-Ramirez et al., 2017).

Moreover, the digestibility of sorghum proteins, especially after cooked, is lower than
cereals like wheat and maize (Moraes et al., 2012), indeed the kafirins are resistant to
peptidase due to the formation of intramolecular disulfide bonds (Belton, et al., 2006),
making them less available for the body to use.

In addition, Duodu et al. (2003) reviewed also exogenous factors for sorghum protein
digestibility, i.e. interactions of proteins with non-protein components such as
polyphenols, starch, non-starch polysaccharides, phytates and lipids, and cooking
enhanced these interactions reducing protein digestibility, hence the poor digestibility
appears to be multi-factorial.

For celiac patients who typically suffer from malnutrition due to poor nutrient
absorption, it is even more important for nutrients to be more readily available. Thus,
a challenge exists to make sorghum proteins more digestible.

The studies on the highly digestible mutant sorghum cultivar P851171 showed that the
invaginations with a greater surface area for enzymatic digestion gave highly
digestible a-kafirins, more homogenously dispersed throughout the interior of the
protein body rather than simply localized in the central portion; and the poorly
digestible y-kafirins were concentrated at the base of the invaginations of the protein
body rather than at the protein body periphery encapsulating a-kafirins like in normal
sorghum cultivars (Oria et al., 2000).

Starch affects sorghum protein digestibility differently. Although the bulk of the
literature suggests that sorghum proteins inhibit starch gelatinization and its digestion
(Duodu et al., 2002; Ezeogu et al., 2008), the presence of starch mutually reduces
sorghum protein digestibility (Duodu et al., 2003; Wong et al., 2009).

Oom and others (2008) studied the rheological properties of kafirins in a viscoelastic
dough system. Their study showed that although the extensional viscosity of isolated
kafirin dough immediately after mixing was similar to those found in gluten-based
dough, it became rapidly stiff over time, probably due to disulfide crosslinking of
kafirin monomers. When kafirin was mixed with starch and water, however, no dough
could be formed. The researchers inferred that kafirin’s inability to form composite

viscoelastic doughs could be a result of its extremely hydrophobic nature.
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Unlike the major prolamins of wheat (glutenins and gliadins), rye (secalins), and barley
(hordeines), the kafirins do not trigger an allergic response or an autoimmune reaction
in humans (De Mesa-Stonestreet et al., 2010). In addition to the qualitative evidence
based on the type of proteins found in sorghum, there is genetic evidence that it has
characteristics that do not allow the expression of toxic peptides related to gliadin
(Pontieri et al., 2013). Thus, sorghum is an effectively safe cereal for consumption by

people with celiac disease.

1.2.2.3 Lipids

The lipids of sorghum like those of other cereals are mainly located in the germ
although there are smaller amounts present in the endosperm (Taylor & Belton, 2002).
Therefore, most of the lipid content is removed as a result of the decortication process
(Smith et al., 2000).

In sorghum the variation of total lipid content (range from 2 up to 6.6% of dry seed)
(Taylor & Belton, 2002) and their composition, mainly composed of unsaturated fatty
acids (83-88%), depends on cultivar type, location and also on the methods of
extraction (Osagie et al., 1987).

The three major classes of lipids may be classified as non-polar lipids, glycolipids and
phospholipids. In most of the varieties of sorghum the polyunsaturated fatty acids
(PUFA) are higher than monounsaturated fatty acids (MUFA) (Afify et al., 2012a).
The principal fatty acids of sorghum are linoleic (46-51%), oleic (32-42%), palmitic
(12-16 %), and linolenic acids (1.4-2.8%) (Cardoso et al., 2017).

Lee et al. (2011) reported that the total lipid content in the whole grain of sorghum is
comparable or superior to that of other common cereals, such as maize (4.7%), wheat
(1.7%), barley (1.2%) and rice (0.6%).

As for other cereals, the triacylglycerols, which constitute the energy reserve for
germination, represent the group of most abundant lipids in sorghum seeds (10-25%),
and are represented by both oils and waxes. Linoleic acid, oleic acid and palmitic acid
are reported as the main fatty acids present in the sorghum seed, but their relative
percentages vary, probably due to intrinsic and extrinsic factors (Lee et al., 2011).
The data on the sterols, on the other hand, are inferior, even if the attention to these

compounds is increasing given the relationship between phytosterols and some
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beneficial effects on health, such as the lowering of cholesterol levels and possible
anti-tumor properties. According to the evidence reported for other cereals, even in
sorghum the sterols exist in free and in esterified form, but the total content of these
compounds is in any case lower than that of maize (Lee et al., 2011). The main sterols
in sorghum is B-sitosterol (54%), followed by the stigma sterol (23%). It is also
reported in the literature that sorghum contains from 0.03 to 0.08mg per 100g of a-
tocopherol. The waxes are on the outer side of the caryopsis in an amount equal to
0.2% (Smith et al, 2000).

1.2.2.4 Minerals and vitamins

The mineral and vitamin compositions of sorghum are similar to that of maize.
Sorghum is a source of minerals (phosphorus, potassium, and zinc) whose content
varies according to the place of cultivation (Martino et al., 2012; Shegro et al., 2012;
Silva et al., 2012), while calcium and sodium are low (Smith et al., 2000).

The bioavailability of most minerals of sorghum is still little known and information
on the content of vitamins is scarce; some B-complex vitamins (thiamine, riboflavin
and pyridoxine), except vitamin B12 (Smith et al, 2000), and fat soluble vitamins (D,
E, and K) are present in this cereal (Cardoso et al., 2014; Martino et al., 2012; Ochanda,
et al., 2010).

Smith et al. (2000), reported that mature kernels do not contain vitamin C, and the
decortication process reduces the content of fat-soluble vitamins, which are mainly
found in the germ, whereas only the caryopsis with the yellow endosperm have pro-
vitamin A activity. Niacin, on the other hand, is present in free form and in a bound

form and alkaline treatment promotes bioavailability.

1.2.3 Bioactive Compounds in sorghum

Recently, interest in bioactive compounds has increased exponentially since it is
understood how they can beneficially influence human health. Although they are not
nutritious in the classical sense, they are defined as substances capable of modulating
numerous biological activities and important functions of the organism. Bioactive
components (or phytochemicals) include polyphenols, carotenoids, fiber and resistant

starch.
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Baye (2014) underlines how, among dietary factors, phytochemicals, such as
polyphenols and phytates, constitute major mineral absorption inhibitors and hence
were, for a long time, referred to as anti-nutritional factors. However, in recent years,
the recognition of their health promoting effects including anti-diabetic, anti-cancer

and antioxidative properties made the term anti-nutritional factor obsolete.

1.2.3.1 Phenolic Compounds

Phenolic compounds are the most widely distributed secondary metabolites,
ubiquitously present in the plant kingdom; they help in the natural defense of plants
against pests and diseases. Located in the vacuole, they are found in free form or linked
to carbohydrates (glucose, galactose, rhamnose, mannose, rutinose etc.).

The phenolic compounds are the main bioactive compounds of sorghum with a variety
of genetically dependent types and levels including phenolic acids, flavonoids and
condensed tannins.

Among cereals, sorghum has the highest content of phenolic compounds reaching up
to 6% (w/w) in some varieties (Awika & Rooney, 2004). While all sorghums contain
phenolic compounds, its genotype and the environment in which it is grown influence
the amount present in any cultivar.

As reported by Dykes & Rooney (2006) all sorghums contain phenolic acids and most
contain flavonoids, but only varieties with a pigmented testa have condensed tannins.
The types and quantities of phenols present in the grain are genetically controlled.
Sorghum genetics relevant to tannins and phenols has been reviewed by Rooney et al.
(1982). The pericarp color of the sorghum kernel is controlled by the R and Y genes.
A pericarp is white when Y is homozygous recessive (rryy or R_yy), whereas a yellow
pericarp has recessive R and dominant Y genes (rrY_). When both R and Y genes are
dominant, the pericarp is red. The intensifier gene | affects the intensity of the pericarp
color and is most apparent in red sorghums (Dykes & Rooney, 2006). Pericarp color
is not a reliable indicator of tannins in sorghums (Boren & Waniska, 1992). It is
erroneously believed that all sorghums with a red/brown pericarp contain tannins.
Sorghums with white, yellow, red, or brown color pericarp may or may not have
tannins depending upon the presence of a pigmented testa, which is controlled by the

B1 and B2 genes. Sorghums with a pigmented testa must have both dominant genes
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(B1_B2 ). The spreader gene S controls the presence of brown pigments, possibly
tannins, in the epicarp and endocarp when a pigmented testa is present (Blakeley et al.,
1979). The levels of condensed tannins are highest in sorghums containing dominant
B1_B2_SS genes; these sorghums have high bird and mold resistance.

Sorghum varieties are divided into three groups based upon their genetics and chemical
analyses (Rooney et al., 1982). Type | sorghums (b1b1B2_, B1_b2b2, blb1lb2b2) do
not have a pigmented testa, and contain low levels of phenols and no tannins. Types Il
and 11l both have a pigmented testa and contain tannins. The tannins in Type Il
sorghums (B1_B2_ss) are extracted with acidified methanol (1% HCI methanol) while
the tannins in Type Ill sorghums (B1_B2_S ) are extracted with either methanol or

acidified methanol when using the vanillin/HCI assay.

1.2.3.1.1 Phenolic acids

All sorghums contain phenolic acids (PA), that, like other phenols, are thought to help
in plant defense against pests and pathogens (Dyckes & Rooney, 2006).

Phenolic acids consist of two classes: hydroxybenzoic, directly derived from benzoic
acid, including gallic, p-hydroxybenzoic, vanillic, syringic, and protocatechuic acids,
and hydroxycinnamic acids, a C6-C3 structure including coumaric, caffeic, ferulic,
and sinapic acids.

Hahn et al. (1984) identified free and bound phenolic acids in sorghum. Free phenolic
acids were found in the outer layers of the kernel (pericarp, testa, and aleurone),
whereas the bound phenolic acids, the most frequent form, were associated with the
cell walls with ferulic acid being dominant (24-47%).

The content of phenolic acids in some sorghum varieties ranged between 135.5 and
480 pg/g (Afify, et al., 2012c; Chiremba, et al., 2012), with major amounts of the
protocatechuic (150 to 178 ng/g) and ferulic (120.5 to 173.5 ug/g) acids and small
amounts of the p-coumaric (42 to 72 pg/g), syringic (15.5 to 17.5 ug/g), vanillic (15 to
23 pg/g), gallic (15 to 21.5 pg/g), caffeic (13.5 to 21 pg/g), cinnamic (10 to 15.0 ng/g),
and phydroxybenzoic (6 to 16.5 ug/g) acids (Afify, et al., 2012c; Svensson, et al.,
2010).

The PA show good antioxidant activity in vitro and thus may contribute significantly

to the health benefits associated with whole grain consumption, especially in white
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sorghum varieties which normally show very low levels of flavonoid content (Awika
& Rooney, 2004).

1.2.3.1.2 Flavonoids and sorghum anthocyanins

Most flavonoids of the sorghum are located in the outer layers of the grain. Thus,
differences in the color and thickness of the pericarp and presence of the testa influence
the concentration and profile of flavonoids (Awika et al., 2005; Dykes et al., 2009).
Three classes of flavonoids are in large quantities in sorghum: anthocyanins, flavones
and flavanones.

Many sorghum flavonoids have been isolated and identified, among these the
anthocyanins are the major class studied in sorghum.

Anthocyanins have been extensively detected in fruits and vegetables due to their
antioxidant properties and potential as natural food colors. In general, this class of
compounds contributes the blues, purples and reds in plants. The six common
anthocyanidins are cyanidin, delphinidin, malvidin, pelargonidin, petunidin, and
peonidin.

Unlike these common anthocyanins, sorghum anthocyanins are unique since they do
not contain the hydroxyl group in the 3-position of the C-ring (Fig. 11) and thus are
called 3-deoxyanthocyanins, corresponding up to 79% of the flavonoids’ content
(Dykes & Rooney, 2006; Shih et al., 2007).

Therefore, sorghum 3-deoxyanthocyanidins have a differentiated structure due to the
absence of the hydroxyl group and this unique feature increases their stability at high
pH compared to the common anthocyanins, which render these compounds as potential
natural food colorants (Awika & Rooney, 2004; Dykes et al., 2009).

The most common sorghum3-deoxyanthocyanidins are the yellow apigeninidin, and
the orange luteolinidin (Awika et al., 2004a,b). Moreover, sorghums with a black
pericarp present the highest levels of 3-deoxyanthocyanins; indeed it was detected that
varieties with pericarp and black testa have 3 to 4 times more total 3-
deoxyanthocyanidins than red and brown varieties, which are concentrated in the bran
(Awika et al., 2004a,b; Dykes et al., 2005).
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Finally, the 3-deoxyanthocyanidins are also phytoalexins since they are produced as a
response to mold invasion or other stresses in sorghum (Lo et al., 1999; Seitz, 2004;
Waniska & Rooney, 2000).

HO \]\//\\\V/OQI/\‘\\\// o
\f--ﬁx‘?/ o

OH
Apigeninidin: R1 = H; R2 = OH; R3 = OH Pelargonidin: R1 =H; R2=H
Apigeninidin 5-glucoside: R1 = H; R2 = OGIle; R3 = OH Cyanidin: R1 = OH; R2 =H
5-Methoxyapigeninidin: R1 = H; R2 = OCH,; R3 = OH Delphinidin: R1 = OH; R2 = OH

7-Methoxyapigeninidin: R1 = H; R2 = OH; R3 = OCH, F‘eoni?ih: R1=0CH; R2=H
7-Methoxyapigeninidin 5-gluceside: R1 = H; R2 = OGlc; R3 = OCH, Petunidin: R1 = OCH,; R2 = OH
Luteolinidin: R1 = OH; R2 = OH; R3 = OH Malvidin: R1 = OCH,; R2 = OCH,
Luteclinidin 5-glucoside: R1 = OH; R2 = OGlc; R3 = OH

SeMethoxylutealinidin: R1 = OH; A2 = OCH,4; R3 = OH

5-Methoxyluteolinidin 7-glucoside: R1 = OH; R2 = OCH,; R3 = OGlc

7-Methoxyluteolinidin: R1 = OH; A2 = OH; R3 = OCH,

Figure 11. Structures of the 3-deoxyanthocyanidins and their derivatives reported in sorghum

compared to the six common anthocyanidins found in fruits, vegetables and some cereals.

1.2.3.1.3 Tannins (proanthocyanidins)

Sorghum  contains  polyphenolic compounds called condensed tannins
(proanthocyanidins), originally classified as antinutritional factors because they bind
to dietary proteins, digestive enzymes, minerals such as iron and B vitamins like
thiamin and vitamin B6, but in the last years re-evaluated for possible beneficial effects
on human health (Parr & Bolwell, 2000; Awika et al. 2004a).

The tannins in high tannin sorghum are agronomically advantageous as they protect
the crop against birds, pre-harvest germination, weathering effects and likely fungi and
bacteria (Serna-Saldivar & Rooney, 1995).

They are present in sorghums having a pigmented testa, occur primarily in the

pigmented inner integument (testa) and to a limited extent in the pericarp, and are

21
%s /a/wh.



Tesi di dottorato in Bioingegneria e Bioscienze, di Elena Galassi,

discussa presso I'Universita Campus Bio-Medico di Roma in data 28/05/2019.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte.

Chapter 1: Introduction

absent in white and colored sorghums without a pigmented testa (Anglani, 1994;
Taylor & Belton, 2002).

Tannins of sorghum are almost exclusively of the ‘‘condensed’’ type. They are mainly
polymerized products of flavan-3-ols and/or flavan-3,4-diols. Glycosylated and non-
glycosylated polymers of flavan-4-ols with various substitution patterns have also
been reported in sorghum (Gujer et al., 1986).

Tannins are the most important phytochemical components of sorghum since they
possess properties that produce obvious and significant effects in animals and have
also been associated with various positive and negative impacts on human health. Even
though tannins are commonly associated with sorghums, more than 99% of sorghum
currently produced in the US is tannin-free. Decades of breeding efforts to eliminate
tannins from sorghum were motivated mostly by the reduced feed value of the tannin
sorghums. Tannins bind to and reduce digestibility of various food/feed nutrients, thus
negatively affecting productivity of livestock. However, in many other parts of the
world where pests and diseases are common, tannin sorghums are still grown in
significant quantities since they are more tolerant of such conditions than the non-
tannin varieties (Awika & Rooney, 2004).

As already described above, based on extractable tannin content, sorghums have been
classified as type | (no significant levels of tannins extracted by 1% acidified
methanol), e.g., TX2911 (red pericarp), type Il (tannins extractable in 1% acidified
methanol and not methanol alone), e.g. Early Hegari and, type 111 (tannins extractable
in both acidified methanol and methanol alone), e.g. Early Sumac variety (Cummings
& Axtel, 1973; Price et al., 1978). However, this classification does not account for
the varying levels of other major phenolic constituents, especially anthocyanins.
Another broad way to classify sorghum is based on both appearance and total
extractable phenols: white sorghums (also called food-type) with no detectable tannins
or anthocyanins and very low total extractable phenol levels; red sorghums which have
no tannins but have a red pericarp with significant levels of extractable phenols; black
sorghums with a black pericarp and very high levels of anthocyanins and the brown
sorghums which have a pigmented testa and contain significant levels of tannins, with

varying degrees of pericarp pigmentation.
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1.2.3.2 Carotenoids

Carotenoids are pigments naturally present in plants, liposoluble, yellow or orange.
They have a terpene structure and are classified into two large structural groups:
carotenes, which have a hydrocarbon molecular structure (beta carotene and lycopene),
and xanthophylls, such as lutein, zeaxanthin, luteoxanthine and neoxanthine. Several
studies have linked rich diets in carotenoids to a reduced risk of developing various
chronic and degenerative diseases, including cancer and cardiovascular disorders
(Kean et al., 2007).

Yellow endosperm sorghums contain carotenoids, including (-carotene which is
considered the most important precursor of vitamin A, since one molecule can
potentially be transformed into two molecules of retinol. Vitamin A deficiency affects
approximately 250 million people in semiarid regions of Africa and Asia, where
sorghum (S. bicolor Moench) is a major staple crop, even though p-carotene content
would not be sufficient to cover daily requirement of vitamin A.

Several studies have been carried out on carotenes, Reddy et al. (2005) reported that
carotene in raw sorghum ranged from 0.6 to 1.1 mg/kg, also, Salas Fernandez et al.
(2008) found that yellow endosperm sorghum had p-carotene ranged from 0.2 to 3.2
mg/kg, and Afify et al. (2012c) found similar values (0.5-1.2 mg/kg) in their white
sorghum varieties. Furthermore, Thaddi & Nallamilli in a 2014 study compared the
carotenoid content in sorghum varieties with and without pigmented head, and report

that pigmented genotypes had higher carotenoid values than those without.

1.2.3.3 Fiber

Sorghum is a rich source of fiber. Fiber is a plant material that is resistant to digestive
enzymes of the gastro-intestinal tract. The main components of the fiber are cellulose,
hemicellulose, lignin and pectin, which are located in the pericarp and in the
endosperm cell wall (Smith et al., 2000), with a structural role and a protective
function.

Fibers can be divided into two main categories: soluble fibers and insoluble fibers.
Sorghum contains high levels of insoluble fiber (86% of the total fiber) and low levels

of soluble fiber, with low levels of B-glucans, the main components of the latter.
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Sorghum contains from 6.5 to 8% of insoluble fiber and from 1.1 to 1.23% of soluble
fiber.

The main components of sorghum fiber are cellulose and pentosans. The cellulose
levels reported are between 1.2 and 5.2% (Ragaee et al., 2006). The pentosane content
of integral sorghum ranges from 2.5 to 5.5%, the variation of which depends on
environmental factors and on the variety (Ragaee et al., 2006).

Thus, the fiber content in the sorghum products mainly depends on the degree of

removal of the pericarp during milling (Smith et al., 2000).
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1.3 TEFF [ERAGROSTIS TEF/(ZUCC.) TROTTER (1918)]

Teff [Eragrostis tef (Zucc.) Trotter] is an ancient tropical cereal that has its center of
origin and diversity in the Northern Ethiopian highlands from where it is believed to
have been domesticated (Seyfu, 1997; Demissie, 2001). Teff is a minor cereal crop
worldwide, whereas in Ethiopia constitutes the staple food for more than half of the
Ethiopian population, mainly used to make injera, a traditional fermented Ethiopian
pancake. In this Country, teff crop occupies an estimated annual acreage of more than
3 million ha of the 8 million hectares used to cultivate cereals, annually (Central
Statistical Agency, CSA, 2005-2013); approximately 3.8 million tons of the crop is
produced per year, reaching 4.2 million tons in 2015 in Ethiopia (Ethiopian
Agricultural Transformation Agency, 2016), and most is used for domestic
consumption. Nutritionally, teff contains higher amounts of the essential aminoacids,
its lysine content is higher than that of all other cereals except rice and oats, and its
mineral content is substantial (Seyfu, 1997). Teff holds a central place in Ethiopia’s
cultural dishes and fetches the highest market price among cereals. While teff is
Ethiopia’s key cereal in terms of cultivation, contribution to food security, nutrition
and culture, teff has seen little improvement in terms of breeding, for example for the
development of lodging-resistant, high-yielding varieties. The crop is versatile in that
it is adapted to diverse agro-ecological conditions due in part to its resilience to abiotic
stresses such as drought and water logging (Assefa et al., 2011). Teff cultivation in
Ethiopia is almost exclusively rain-fed, and it is grown on different soil types including
poorly drained vertisols that are marginal for most other crops.

Time series data of the Central Statistical Agency (2005-2013) show that the
productivity of the crop has increased by 30% in a single decade from about 1.0 t ha*
in 2005 to about 1.3 t ha® in 2013. This increase in productivity can be attributed to
progress made unconventional breeding and to adoption of improved varieties and
production packages. Teff seeds remain viable for several years provided that direct
contact with moisture and sunshine is avoided, furthermore in comparison with other
common cereals, teff grain is less prone to attacks by weevils and other storage pests.
Thus, it can be safely stored under traditional storage conditions with no chemical

protection (Gebremariam et al., 2014).
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Teff flour is a wholemeal because of the very small grain size, hence the flour is rich
in fiber due to the incorporate of the bran components, it is also a source of bioactive
compounds such as polyphenols (Shumoy & Raes, 2016). As a result of the unique
chemical composition and the whole grain form, a range of health benefits have been
associated with teff (Zhu, 2018).

Moreover, very recently teff has gained prominence as a food crop in other parts of
the world, this interest is mainly associated with its gluten-free property and its nutrient
composition, comparable or better than those of other common cereals (Cheng et al.,
2017).

Beyond its uses as a staple food, teff plant residues such as its straw are commonly
used as fodder for livestock or construction materials to reinforce houses built from
mud or plaster (Stallknecht et al., 1993). The straw can be treated for biomethane
production and may be used as an adsorbent of Cr(VI) in contaminated waste waters
(Chufo et al., 2015; Tadesse et al., 2015). Therefore, comprehensive and green

utilization of teff without generating much waste is possible.

1.3.1 Agronomic and physical characteristics of teff

Teff is also commonly written as tef, in this thesis teff is used to follow the
nomenclature of Encyclopedia of Food Grains (Bultosa, 2016).

Teff belongs to the grass family Poaceae, sub-family Chloridoideae, used
synonymously for Eragrostoidae of teff (Costanza et al., 1979), tribe Eragrostidae, sub-

tribe Eragrostae, and genus Eragrostis (Tab.3).

Table 3. Botanical classification of Eragrostis tef.

Class Liliopsida (Monocotyledones)
Order Poales

Family Poaceae

Sub-Family Chloridoideae (Eragrostoidae)
Genus Eragrostis

Species Eragrostis tef (Zucc.) Trotter
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The genus Eragrostis comprises about 350 species (Watson & Dallawitz, 1992).
Although the crop species have had several synonyms previously used by several
authors, its presently most accepted binomial nomenclature is E. tef (Zucc.) Trotter. In
cultivation as a cereal, teff is the only species in the genus Eragrostis and, together
with finger millet (Eleusine crocana L.), they constitute the sole two species in the
sub-family Chloridoideae cultivated for human consumption of the grains (Assefa et
al., 2011).

As already mentioned, Ethiopia is the centre of both the origin and diversification of
teff, and its domestication is predicted to have occurred between 4000 and 1000 BC
(Vavilov, 1951). Teff is an allotetraploid (2n=4x=40) autogamous small cereal crop
widely cultivated in the Horn of Africa (Eritrea and Ethiopia), originating from two
diploid progenitors (Jones et al., 1978). At present, the exact diploid progenitors of teff
are still unknown, although the majority of studies on morphological, anatomical,
cytological and biochemical characters suggest that teff is closely related to Eragrostis
pilosa, a wild allotetraploid characterized by its early maturity and seed shattering. E.
pilosa is also the only species known to be cross-compatible with modern teff varieties
(Costanza et al., 1979). This evolutionary relationship was further supported by the
DNA sequence data of the nuclear waxy gene and plastid locus rpsl6 reported by
Ingram and Doyle (2003). Hinged on partial sequences of the waxy gene, a
phylogenetic tree has been constructed to reveal the evolutionary relationships
between teff and other grasses (Fig.2). The closest cultivated species to teff is finger
millet (Eleusine coracana), and the closest subfamily to teff is Panicoideae including
maize, sorghum (Sorghum bicolor) and pearl millet (Pennisetum glaucum)
(Cannarozzi et al., 2014).

Teff is the first sequenced member of its subfamily. The teff genome is a medium-
sized tetraploid genome of approximately 0.7Gb, i.e. relatively small compared to
other polyploid crops such as maize (diploid, 2.4 Gb) and wheat (hexaploid, 16.8Gb)
(Cannarozzi et al., 2014).

Like sorghum and maize, teff is a C4 plant which utilizes CO- very efficiently during
photosynthesis. It has a fibrous root system with mostly erect stems, although some
cultivars are bending or elbowing types. The sheaths of teff are smooth, glabrous, open

and distinctly shorter than the internodes. Its ligule is very short and ciliated while its
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lamina is slender, narrow and nearly linear with elongated acute tips. It has a panicle
type of inflorescence showing different forms, from loose to compact, the latter
appearing like a spike (Figs. 12A and 12B). The plant height varies from 31 to 155 cm
and the panicle length from 14 to 65 cm (Dawit & Hirut, 1995). The number of
spikelets per panicle ranged from 190 to 1400, and its spikelets have 2-12 florets. Each
floret has a lemma, palea, three stamens, an ovary and mostly two, in exceptional cases
three, feathery stigmas (Seyfu, 1997).

Figure 12. Panicles of teff, white(A) and brown(B) grain, grown at
CREA-IT, Rome.

The numbers of days to heading and maturity ranged from 25 to 60 and 60 to 120
respectively (Assefa et al., 2015). Fertilization was found to occur in the basal floret
of a spikelet when that floret was at the base of the flag leaf blade. The maturation of
flowers is basipetal on the panicle and on each branch, while acropetal on the spikelet
basis. The flowers of teff are hermaphroditic with both the stamens and pistils being
found in the same floret. Florets in each spikelet consist of three anthers, two stigmas
and two lodicules that assist in flower opening. Teff is a self-pollinated chasmogamous
plant. The degree of outcrossing in teff is very low, 0.2-1.0% (Seyfu, 1997). The word
teff is thought to have been derived from the Amharic word teffa which means “lost”
due to small size of the grain and how easily it is lost if dropped. Indeed, teff is possibly

the smallest cereal, the grain is oval-shaped with size 0.9-1.7 mm (length) and 0.6-1.0
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mm (diameter) (Bedane et al., 2015). The average thousand kernel weight (TKW) of
12 teff varieties tested by Bultosa (2007) was 0.264 g (Tab.4)

Table 4. Teff grain characteristics. Bultosa 2007 (data); Helbing 2009 in Gebremariam et al.
2014 (photo).

Scanning electron microscope (SEM)
image of a longitudinal section of a teff
grain with germ and endosperm

Average of 13 teff varieties

Length (mm) =1.17
Width (mm) = 0.61
Percent of sample that passes
through sieves of different mesh size:
710 microns — 1.1
600 microns — 52.7
300 microns —45.3
250 microns — 0.1

The minuteness of teff grains has nutritional and technological implications. For
instance, as teff grains are difficult to decorticate, the cereal is consumed as a
wholegrain, improving nutrient intake for consumers. The color of teff can vary from

white (ivory) to dark brown (black) depending on the variety (Figs.12 and 13).

Figure 13. Plants of teff (white and brown grain) at Azienda Sperimentale
Montelibretti (CREA-IT, Rome).

Teff remains the main cereal crop in Ethiopia, favored by millions of local smallholder
farmers (Seyfu, 1997; CSA, 2014). As with many C4 crop plants, teff can be grown in
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a wide range of agroecological zones in Ethiopia, including arid and semi-arid areas
prone to drought and heat where maize, wheat and rice do not thrive. Its adaptability
to cold climates allows it to grow at altitudinal ranges between 800 and 3200m above
sea level (a.s.l) (Tefera, 2011). Beyond Ethiopia, countries such as Eritrea, USA, the
Netherlands and Israel produce small areas of teff as a grain crop (Spaenij-Dekking et
al., 2005a). On the other hand, South Africa, India, Pakistan, Australia, Uganda, Kenya
and Mozambique grow teff as a forage or pasture crop (Assefa et al., 2010).

Teff shows considerable phenotypic variation, with wide adaptation across a range of
agro-ecologies (Assefa et al., 2015). However, teff yields are low, with a mean national
yield of 1.47 t ha™t (CSA, 2014). The low yield of teff is attributed to its susceptibility
to lodging, frequent moisture stress, and poor agronomic management with few inputs.
Teff yield could be enhanced through selective breeding using locally adapted,
farmers-preferred, genetically complementary lines.

Abraha et al. (2016) reported the use of SSR markers to determine the genetic
relationships within 60 teff genotypes thereby, indicating their usefulness in genetic
studies and teff breeding programs. Marker-based identification and selection of the
distinct genotypes could be helpful for the development of improved teff varieties from

an agronomic point of view.

1.3.2 Chemical and nutritional composition of teff

The chemical composition of cereals varies widely and depends on the environmental
conditions, soil, variety and fertilizer. The importance of teff is mainly due to the fact
it has attractive nutritional profile and has no gluten found in other common cereals

such as wheat, barley and rye.

1.3.2.1 Carbohydrates

Starch is the major component of teff grain and may amount up to over 70% of the dry
weight (Emmambux & Taylor, 2013) and the starch content of teff is higher than that
of most other cereals. The amylose content of 12 teff varieties tested ranged from 20
to 26%, comparable to other grains, such as sorghum (Bultosa, 2007). Nonetheless, in
comparison to wheat, the in vitro starch digestibility of teff was found to be

significantly lower (Wolter et al., 2013). In line with this, the predicted glycemic index

30
%s /a/w.



Tesi di dottorato in Bioingegneria e Bioscienze, di Elena Galassi,

discussa presso I'Universita Campus Bio-Medico di Roma in data 28/05/2019.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte.

Chapter 1: Introduction

(GI) of teff (74) was significantly lower than that of white wheat (100) but comparable
to that of sorghum (72) and oats (71) (Wolter et al., 2013). This somewhat lower Gl
for teff than expected may be explained by its amylose content, lower starch damage,
and the possible formation of amylose-lipid complexes that can hinder enzymatic
access and thus starch digestibility (Singh et al., 2010a; Wolter et al., 2013). In
addition, the high (68-80 °C) gelatinization temperature of teff (Bultosa, 2007; Wolter
et al., 2013) can hinder gelatinization and thus decrease susceptibility to enzymatic
attack by a-amylase (Fardet et al., 2006).This makes it to be a potential gluten free
cereal that replaces wheat and other cereals in their applications as sources of food
energy and, moreover, suitable for Type2 diabetic patients owing to its richness in

starches which digest slowly, conferring a low glycemic index (GlI).

1.3.2.2 Proteins

The average protein level of teff is in the range of 8 to 11%, comparable to that of
barley, wheat, maize and pearl millet, and higher than that of rye, rice and sorghum
(Baye, 2014; Gebremariam et al., 2014). Teff’s fractional protein composition
suggests that glutelins (45%) and albumins (37%) are the major protein storages, while
prolamins are a minor constituent (~ 12 percent) (Bekele et al., 1995; Tatham et al.,
1996). In contrast, in more recent studies Adebowale et al. (2011) reported that
prolamins are the major protein storages in teff. The different methods of extraction
between these studies may explain the contradictory findings.

As observed by Tatham et al. (1996), the major prolamins of teff are less complex than
those of wheat, in terms of their apparent molecular size differences, and resemble
more to the a-prolamins of the Panicoideae (maize, sorghum and Coix), although they
are classified in a separate sub-family of the Poaceae, the Chloridoideae. Recently,
Adebowale et al. (2011) detected the fractionation of teff proteins in SDS-PAGE under
non-reducing and reducing conditions, presenting broad bands of teff prolamins at
approximately 20.3 and 22.8 kDa. Other bands were at approximately 36.1, 50.2, 66.2
and 90.0 kDa, respectively under non-reducing conditions, but were absent under
reducing conditions, indicating that these polypeptides are disulphide bonded. The
presence of broad monomeric prolamin bands in teff under non-reducing conditions

indicates that teff prolamin is less polymerized than sorghum prolamin. Furthermore,
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the 2-D electrophoresis showed teff protein containing more polypeptides than maize
or sorghum (Adebowale et al., 2011). By examining the amino acid profile, the higher
contents of glutamine, alanine, leucine and proline and the relatively lower content of
lysine further suggests that prolamins are the major storage proteins (Adebowale et al.,
2011). Teft’s amino acid composition is well balanced. A relatively high concentration
of lysine, which is often lacking in most cereals, is found in teff. Similarly, compared
to other cereals, higher contents of isoleucine, leucine, valine, tyrosine, threonine,

methionine, phenylalanine, arginine, alanine, and histidine are found in teff (Tab.5).

Table 5. Amino acid content of teff (g/16 gN)

Lysine 36087
Isoleucine 4.07*
Leucine B.53%
Valine 5.46F
Phenylalamnine 5.60F
Tyrosine 3847
Tryptophan 1.30*
Threonine 4327
Histidine 321%
Arpginine 5.15%
Methionine 4.06%F
Csting 2.50%
Asparagine + Aspartic Acid 64"
Sering 41
Glutarmne + Gilutamic Acud 21.8°
Proline 8.2

Glyvcine 3.1

Alanine 10.1°
o Bultosa and Taylor 2004; *Jansen et al. 1962, 1-Seyfu 1997

Another important feature of teff is that it has no gluten (Hopman et al., 2008).

Spaenij-Dekking et al. (2005b) investigated the presence or absence of gluten in pepsin
and trypsin digests of 14 teff varieties. The digests were analyzed for the presence of
T-cell stimulatory epitopes. In contrast to known gluten containing cereals, no T-cell
stimulatory epitopes were detected in the protein digests of all the teff varieties

assayed, thus confirming the absence of gluten in teff. Bergamo et al. (2011), reported
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others immunological analysis of alcohol-soluble fraction of teff protein, in which no
immune cross-reactivity was showed toward the wheat gliadin, confirming its safety
in the diet of celiac disease patients. This makes teff a valuable ingredient for
functional foods destined for consumers with coeliac disease and gluten intolerance,
and the presence of all nine essential amino acids needed by humans, making it a

suitable alternative to wheat and rice (Cheng, 2017).

1.3.2.3 Lipids

The crude fat content of teff is higher than that of wheat and rice, but lower than maize
and sorghum (Baye, 2014). Bultosa (2007) found that the crude fat content of teff is in
the range of 3.0-2.0 % with mean of 2.3 % which is similar to the review report (3-2
%) of previous findings (Bultosa & Taylor, 2004). In following studies, the lipid
content of teff (3.7%) was found higher than a range of other Ethiopian staple grains
such as maize and wheat (Forsido et al., 2013). Another comparative study showed
that the lipid content of teff (4.4%) was higher than that of wheat (3.6%), rice (0.9%),
sorghum (3.5%), and maize (2.5%) flours, and was lower than that of oat (6.7%) and
quinoa (8.6%) (Hager et al., 2012a).

Rice, wheat and maize contain negligible amount of linoleic acid (LA) and only traces
of a-linoleic acid (ALA). Furthermore, these widespread cereals are consumed after
decortication and further refining which reduces their amount of crude fat and n-6 and
n-3 poly-unsaturated fatty acids. By maintaining whole grains, as in the case of teff,
this provides a better source of fatty acids than refined ones. Most of the free fatty
acids were unsaturated (84%), which was similar to that of maize, sorghum and quinoa.
Hager et al. in 2012 reported that the major ones were linoleic acid (50%) and oleic
acid (29%), which were also similar to those of sorghum and maize. A previous study
showed that the content of oleic acid (32%) was higher than that of linoleic acid (24%)
(El-Alfy et al., 2012). This may be due to the differences in the analytical method and
teff genetics. Furthermore, the above mentioned studies mostly employed just one teff
variety. It would be expected that a wide range of lipid contents exists from a large
sample collection.

Although a clear consensus has not been reached on the optimal ratio between LA and

ALA fatty acids, the Codex standards for infants formula recommends a LA: ALA
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ratio in the range of 5 to 15 (Koletzko et al., 2005). In this regard, the LA: ALA ratio
of 7:1 for teff can be considered favorable and is comparable to legumes that are good

sources of fatty acids, such as soybean.

1.3.2.4 Minerals and vitamins

In general, compared to the other cereals, teff is rich in minerals such as calcium, zinc,
magnesium, iron, phosphorous and copper (Gebremariam et al., 2014).

As summarized by Baye (2014), the difference in mineral content between and within
teff varieties is wide ranging. Red teff has a higher iron and calcium content than mixed
or white teff (Abebe et al., 2007). On the other hand, white teff has a higher copper
content than red and mixed teff. Seyfu (1997) analyzed 12 genotypes of teff grown in
different agro-ecologic settings and 5 varieties grown in a greenhouse in Great Britain
and reported that genetic and environmental factors affect the iron content of teff. This
may partly explain the high variability in the mineral content reported in different
studies. Notwithstanding the differences described above, teff has a higher iron,
calcium and copper content than other common cereals (Mengesha, 1966). The zinc
content of teff is also higher than that of sorghum and wheat. However, the very high
mineral (i.e. iron) content of teff has been contested and in many instances attributed
to soil contamination (Seyfu, 1997; Abebe et al., 2007). Mengesha (1966) found, by
washing the grain, that this significantly decreased the iron content as well as the
variability between replicates. Despite this decrease, the variability between replicates
for teff remained relatively high suggesting that soil contamination in teff is relatively
high compared to other cereals. The mineral contamination of teff is probably due to
its small size and suggests increased contact with soil over a larger area (Baye et al.,
2014). The contamination of cereal grains in Ethiopia, particularly in teff, has often
been associated with traditional methods of threshing grain under the hooves of cattle
(Bezwoda et al., 1979). More recently, Ambaw (2013) compared the iron content of
the same teff variety after laboratory (manually) and traditional threshing. Traditional
threshing led to 30 to 38 percent increase in iron content mainly due to soil
contamination. The iron content of the laboratory threshed teff was 16 mg/100g, which
was still higher than what is found in many cereals. This suggests that although the

intrinsic iron content of teff may not be as high as previously thought, teff is still a
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better source of iron than other cereals like wheat, barley, sorghum, and maize. This
feature of teff as major source of dietary iron explains the relative lack of anemia
among Ethiopians (Adish et al.,1999).

In contrast to iron, Baye et al. (2014) showed that under the same conditions, the values
reported for calcium and zinc are consistent and are less affected by washing. This
suggests that soil contamination contributes little to the content of these minerals in
teff. However, teff contains an excellent concentration of calcium (0.16 %) and
magnesium (0.18%), the level of these minerals in teff are higher than other cereals,
except sorghum which has magnesium concentration (0.18 %) comparable to that of
teff (Gebremarian et al., 2014).

Zhu in 2018 highlighted from USDA Food Composition Databases (2017) that
vitamins of teff (1 variety, uncooked) include niacin (4 mg/100 g), vitamin B6 (0.5
mg/100 g), thiamin (0.4 mg/100 g), riboflavin (0.3 mg/100 g), vitamin K
(phylloguinone) (1.9 mg/100 g), vitamin A (9 1U), and a-tocopherol(0.08 mg/100 g)

(wet basis).

1.3.3 Bioactive Compounds in Teff

1.3.3.1 Phenolic compounds

The other most important health-promoting aspect of teff as food is that like other
millets it is generally assumed to contain substantial amounts of phenolics (Dykes &
Rooney, 2007). Phenolics are notable for their antioxidant activity, which appears to
be beneficial in terms of prevention of cardiovascular disease and cancer (Awika &
Rooney, 2004). They also act as natural antioxidants for the food industry. At the same
time, they might inhibit digestive enzymes and reduce food digestibility (Qiang et al.,
2006).

In a study conducted on flour of seven teff varieties Shumoy & Raes (2016) detected
the total phenolic content (TPC) ranged from 263 to 448 mg gallic acid equivalents
(GAE)/100 g, of which the bound phenolic content (226-376 mg GAE/100 g)
contributed to more than 84% of TPC. In the same varieties the contents of free and
bound flavonoids showed values from 36 to 64 and from 113 to 258 mg CE (catechin
equivalent)/100 g, respectively.
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Comparative analysis on the total phenolic contents showed brown and white whole
teff grains (1 variety each) were in the range of 600—700 mg CE/100 g, with values
lower than that of red sorghum and cowpea (Salawu et al., 2014). Forsido et al. (2013)
reported TPC for teff flour as 123.6 GAE/100 g, which was much higher than some
Ethiopian staple cereals such as maize and wheat. Moreover, another study reported
brown teff values of TPC higher than white teff and total phenolic contents of 5 teff
varieties ranged from 1.41 to 2.19 mg GAE/g (gallic acid equivalent) with higher
values for the free phenolics than the bound phenolics (Kotaskova et al., 2016).

Therefore, there is great diversity in the polyphenol contents of teff grains.

1.3.3.1.1 Phenolic acids and Flavonoids

Bound phenolic compounds (PCs) in cereals are cross-linked to cell wall structural
components of cellulose, hemicellulose, proteins, pectins and lignins which can
survive the upper gastrointestinal digestion, and finally, reach the colon where they
can be fermented by different microflora to exert their health benefits (Acosta-Estrada
et al., 2014), while soluble PCs, which are readily absorbable in the stomach and the
small intestine, could exert their beneficial health effect throughout the body (Liu,
2007).

The major bound phenolic acids and flavonoids identified in teff include
protocatechuic acid, vanillic acid, syringic acid, p-coumaric acid, sinapic acid, ferulic
acid, rosmarinic acid, catechin and naringenin, whereas catechin, ferulic and
rosmarinic acids are the major polyphenols in the soluble fraction of teff (Kotaskova
et al., 2016; Shumoy & Raes, 2016).

Research findings revealed that ferulic acid (286 pug/g) is the major phenolic compound
in teff. Some other phenolic compounds such as protocatechuic (25.5 pg/g), gentisic
(15 pg/g), vanillic (55 pg/g), syringic (15 pg/g), coumaric (37 pg/g), and cinnamic (46
ug/g) acids are also present in teff in considerable amounts (McDonough & Rooney,
2000).

Comparative studies showed that trans-p-coumaric, protocatechuic, ferulic, and gallic
acids were the major free phenolics in brown teff, and rutin, ferulic and protocatechuic

acids the major ones in white teff, whereas for bound phenolics in brown teff the
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majors were the ferulic and gallic acids, quercetin, and catechin, and the majority in
white teff where ferulic acid, rutin, catechin, and quercetin (Kotaskova et al., 2016).
Therefore, the polyphenol composition is much dependent on teff variety. Small
amounts of quercetin and luteolin are bound to the cell wall material of teff, which was
revealed by hydrolysis of the covalent bonds in alkaline conditions (Salawu et al.,
2014). Naringenin, naringenin-40-methoxy-7-0O-a-lrhamnoside, and eriodictyol-30,7-
dimethoxy-40-0-b-d-glucoside were also identified in teff (EI-Alfy et al., 2012).
Moreover, fermentation and cooking processes are known to enhance the release of
bound PCs and increase the content of soluble PCs (Acosta-Estrada et al., 2014).
Indeed, Shumoy et al. (2017) showed that after 72 h of fermentation of dough for
Injera, from 4 teff varieties of brown and white color, the majority of the phenolic
compounds increased in the range of 42-1805% in soluble and decreased by 2—-100%
in bound extracts in both varieties. FRAP values of the soluble and bound phenolic
extracts of injera increased by 54-138% and 30-40%, respectively. Total ABTS
values, but not DPPH, improved with fermentation. Finally, brown seed colored
varieties showed superior total phenolic and antioxidant contents compared to the
white varieties. Furthermore, Alaunyte et al. (2012) showed that by supplementing
wheat bread with 30 percent teff flour, it was possible to significantly increase the total
antioxidant capacity from 1.4 to 2.4 mM trolox equivalent antioxidant capacity
(TEAC) per 100g.

1.3.3.2 Fiber

The crude fiber, total and soluble dietary fiber content of teff is several folds higher
than in most other gluten containing and gluten-free cereals. There may be several
reasons for this, as whole grains have higher fiber content than decorticated ones and
small grains have a relatively high proportion of bran, which is high in fiber (Bultosa,
2007). Studies revealed that high fiber diets prevent many human diseases, colon
cancer, coronary heart disease and diabetes (Anderson et al., 2009).

Bultosa et al. (2007) compared in 13 teff varieties the crude fiber ranged and detected
values ranging from 3.8 to 2.6% with mean 3.3%, and apparently the crude fiber
contents observed in these are almost similar with the earlier report of 3.5-2.0% with

typical value 3.0% (Bultosa and Taylor, 2004). Moreover, the brown teff varieties
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presented the higher crude fiber contents (3.75% on average). Consumption of dietary
fiber provides many health benefits.

Other studies reported the dietary fiber content of 8.0 g/100 g for teff, high value when
compared to some fruits, nuts, pulses and cereals such as corn and rice (Saturni et al.,
2010). Similar data were shown by Baye et al. (2014) with a value of 9.8% for the
dietary fiber content of whole grain teff (one variety).

Another study showed that the total and soluble dietary fiber contents of teff flour (one
variety) were 4.5 and 0.85%, respectively (Hager et al., 2012b), which appeared to be
much lower than that reported above. The acid (4.3%) and neutral (6.1%) detergent
fiber contents of teff were higher than those of a range of other Ethiopian staple foods
such as maize, wheat, and cassava (Forsido et al., 2013).

It should be noted that many of above mentioned studies only employed a single
genotype of each cereal, and a diversity in the fiber content would be expected from
many samples. The analytical methods may also contribute to the large differences in
the fiber content among different studies. Zhu (2018) observed in its review that the
chemical composition and properties of teff bran and cell wall material, which is a

major part of dietary fibers, remain to be studied
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1.4 CELIAC DISEASE AND GLUTEN-FREE PRODUCTS

1.4.1. General aspects of Celiac Disease

Celiac disease (CD) is a chronic inflammatory disease of the small intestine that affects
genetically susceptible individuals. This disease is unique in that the critical etiologic
factor has been identified as the ingestion of proteins found in grains of wheat, barley,
rye and triticale (Kagnoff, 2005). While the first description of a patient affected by a
disorder related to gluten ingestion has been ascribed to Areteus of Cappadocia, who
in the 2nd century A.C. reported a case of chronic diarrhea and malabsorption, its
association with the ingestion of wheat flour dates back to about 70 years ago (Dicke,
1950). However, from the mid-1950s onward, an explosion in the understanding of
CD has occurred, including the recognition of dermatitis herpetiformis, an intensely
itchy skin eruption, known as ‘CD of the skin’, which rises after ingestion of proteins
contained in wheat, rye, or barley kernels and subsides on a gluten-free diet (Marietta
et al., 2008).

CD is characterized by the formation of autoantibodies and the destruction of the
mucosal lining of the small intestine, which results in nutrients malabsorption. Typical
symptoms associated with CD are abdominal pain, diarrhea, and constipation. Long-
term complications of this disease include anemia, osteoporosis, miscarriage, liver
diseases, cancers of the intestine, and depression or anxiety (NIDDK, 2009). CD is
predominantly seen in Caucasians (one in 100 individuals) (Maki et al., 2003),the
prevalence of CD is estimated from 0.5% to 1% of the worldwide population, may be
higher in Northern Europe or in specific “at risk” groups as first-degree relatives of
patients with CD, patients with type-1 diabetes mellitus, Hashimoto’s thyroiditis,
genetic disorders (Down’s syndrome and Turner’s syndrome) and IgA deficiency (Elli
et al., 2017). Nevertheless, in many individuals, the disease becomes evident only
during adulthood, and is sometimes triggered after surgery, pregnancy, childbirth, viral
infection, or severe emotional stress. For this reason, even though 1% of the U.S.
population is thought to be afflicted with CD, about 97% of these cases are
undiagnosed. Additionally, because gluten is found not only in foods but also in
medicines, vitamins, beauty products, stamps, and envelope adhesives, celiac have to

be exceedingly judicious.
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As previously mentioned the celiac disease is an immune-mediated disease that is
triggered by the ingestion of wheat gluten or similar proteins found in barley and rye.
Gluten is one of the earliest protein fractions described by chemists, a first description
by Beccari was in 1728, and it is defined as the “cohesive, visco-elastic proteinaceous
material” that remains when wheat dough is washed to remove starch granules and
water-soluble constituents (Lamacchia et al., 2014). Gluten is formed by storage
proteins necessary for plant germination, a complex mixture of proteins called
prolamins, comprising glutenins and gliadins, which contain a relatively high
concentration of glutamine and proline aminoacid residues within their primary
structures, settling on several gluten-derived domains with high resistance to
degradation by human gastrointestinal proteases (Sollid, 2002). Indeed, none of the
major human gastrointestinal proteases, such as pepsin, trypsin, chymotrypsin and
brush-border membrane enzymes of the small intestine contain the necessary
proteolytic capabilities to effectively cleave certain immunogenic gluten peptides,
because of a lack of post-proline cleavage-site specificity (Picariello et al., 2013; Shan
etal., 2002).CD is strongly associated with particular human leukocyte antigen (HLA)
genotypes, as only individuals carrying the DQA1*0501 and DQB1*0201 (DQ?2),or
DQA1*0301 and DQB1*0302 (DQ8) alleles develop the disease. Regarding the
pathogenic mechanisms as summarized by Gianfrani et al. (2012) the immune
response against these cereal-derived proteins is mediated by the innate and adaptive
immune branches. The adaptive response starts when the gluten peptides are presented
by the human leukocyte antigen (HLA)-DQ2/8 molecules of specialized antigen-
presenting cells to CD4+ T cells or by HLA class | molecules to CD8+ T cells. More
specifically, several gluten peptides were identified to activate proinflammatory T
cells that release interferon-y, which is a dominant cytokine with a key role in tissue
damage. It has been shown that gluten also activates a stress-like immune response
mediated by lymphokine-activated killer cells of the innate immune system and a
marked proliferation of cryptenterocytes. IL-15 expressed by enterocytes is a major
mediator of this innate immune response so that it is most likely that the toxicity of
cereal prolamins for CD patients is due to the presence of both peptides that are able
to activate T cell responses and sequences that induce a stress-innate proliferative

response of mucosal epithelial cells.
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Furthermore, in the past few years, forms of gluten sensitivity other than celiac disease
have been gaining the attention of physicians. Some patients have reported the
appearance of intestinal (bloating, diarrhea) and extra-intestinal (headache,
fatigue/irritability, foggy mind) symptoms shortly after the ingestion of gluten in the
absence of any serologic celiac disease marker or intestinal mucosal damage but with
a variable presence of antigliadin antibodies (AGA) and the disappearance of such
symptoms on a gluten-free diet (GFD). This condition has been defined as nonceliac
gluten sensitivity (Bucci et al., 2013).

In March 2015the Italian Association of Hospital Gastroenterologists and
Endoscopists (AIGO) commissioned an experts’ panel, composed of nutritionists,
gastroenterologists, allergologists and biologists, to prepare a position statement on the
nomenclature and diagnosis definition of gluten-related disorders (GRD). The panel
identified celiac disease, wheat allergy and non-celiac gluten sensitivity as the gluten
related disorders of gastroenterological interest, defining that celiac disease has an
autoimmune nature, wheat allergy is IgE-mediated while the pathogenesis of non-
celiac gluten sensitivity is still unknown as is the case of non-IgE mediated allergy.
Therefore, diagnosis should start with the serological screening for celiac disease and
wheat allergy. In case of normal values, the response to a gluten-free diet should be
evaluated and a confirmatory blind food challenge carried out. Consequently gluten-
related disorders are clinically heterogeneous, and patients should be carefully
managed and specific protocols applied for a correct differential diagnosis in
gastroenterological setting (Elli et al., 2017).

To date, a strictly gluten-free diet represents the only medical treatment for celiac
disease patients. However, compliance to the gluten free diet is difficult and affects
the quality of life of patients because, besides economic and social factors, it involves
the consumption of poorly palatable and scarce technological-aptitude bakery
products. This is the reason why alternative approaches to the GFD are actively sought,
which include the search for and the development of new cereals with less amount of
prolamins or poor structured gluten with no or low immunogenic content (Comino et
al., 2013; Spaenij-Dekking et al., 2005b; lacomino et al. 2016).
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1.4.2. Gluten-free foods: market and challenge

The Italian celiac association website reported the annual review to the Italian
Parliament on celiac disease for 2016 by the Directorate General for Hygiene and
Security of Food and Nutrition for the Italian Ministry of Health. This report refers
that from the epidemiological mapping carried out in 2016, 198,427 celiacs are
diagnosed in Italy, of which 2/3 belong to the female population. The comparison with
the first Annual Report, drawn up in 2007, shows that the diagnoses of celiac disease
have increased from 64,398 to 198,427, and this has been done mainly thanks to the
sensibilization of doctors and health professionals. It has been calculated, however,
that in the Italian population the theoretical number of celiacs in 2016 is more than
600,000 against the almost 200,000 diagnosed. The geographical distribution of
celiacs in 2016 in Italy shows that the regions with the highest number of celiac
residents are in Lombardy with 37.907 celiac residents (19 %), followed by Lazio with
19.325 (9.7 %) celiac and Campania with 18.720 celiac (9.4 %).

Furthermore, in these last years the increased awareness and diagnosis of CD and
gluten sensitivity have spurred the demand for gluten-free products. The term ‘gluten-
free’ refers to products with a gluten residue of not more than 20 ppm based on gluten-
free ingredients at source, or with one or more ingredients purified from gluten
(European Regulation n.41/2009) (Evangelisti & Restani, 2011) (Fig.14). The
European directive 2003/89 requires that the presence of cereals containing gluten and

derived products be included as ingredients in the label of the food product.

i Figure 14. The bared-ear of wheat appears
on the packaging of foods and beverages free

of toxic prolamins (< 20ppm).

42
%s /a/wh.



Tesi di dottorato in Bioingegneria e Bioscienze, di Elena Galassi,

discussa presso I'Universita Campus Bio-Medico di Roma in data 28/05/2019.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte.

Chapter 1: Introduction

Unfortunately, the quality of gluten-free products has not kept up with the rising
demand. Gluten replacement in food presents several challenges.

As summarized by Elli et al. (2017) several studies have shown that the dietary habits
of celiac patients did not differ basically from those of the general healthy population.
However, because the derivates of gluten-rich grains are important sources of nutrients
in the general diet, their exclusion can potentially affect the nutritional adequacy of a
celiac patient’s diet and in turn have a major effect on their nutritional status if such
foods are not replaced with balanced alternatives. Although it remains difficult to date
to draw conclusions about the nutritional adequacy of a GFD regimen because of
conflicting study results, several studies have pointed out that celiac patients have a
different intake of macro- and micro-nutrients as compared to healthy control subjects.
Among the macronutrients, the major concern regards the higher intake of total and
saturated fats recorded in the celiac patient’s diet than in that of healthy control
subjects. This has raised concerns also about the lipid content of commercial GF foods.
This imbalance in the daily fat intake may lead to overweight and obesity in celiac
patients, especially children and adolescents. Even though not all the studies reported
a different fiber intake between celiac patients and the matched control group, it has
been suggested that GFD is inadequate in terms of fiber content. This has been
attributed to a decreased consumption of grain products, exacerbated by the fact that
many GF foods are made with starches or refined flours with low fiber content.
However, in recent years, manufacturers have improved the fiber content of breads,
flour mixes and other GF products, as hydro-colloids and gums which, having colloidal
properties, are used for replacing the gluten network and improving the technological
properties of GF products. Regarding micro-nutrients, lower levels of vitamins, such
as folate, niacin, vitamin B12, vitamin D were described in celiac individuals than in
control subjects (Kinsey et al., 2008; Wild et al., 2010). Moreover, such a low intake
has the consequence that, in many cases, celiac patients did not meet the recommended
intake of these vitamins. Such a low intake can partly be due to the low content of
folates in starches and low-protein flours (e.g., corn and rice), commonly used as main
components of GF products (Pellegrini & Agostoni, 2015). Some studies reported
lower intakes of several minerals in celiac patients than in the controls and inadequate

intakes against the current recommendations. For instance, as compared to control
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subjects, the daily intake of iron was significantly lower in celiac patients and that of
calcium was significantly lower in female celiac patients. Lee et al. (2009), suggested
that the inclusion of alternative GF grains (e.g., oats and quinoa) can significantly
increase the nutritional quality of GFD including the levels of iron and calcium.
Wheat, rye, and barley belong to the grass family of monocotyledons (Liliopsida
class), this family also includes oats and other cereals such as rice, millet, sorghum
and teff which are generally considered nontoxic. However, the believed lack of
toxicity for most of these cereals was based on their taxonomical classification rather
than a direct evaluation of their immune stimulatory activity, but in the last two
decades immunochemical, biochemical and genetic studies have confirmed their
effective safety for celiac patients (Bergamo et al., 2011; Ciacci et al., 2007; Ellis et
al., 1992; Pontieri et al., 2013, Maglio et al., 2011).

1.4. 3 Gluten-free foods: products

1.4.3.1. Products sorghum-based

In recent years, farmers in the United States have begun cultivating sorghum hybrids
that produce white grain from a tan-color plant (often called “food-grade” sorghum)
for production of wheat-free foods for persons with CD (Tuinstra, 2008).

Sorghum flour is an attractive alternative to wheat flour for the celiac market because
of its neutral flavor and the use of hybrids with a white pericarp. These white grained
sorghum lines produce a flour comparable to wheat flour in appearance and do not
impart an unusual color to the flour. This means that it can be used in any kind of dish,
from cakes to white bread. Many people believe that the taste of sorghum is much
more similar to that of wheat than other gluten-free cereals. It is generally described
as a pleasant taste that does not interfere and does not dominate the taste of the food
in which it is used. This makes sorghum flour extremely versatile. Unlike rice flour,
which is commonly used for the production of gluten-free foods, sorghum flour has a
smooth and non-granular consistency. The granularity perceived in rice-based foods is
the main objection by celiac patients. In addition, sorghum flour does not involve
allergies over time. This is especially important given that the incidence of food
allergies is growing, and it is not unusual that some people develop allergies to wheat

not only, but also to maize, rice and soybeans, which are the main foods used to replace
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wheat (De Mesa-Stonestreet et al., 2010). Because of the difficulty of finding a single
flour capable of replicating the properties of the gluten present in the wheat, it is
possible to mix the sorghum flour with other flours, so as to maximize their positive
characteristics. Several studies have shown that sorghum flour quality could be
improved, although the quality of the food made with sorghum is still lower than that
of foods prepared from wheat flour. Therefore, it is still necessary to conduct studies
to improve the quality of the products obtained from sorghum flour (Del Giudice et
al., 2007).

In Asia and Africa, sorghum is traditionally prepared in different ways including
porridges, flat breads, alcoholic beverages, and snacks (Murty & Kumar, 1995). Bread
can be made with sorghum and millet grain. Perten et al. (1983) reported that the
volume of bread made with sorghum or millet, was always smaller than that of bread
made with wheat flour, but many consumers preferred it. The bread crumb was less
elastic, drier and darker in breads made with sorghum or millet. These authors
suggested that sorghum flour could not be considered breadmaking flour because it
did not produce the elastic dough needed to obtain a large bread volume.

Breads made from sorghum bran contain more starch, sugar and dietary fiber and less
ash and protein than breads made from wheat (Badi et al., 1990).

A traditional use for sorghum is in tortillas, although tortillas are generally made from
maize, sorghum has been used in several Central American Countries, and due to its
better drought tolerance, its importance has increased in recent decades (Murty &
Kumar, 1995; Rooney & Waniska, 2000). Sorghum can partially or totally substitute
for yellow maize in tortilla production when properly processed, i.e. decorticated to
remove outer bran layers and cooked and steeped shorter than maize (Choto et al.,
1985). Concerning snack foods, tortilla chips can be produced from white food-grade
sorghum without problem, just by reducing lime concentration and cooking time of
sorghum relative to maize. Sorghum tortilla chips have a bland taste, which might be
advantageous in snack products in which a strong maize flavor is not desired (Serna-
Saldivar et al., 1988). Young et al. (1990) studied parboiling of sorghum for rice-like
product from decorticated sorghum. Parboiling increased the yield of decorticated
grain, reduced kernel breakage, and caused increased firmness and reduced stickiness

of the final cooked kernels. Microscopic examinations showed also that the soaking
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and boiling process did not permit sufficient hydration to allow complete cooking of
the kernels, and that most kernels had ungelatinized centers. This is in agreement with
the high resistance of hard sorghum endosperm to water penetration, due to
hydrophobic matrix proteins, described by Munck (1995).

Sorghum flours were also used to produce biscuits, granolas and snack foods such as
crisps and chips. Badi and Hoseney (1976) studied the eating quality of cookies made
from sorghum and millet grains. Cookies made from these grains were tough, hard,
gritty and mealy. Some wheat lipids, such as phosphatidyl ethanolamine, digalactosyl
diglycerides and phosphatidyl choline, are not present in sorghum flour. These lipids,
added to sorghum flour improved the cookie baking quality. The sorghum cookies
were darker and more fragile than the wheat cookies. The grittiness of millet and
sorghum cookies was reduced by increasing the pH of the cookie dough.

Moreover, sorghum noodles made from only decorticated sorghum flour, water and
salt have been studied by Suhendro et al. (2000), who found that the timing of amylose
dispersion (solubilization), formation of noodles, and amylose retrogradation was
critical. Also, flour particle size was also critical with finer flour producing better
quality noodles. Thus, good quality sorghum noodles could be produced when
processing conditions were optimized and when the noodles were properly cooked.
However, cooking sorghum, especially wet cooking, reduces its digestibility
(Hamaker et al., 1986; Duodu et al., 2003; Emmambux & Taylor, 2009), making it
less available for the body to use.

For celiac patients who typically suffer from malnutrition due to poor nutrient
absorption, it is even more important for nutrients to be more readily available. Thus,
a challenge exists to make sorghum proteins more digestible. Additionally, to make
sorghum protein a commercially viable ingredient, it has to be concentrated and/or
isolated at an industrial scale using processes and/or chemicals that are compatible
with food grade applications, also for identify new developments in uses of sorghum
in gluten-free foods, specifically in staples like bread and pasta (De Mesa Stonestreet
et al., 2010).

Malting and brewing with sorghum to produce lager and stout, often referred to as
clear beer as opposed to traditional African opaque beer, has been conducted on a

large, commercial scale since the late 1980s, notably in Nigeria (Olori et al., 1996). In
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2005, Nigeria brews more than 900million liters of beer annually (Institute of Brewing
and Distilling), most of this is brewed with at least some sorghum. Brewing with
sorghum is now also taking place in east Africa, southern Africa and the USA. Taylor
et al. (2006) detected extensive research and development works and several excellent
reviews published covering enzymes in sorghum malting and brewing technology. In
conclusion, however, sorghum’s high-starch gelatinization temperature and low beta-
amylase activity remain problems regarding complete substitution of barley malt with

sorghum malt.

1.4.3.2 Products teff-based

Teff is cultivated in a few countries such as South Africa, India, USA, Eritrea and
Ethiopia, although it is primarily used for human consumption only in the latter two.
Although teff has been used for food in Ethiopia for many centuries, it is only recently
that its use as a food ingredient has gained interest in other parts of the world. As
technological challenges are over come in processing teff to make bread and other food
products, demand for teff is likely to increase globally.

Teff flour has been incorporated into a range of food products, especially the gluten
free products. Teff addition in wheat-based foods positively influences the nutritional
properties of these products. The changes in the quality attributes of food products due
to teff addition have been monitored, the lack of gluten-type protein in teff may
negatively impacts on the product quality, and various techniques/additives have been
employed to encounter such changes.

The main food product from teff flour is injera. Native to Ethiopia and Eritrea, injera
is a traditional sourdough flatbread with teff as a major ingredient, made by mixing
cereal flour with water to make dough and then triggering the fermentation process by
inoculating with ersho, a starter obtained from previous fermentations (Baye et al.,
2013). The fermentation lasts on average 2-3 days, after which the dough is thinned
into a batter before steam baking. Teff is the preferred grain for making injera,
primarily for its better sensory attributes (for example, taste, color, smell) and shelf
life. Yetneberk et al. (2004) demonstrated the superiority of teff or the minimal force
required to bend fresh, 24-, and 48- hour stored injera relative to injera made from

other grain, indeed the ability to easily roll (softness) injera is an important quality
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attribute since this allows easy wrapping of the sauces (wot) consumed with it.
Similarly, incorporating teff flour into the sorghum flour has been shown to improve
the sensory attributes of sorghum injera (Yetneberk et al. 2005).

Recent studies focused on the effect of fermentation on the phytic acid content of
injera and how the changes may influence the nutritional properties of the product
(Baye et al., 2013, 2014; Fischer et al., 2014). Teff contains a significant amount of
phytic acid which tends to negatively affect the mineral adsorption. Fermentation
hydrolysed 28% of the phytic acid in injera made of teff and white sorghum flour
mixture, whereas the phytic acid were all hydrolyzed in injera made of barley and
wheat as well as wheat and red sorghum flours (Baye et al., 2013). Indeed, blending
teff with wheat has been found to be nutritionally beneficial, as it allows higher phytate
degradation due to the higher endogenous phytase activity in wheat (Egli et al., 2004).
However, the in vitro iron bioavailability of the injera was not affected by the
fermentation process and the resulting lower content of phytic acid (Baye et al., 2014).
Although used to a much lesser extent than for injera, teff can also be used for the
making of porridges, unleavened breads (kitta), gruels (atmit), and traditional alcoholic
beverages, like tella and arake (Gebremariam et al., 2014).

The incorporation of wholegrains in bread making is often challenging. This is further
complicated when gluten-free ingredients are used, since gluten plays an essential role
in producing leavened bread with a fine open structure (Garcia Manzanares & Lucendo
2011).

The use of enzymes provides an alternative strategy to improve the texture and sensory
properties of teff-enriched breads. Alaunyte et al. (2012) has shown that the application
of a combination of enzymes, including xylanases, amylase, glucose oxidase, and
lipase, improved the quality of teff-enriched breads. In contrast, treatment with glucose
oxidase or protease did not show any improvement in the sensory and textural
attributes of teff breads (Renzetti & Arendt, 2009). This suggests that the type, dose
and combination of the enzymes use, determine their effects on the quality of teff-
enriched breads. Further studies are needed to determine the optimal doses and
conditions needed to improve the processing and sensory attributes of teff-enriched

breads.
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The possibility of using teff for food products other than bread has begun to be
evaluated. Coleman et al. (2013) confirmed the suitability of teff flours for biscuits
and cake making. Similarly, studies evaluating the possibility of using teff in pasta
formulations (Hager et al. 2012b, 2013), indeed gluten free egg spaghetti were made
from teff flour and the product was compared with that of oat and wheat (Hager et al.,
2013). The dietary fiber and mineral contents of teff and oat spaghetti were higher than
those of wheat. Teff spaghetti had a lower predicted glycemic index (p GI) (45) than
wheat spaghetti (67), and the p GI was higher than that of oat spaghetti (32). The
texture of teff and oat spaghetti were similar to that of wheat spaghetti except for the
lower elasticity. The overall sensory quality of teff spaghetti was inferior to that of
wheat and oat, suggesting research opportunities for food technologists.

Teff grain has been used to produce malt for gluten free beverage application
(Gebremariam et al., 2015; Gebremariam et al., 2013a; 2013b; 2013c). Effect of
kilning conditions (drying temperature and time) on the activities of a- and B-amylases
and limit dextrinase as well as the dimethylsulphide (MDS) level in teff malt was
studied (Gebremariam et al., 2013b). The variety type instead of the storage length
appeared to be the major factor affecting malt quality (Gebremariam et al., 2013c).
Compared with standard barley malt flour, the teff malt samples from this study
appeared to have much lower a-amylase activities, lower/similar -amylase activities,
higher wort color values, similar wort viscosity, and less total fermentable sugars
(Gebremariam et al., 2013c). However, these studies showed that teff grains can be a
good material for malt production. The teff malts produced remain to be applied in any
alcoholic beverage production with good consumer acceptance. Finally, also gel-like
food formulation (Abebe & Ronda, 2014) have shown promising results. These efforts
show that teff can be used in various products familiar to Western culture, especially

in the formulation of gluten-free products.
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CHAPTER 2: AIM OF THE WORK

The objective of this study was to evaluate five sorghum genotypes, one for
zootechnical use and four food-grade hybrids, and two commercial teff genotypes
(brown and white grain), for their technological, biochemical and nutritional traits,
comparing them with a durum wheat cultivar as control in order to identify the most
suitable for the formulation of innovative wholegrain, gluten free products of high

qualitative value to develop a sustainable agri-food chain.
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CHAPTER 3: MATERIALS AND METHODS

3.1 PLANT MATERIALS

Grains from five sorghum genotypes, one for zootechnical (Zt) use (cultivar Aralba,
RV-Venturoli, Bologna, Italy) and four food-grade (Fd) hybrids, i.e. PSE 7431 by
Padana Sementi Elette (Padova, Italy) and three SW hybrids (Sem West, Semillas-
Bolivia) kindly supplied by Dr. Alberto L. Chessa, and grains from two commercial
white and brown teff (Teff Haeven, Larino, CB,ltaly) and from the durum wheat, cv
Iride, were used in this work.

The sorghum hybrids and the durum wheat were grown in Rome, at the experimental
fields of the ™Inviolatella” of CREA-IT (Fig.15A), whereas the teff samples were
purchased in three separate batches on the market (Fig. 15B-C).

The planting of sorghum was performed with parcel seed drill on May 2014, adopting
an experimental block design with 3 repetitions and an investment of 30 plants/m?
(Fig.15A). Relief irrigation was carried out immediately after sowing to encourage
regular emergencies, whereas 120 units of nitrogen were distributed (60 for sowing +
60 for roofing); weeds were controlled with chemical weeding at the 2nd - 3rd leaf
stage (S-Metolachlor + Terbutylazine). The harvest was conducted with parceling
combine harvester on September 2014. The 2014 spring-summer weather trend was
rather favorable to the crop, with not particularly high temperatures and well
distributed rainfall during the entire cycle, with the exception of the initial phase in

which the only irrigation intervention was done.

. Commercial
Commercial

White Brown
| Teff | Teff

Figure 15. Sorghum fields at Inviolatella (A) and commercial white (B) and brown (C) teff
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3.1.1 Milling of sorghum and teff

Sorghum grains were manually selected and subjected to sieving for removal of dirty
and impurities. All samples were milled to wholemeal flours (Fig.16) using a
laboratory mill (Cyclotec, mod. 1093-Tecator/Hoganas, Sweden) equipped with a 0.5
or 1.0 mm sieve, depending on the further analyses to be performed, and kept at 4°C
until their use. The wholemeal was thoroughly mixed to ensure uniformity and all

analyses were performed in triplicate on two independent aliquots of each sample.

Figure 16. Grains and wholemeal flours from durum wheat cv Iride (A),

white teff genotype (B), brown teff genotype (C) and five sorghum hybrids,
the zootechnical Aralba (D), and the food-grade PSE 7431 (E), SW6143W
(F), SW6129 (G), SW6237W (H).

3.2 PHYSICAL AND TECHNOLOGICAL ANALYSES
3.2.1 Thousand kernels weight

The EN 1SO 520:2010 method was used to determine the 1,000-kernels weight
(TWK). The purpose of the analysis is to evaluate the mass in grams of 1,000 kernels.
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The analytical procedure begins with the withdrawal of a sample aliquot after the
separation from the broken kernels and impurities. Then the seeds were counted with
a photoelectric seed counter (Contador Pfeuffer) up to the value of 1,000. Finally, the
the 1,000 kernels were weighed with an accuracy of 0.01 g with a Gibertini E425
balance, the value thus obtained represents the mass of 1,000 seeds of examined

sample.
3.2.2 Test weight

The test weight is the ratio between the mass of a cereal and the volume occupied after
it has been poured into a container under well-defined conditions. It represents a
measure of the filling degree of kernels and can be considered a global index of product
quality. The reference method for the test weight is EN ISO 7971. The grain sample is
poured into a filling cylinder and then weighed; in the reference method a cylinder
with a capacity of 20 kg is used, but in practice, for operational purposes, the graduated
cylinder used has a capacity of 1 kg or 250 g. These lower capacity cylinders must in
any case be validated with the reference equipment and must produce comparable
results. After having inserted the grains into the cylinder and weighed their mass in
grams, a special weighing scale was used to obtain the value of the mass expressed in
kg/hL.

3.2.3 Hardness index

Kernel hardness was evaluated on 300 kernels by the Perten Single Kernel
Characterization System (SKCS) 4100 (Springfield, IL, USA) following the
manufacturer’s operating procedure. The instrument was set in a range of hardness
between -40 and +120. The endosperm texture can be divided into four classes based
on their average SKCS values, i.e. extra soft (SKCS <10), soft (10< SKCS <50), hard
(50< SKCS <90) and extra-hard kernel texture with SKCS index >90.

3.2.4 The sodium dodecyl sulfate sedimentation test

The sedimentation test is based on the capacity of gluten proteins to swell under the
influence of lactic acid; this method measures the relative gluten strength in wheat

flour. Sedimentation volumes reflect differences in both protein quantity and protein
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quality. There is a positive correlation between sedimentation volume and gluten
strength, and loaf volume. The method is used as a screening test in wheat breeding.
In commercial or experimental milling, it is used only for comparing lots of the same
grade of flour milled by the same mill. The sodium dodecyl sulfate (SDS)
sedimentation was assessed using a solution of 2% sodium dodecyl sulfate as described
by the standard method AACC 56-70 (2003), and the sedimentation volumes were
expressed in milliliters. Values above 40 for the sediment height are attributable to a
good protein quality of the sample.

For each sample were used 6 g of wholemeal flours (ground with sieve 1mm) and three

solutions were prepared:

e A:29.4 grams of SDS (sodium dodecyl sulfate) were dissolved in one liter of
distilled water

e B: 10 ml of 88% lactic acid in 80 ml of distilled water

e C: 1000 ml of solution A plus 18 ml of solution B

At time 0, the samples are placed in 100 ml cylinders with 50 ml of distilled water and

were stirred for 15 times by placing the cylinders in a horizontal position.

e After 2 minutes the samples were inverted again 15 times and brought back to
the initial position.

o After 4 minutes the 15 inversions were repeated, and 50 ml of the solution C are
added. The samples were stirred 4 times and placed horizontally.

e After 6 minutes, 4 inversions were performed.

e After 8 minutes the previous operation was repeated.

e After 10 minutes the samples were inverted 4 times and left in a vertical position.

o After 25 minutes the sediment height was detected.

3.2.5 Falling Number

Falling Number (FN) system (Perten 1500) was used for the determination indirectly
of alpha amylase activity in wheat flour, quantifying the rheological properties of
starch hydrolyzed by the enzymes during the test (AACC 56-81B, 2000).
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The o-amylase activity is evaluated using the starch present in the sample as a
substrate. The determination is based on the ability of an aqueous suspension of flour,
semolina or whole grain product to gelatinize rapidly in a boiling water bath, and on
the measurement of starch liquefaction through the a-amylase present in the sample.
The liquefaction influences the thickness of the starch gel and, therefore, the resistance

of the viscometer agitator and the time taken to fall.

Process is the following:

o Fill the water bath with water up to the maximum possible level. Turn on the
cooling system and ensure that cold water flows through the cooling lid. Turn on
the equipment of the FN and bring the water to boil. The water in the bath must
boil vigorously before any determination and throughout the entire test.

e Transfer the weighed sample, 7 grams at 14% moisture, into a clean and dry
viscometer tube. Add 25 ml £ 0.2 ml of water at 22 °C + 2 °C using the automatic
dispenser and a pipette.

¢ Immediately close the viscometer tube with a stopper and shake vigorously up
and down 20-30 times to obtain a uniform suspension. Ensure that dry flours or
base materials are not trapped in the upper part of the tube towards the cap.

¢ Remove the cap, scrape the material still lying on the bottom of the cap into the
tube and, with the viscometer shaker, scrape down any material that adheres to
the pipe walls. Leave the stirrer in the tube.

e Immediately place the viscometer tube, together with the agitator, inside the lid
hole in the bath with boiling water. Activate the agitator head in accordance with
the manufacturer's instructions. The equipment can then carry out the operations
automatically until the test is completed. The test is considered complete when
the viscometer stirrer has reached the bottom of the gelatinized suspension.
Record the time shown on the timer. This constitutes the Falling Number

expressed in seconds.
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3.2.6 Color analysis: yellow and brown index

Colorimetric measurements on wholemeal flours were determined by means of a
Tristimulus colorimeter (Chroma Meter CR-300; Minolta, Milan, Italy), using the CIE
Lab color space coordinates L* (lightness), a* (red-green chromaticity), and b* (yellow-
blue chromaticity), and the D65 illuminant. For cereal products, browness generally
expressed as 100-L is often used. The instrument was calibrated with a standard

calibration plate.
3.3 BIOCHEMICAL AND NUTRITIONAL ANALYSES
3.3.1 Electrophoretic analyses

3.3.1.1 Extraction of total protein

Total proteins from individual crushed seeds (25 mg) were extracted with 0.5 ml of a
solution containing 0.25 M Tris—HCI buffer (pH 6.8), 0.12% (w/v) SDS, 10% (v/v)
glycerol, 0.2% (w/v) pyronine Y and 5% 2-mercaptoethanol and shaken for 1 h at room
temperature. After incubation at 80 °C for 20 min and centrifugation at 15,000g for 10
min, an aliquot (20 pl) of the protein suspension was fractionated by SDS-PAGE.

3.3.1.2 Fractionation by SDS-PAGE

Protein fractionation by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed in an apparatus TV100 (VWR, Germany) at 200 V
constant voltage until the dye reached the bottom of the gel. The separating gel (10 cm
x 10 cm), 1 mm thick, was prepared with 15% (w/v) acrylamide (T =15% and C =
0.5%), 0.375 M Tris—HCI (pH 8.4) and 0.1% (w/v) SDS for SDS-PAGE running gels,
whereas stacking gels contained 4.5% (w/v) acrylamide (T = 4.5% and C = 0.06%),
0.08 M Tris—HCI (pH 6.8) and 0.1% (w/v) SDS. The electrophoresis buffer was 0.025
M Tris—glycine (pH 8.3) and 0.1% (w/v) SDS. A 0.25% (w/v) solution of Coomassie
Brilliant Blue R250 in 6% trichloroacetic acid was used to stain SDS-PAGE gels. SDS-
PAGE electrophoretic patterns for High Molecular Weight Glutenin Subunits (HMW -
GS) were determined according to the method described by Payne & Lawrence (1983).
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3.3.2 Moisture measurement

3.3.2.1 Flour moisture

Moisture was measured just before the chemical analyses on 3 g of milled sample by
a Sartorius MA35 thermobalance (Muggio MB, Italy) at 120 °C.

All analyses are reported on a dry weight basis, using the following formula:

Dry weight = fresh weight x 100-moisture content (%)

100

3.3.2.2 Kernel moisture

Ten grams of kernels were placed in each of two tared moisture dishes. The dishes and
contents have been weighed, then subtracted the weight of each dish from the total
weight and recorded the weight of the sample. The dishes were placed in the oven. The
oven temperature and heating period depend on the seed, 20h for barley,18h for
sorghum and teff, and 19h for wheat, all these samples were dried at 130 °C. At the
end of the heating period, the dishes were placed soon as possible in a desiccator.
Finally, when the dishes reached room temperature, the weight was taken, and the
percentage of moisture was calculated by dividing the loss in weight due to heating by

the weight of the original sample and multiply by 100.
3.3.3 Determination of total protein content

Protein content (PC) was obtained by micro-Kjeldhal nitrogen analysis according to
ICC 105/2 method (1994). PC was estimated using a conversion factor of 5.7 for
durum wheat and 6.25 for sorghum and teff samples.

The Kijeldahl procedure involves three major steps: Digestion, Distillation and

Titration.

a) Digestion: Organic nitrogen is converted into NH4".The aim of the digestion

procedure is to break all nitrogen bonds in the sample and convert all the
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organically bonded nitrogen into ammonium ions (NH4"). For this purpose, 200
mg of sample were weighed and placed inside glass tubes.

In each tube were added 8 ml of H2SO4 96% w/v in mixture with 1% selenic
solution (catalyst), and 2 ml of 30% v/v hydrogen peroxide. The tubes were placed
in the appropriate mineralization unit (BUCHI digestion unit K-435) for about 2
hours at 450 °C. In this process the organic material carbonizes, and it can be
visualized by the transformation of the sample into black foam. During the
digestion the foam decomposes and finally a clear liquid indicates the completion
of the chemical reaction. After digestion is completed, the sample is allowed to

cool to room temperature, then transferred to the distillation unit.

b) Distillation: the solution is then distilled with a small quantity of sodium
hydroxide, which converts the ammonium salt to ammonia. Three drops of methyl
red indicator were added to the tubes and then the tubes were placed in the
distillation unit (BUCHI distillation unit K-350). The distillation takes place in an
alkaline environment by adding 50 ml of water and 50 ml of 32% (w/v) sodium
hydroxide. Three drops of mixed indicator and 20 ml of 2% boric acid (v/v) were
added in the 250 ml flasks used for the distillate collection. When NHs reacts with
boric acid the solution turns from red violet to green (pH 4.4-5.8) due to the color

change of the indicator from acid to basic medium.

c) Titration: Nitrogen is determined. The distilled samples were titrated with the
appropriate burette, using sulfuric acid 0.05 M until the complete color change
(from green-blue to pink-lilac). At the same time, a blank test is performed with 5
ml of a standard ammonium chloride solution to which the reagents are added

following the same procedure described above, starting from the distillation step.

For quantification, the volume of sulfuric acid needed for the color change was

multiplied by a conventional conversion factor.

The content in nitrogenous substances for 100g of product is obtained from the

following formula:
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v;*5 F.+1%100
ES

% Total Nit =
% Total Nitrogen 7 c

where:

5= volume in ml of ammonium chloride solution

Vo= 0.05 M sulfuric acid volume useful for titrate 5Sml of ammonium chloride
V1= 0.05 M sulfuric acid volume used to titrate the test sample

C=sample weight (200 mg)

100= percentage calculation

Fc= conversion factor of the analyzed matrix
3.3.4 Extraction of starch granules

To extract starch granules, 500 pl of distilled water were added to 1 g wholemeal of
durum wheat, sorghum and teff samples. After 30 min at room temperature, samples
were suspended in 5 ml of 0.1 M NaCl and gently mixed. An aliquot (3 ml) of the
suspension was transferred to a fresh tube and an equal volume of 0.1M NaCl added
to the sample. This operation was repeated twice. The three aliquots in the fresh tube
were centrifuged at 5000 g for 5 min and the pellet washed three times with distilled
water twice with 85% (v/v) methanol and air-dried. Then 100 mg of air-dried starch
granules were resuspended in 5 ml of distilled water and an aliquot (50 pl) was
injected into a counting chamber with the Thoma ruling (0.2 mm cell depth). The
starch granules in the starch suspension injected into 20 random-chosen Thoma cells

(50x50 um?) were photographed with a Leica DMLB100T optical microscope.
3.3.5 Determination of total starch content

Total Starch (TS) content was determined by enzymatic method using Megazyme
(Bray, Ireland) kits K-TSTA according to McCleary et al. (1997). This method
included a digestion of 100 mg of milled sample firstly with thermostable a-amylase
diluted in MOPS (3-[N-morpholino] propane sulphonic acid) buffer and then with
amyloglucosidase. The total starch was measured by adding GOPOD (glucose
oxidase/peroxidase) reagent to 100 pl of digested sample. The absorbance was read
against the blank, consisting of 100 pl distilled water plus 3 ml GOPOD reagent, at
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510 nm by a Lambda Bio20 (Perkin Elmer, Monza, Italy) spectrophotometer. A
solution of D-glucose (100 pl of 1mg/ml D-glucose standard solution) was used as the
control. The data were expressed as weight percentage (w/w) on a dry weight basis (%

d.w.) and the analyses were performed in duplicate.
3.3.6 Determination of resistant starch content

Resistant Starch (RS) content was determined by enzymatic method using Megazyme
(Bray, lIreland) kits K-RSTAR according to McCleary et al. (2002). This method
included a digestion of 100 mg of milled sample with thermostable a-amylase and
amyloglucosidase diluted in maleic acid buffer for 16 hours at 37°C. Then the residue
obtained after two washing steps with ethanol 50%, which consists in the non-
digestible starch, was hydrolyzed with KOH 2M at 4°C. The resistant starch was
measured by adding GOPOD reagent to 100 pul of sample and following the procedure

adopted for total starch described above.
3.3.7 Determination of total dietary fiber content

Total Dietary Fiber (TDF) content was measured using an enzymatic kit for fiber
determination (Bioquant, Merck, Darmstadt, Germany) according to the Official
Method 991.42 (AOAC, 1995), and an automatic filtration of the hydrolyzed products
(Fibertec system, Fossltalia, Italy). The procedure involves an initial enzymatic
separation with heat resistant a-amylase (30 minutes at 95-100 °C) in order to convert
the starch to a paste and achieve its partial breakdown. This is followed by protein
digestion with proteases (30 minutes at 60 °C) and breakdown of the residual starch
with amyloglucosidase (30 minutes at 60 °C). At the same time, the crucibles were
prepared with inside 0.5 g of celite, weighed individually and placed at 525 °C
overnight in the flask. Following enzymatic separation, 280 ml of 95% ethanol to each
flask were added, previously heated to 60 °C, and left at room temperature for one
hour. The precipitate was filtered using a Fibertec, by washing with ethanol 78%, then
ethanol 96% and acetone to remove any residues. The samples were then dried in an
oven at 105 °C overnight and subsequently weighed. The protein content of the residue
of the first sample batch is determined by the Kjeldahl method, and the ash content of

the residue of the second batch is determined. The mean weight of the two residues
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obtained after subtraction of the value for protein, ash and blank solution corresponds
to the content of dietary fiber in the product. The dietary fiber content, weight

percentage, was then obtained using the formula (Fig.17):

Mg =-Mp-My-Mm
w=-2 " % % x 100
m

Mg - [(V, - V;) X 1.4007 X 6.25] - M, - [Mpgen - [V - Voand X 1.4007 X 6.25] - Mgl x 1
m

00

Mg = Mggiank = Megiank = Magiank
mp = (V, - V,) X 1.4007 X 6.25

w: total dietary fiber, by weight, in %

mg: mass of the blank, in mg

mp:  mass of protein in the residue, in mg

mp:  mean of residue masses, in mg

m,:  mass of ash in the residue, in mg

V,: amount of HCI 0.1 mol/l measured out, in ml
V,:  amount of NaOH 0.1 mol/l consumed, in ml
m: mean of the sample weights, in mg

Figure 17. Total Dietary Fiber calculation from Merck analytical test kit

3.3.8 Determination of g-glucan content

The B-glucan concentration was measured using a Megazyme Mixed-Linkage Beta-
Glucan kit, according to the enzymatic method of McCleary and Codd (1991).

0.5 g of flour samples were added into polypropylene tubes to 1 ml of aqueous ethanol
(50% v/v). Then 5 ml of sodium phosphate buffer (20 mM, pH 6.5) were added and
the tubes stirred on a vortex mixer. After an incubation in a boiling water bath for
approximately 2 min, the tubes were removed and vigorously stirred on a vortex mixer,
and then heated again for a further 3 min in the boiling water bath (mixing after 2 min
prevents formation of a lump of gel material). Then the tubes were cooled to 40°C and
0.2 ml of lichenase (10 U) were added to each tube, then capped, stirred and incubated
at 40°C for 1h. After adjusting the volume of each tube to 30 ml by the addition of
distilled water and a thoroughly mix of the tubes, they were centrifuged at 1,000 g for
10 min. Carefully and accurately aliquots (0.1 ml) from each sample were transferred
to the bottom of three test tubes. Then, an aliquot (0.1 ml) of sodium acetate buffer (50
mM, pH 4.0) was added to one of these (the reaction blank), while to the other two
(the reaction) was added with 0.1 ml of B-glucosidase (0.2 U) in 50 mM acetate buffer
(pH 4.0). After incubation at 40°C for 15 min, GOPOD Reagent (3 ml) was added to

each tube and incubated at 40°C for 20 min. The absorbance was measured at 510 nm

63
%s /a/w.



Tesi di dottorato in Bioingegneria e Bioscienze, di Elena Galassi,

discussa presso I'Universita Campus Bio-Medico di Roma in data 28/05/2019.
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte.

Chapter 3: Materials and Methods

for each reaction (EA) and reaction blank (EBI) and the B-glucan content was obtained

using the formula (Fig. 18):

Where:

B-glucan (% wiw) = AAxFx300x _| x 100 , 162
1000 W 180

am x B ox 27
W

Figurel8. p-glucan content calculation from Megazyme [S-glucan kit

AA =  absorbance after B-glucosidase treatment (reaction)
minus reaction blank absorbance.
F = factor for the conversion of absorbance values
to pg of glucose.
- 100 (pg of D-glucose)
absorbance of 100 pg of D-glucose
300 =  wvolume correction (L.e. 0.1 mL taken from 30.0 mL).
10,000 =  volume adjustment factor (0.1 mL was analysed
but results are presented per litre of sample).
I
1000 = conversion from pg to mg.
100 = factor to express B-glucan content as a percentage of
w dry flour weight.
W = the calculated dry weight of the sample analysed,
in mg (refer to example results sheet on page 6).
% =  wolume correction factor. For wort samples, 5.0 mL
aliquots were treated with precipitant (ammonium
sulphate) and the volume was readjusted to 5.0 mL
(Le. 4.8 mL + 0.2 mL lichenase).
% = volume correction factor. For beer samples, 5.0 mL
aliquots were treated with precipitant (ammonium
sulphate) and the volume was readjusted to 2.0 mL
(Le. 1.8 mL + 0.2 mL lichenase).
% = factor to convert from free D-glucose, as determined,

to anhydro-D-glucose, as occurs in B-glucan.

Figure 19. p-glucan content calculation from Megazyme B-glucan kit
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3.3.9 Determination of fructo-oligosaccharides content

The analyses of fructo-oligosaccharides (FOS) were carried out by a preliminary
extraction with 96% ethanol for 1h at 80°C, followed by a water extraction for 2 h at
105°C. The ethanol-soluble fraction mainly contained low molecular weight
carbohydrates (e.g., mono- and di-saccharides); whereas high molecular weight
carbohydrates (FOS) were mainly present in the water-soluble fraction. Glucose and
fructose contents were determined in the two fractions using enzymatic (glucose
oxidase/peroxidase kit; Sigma Diagnostic, St Louis, USA) or chemical (resorcine-
HCI) procedures, respectively. Because fructans are exclusively composed of fructose
and glucose, their quantification allowed the measurement of total fructan content.
Fructans were investigated as described by D' Egidio et al. (1999). For alcoholic
extraction, 96% ethanol was preheated in a bath at 40 °C. 100 mg of sample were
inserted into 25 ml pirex tubes with screw cap and 10 ml of 96% pre-warmed ethanol
was added to each sample. The tubes containing the samples were then placed in a bath
at 80 °C for 1h, stirred every 30 minutes. Once cooled, the samples were transferred
into 25 ml corex tubes and centrifuged at 14,000 rpm for 15 minutes at 4 °C. An
alcoholic supernatant was obtained from the centrifuge, collected in 50 ml falcon
tubes, and the pellet, transferred into 25 ml pirex tubes. Then 25 ml of distilled water
were added to the pellet and the tubes were placed in an oven for 2 hours at 105 °C.
The samples were shaken every 30 minutes. At the end of the two hours the samples
were filtered using fast filter paper and collected in 50 ml falcon tube. For the
determination of fructose, 0.1 ml of alcoholic and aqueous solution were taken and 5
ml of Resorcin reagent (100 mg of resorcin dissolved in 100 ml of EtOH 96% solution
stock) were added to all the samples, including the standards. The samples were placed
in a bath at 80 °C for 20 minutes. For the determination of glucose, 0.1 ml of aqueous
and alcoholic solution were taken and 1 ml of 0.02 M HCI was added to each sample,
including the standards and were incubated at 85 °C for two hours. Once the
spectrophotometric analysis at 510 nm was performed, it was possible to quantify the
fructan content by taking into consideration the aqueous fraction of glucose and

fructose.
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3.4 BIOACTIVE COMPOUNDS ANALYSIS
3.4.1 Determination of total antioxidant capacity

The total antioxidant capacity (TAC) was determined according to the direct method
used by Serpen et al. (2008). This method involves the direct contact of the flour with
a solution containing the radical compound ABTS+ (2,2'- azino-bis3-
ethylbenzthiazoline-6-sulforic acid). The radical was prepared following the procedure
described by Re et al. (1999): 7 mM of ABTS together with 2.45 mM of KPS
(potassium persulphate) are dissolved in water and the solution is left in the dark for
12-16 hours before use; subsequently the solution containing the radical is diluted with
the solvent selected for the analysis (ethanol 50%) until obtaining an absorbance value
of 0.7 OD at 734 nm wavelength. In the details, 90 mg of cellulose plus 10 mg of
wholemeal, 1 mm granulometry, were dissolved in a radical solution containing ABTS
and KPS, incubated for 50 minutes in an orbital shaker at 190 rpm at 25 °C. 2 ml of
each sample were taken and centrifuged at 10,500 rpm for 10 minutes. The
measurement of the absorbance was carried out at a wavelength of 734 nm and a Perkin
Elmer Lambda 3B spectrophotometer was used. The total antioxidant capacity
measurement was obtained by determining the absorbance decrease of the free radical
in solution with respect to the initial absorbance value. Three replications were made
per sample. The TAC is expressed in millimoles TEAC (Trolox Equivalent

Antioxidant Capacity) per kg of sample.
3.4.2 Yellow colored pigment content

Yellow colored pigments (YCP) were determined by the method described by Fares
etal. (1991). Samples (2 g) were added to 10 ml water-saturated n-butanol and mixed
by handshaking and kept in the dark for 3h in an agitator at room temperature, to allow
the extraction of the pigments. The extracted underwent a filtration process, before
determining the absorbance at a wavelength of 435.8 nm. The pigment content was
calculated directly from the absorbance using the conversion factor of 1.6632, as
described in the AACC method 14.50 (AACC, 2000). The analysis was performed in
triplicate and the results were expressed as milligrams of p-carotene per kilogram of

dry weight (mg/kg d.w.).
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3.4.3 Determination of total anthocyanin content

The extraction procedure involved the addition of 10 ml of solvent 1%HCI in methanol
to 0.5 g of sample in 50 ml centrifuge tubes and shaking the samples for 2h in an orbital
shaker at 50 rpm at 25 °C. Samples were then centrifuged at 45009 for 10 min and
decanted. Residues were rinsed with two additional 10 ml volumes of solvent with
shaking for 5 min, centrifuging at 45009 for 10 min, and decanting in each case. The
three aliquots were combined and used for analysis. The pH differential method as
reported by Fuleki and Francis (1968) and Giusti and Wrolstad (2001) was used for
quantitative determination of anthocyanins with minor modifications (Awika, 2004b).
One of two 0.2 ml aliquots was diluted with 2.8 ml of pH 1.0 buffer (125 ml of 0.2N
KCI, and 385 ml of 0.2 N HCI) and the other with pH 4.5 buffer (400 ml of 1N sodium
acetate, 240 ml of 1IN HCI, and 360 ml of distilled water). The absorbance was
measured by scanning with a UV-vis spectrophotometer from 300 to 700 nm. Total
anthocyanin pigments were determined from absorbance in pH 1.0 buffer. Monomeric
anthocyanins could not be estimated because a significant absorbance for purified
monomeric sorghum 3-deoxyanthocyanidins in pH 4.5 buffer was releaved, as
observed by Awika (2004b). Extinction coefficients for anthocyanin standards were
determined using the formula described by Fuleki and Francis (1968) and expressing
the results as cyanidin-3-glucoside equivalents for durum wheat and teff, and

luteolinidin equivalents for sorghum samples.

3.4.4 Determination of total soluble poliphenol content

Total soluble poliphenols (TSP) were extracted using the following method: 250 mg
of wholemeal flour was weighted and mixed with 1 ml of 80:20 (v/v) ethanol:water
solution, the resulting mixture was sonicated for 10 min, maintaining the temperature
at 4 °C to avoid starch gelatinization, and then centrifuged for 10 min at 10,000 rpm
at 4 °C. The supernatant was transferred in a new vial. The extraction was repeated
twice with the 80:20 (v/v) ethanol:water solution and the supernatants were combined,
evaporated to dryness with gaseous nitrogen, and then lyophilized to avoid the
oxidation of the extracted compounds. A 500 ul volume of 2% (v/v) aqueous acetic
acid solution was added to the lyophilized sample produced, which was subsequently
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acidified to pH 2.0 with 12N HCI to enable extraction into organic solvent. After
mixing, 500 pl of ethyl acetate was added and mixed at room temperature. The
resulting mixture was centrifuged at 10,000 rpm for 2 min, and the upper organic layer
was collected in a clean vial. The extraction with ethyl acetate was repeated twice, and
the combined supernatants were evaporated to dryness with gaseous nitrogen and
stored at —20 °C. The extracts were reconstituted in 100 pl 80:20 (v/v) methanol/water
solution. The TSP content was determined using the Folin-Ciocalteau method as
reported by Moore and Yu (2008): 50 ul sample was added to 3 ml of water and to 250
ul of Folin-Ciocalteu reagent and neutralized with 750 pl of sodium carbonate (20%,
w/v). After incubation in a dark place at room temperature for 2h, the absorbance was
measured at 765 nm using a spectrophotometer Lambda Bio20 (Perkin Elmer, Monza,
Italy). A solution containing all the reagents, but without the sample, was used as a
blank. TSP content was expressed as milligrams of ferulic acid equivalents per

kilogram of dry weight (mg FAE/kg d.w.).
3.4.5 Determination of folate content

For the evaluation of the total folate content, the samples were extracted in duplicate
in 50 ml of CHES-HEPES buffer at pH 7.85 at 100 °C in the presence of 2-
mercaptoethanol and 10% ascorbic acid (Pfeiffer et al., 1997). An aliquot of each
sample (1 ml) was treated with the enzyme deconiugase (Hog-Kidney aceton powder,
SIGMA, Porcine, type 2 k7250-10G) at pH 4.6 for 4h at 37 °C in a water bath (Ruggeri
et al., 2004). The total folate content was determined using the official microbiological
method (DeVries et al., 2005), with Lactobacillus casei subsp. rhamnosus as a
microorganism (ATCC 7469) and folic acid (PGA) as a standard evaluated in purity
by the Kariluoto et al. (2004) method. To evaluate the accuracy of the analyses together
with the samples, two certified samples were analyzed: Lyofilised Mixed Vegetable
CRM- 485 (Institute of Reference Materials and Measurement, Geel, Belgium) and
Haricots Verts Major Components (BCR 383).
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3.5 FOOD AND BEVERAGE TECHNOLOGICAL TRANSFORMATIONS

3.5.1 Brewing attitude

Grain quality parameters important for malting are considered: 1,000-kernel weight,
test weight, total protein content, total starch content, falling number, grain moisture,
these last already described above, and the seed size, germinative capacity,

germinative energy and mean germination time.

3.5.1.1 Seed sieving-Carter Dockage Tester

The screening of kernels was carried out using a mechanical separator (CARTER
DOCKAGE TESTER). This procedure is important for the calibration of the grain for
the malting tests for sorghum and barley, since a uniform size of kernels is essential
for a homogeneous germination. For all cereals under study, the largest caliber was
selected because the kernels size is directly proportional to the starch content.
Furthermore, this practice allowed the removal and elimination of any foreign

material.

3.5.1.2 Germination measurements

In order to evaluate Germinative Capacity (GC), Germinative Energy (GE) and Mean
Germination Time (MGT) of the samples, 100 seeds are placed in a petri dish on a
filter paper moistened with about 4 ml of water. During the test the petri dishes are
kept at constant temperature (25 °C) and high humidity. Germinated seeds were
counted after 24, 48 and 72 hours in the darkness. After three days, at least 96% of the
seeds should be germinated, but in some cases the period of the test was extended to

five days. For each sample, three replicates of 100 seeds were performed.
3.5.1.2.1 Germinative capacity

The germinative capacity (GC) is expressed as the percentage of kernels germinated
under favorable conditions. Since the results of the germination tests are reproducible
and comparable to each other it is necessary to use standardized methods which allow
the control of the main factors (substrate, temperature, humidity, light) that influence

seed germination.
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The germinative capacity (GC) is obtained from the following formula:
GC ° 100
= — %
N

N= total number of seeds of the analyzed sample

n=number of seeds germinated after 72 hours
3.5.1.2.2 Germinative energy

The germinative energy (GE) considers the speed with which the seeds sprout. The
germinative energy is a parameter that indicates the germination rapidity and is
expressed as the weighted average of the germination days with respect to the number
of germinated seeds. This parameter contains two values: the germination speed and
the germination force (vigor, robustness, integrity of the shoots). Unfortunately, for
this analysis there is no standardized and univocal methodology, so the results are not
always comparable with each other. For the purposes of this work, the analysis of
germinative energy makes it possible to obtain information on the most suitable
methods for the wetting and germination phases. A seed with good germinative energy

generally shows a homogeneous germination, fundamental in the malting process.

The germinative energy (GE) is obtained from the following formula:

100N

O = ST D iz D) + (i + 1)

N= total number of seeds of the analyzed sample
n= number of seeds germinated in different time intervals

t=time when the seeds have germinated (i.e. 4 germination days)
3.5.1.2.3 Mean germination time

The determination of the mean germination time (MGT) considers the germination
rate, only one of the two values that form the concept of germinative energy, which
can be expressed in mathematical terms through the Pieper equation, which describes
this parameter as the ratio between the summation of the number of seeds germinated

in time t, divided by the total number of seeds.
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The mean germination time (MGT) is obtained from the following formula:

X(t*n)

MGT =
N

N= total number of seeds of the analyzed sample
n= number of seeds germinated in different time intervals

t= time when the seeds have germinated (i.e. 4 germination days)
3.5.2 Micromalting procedure and malt analysis

Two malting experiments were carried out using different parameters (temperature and
time) in steeping, germination and kilning process. The malting experiments for the
brown teff followed the method exposed by Di Ghionno et al. (2017) and for the
sorghum sample the method reported by Djameh et al. (2015) with slight
modifications. In these methods, some of the factors that influence the malting
characteristics such as steeping time, moisture content and germination time were
optimized while the kilning temperature of the germinated samples (green malt) were

altered in order to measure its effect.

3.5.2.1 Steeping and germination

A plastic container was used for the steeping and germination processes. About 2 Kg
of the grain sample were used per set of malting. The sample was placed in the
container, flushed with tap water and washed thoroughly. Dead grains were detected
from the bulk sample during this operation because grains which floated were likely
to be deficient in endosperm material. Actual steeping was carried out in tap water at
a grain/water ratio of 1:1.4 (w/v) for teff and 1:1.5 (w/v) for sorghum at 24°C. The teff
sample was steeped for 3h wet, 2h air-rest, 2h wet reaching a steeping degree of 40.5%,
whereas the sorghum total steeping time was as longer as 12h; in particular 4 cycles
of 3h wet were interspersed with 3 cycles one-hour air-rest. After steeping,
germination was operated on moistened blotting paper in the plastic container for two
days at 22 °C for teff sample and four days at 27°C for sorghum. The germinating
grains were turned daily to expel heat and prevent root matting. Also, water was
sprayed onto the germinating grains three times a day during the germinating period

to keep it moist, maintain embryo growth and enzymatic modification of the
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endosperm. The steeping and germination were done in a dark cabinet at ambient
temperature of about 22 — 27 °C. At the end of germination, the moisture content of

the green malt was determined before kilning.

3.5.2.2 Kilning

The green malt was spread on white tiles and kilned in a forced draft-air oven
incorporating a ventilation device. Kilning for teff sample was performed in the dryer
using the following program: 20h at 30 °C, 2h at 60 °C and 3h at 65 °C, for a total
period of 25 hours. Indeed, for sorghum green malt the kilning process was: 30 °C 1h
and 35 °C for 1 hour, then 20h at 40 °C and finally 50 °C for the last 2 hours. Teff malt
deculming was performed manually within nylon bags, whereas the sorghum grains
were de-rooted by hand using sieves with different diameter: 2.0, 1.0 and 0.5 mm. The
oven was pre-heated to each temperature regime before the green malt was loaded for
kilning. The moisture content of the malt was determined immediately at the end of

the Kkilning period in view of its hygroscopic nature.

3.5.2.3 Determination of the o- and f-amylase content

The malt-amylase assay procedure betamyl-3® ceralpha® methods kit was used. The
method involves the extraction of the enzymes from the matrix followed by the

determination of the content that is carried out separately for the two enzymes.

e Extraction phase: 50 g of malt were ground and reduced to a granulometry of 0.5
mm with laboratory mill (Laboratory mill LM 3100). Subsequently, 5 ml of
Betamyl-3® buffer A was added to 0.5 g of the flour and the solution was stirred
for a few seconds. The samples were incubated at room temperature for 1 hour
under constant stirring. At the end of the incubation, the samples were centrifuged
at 2000 rpm for 10 minutes. Then, the supernatants were taken and 4 ml of Betamyl-
3® buffer B was added. The solution thus obtained was the A extract.

e [(-amylase determination: 0.2 ml of malt extract (extract A) was placed into a 12 ml
glass tube and pre-incubated at 40 °C for 5 minutes. The same treatment was
performed for the Betamyl-3® substrate solution. Subsequently, 0.2 ml of Betamyl-

3® substrate solution was added to the tube containing extract A. After being stirred
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for a few seconds, the sample was incubated at 40 °C for 10 minutes. After this
time, 3 ml of stopping reagent were added and the solution was vigorously stirred.
Finally, the measurement of the absorbance of the samples and of the control
reagent against white (distilled water) at a wavelength of 400 nm was carried out
with a spectrophotometric apparatus (Perkin EImer Lambda 3B).

e o-amylase determination: 0.2 ml of extract A were diluted in 3 ml of Ceralpha®
Buffer A. The solution thus obtained is extract B. In a 12 ml glass tube 0.2 ml of
extract B and the tube was pre-incubated at 40 °C for 5 minutes. 0.2 ml of
Ceralpha® substrate solution previously pre-incubated at 40 °C for 10 minutes were
added to the tube containing extract B. The sample was incubated at 40 °C for 10
minutes and 3 ml of stopping reagent were added at the end of the incubation. The
measurement of the absorbance of the sample and of the control reagent against
white (distilled water) was carried out at a wavelength of 400 nm with a

spectrophotometric apparatus (Perkin ElImer Lambda 3B).

The enzymatic units per gram of malt were obtained through the following formulas:

o — amylase unit
g

= AE400 * 315.6

3 — amylase unit
g

= AE400 * 19.7

3.5.3 Preparation of Italian tigelle bread

Tigelle, also called crescentine or crescenti, are typical focaccias from the mountain
areas of Emilia Romagna based on water, salt, flour, lard and yeast. Tigelle can also
be made without lard by adding the same amount of butter, seed oil or milk. For these
peculiar characteristics it was decided to test teff flour in the production of these
unleavened loaves of Italian tradition and two different trials were carried out to
prepare ‘tigelle’, the first with 100% white teff wholemeal flour (WTF) and the second
with an amount of ground brown teff malt (WTF+BTM) (Tab.6).
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Table 6. Formulations of tigelle teff bread

Ingredients (%0) WTF WTF+BTM
White teff wholemeal flour 61 47

(% of total flour) 100% 7%
Brown teff malt ground 0 14

(% of total flour) 0% 23%
Yeast 1.7 1.7
Water 35 35
Extra virgin olive oil 1.5 1.5

Sea salt 0.8 0.8

WTF = 100% white teff flour, WTF+BTM = 77% WT + 23% Brown teff malt

The flour and the dehydrated yeast were mixed in a planetary, then oil and water were
added, seasoned with salt and continued to mix until was obtained a compact dough,
that could detach from the sides of the bowl. The dough was then worked with the
hands on a support surface making it smooth and homogeneous. Then it was placed in
a container, covered with transparent film, and left to rest for at least 2 hours at room
temperature. After this time, the dough was worked on a floured surface and spread
with a rolling pin (the thickness of the dough was about 5 millimeters), then discs with
a pastry ring were made from dough. At the same time, the “tigelliera” has been heated
over moderate heat on which the focaccia would have been cooked. When the tigelliera
was boiling, the tigelle were placed on top and the lid was closed and cooked for 5
minutes. Once the discs have become golden on both sides, they have been removed

from the pan and served hot.

3.5.3.1 Sensory Evaluation

A hedonic sensory evaluation was performed using the method of Lawless and
Heymann (1999) with 14 not expert panelists, who were students and colleagues of
the CREA-IT. Seven attributes were evaluated by the panel including crumb color,
crust color, aroma, taste, softness, moistness and overall acceptance. A nine-items

hedonic scale was used (9-like extremely, 8-like very much, 7-moderately like, 6-
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slightly like, 5-like/dislike,4-dislike slightly, 3-dislike moderately, 2-dislike very

much and 1-dislike extremely).

3.6 STATISTICAL ANALYSIS

Three independent aliquots of composite wholemeal sample were considered as
statistical replicates of each genotype. Analysis of variance (ANOVA) was performed
with MSTATC program (Michigan State University, East Lansing, MI). Genotype

means were compared using the Duncan’s multiple range test (p < 0.05).
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CHAPTER 4: RESULTS
4.1 MERCEOLOGICAL AND TECHNOLOGICAL TRAITS
4.1.1 Thousand kernels weight and test weight

In order to evaluate the merceological parameters of samples under study, the thousand
kernels weight (TKW) and the test weight (TW) have been carried out. On average,
food-grade (Fd) sorghum reported the 1,000-kernel weight about half of cv Iride,
durum wheat control (22.6 vs 51.9 g), from a minimum of 21.3 g (PSE 7431 hybrid)
to a maximum of 23.5 g (SW6237W hybrid), whereas the zootechnical (Zt) cv Aralba
presented the highest value of 24.3 g (Fig.20). Teff genotypes are characterized by an
extremely low TWK, the mean values were 0.28 g in white teff and 0.26g in brown
teff (Fig.20).
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Zt- Sorghum Fd- Sorghum Fd- Sorghum Fd- Sorghum Fd- Sorghum Teff Teff Durum
(PSE) {6129) (6143) (6237) {white) (brown) Wheat

Figure 20. Mean values # standard deviation of TKW in five sorghum hybrids and
two teff genotypes compared with durum wheat (cv Iride). In each histogram, means

followed by the same letter do not differ significantly from one another (P<0.05).

The sorghum test weight was, on average, 15% lower than control (73.2 vs 84.9
Kg/hL), and the lowest value was found in food-grade hybrid PSE7431 (67.3 Kg/hL).
On the contrary, both teff genotypes highlighted values significantly higher among all
the samples examined, with a mean test weight of 86.8 Kg/hL (Fig.21).
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Figure 21. Mean values # standard deviation of TW in five sorghum hybrids and
two teff genotypes compared with durum wheat (cv Iride). In each histogram, means

followed by the same letter do not differ significantly from one another (P<0.05).

4.1.2 Hardness index

The hardness index expressed by the Single Kernel Characterization System observed

in sorghum samples was, on average, typical of that of hard common wheats or durum
wheat (83.4) (Tab.7). The SW6129 food-grade hybrid showed an extra hard texture
(96.1), whereas the PSE7431 food-grade hybrid presented the lowest value for hard
texture (59.4).

Table 7. Mean values # standard deviation of SKCS in five sorghum hybrids
compared with durum wheat. In column, means followed by the same letter do

not differ significantly from one another (Duncan test at P<0.05).

SAMPLES SKCS Index
Zt-Sorghum 81.7%+ 16.2
Fd-Sorghum (PSE) 59.4°+ 23.8
Fd-Sorghum (6129) 96.1+ 13.2
Fd-Sorghum (6143) 89.4%+20.1
Fd-Sorghum (6237) 88.92+15.1
DurumWheat 83.0°+5.2
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4.1.3 Sedimentation Volume

The sedimentation test (SDS) showed both in the sorghum hybrids and in the teff

genotypes values about half of those of the control (on average 15, 18 and 36mL,

respectively), with the white teff being unique in showing an SDS sedimentation

volume as high as 20 mL (Fig.22). This behavior was likely due to their lack of gluten,

which is known to play an important role in the visco-elastic properties of dough.

mL
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Zt- Sorghum Fd- Sorghum Fd- Sorghum Fd- Sorghum Fd- Sorghum Teff Teff Durum
(PSE) (6129) (6143) (6237) (white) (brown) Wheat

Figure 22. Mean values # standard deviation of SDS test in five sorghum hybrids
and two teff genotypes compared with durum wheat (cv Iride). In each histogram,
means followed by the same letter do not differ significantly from one another
(P<0.05).

4.1.4 Falling Number

The Falling Number (FN) presented very variable data within the two species, but on

average both sorghum and teff samples were slightly lower than the control (546 and

531 vs 647 sec, respectively) (Fig.23). The lower values, indicative for a higher a-

amylasic activity, were those of food-grade hybrid PSE (339 sec) and brown teff (461
sec), whereas food-grade hybrid SW6237W showed the highest FN (680 sec) and
zootechnical Aralba presented an intermediate value (612 sec).
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Figure 23. Mean values # standard deviation of FN in five sorghum hybrids and two teff
genotypes compared with durum wheat (cv Iride). In each histogram, means followed by

the same letter do not differ significantly from one another (P<0.05).

4.1.5 Yellow and Brown index

The chromatic coordinate (b*) and the Luminosity (L*) of the different wholemeal
flours are depicted in Fig.24. There were significant differences in the color depending
on the type of flour (Fig.25). Both the food-grade sorghum hybrids and the teff
genotypes showed on average values of yellow index (b*) lower than 10% of durum
wheat (10.9 and 12.0 vs 13.5 b*) (Fig.25A), anyway the higher value was performed
by white teff genotype (12.3 b*).On the other hand, the brown index (100-L*)
highlighted the higher average values of sorghum and teff compared to the control
(19.8 and 27.4 vs 14.4) with peaks on food-grade sorghum hybrids PSE 7431 (27.9)
and brown teff (31.1) (Fig.25B).

Figure 24. Photographs of whole grain
flours of two food-grade sorghum hybrids
(SW 6129 and PSE 7431) and two teff
genotypes (white and brown) under
study.
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Figure 25. Mean values #standard deviation of Yellow(A) and Brown (B) index in
five sorghum hybrids and two teff genotypes compared with durum wheat. In each
histogram, means followed by the same letter do not differ significantly from one
another (P<0.05).

4.2 BIOCHEMICAL AND NUTRITIONAL TRAITS
4.2.1 SDS-PAGE of sorghum and teff prolamins

The SDS-PAGE fractionation allowed to identify the main component (70-80%) of
storage proteins in sorghum kernel, the alcohol-soluble prolamins called kafirins, and
in teff genotypes. Durum wheat cv Iride and two soft common wheat, cvs San Pastore
and Centauro, the controls, showed in their elettroforetic pattern the high molecular

weight glutenin subunits (HMW-GS), the low molecular weight glutenin subunits
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(LMW-GS) and the gliadins (Fig.26A-B), proteins totally absent in sorghum and teff
lines (Figs.26-27).
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Figure 26. SDS-PAGE fractionation under reducing conditions of total proteins (A)
and kafirins (B) in 5 sorghum lines: Aralba (2), PSE 7431 (3), SW6129 (4), SW6143W
(5), SW6237W (6) compared with the controls of common wheat cvs San Pastore (1),
and Centauro (8), and durum wheat cv Iride (7). HMW glutenin subunits (HMW-GS)
are numbered and arrowheads indicated kafirin proteins.

Kafirin proteins were observed in sorghum hybrids, in form of dimers and trimers and
oligomers. In Figure 26B are highlighted the different kafirins: y-kafirine with a
molecular weight around 28 KDa; a-kafirine with a molecular weight between 23 and
25 KDa, and B-kafirine, with a molecular weight between 16 and 20 KDa (Belton et
al., 2006; EI Nour et al., 1998; Shull et al., 1992). The Kafirins are located in the
endoplasmic reticulum, where they form protein bodies rich in disulfide bonds
responsible for the low digestibility of sorghum-based products.

The SDS-PAGE under reducing conditions showed teff prolamins with major bands
approximately at 20 and 23 kDa, whereas other bands with higher molecular weights
showed very faint signals, indicating that these polypeptides are disulphide bonded
(Fig.27). Adebowale (2011) ascribed the presence of broad monomeric prolamin
bands in teff even under non-reducing conditions to the observation that teff prolamins

is less polymerized than sorghum prolamins.
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Figure 27. SDS-PAGE fractionation of storage proteins under reducing
conditions from two teff genotypes in the red circle: white (1) and brown (2);
kafirins from five sorghum hybrids in the orange rectangle: Aralba (3), PSE
7431 (4), SW6129 (5), SW6143W (6), SW6237W (7); and glutenins and
gliadins from durum wheat cv Iride (8). HMW glutenin subunits (HMW-GS)

are numbered.

4.2.2 Protein content

The total protein content (PC) showed a clear difference in protein content between

the sorghum and teff lines analyzed and the durum wheat (Fig.28).
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Figure 28. Mean values #standard deviation of PC in five sorghum hybrids and
two teff genotypes compared with durum wheat. In each histogram, means
followed by the same letter do not differ significantly from one another (P<0.05).
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It is interesting to note that the sorghum hybrids, including zootechnical quality
control, presented a homogeneous protein concentration ranged from a minimum
content of 9.2% d.w. (SW6129 line) to a maximum of 10.9% d.w (SW6143W line),
with an average value of 10% d.w. in food-grade hybrids, 3.5 percentage units lower
than durum wheat (13.5%). Teff genotypes, instead, exhibited greater variability with
an average value of 11% d.w., but with the highest value of all the samples analyzed
in white teff genotype (12.2%) (Fig.28).

4.2.3 Starch granules

The teff and sorghum starch granules were compared for their diameter and surface
area with durum wheat control (Fig.29). Teff starch granules are conglomerates of
many polygonal simple granules. The individual starch granules in teff are very small
(2—6 pum in diameter) and similar in size to rice starch granules (2—10 pum). The shape
is polygonal, smooth with no surface pores (Fig.29C). The sorghum granules,
conversely, have a large range of sizes (from 30 to 2-3 um), with typical values of
about 10-16 um range (Fig.29B) and they are often misshapen due to the compressive
effects of contact with the protein bodies and as a result may take on complex shapes
(Gebremariam et al., 2014; Wolter et al., 2013).
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Figure 29. Starch granules of the endosperm from durum wheat (A), sorghum hybrid (B) and teff
genotype (C)
4.2.4 Total starch content

From the analysis carried out to evaluate the total starch (TS) content, a significant
variability among sorghum hybrids has been found, on the contrary the teff genotypes

revealed homogeneous values (Fig.30).
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Above all, food grade sorghum hybrids showed, on average, a total starch content of
70.9% d.w., 3.8 percentage units higher than durum wheat control (67.1% d.w.), with
a maximum of 74.9% reported in SW6237W line and a minimum value of 67.2% in
PSE7431. Furthermore, the zootechnical quality Aralba presented a low total starch
content (68.2% d.w.). Teff genotypes reported a mean value of total starch higher than
both in food-grade sorghum hybrids and in durum wheat control (72.0 vs 70.9 and
67.1% d.w., respectively) (Fig.30).
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Figure 30. Mean values # standard deviation of TS in five sorghum hybrids and
two teff genotypes compared with durum wheat. In each histogram, means

followed by the same letter do not differ significantly from one another (P<0.05).

4.2.5 Resistant starch content

The resistant starch (RS) content, exhibited, on average, very high values in the
sorghum hybrids (1.714% d.w.),whereas in teff genotypes it was statistically
comparable to the durum wheat (0.136 and 0.239% d.w., respectively) (Fig.31). In
sorghum hybrids the highest and the lowest data were found in food-grade lines
SW6129 and PSE7431 (2.320 and 0.660% d.w., respectively), whereas the
zootechnical Aralba showed a still high value (1.920% d.w.) (Fig.31). In any case,
among all the samples analyzed, the lowest resistant starch concentration was detected
in white teff genotype (0.134% d.w.) (Fig.31).
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Figure 31. Mean values #standard deviation of RS in five sorghum hybrids and
two teff genotypes compared with durum wheat. In each histogram, means
followed by the same letter do not differ significantly from one another (P<0.05).

Consequently, the resistant starch/total starch ratio (Fig.32) resulted on average higher
in sorghum hybrids than those defined in teff genotypes and durum wheat (2.426 vs
0.188 and 0.356% respectively). Moreover, the food-grade hybrid SW6129 showed a
value (3.36%) 10 times higher than control.
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Figure 32. Mean values # standard deviation of RS /TS ratio in five sorghum
hybrids and two teff genotypes compared with durum wheat. In each histogram,
means followed by the same letter do not differ significantly from one another
(P<0.05).
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4.2.6 Total dietary fiber content

On average, total dietary fiber (TDF) content was about 20% lower in both the food-
grade sorghum hybrids (9.68% d.w.) and the two teff lines (9.55% d.w.), except for
the PSE hybrid (11.75% d.w.) comparable to durum wheat (11.95% d.w.), followed
by the SW6143W line (10.22%d.w.) (Fig.33). Unlike these, the SW6129 and
SW6237W hybrids showed the lowest values (8.52 and 8.23% d.w., respectively). The
zootechnical quality Aralba exhibited intermediate value (9.40% d.w.), statistically
similar to the white (9.36% d.w.) and to the brown teff genotypes (9.74% d.w.)
(Fig.33).
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Figure 33. Means values + standard deviation of TDF content in five sorghum
hybrids and two teff genotypes compared with durum wheat. In each histogram,
means followed by the same letter do not differ significantly from one another
(P<0.05).

4.2.7 p-glucan content

The B-glucan content was low in all the examined samples, indeed, on average, the
food-grade sorghum hybrids showed value (0.256% d.w.) equal to one third of the
durum wheat (0.753% d.w.), whereas the teff genotypes (0.383% d.w.) equal to half
of the control (Fig.34). Among all the sorghum hybrids, the zootechnical quality
Aralba showed the highest value (0.320% d.w.), however lower than those of white
(0.354% d.w.) and brown teff genotypes (0.411% d.w.) (Fig.34).
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Figure 34. Means values # standard deviation of f-glucan content in five

sorghum hybrids and two teff genotypes compared with durum wheat. In each

histogram, means followed by the same letter do not differ significantly from one
another (P<0.05).

4.2.8 Fructo-oligosaccharides content

As shown in the graph below (Fig.35), the analysis of the fructo-oligosaccharides

(FOS) presented a wide range of values between the sorghum hybrids analyzed (from

0.56 t0 1.90% d.w.). These values are on average lower than that of durum wheat (1.24
vs 1.49% d.w.).
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Figure 35. Means values # standard deviation of FOS content in
five sorghum hybrids compared with durum wheat. In each
histogram, means followed by the same letter do not differ

significantly from one another (P<0.05).
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Among sorghum samples, SW6143W and SW6237W showed higher fructan content,

with

mean values of 1.90% and 1.61%, respectively (Fig.35). Lower values were

obtained in the food-grade hybrids PSE 7431 (0.80% d.w.) and SW6129 (0.56% d.w.).
The zootechnical control Aralba showed a mean value of 1.36% (Fig.35).

4.3 BIOACTIVE COMPOUNDS

4.3.1 Total antioxidant capacity

The total antioxidant capacity (TAC) showed significantly lower values (P <0.05) both

in food-grade sorghum hybrids and in commercial teff compared to durum wheat (on
average 30.4 and 35.0 vs 43.1 mmol TEAC/Kg d.w.) (Fig.36).

mmolTEAC/kg d.w.
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Figure 36. Means values #standard deviation of TAC in five sorghum hybrids and
two teff genotypes compared with durum wheat. In each histogram, means

followed by the same letter do not differ significantly from one another (P<0.05).

All sorghum values were observed very various and lower than the control, among
food-grade sorghum samples, PSE7431 line showed a greater total antioxidant
capacity (37.3 mmol TEAC/Kg d.w.), followed by SW6143W (31.5 mmol TEAC/Kg
d.w). The lowest values of total antioxidant capacity were obtained in food-grade
hybrids SW6129 and SW3237W (25.5 and 27.5 mmol TEAC/Kg d.w., respectively),
and in the zootechnical sorghum control (27.9 mmol TEAC/Kg d.w.) (Fig.36).The

brown teff commercial genotype revealed the highest TAC (38.4 mmol TEAC/Kg

d.w.) among all the samples examined, whereas its white counterpart gave a lower
value (31.6 mmol TEAC/Kg d.w.) (Fig.36).
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4.3.2 Yellow colored pigment content

The yellow colored pigment (YCP) content, on average, did not exhibit significant
differences in white and brown teff genotypes (3.3 and 3.8 mg B-carotene/kg d.w.,
respectively) compared with durum wheat (5.3 mg 3-carotene/kg d.w.), conversely the
total average of all sorghum samples was found higher than control (35.9 mg B-
carotene/kg d.w.) (Fig.37).
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Figure 37. Means values # standard deviation of YCP content in five sorghum
hybrids and two teff genotypes compared with durum wheat. In each histogram,
means followed by the same letter do not differ significantly from one another
(P<0.05).

The highest YCP content among sorghum samples was in the hybrid PSE 7431 (95.3
mg pB-carotene/kg d.w.), followed by the SW6143W (37.3 mg p-carotene/kg d.w.) and
the zootechnical witness Aralba (35.3 mg B-carotene/kg d.w.) (Fig.37). Among the
sorghum lines, the SW6129 and SW6237W hybrids showed the lowest values (6.7 and

5.0 mg B-carotene/kg d.w., respectively), analogous to the control (Fig.37).

4.3.3 Anthocyanin content and total antioxidant capacity in anthocyanin extracts

The white and brown commercial teff genotypes showed anthocyanin (ANT) content
(4.2 and 3.7 mg/g d.w. respectively) statistically similar to durum wheat (4.0 mg/g
d.w.) (Fig.38). All sorghum lines, instead, revealed data higher than control, for food-
grade sorghum hybrids the mean value was more than double (9.2 vs 4.0 mg/g d.w.).
In particular, in food grade hybrids the maximum value was found in PSE7431 (13.7
mg/g d.w.) and the minimum in SW6237W (6.4 mg/g d.w.) lines (Fig.38). The
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zootechnical quality Aralba showed a content three times higher (11.8 mg/g d.w.) than
control (Fig.38).
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Figure 38. Means values + standard deviation of ANT content in five sorghum
hybrids and two teff genotypes compared with durum wheat. In each histogram,
means followed by the same letter do not differ significantly from one another
(P<0.05).
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compared with

6237

durum wheat.

The 3-deoxyanthocyanidins, the most common anthocyanin type present in sorghum,
produce a yellow (apigeninidin) and orange (luteolinidin) color in acidic solvents
(Fig.39) and they are distinctly different from the anthocyanins and their aglycons,
which are mostly reddish to purple in acidic media. The total antioxidant capacity
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performed on the anthocyanin extracts (Fig.39) was found in SW sorghum hybrids, on
average, 50% lower than durum wheat (0.62 vs 1.31 mmol TEAC/kg d.w.), statistically
similar to the brown teff genotype (0.67 mmol TEAC/kg d.w.). Conversely, the white
teff genotype (1.67 mmol TEAC/kg d.w.), PSE food-grade sorghum hybrid (1.56
mmol TEAC/kg d.w.) and the zootechnical quality Aralba (1.47 mmol TEAC/kg d.w.)
exhibited, respectively, values about 30%, 20% and 10% higher than durum wheat
(Fig.40).
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Figure 40. Means values #standard deviation of TAC of anthocyanin extracts
in five sorghum hybrids and two teff genotypes compared with durum wheat.
In each histogram, means followed by the same letter do not differ significantly

from one another (P<0.05).
4.3.4 Total soluble polyphenol content

The analysis carried out for the determination of the total soluble polyphenol (TSP)
content revealed a significant great amount in sorghum hybrids (Fig. 41).

On average, food-grade sorghum lines presented TSP content five times higher than
durum wheat (1252 vs 231 mg FAE/kg d.w.), among these the highest value was
detected in PSE7431 hybrid (1933 mg FAE/kg d.w.) and the lowest in SW6143W (909
mg FAE/kg d.w.); in the same way the zootechnical sorghum Aralba showed a mean
value of 1052 mg FAE/kg d.w. (Fig.41).
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Figure 41. Means values+ standard deviation of TSP content in five
sorghum hybrids compared with durum wheat; FAE=ferulic acid
equivalents. In each histogram, means followed by the same letter do

not differ significantly from one another (P<0.05).

4.3.5 Folate Content

Folate, an essential component in the human diet, is involved as a cofactor in metabolic
reactions (e.g. the biosynthesis of nucleotides) and plays a critical role in the
prevention of neural tube defects. The total folate content was found in both teff
genotypes 50% higher than durum wheat, on average 59.7 vs 41.8 ug/100g; on the
contrary, both food-grade SW6237W and zootechnical quality Aralba showed values
about 20% lower than the control (32.4 and 33.5 pg/100g) (Fig.42).
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Figure 42. Means values + standard deviation of total folate content
in two sorghum hybrids and two teff genotypes compared with durum
wheat. In each histogram, means followed by the same letter do not

differ significantly from one another (P<0.05).
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4.4 FOOD AND BEVERAGE TECHNOLOGICAL TRANSFORMATIONS
4.4.1 Brewing attitude

In order to investigate the ability of gluten-free cereals to be malted and used as
brewing raw material, the brown teff genotype was chosen, which in the analysis of
biochemical and nutritional characterization presented the most interesting values for
its transformation into alcoholic beverage (rather low protein, B-glucan contents,
falling number, and TW and TS with relative high values). Therefore, the brown teff
genotype was compared with a sample of the last harvest grains of a commercial
sorghum variety and with a control of barley, cv Tea, for parameters related to
preliminary evaluation of malting attitude. The unmalted grain quality parameters
investigated and compared were: 1,000-kernels weight, test weight, total protein
content, total starch content, falling number, germinative capacity, germinative energy
and mean germination time.

Both brown teff and sorghum commercial genotypes, as highlighted in Table 8,
showed unmalted grain quality parameters suitable to be tested as brewing raw

material.

Table 8. Means values #standard deviation of TKW, TW, PC, TS content and FN in barley, cv
Tea, sorghum and brown teff commercial genotypes. In column, means followed by the same

letter do not differ significantly from one another (Duncan test at P<0.05).

TKW (g) TW (Kg/hL) PC (% d.w.) TS (% dw.) FN (sec)

Barley 26.0°+0.1  73.4°+0.3 10.6°+0.1  64.4°40.1 303°+7
Sorghum 24.2°+0.4  78.1°+0.2 10.5%+0.3  79.5%+0.9  473%*11

Teff (brown) 0.26°+0.02 87.8%+0.4  9.8°+0.1  71.9°+0.1  461%4

Among these, one of the most important trait for the production of beer is the protein
content, that should not exceed 11%, because an excessive protein content could
negatively affect the chemical-physical stability of the final product; so the brown teff
genotype, for its lowest value (9.8% d.w.) resulted the sample more interesting.

Furthermore, the high starch content is an important prerogative for the malt
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production and it is related to the quantity of fermentable sugars that will be used by
yeast during fermentation, as well as the alcohol content of the resulting beverage. As
reported in Table 8, sorghum and teff exhibited starch content higher than that of
barley control (79.5 and 71.9 vs 64.4% d.w.).

The sorghum and brown teff commercial genotypes obtained, on average, falling
number values of 473 and 461 seconds respectively (Tab.8), higher than barley control
(303 sec) but lower than all the samples previously analyzed (Fig.23), however index
of low enzymatic activity. Afterwards the falling number was carried out also on the
malts to evaluate the increase of the amylase activity during the malting process. All
the malts showed a FN value of 62 seconds, indicating the presence of amylase
activity, and therefore the occurrence of the malting process, although this evaluation

did not allow to discriminate the level of enzymatic activity of each malt.

4.4.1.1 Seed sieving- Carter Dockage Tester

A homogeneous kernels size is necessary because also the germination times are
homogeneous. Therefore, a sieving process of the sorghum kernels was carried out,
whereas for the teff genotype this was not possible due to the reduced dimensions of

the seed itself. The selected sizes for sorghum was between 3.5 and 3.7 mm.

4.4.1.2 Mean germination time, germinative capacity and germinative enerqy

The germination (Fig.43) resulted faster in the barley seeds, indeed, after the first day,
on average, the 77% of barley seeds germinated, whereas for teff genotype only the
47%, and no seed for the sorghum sample (Fig.44).
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Figure 43. Germination and germinative energy test of barley cv Tea (A),
sorghum (B) and brown teff (C).
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Figure 44. Means values #standard deviation of germination
time of barley cv Tea (yellow), sorghum (blue) and brown teff
(brown) commercial genotypes.

Germinative capacity (GC) is a measure of the ability of kernels to germinate in 72
hours and it is considered an index of seed vitality. Usually, values greater than or
equal to 96% indicate excellent germination. The results obtained have been reported
in figure 45; the brown teff sample showed good germination capacity (90%), similar

to barley (96%), whereas sorghum presented a very low value (14%).
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Figure 45. Means values # standard deviation of germinative
capacity (GC), germinative energy (GE) and mean
germination time (MTG) of barley cv Tea (yellow), sorghum
(blue) and brown teff (brown) commercial genotypes.
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The germinative energy (GE) is a parameter that expresses the rapidity of germination
and, consequently, the ability of the kernel to overcome the dormant phase. A seed
with good germinative energy generally shows a homogeneous birth, fundamental in
the malting process. The germinative energy, calculated over a period of 4 days, was
higher in barley cv Tea (79%), followed by brown teff (71%), and finally sorghum
(51%) (Fig. 45), consequently the mean germination time estimated on 4 days, was
higher in sorghum (47 hours) than in brown teff and barley samples (34 and 32 hours
respectively).

Therefore, under this experimental condition the germinative capacity and the
germinative energy in sorghum were insufficient for malting process. The values
obtained, in effect, are strictly related to the experimental conditions of the test, so it
was decided to modify the parameters most influencing the germination (temperature,
time and moisture) to obtain better germinative energy values and to develop a specific

malting protocol for each cereal.

4.4.1.3 Micromalting

Two malting experiments were performed using different parameters (temperature and
time) in steeping, germination and kilning programs for teff and sorghum (Fig.46),

partly modifying the trials of germination tests.

Figure 46. Teff (A) and sorghum(B) malting processes.

In fact, the sorghum grains required longer times both for the steeping (12h wet) and

for the germination (4 days at 27°C) phases, whereas for the teff grains were enough
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2 days of germination at 22 °C after a steeping period of 5h water rest. According to
the literature, the optimum steeping out moisture for sorghum and teff should be
respectively 61% and 48% (Dewar et al., 1997, Di Ghionno et al., 2017). In this study,
lower results were found both in sorghum (42.3%) and in teff (40.5%) samples.
Moisture was determined on raw grains and after steeping, before and after kilning.

Results from the two malting trials are showed in Table 9.

Table 9. Means + SD of moisture variation during malting steps of teff and sorghum.

Moisture (%)

Samoles Raw arain After Before After
P g steeping kilning kilning
Teff 13.740.2 37.7+0.3 40.54+0.5 7.240.1
Sorghum 13.3+0.1 40.1+0.5 42.3+0.6 5.6+0.1

The differences in water up-take values, compared to the findings in the
aforementioned literature, could be explained by variations in the biochemical
characteristics among different cereal and pseudo-cereal cultivars that may affect their
malting behavior. This has been supposed by Blaise and Alexander, moreover it has
been reported by Owuama that the differences in biochemical characteristics among

different sorghum cultivars affected their optimal malting conditions.

4.4.1.4 Amylase activity

Amylase activity is fundamental for the degradation of starch to fermentable sugars
which will be used by yeast during fermentation for the production of ethyl alcohol
and CO2.The a-amylase activity is expressed in Ceralpha Units/g dry substance (CU/g
d.w.) whereas the p-amylase activity is expressed in Betamyl-3 Units/g dry weight
(B3U/g d.w.).The results obtained, reported in Figure 47, showed in all the samples an
a-amylase and p-amylase activity considerably lower than those of the control malt.
"Basic malt" is a type of malt that, thanks to its high content of amylolytic enzymes,
can supply a sufficient quantity of fermentable sugars and, consequently, can also be
used as the only malt for the production of beer. The a-amylase activity was found
higher in the barley cv Tea (194 U/g) than in sorghum and teff malts (79 and 4 U/g

respectively). The B-amylase activity compared to barley malt control was 35% and
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80% less in cv Tea and brown teff malts, and it was present only in traces in sorghum
sample (0.56 U/g).

300 274

194

100 79

50
9.77 i 0.56 43 321 15.13
0 ———

Barley cv Tea Malt Sorghum Malt Brown Teff Malt Barley control Malt

M a-amylase M B-amylase

Figure 47. Means values # standard deviation of a-amylase and p-amylase
content in malt from barley cv Tea, sorghum and brown teff commercial

genotypes.

The malts analyzed did not show an amylase activity comparable to that found in malt
obtained from beer barley, therefore the activity was found insufficient to guarantee a
suitable quantity of fermentable sugars. As a consequence, the drinks obtained from
this type of malts, could show a reduced alcohol content. However, as the light beer
market is a growing market, this type of beverage could still be interesting for this
sector. Otherwise, the malts produced could be used in combination with other malts

for the production of innovative beers, not yet available on the market.

4.4.2 ltalian tigelle bread teff-based and sensory evaluation

“Tigelle” are typical focaccias from Emilia Romagna based on water, salt, flour, lard
and yeast. For their peculiar characteristics it was decided to test teff flour in the
production of these unleavened loaves of the Italian tradition and two different trials
were carried out to prepare ‘tigelle’ (Fig.48), the first dough with 100% white teff flour
(WTF) and the second (WTF+BTM) adding 23% of brown teff ground malt obtained
after the malting process described above. In fact, considering that the malt enzymes
may influence the technological quality of the end products, as noted by Makinen

(2013) the fortification of wheat bread with unconventional malted grains has been
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studied previously on malted quinoa, oat, sorghum and brown rice, and it is interesting
to study their suitability for use in gluten free baking.

Figure 48. Phases of preparation of the dough and baking tigelle teff-bread WTF (A) and
WTF+BTM (B).

At first impact the dough without the addition of malt was more elastic, perhaps due
to a different absorption of water by the malt.

The use of 100% teff flour (WTF) and teff flour with malt (WTF+BTM) were
acceptable according to the overall acceptance scores of the panelists. The radar chart
relating to the tasting session carried out by not-expert people are reported below in
Figure 49.

crumb color

== WTF
=M= WTF+BTM

Figure 49. Sensory evaluation of WTF and WTF+BTM tigelle:9-like extremely, 8-
like very much, 7-moderately like, 6-slightly like, 5-like/dislike, 4-dislike slightly, 3-
dislike moderately, 2-dislike very much and 1-dislike extremely.

The results obtained from the hedonic analysis highlighted in WTF higher scores for
crumb and crust color, whereas the bread with malt was preferred for its aroma and
taste (Fig.49).
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CHAPTER 5: DISCUSSION

The main goal of the present study was to compare the merceological, technological,
biochemical and nutritional traits and the bioactive compounds of four food-grade
sorghum hybrids and two teff genotypes with durum wheat and zootechnical sorghum
cultivars as controls, and to analyse them for their food and beverage technological
transformations attitude to evaluate the possibility of introducing these two gluten free
cereals and their products in Italian market.

The acquisition of good quality grain is fundamental for the production of acceptable
food products from sorghum and teff both for growing population in many developing
countries, particularly in West Africa, and for production of wheat-free foods for
persons with celiac disease in Western Countries.

Many thousands of sorghum accessions have been developed and are represented in
seed collections around the world, particularly collections in Ethiopia, China, USA,
and the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
(Rosenow & Dahlberg, 2000). There is a need for further characterization of the
sorghum and teff collections with respect to food and other quality attributes.

Kernel properties including texture and size, impact both the particle size of the final
flour as well as starch damage, these attributes in turn playing a large role in final
product quality. The kernel texture is worldwide considered a main determinant in
wheat end product use and quality, because of its strong effects on milling conditions,
granularity of flour and starch granules integrity, flour yield and water absorption,
rheological and baking properties. The Single Kernel Characterization System (SKCS)
has been widely used in the wheat industry, and SKCS parameters have been linked to
end-use quality. As highlighted by Bean et al. (2006), the SKCS was designed to
analyze wheat, which has a different kernel structure from sorghum, however
comparing it with hardness measured by abrasive decortications (AHI values), despite
a moderate correlation (r = 0.61) between the two hardness indices, it was concluded
that SKCS hardness can be used to predict sorghum grain hardness without
modification.

The results concerning the kernel weight (from 21.3 to 24.3 mg) and hardness (from

96.1 to 59.4 SKCS index) of the sorghum food-grade analyzed here, reported data

101
%‘s /a/w.



Tesi di dottorato in Bioingegneria e Bioscienze, di Elena Galassi,

discussa presso I'Universita Campus Bio-Medico di Roma in data 28/05/2019.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte.

Chapter 5: Discussion

belonged to the classes described by Bean et al. (2006), in which the higher values of
hardness corresponded to lower kernel weight classes, despite the great variability
occurred within the classes themselves confirming also the results described by Gazza
et al. (2008) in common wheat. On average the Bolivian hybrids (SW) presented a
very high SKCS index (91.4); a higher hardness index corresponds to a higher
compactness of the kernel structure and thus a greater resistance to mechanical stress,
consequently more resistant to breakage during decortication (dehulling) and milling
than grain with a high proportion of floury endosperm. Kernel hardness (endosperm
texture) is the proportion of corneous (vitreous or hard) fraction of the endosperm with
respect to the floury or soft endosperm fraction. During milling hard grains tend to
yield proportionally cleaner endosperm of large particle size than soft grains, this is
because the corneous endosperm is easily separated from intact starchy endosperm
giving a higher yield. Sorghum grains with corneous endosperm are preferred for stiff
porridge and grits making, moreover in the field, hard grains, are also more resistant
to insect and mould damage than soft grains.

Sorghum food-grade hybrids showed the test weight (73.2 Kg/hL) lower (15% less)
than durum wheat (84.9 Kg/hL), whereas the high test weight presented by both teff
genotypes (86.8 Kg/hL) was indicative of a full kernel; consequently, the yields in
flour will be greater. Their average TKW (0.268 g) was not significantly different from
data reported by Bultosa (2007).

As expected, the breadmaking attitude measured by SDS sedimentation test of the
wholemeal flour was poor in gluten free cereals, on average about half of wheat flour
sedimentation value (16.3 vs 36.0 ml).

The Falling Number is an indication of amylase enzyme activity, Mohammed et al.
(2009) found that substitution of wheat flour by teff flour caused significant increase
in Falling Number (from 536 to 943 sec), indicating less amylase activity, and Hugo
et al. (2000) referred value for sorghum flour and sorghum malt equal to 507 and 62
sec respectively, confirming present data, on average FN of 546 sec for sorghum
hybrids and 531 for teff genotypes, comply with what is shown in literature.

Kernel color determination is important because the information obtained helps in
anticipating end product color quality. In Africa, white or light sorghums are more

generally preferred for porridge making. Red colored sorghums are generally preferred
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for brewing traditional beer whereas for industrial production of lager beer white
sorghums are generally selected. White tan-plant sorghums with tan glumes and
pericarp have essentially no colored pigments and produce grains that are evenly pale
or essentially white used in the production of baked products, tortillas, noodles,
extruded snacks. In general sorghums kernel color can be red, lemon, yellow, brown
or white, the color is used in grain trade. In the USA for instance, one of the bases of
sorghum classification is color, sorghum is divided into four classes, namely:
Sorghum, Tannin sorghum, White sorghum and Mixed sorghum. As discussed before
the sorghum kernel color is genetically controlled and is due to phenolic flavonoid
pigments anthocyanins and flavan-4- ols which are located in the pericap.

In this thesis, the brown index value (100-L*), colorimetric measurements on
wholemeal flours determined by means of a Tristimulus colorimeter, indicated highest
values for food-grade sorghum hybrids PSE 7431 (27.9) and brown teff (31.1). As
regards the sorghum hybrids, a positive correlation between the data of brown index
and bioactive compounds was found (Fig.50). In particular, the highest correlation was
detected with the content of anthocyanins (R?=0.843) and yellow pigments (R?=0.884)
(Fig.50C-D). As observed by Awika et al. (2004a) black sorghums generally have high
levels of anthocyanins and may be a useful source of these compounds, moreover they
reported that the high antioxidant capacity of black sorghums and their brans were
correlated with their anthocyanin contents, and in sorghum, phenol content correlates
most strongly with antioxidant activity measured by various methods indicating the
phenols are largely responsible for this activity (Awika et al., 2003).

In the same way, data show a strong relationship especially between the total
antioxidant capacity and both the content of total soluble polyphenols (R?=0.956) and
yellow pigments (R?=0.914) (Fig.51A-B).

Summing up, on average, despite the total antioxidant capacity was 30% lower than
durum wheat, sorghum food-grade hybrids showed higher contents of yellow
pigments, free polyphenol and anthocyanin contents (+581%, +442% and +130%)

than the control, respectively.
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Anthocyanins are becoming increasingly important not only as food colorants, but also
as antioxidants. Anthocyanins are reported to have some therapeutic benefits including
vasoprotective and anti-inflammatory properties, anti-cancer and chemoprotective
properties (Karaivahnova et al., 1990). Anthocyanins are, therefore, considered to
contribute significantly to the beneficial effect of consuming fruits and vegetables
(Wang et al., 1997). There is a rising demand for natural source of food colorants with
nutraceutical benefits (Boyd, 2000) and alternative sources of natural anthocyanins are
becoming increasingly important. The 3-deoxyanthocyanidins present in sorghum
were also reported to be more stable in acidic solutions relative to the anthocyanidins
(Awika et al., 2004b) commonly found in fruits, vegetables and other cereals (Sweeny
& lacobucci, 1981). This suggests a potential advantage of sorghum as a viable
commercial source of anthocyanins. Additional studies are necessary to establish the
color stability of the anthocyanins in actual food systems.

The content in bioactive compounds in the two teff genotypes was statistically not
different from the durum wheat either as regards the content in anthocyanins (3.9 vs
4.0 mg/g d.w.) or in yellow pigments (3.5 vs 5.3 mg p-carotene/kg d.w.), but on
average the antioxidant capacity was 19% lower than the control (35.0 vs 43.1 mmol
TEAC/Kg d.w.), however overall higher than that identified in the sorghum (on
average 30.4 mmol TEAC/Kg d.w.). Surprisingly, little is known about the phenolic
profile of teff; and as yet, the compounds responsible for the intense pigmentation in
the brown teff pericarp are unknown. Ravisankar et al. (2018) underline how the few
studies available on teff still provide little structural and unreliable information on the
antioxidant compounds present, thus determining little agreement on the type of
compounds identified in the studies. In their recent detailed study on phenolic
compounds in white and brown teff varieties, it is revealed that the extractable phenolic
compounds in teff grain are almost exclusively flavones, primarily their C-glycosides
and differences exist between flavone profile of white versus brown teff, where white
teff contains only apigenin glycosides, whereas brown teff contains mostly luteolin
glycosides; this indicates key differences in their flavonoid biosynthetic pathways.
They concluded that the differences in pericarp color between white and brown teff
could not be attributed to the phenolic profile, but condensed tannins were probably

present as procyanidins in unextractable form only in brown teff. Furthermore, they
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found that teff grains contain particularly high levels of flavones, much higher than
those reported in other cereals or other food products. This makes teff a valuable
source of relatively rare dietary flavones and also an excellent model for studying the
bioactive properties of grain flavones in a natural food matrix. The nutritional and
health implications of tannins not extractable in the brown teff warrant further studies.
As highlighted by Afify (2012c), epidemiological studies have suggested that
increased consumption of whole grains, fruits and vegetables is associated with
reduced risks of chronic diseases. This association may be attributed to the natural
antioxidants from plant foods such as vitamin C, tocopherols, carotenoids,
polyphenolics and flavonoids which prevent free radical damage by modulating the
effects of reactive oxidants. Also, some plants are promising sources of potential
antioxidants and may be efficient as preventive agents in the pathogenesis of some
diseases. It can be also used in stabilizing food against oxidative deterioration because
these phenolic compounds possess structural features favorable for radical scavenging
and/or metal chelation, which would enable them to be effective antioxidants.
Currently, antioxidant activity is the most common in vitro parameter used to assess
or predict potential benefits of plant phytochemical compounds. However, correlations
between in vitro antioxidant activity and actual health benefits are unknown.
Antioxidant activity data are also hard to compare since there are no standardized
methods; the methods currently used do not always agree in terms of ranking samples
for antioxidant efficacy. However, antioxidant activity data still provide useful
information for screening plant materials and products with desirable compounds and
properties that can be used for further biological testing (Awika & Rooney, 2004).
Different factors affect the bioavailability of phenolic compounds in humans,
including environmental factors, food processing, food matrix, and interaction with
other compounds and polyphenols (D’Archivio, et al., 2010).

As regards chemical and nutritional values, the proximate composition of sorghum
food-grade hybrids, compared to durum wheat flour, presented, on average, lower
concentrations of protein (- 26 %), total dietary fiber (- 19 %), B-glucans (- 65 %),
fructo-oligosaccharides (- 18 %), folate (- 22 %), whereas the highest contents were
highlighted as total starch (+ 5.7 %) and resistant starch (+ 600 %), consequently, the

resistant starch/total starch ratio resulted on average 6.5 times the control. The higher
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starch content of this type of cereals should be considered with caution by individuals
with problems of hyperglycaemia /diabetes. So, the very high amount of resistant
starch could influence the digestibility of foods and intestinal functions, as well as
could affect the technological properties of food production.

When teff genotypes were compared to wheat flour, they presented lower
concentrations of protein (-18%), total dietary fiber (-20%), B-glucans (-50%), whereas
the highest values (59.7 ng/100g) were found in folate content (+42%). On average
the total starch in teff was 7.3 % higher than control, but resistant starch was lower (-
43%), thus, the resistant starch/total starch ratio resulted about half the control.

Our research results about folate content were partially in agreement with Hager et al.
(2012b), who observed big variations of folate content between the samples of
different flours: in particular, wheat and wholemeal wheat flour contained low levels
(18 and 34 pg/100g respectively), whereas sorghum (77 pg/100 g) and teff (96 ug/100
g) contain notably higher levels.

Cereals usually comprise of about 50-80% carbohydrate on a dry weight basis and
starch is the main cereal polysaccharide and a major food reserve, providing a bulk
nutrient and energy source in the human diet (Dewettinck et al., 2008). It is stored in
granular form of variable size and shapes characteristic of the species. In contrast to
wheat starch, granules found in the other cereals have a simple size distribution, being
of similar shape and diameter. Our micrographs of sorghum and teff starch granules
comply with what is shown by scanning electron micrographs of the gluten free and
wheat flours (magnification x2000) from Hager et al. (2012a) where sorghum starch
granules are polygonal of approximately 10 um surrounded by smaller spherical
bodies of only a few micrometers, likely to be protein bodies and where teff granules
are polygonal in shape (between 2 and 7 um diameter) packed together and protein
seems to attach outside of the compound starch granule. The milling of grains causes
physical damage to a proportion of the starch granules, their altered properties are of
technological significance, as damaged starch granules increase water absorption and
are also more susceptible to enzyme hydrolysis, thereby promoting yeast fermentation.
Hager et al. (2012a) reported that teff flour contained the lowest amounts of damaged
starch (2.08 g/100 g), about half of wholemeal wheat, concluding that this variation

was not only due to difference in biological origin of the flours, but resulted also from
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the different milling procedures applied and equipment used. Therefore, for example,
larger starch granules are subject to greater starch damage (Dubois, 1949). Cereals
have always been considered chiefly as dietary energy sources because of their high
content of hydrolysable polysaccharides, but recently they have received attention as
sources of compounds with added health benefits as fructose polymers (fructans and
fructo-oligosaccharides). In particular, fructans appear to exert favorable effects on
mineral absorption and on pre-biotic activity in experimental animals and in humans
(Gibson, 1999; Niness, 1999), on reducing the levels of circulating lipids and glucose
(Delzenne & Kok, 1999) and on modulating the immune response (Schley & Field,
2002). Mature wheat contains low concentration of fructans (1- 4%), but is the most
important dietary source of fructans, due to the high content of wheat products in the
human diet (Van Loo et al., 1995). Among sorghum hybrids examined, the food-grade
SW6143W presented the highest value 1.9%, belonging to the relative range of mature
wheat mentioned above. Nevertheless, in cases of individuals with gastrointestinal
disorders associated with reductions in some gut bacteria and greater mucosal
inflammation, fructans and fructo-oligosaccharides have emerged negative effects.
Prebiotic supplementation studies have shown some promise at low doses for
modulation of the gut bacteria and reduction of symptoms in irritable bowel syndrome
(IBS) and in Crohn’s disease; however, larger doses may have neutral or negative
impact on symptoms (Wilson & Whelan, 2017).

Knowledge of the bioavailability of phenolic compounds in sorghum, including
dietary factors able to modulate it, is essential for analysis of their functional potential
in humans and, in the long term, for the implementation of therapeutic measures for
health professionals. The contribution of intestinal tissue and the microbiota impact on
absorption and anthocyanin bioavailability is also highlighted (Faria et al., 2013). It
has been suggested that this is likely due to the spontaneous degradation under
physiological conditions or following microbial metabolism (Woodward et al., 2009).
In fact, colonic microbiota hydrolyzes glycosides into aglycones and degrades them to
simple phenolic acids, which can be further fermented in the colon (Williamson &
Clifford, 2010).

The electrophoretic analysis in SDS-PAGE confirmed the absence of storage proteins

constituent of gluten in sorghum and teff samples analyzed, showing, under reducing
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conditions, teff and sorghum prolamins, with major bands approximately at 20-23 kDa
in teff and from 16 to 28 kDa in sorghum.

Moreover, as far as the sorghum and teff applications in the food sector are concerned,
the beverage transformations attitude of these two gluten free cereals revealed that
both, brown teff and sorghum commercial genotypes, presented grain quality
parameters suitable to be tested as brewing raw material (rather low protein, f-glucan
contents, falling number, and TW and TS with relative high values); the malts analyzed
did not show an amylase activity comparable to that found in malt obtained from beer
barley, as the activity was found insufficient to guarantee a suitable quantity of
fermentable sugars. As a consequence, the drinks obtained from this type of malts,
could show a reduced alcohol content. However, as the light and gluten-free beer
market is a growing market, this type of beverage could still be interesting for this
sector. Otherwise, the malts produced could be used in combination with other malts
for the production of innovative fermented beverages, not yet available on the market.
Finally, in order to explore the potential application of gluten-free flour, the teff-based
“Tigelle”, typical Italian unleavened focaccias from Emilia Romagna, were produced
from 100% white teff flour (WTF) and white teff flour (77%) added with 23% of
brown teff ground malt (WTF+BTM). Both the products presented good overall
acceptance scores. Indeed, the results obtained from the hedonic analysis carried out
by not-expert people highlighted in WTF higher scores for crumb and crust color,
whereas the bread sample with malt was preferred for its aroma and taste.

It must be underline that it is necessary to develop specific transformation processes
for the two gluten-free cereals, because they are interesting raw materials for the
production of typical Italian foods like beer and non-leavened bakery products as
tigelle, not only for the celiac market. To date, the possibility of using teff for food
products other than bread has begun to be evaluated. Coleman et al. (2013) confirmed
the suitability of teff flours for biscuits and cake making. Similarly, studies evaluating
the possibility of using teff in pasta formulations (Hager et al., 2013), beer making
(Gebremariam et al., 2014), and gel-like food formulation (Abebe & Ronda, 2014)
have shown promising results. These efforts show that teff can be used in various
products familiar to Western culture, especially in the formulation of gluten-free

products.
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Furthermore, the introduction of food-grade sorghum hybrids, beyond their
importance as a cereal naturally gluten-free, can be a viable alternative for example to
corn, whose hygienic conditions are increasingly threatened by the presence of
mycotoxins which affect the use of it both in human nutrition and in the livestock

sector.
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CHAPTER 6: CONCLUSIONS

Sorghum and teff are attractive raw materials and a good source of protein for gluten-
free products due to the neutral flavor and color of specific varieties, low allergenicity
and their ability to grow in drought-like conditions. In conclusion, the data of this study
showed that the four food-grade sorghum hybrids and the two teff genotypes examined
have technological and nutritional characteristics comparable with the durum wheat,
used as control, for the most of the parameters examined. When the analyzed lines
showed lower values than wheat, they are still acceptable for the transformation
processes. Moreover, the food-grade sorghum hybrids showed higher contents in free
polyphenols, yellow pigments, anthocyanins and resistant starch, whereas commercial
teff lines were very interesting for total folate content. Sorghum and teff, therefore, for
their potential can also be used to produce gluten-free bakery products, such as snacks
and pizza, or beer, foods more similar to Western tastes and more suitable for the
Italian market. They could also be a natural source of bioactive compounds in gluten-
free foods, and, above all, in fiber and folate, of which these latter products are often
deficient.

Present and future researchers and investors must ensure the continuity of long-term
research coupled with more-effective breeding programmes in order to unlock the
maximum potential of these cereals, because their resilience to both drought and heat
stresses could be the answer to the grim state of food security and also to the nutritional
demands of a growing population; these aims are in line with the current global

sustainability agenda on food and nutrition security.
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CHAPTER 8: ABSTRACT

The objective of this study was to evaluate five sorghum genotypes, one for
zootechnical use and four food-grade hybrids, and two commercial teff genotypes
(brown and white grain), for their technological, biochemical and nutritional traits,
comparing them with a durum wheat cultivar as control, in order to identify the most
suitable for the formulation of innovative wholegrain, gluten free products of high
qualitative value to develop a sustainable agri-food chain.

The data concerning kernel and flours properties of the sorghum food-grade, on
average, reported lower values than durum wheat control for kernel weight (-56%),
test weight (-14%), sedimentation test (-56%), falling number (-16%) and yellow index
(-19%), whereas brown index was higher (+38%) and kernel hardness (+0.5%)
comparable to control. Furthermore, teff genotypes showed lower values than durum
wheat control for kernel weight (-99%), sedimentation test (-50%), falling number (-
18%), yellow index (-11%), whereas brown index was higher (+90%) and test weight
(+2%) was comparable to control.

The results showed that, on average, sorghum food-grade hybrids had higher contents
of resistant starch (RS) and RS/TS (Total Starch) ratio (about 6 times higher), yellow
pigments, free polyphenol and anthocyanin contents (+600%, +400% and +100% than
the control, respectively). Teff genotypes, on average, were comparable to durum
wheat for resistant starch content, RS/TS ratio, yellow pigments and anthocyanin
contents, whereas total starch and folate contents were higher (+6 % and +40%) than
in wheat.

Furthermore, the beverage transformations of these two gluten free cereals revealed
malts with low amylase activity, typical of low-alcohol drinks, and useful for light and
gluten-free beer market. Otherwise, the malts produced could be used in combination
with other malts for the production of innovative fermented beverages, not yet
available on the market.

Finally, the teff-based “Tigelle”, typical Italian unleavened focaccias from Emilia
Romagna, presented good overall acceptance scores from the hedonic analysis carried
out by not-expert people, with higher scores for crumb and crust color in white teff

bread, whereas the sample with malt was preferred for its aroma and taste.
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In conclusion, the data of this study showed that the four food-grade sorghum hybrids
and the two teff genotypes examined have technological and nutritional characteristics
comparable with the durum wheat, used as control, for the most of the parameters
examined. When the analyzed lines showed lower values than wheat, they are still
acceptable for the transformation processes.

The data obtained in this study, highlighted as sorghum and teff can constitute
promising alternative ingredients in the gluten free market. Furthermore, given their
resilience to both drought and heat stress, teff and sorghum could be one of the answer

to global sustainability on food and nutrition security.
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