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Chapter 1. General introduction
1.1 Wheat
1.1.1 The importance of wheat

Wheat (Triticum spp.) is, among cereals, the one of the most important food crop worldwide in
terms of production and utilization as nourishment, being second only to rice which provides 21% of
the total food calories and 20% of the proteins for more than 4.5 billion people in 94 developing
countries (Goutam et al., 2013). According to FAO’s estimate wheat had a world production of 715
million Tons in 2013 (FAOstat 2014, http://faostat3.fao.org); out of these, approximately 38 million
Tons are represented by the durum wheat production (Kabbaj et al., 2017). As a matter of fact,
nowadays, about 95% of the wheat grown worldwide is hexaploid bread wheat (Triticum aestivum
L.), with most of the remaining 5% being tetraploid durum wheat (Triticum durum Desf.; Varzakas
et al., 2014, Shewry et al., 2009). The extensive cultivation of wheat is due to several factors; it is the
best adapted crop to temperate regions, unlike rice and maize which prefer tropical environments
(Gill et al., 2004), it provides high yields and it possesses good nutritional value and technological
properties. Wheat is, in fact, one of the major source of carbohydrates (its kernel consists for 80% of
starch), minerals and vitamins for humans (Onipe et al., 2015; Koehler and Wieser, 2013), providing
about one-fifth of the total food calories and proteins; moreover, it contains soluble and insoluble
fiber which are known to exert a healthy role in human nutrition. Furthermore, the importance, both
nutritional and, consequently, economic, of this cereal is due to the capability of wheat dough to be
processed in a wide range of products, like pasta, bakery products and other wheat-derived goods,
thanks to its unique characteristic underpinned by gluten. The Food and Agriculture Organization
(FAO) has estimated that to meet the global food demand in 2050, annual world production of crops
and livestock will need to be 60 percent higher than it was in 2006 (Elbehri and Food and Agriculture
Organization of the United Nations, 2015). About 80 percent of the required increase will need to
come from higher yields on an area of land that will not increase much beyond the present level (Gill
et al., 2004) and 10 percent from increases in the number of cropping seasons per year (The State of
Food and Agriculture: climate change, agriculture and food security, http://www.fao.org/3/ai6030e.pdf). Hence, new wheat varieties with an increased yield and higher green management are
needed. Furthermore, modern food industries require flours with high technological characteristics,
like high gluten strength, thus making industrial and nutritional quality main goals for researchers,
wheat breeders and farmers alike (Carver, 2009).
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1.1.2 Wheat origin, genome and domestication

From a taxonomic point of view, cultivated wheats and their close wild relatives belong to the
genus Triticum L. of the family Gramineae and are members of the tribe Triticeae. This is one of the
largest and most important tribes in the grass Poaceae family, which includes major crop plants such
as wheat (Triticum spp. L.), oat (Avena sativa L.), barley (Hordeum vulgare L.), rye (Secale cereale
L.), maize (Zea mays L.) and rice (Oryza sativa L.; Dewey, 1984). Triticeae tribe contains about 300
species which are characterized by a basic chromosome number x = 7, comprising diploid
(2n=2x=14), tetraploid (2n=4x= 28) and hexaploid (2n=6x=42) wheats. Wheat genus Triticum, whose
centre of origin and differentiation is located in the Middle Est and Transcaucasus region, consists of
six species: Triticum monococcum L. (AA genome); Triticum urartu Tumanian ex Gandilyan (AA
genome); Triticum turgidum L. (AABB genome); Triticum timopheevii (Zhuk.) Zhuk (AAGG
genome); Triticum aestivum L. (AABBDD genome) and Triticum zhukovskyi Menabde & Ericz
(AAAAGG genome). Nowadays, the commercial wheats are mainly hexaploid bread wheat, T.
aestivum (AABBDD genome), and tetraploid durum wheat, T. durum (AABB genome), thus
containing three and two closely related homeologous genomes, respectively (Peng et al., 2011).
Despite rice, maize and wheat coevolved from a common ancestor about 55-75 million years
ago (Kellogg, 2001), they differ greatly in genome size, with T. aestivum having the largest genome
among agricultural crops; it has a general size of 17 Gb, with each subgenome being approximately
5.5 Gb: 8-fold larger than the one of maize and about 40-fold larger than the one of rice (Gill et al.,
2004; Shi and Ling, 2017).
Tetraploid form of current cultivated wheats, whose genome has a general size of 12 Gb, are derived
from the spontaneous hybridization between the diploid wild wheat T. urartu (AA genome) and an
undefined diploid Aegilops speltoides species (BB genome), which generated the wild emmer wheat
T. dicoccum (AABB genome), as shown in Fig. 1 (Kissing Kucek et al., 2015).
Hexaploid T. aestivum, or bread wheat (AABBDD genome; Fig. 1) which is the most widely
cultivated nowadays, is thought to derive from a spontaneous hybridization of T. dicoccum (AABB
genome) with Ae. tauschii (DD genome), which occurred no more than 8,000 years ago.
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Figure 1: The genealogy of cultivated members of the Triticum family, including various cultivated ancient wheat
species, durum wheat, and common wheat (Kissing Kucek et al., 2015).

1.1.2.1 Wheat domestication

The domestication of tetraploid wheat took place about 12000 years ago in the Fertile Crescent,
where ancient farmers selected among cultivated forms of wild emmer (Triticum turgidum ssp.
dicoccoides), a naked type that was easier to thresh (Triticum turgidum ssp. Dicoccum) (Kabbaj et
al., 2017). This process was the prerequisite for the evolution of tetraploid wheat (Triticum turgidum
ssp. durum) which, in turn, is considered to be the ancestral form of modern pasta wheat (Jaradat,
2013). The transition from both emmer and spelt to modern durum and bread wheat, respectively, has
been associated with the selection of genetic traits that separated them from their wild relatives. In
particular, the domestication of wheat has involved, among all, two specific traits. The first one was
the development of non-shuttering seed at maturity, which prevented natural seed dispersal and
allowed humans to harvest and collect the seed with optimal timing (Jaradat, 2013). This
characteristic is important to ensure seed dispersal in natural population and the non-shattering trait
is determined by mutations at the Br (brittle rachis) locus (Nalam et al., 2006; Shewry et al., 2009).
The second one was the change from hulled forms, in which the glumes adhere tightly to the grain,
to free-threshing naked forms, which arose by a dominant mutant at the Q locus which modified the
effects of recessive mutations at the Tg (tenacious glume) locus (Shewry et al., 2009). The early
domesticated forms of einkorn, emmer and spelt were all hulled and not free-threshing, whereas
modern forms of tetraploid and hexaploid wheat are free-threshing (Fig.2). In addition, size and shape
of the wheat grain are independently inherited traits and the process of domestication resulted in a
switch from production of a relatively small grain with a long, thin shape to a more uniform larger
grain with a short, wide shape (Jaradat, 2013).
7

Tetraploid wheats are genetically and morphologically diverse and their evolution under
domestication has not been fully elucidated. Genetic and archaeological evidence indicates that
cultivated emmer evolved from the tetraploid wild emmer in the Fertile Crescent around the 8 th
millennium BCE (Matsuoka, 2011; Salamini et al., 2002) (Fig. 2). Over time, human migration and
the spread of agriculture from the Fertile Crescent to and throughout Europe and Asia led to the
expansion of the cultivation of naked emmer (Kabbaj et al., 2017). Brandolini et al. (2016) in their
DArT (Diversity Array Technology)-Seq- genotyping of 136 einkorn landraces, nine wild einkorn
and three Triticum urartu reported of a possible spread of agriculture along the trail from Turkey to
Bulgaria/Greece via former Yugoslavia to Hungary. The further diffusion of early agriculture from
Hungary into central Europe was connected to the Linearbandkeramik culture, as indicated by human
ancient DNA proﬁles from Mesolithic, Neolithic Starcevo and Linearbandkeramik sites (SzécsényiNagy et al., 2015). Indeed, Kreuzet al. (2005), working with archaeobotanical remains, showed that
the Linearbandkeramik was focussed on einkorn and emmer, and that einkorn was the dominant
cereal. A second main path of the spread of agriculture evidenced by Brandolini et al. (2016) followed
the Mediterranean coast reaching, finally, Maghreb and Iberia. This last evidence corroborated the
conclusions drawn by Oliveira et al. (2011) who genotyped 50 einkorns with a total of 21 nuclearand chloroplast-derived microsatellites arguing that the history of the Western Mediterranean
einkorns (from the Iberian Peninsula and Morocco) was different from the rest of Europe. As a matter
of fact, the earliest domesticated wheats were spread, probably via trading by Phoenician merchants,
from the Fertile Crescent region, particularly southeastern Turkey, to the West of Mediterranean
Basin, where about 75% of the world’s durum wheat is produced (Alsaleh et al., 2015), reaching then
the Iberian Peninsula (Feldman, 2001).
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Figure 2: Phylogenetic development of wheat: from wild relatives to current cultivated durum and bread wheats (Wheat Compendium, 2016).
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1.1.3 Genetic resources

Plant genetic resources are the biological basis of food security and, directly or indirectly,
support the livelihoods of every person on Earth. Plant genetic resources for food and agriculture
(PGRFA) consist of diversity of seeds and planting material of traditional varieties and modern
cultivars, crop wild relatives and other wild plant species (http://www.fao.org/agriculture/crops/corethemes/theme/seeds-pgr/en/).
Historically the Mediterranean Basin is the most important area of production of durum wheat, where
it is usually cultivated under rainfed conditions. This type of climate often entails several
environmental stresses on the crop, such as drought stress and a combination of water scarcity and
warm temperature, which usually occur during the grain filling period and result in yield reduction
but, in most cases, in high grain quality (Nazco et al., 2014).
Autochthonous wheat landraces are defined as traditional varieties, lacking formal crop
improvement, with the following features:


they have been developed by farmers through years of natural and human selection,
hence they are associated with small-scale farming (Oliveira et al., 2012);



they showed a high adaptability to biotic and abiotic stresses (Zeven, 1998). As a matter
of fact, their genetic structure is an evolutionary approach to adapt and survive to
specific agro-ecological environmental conditions and management practices (Zeven,
1999; Jaradat, 2013);



they represent an intermediate stage in domestication between wild wheat and elite
cultivars. Indeed, allelic variation of genes originally found in the wild, but gradually
lost through domestication and breeding, have been recovered only by going back to
landraces (Giraldo et al., 2016).

More in general, the term “landrace” referred to a cultivated, genetically heterogeneous variety that
has evolved in a certain ecogeographical area and is therefore adapted to the edaphic and climatic
conditions and to its traditional management and uses (Casañas et al., 2017).
The process of wild emmer domestication, and the subsequent breeding of domesticated durum and
bread wheat, have led to a narrowed scenery of genetic diversity. Indeed, it was estimated that, upon
domestication, the initial diversity was reduced by 84% in durum wheat and by 69% in bread wheat
(Jaradat, 2013); moreover, with intense focus and overuse of elite plant materials, almost 60 000 plant
species in general could be lost by 2025 (Moreta et al., 2015). This phenomenon is commonly known
as “genetic erosion”. Nowadays a limited number of elite varieties of durum and common wheat is
cultivated, while landraces have been relegated in a second place because of their lower commercial
10

value (Giraldo et al., 2010). Notwithstanding the main advantages of modern cultivars, such as a
greater productivity and higher nutritive values (Siddique et al., 1989; Migliorini et al., 2016), the
current yield grain trend is insufficient to meet the rising demand for feeding a world population of 9
billion by 2050 (Friedrich et al., 2014). Moreover, the same varieties are also characterized by a high
genetic homogeneity which, in times, results in a greater vulnerability to new biotic and abiotic
stresses, as well as to unpredictable environmental conditions (Wang et al., 2017). Consequently,
interspecific hybridization between durum élite lines and wild relatives of the Graminae family is a
promising approach to restore variability in the modern breeding cultivars (Zaïm et al., 2017). Thus,
considering both the oncoming climate changes and the increasing of wheat-adverse reactions, it
becomes of high priority to boost the rate of genetic improvement, especially as regard traits like
tolerance to both biotic and abiotic stresses (Pignone and Hammer, 2013; Jaradat, 2013),
technological quality and healthiness, and yielding rate.

1.1.3.1 Exploitation of genetic resources

Progenitors of modern cultivated species can still be found in the centres of origin and several
efforts are concentrated on their protection and preservation in germplasm banks (Marmiroli et al.,
1999). Most of the exotic material, including landraces, are preserved in gene banks as germplasm
and constitute an easily transferable and valuable source of genetic variation for agronomical,
morphological, adaptive and quality traits (Nachit, 1992; Moragues et al., 2006 and 2007; Nazco et
al., 2014; Giraldo et al., 2016; Ceoloni et al., 2017; Ceoloni et al, 2014). Gene banks are, thus,
responsible for developing and maintaining large numbers of collections to ensure the availability of
genetic diversity of different species as a public good (Wang et al., 2017). Nowadays, the availability
of high-throughput genotyping and phenotyping methods, which provide a large set of data, together
with the use of interconnected information network between different academic areas such as plant
breeding and biology, could help breeders to search for useful accessions to be used in pre-breeding
programs. More precisely, pre-breeding refers to all activities designed to identify desirable
characteristics and/or genes from un-adapted materials that cannot be used directly in breeding
populations and to transfer these traits to an intermediate set of materials that breeders can use further
in producing new varieties for farmers. It is a necessary first step in the use of diversity arising from
wild relatives and other unimproved materials. Consequently, a comprehensive characterization of
crop germplasm is critical to the optimal improvement of the quality and productivity of crops
(Moragues et al., 2007).
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The oncoming importance of unlocking the biodiversity of wheat genetic diversity from landraces to
face current world’s problems have been reported. Lopez et al. (2015) in their review questioned how
the diversity can be exploited and made readily available for use by breeders and the scientific
community, especially with respect to the field of adaptation to climate change. Sajjad et al. (2011)
screened a panel of 500 genotypes of landraces, cultivars and breeding lines of bread wheat
considering the grain yield. Top-crosses between wild relatives of durum wheat and elite lines of the
ICARDA breeding programs have been made in order to assess their possible demerits for yield drags,
to identify their biotic stress response, and to quantify the potentially negative eﬀect of wild alleles
on rheological quality (Zaïm et al., 2017) and another investigation was carried out by Konvalina et
al. (2017) to evaluate the differences between minority wheat species and common wheat to
determine the best rheological characteristics, technological quality as well as correlations between
rheological and technological traits.
In this scenery, large-scale genome-wide association analyses is being recently exploited in many
plant species thanks to the dramatic reduction in costs of genomic technologies. As a matter of fact,
genome-wide association (GWAS) mapping has attracted much interest, mostly in hexaploid bread
wheat, as a method complementary to traditional bi-parental mapping to identify novel loci
responsible for traits of interest in global germplasm collections (Liu et al., 2017). As a new
alternative to traditional linkage analysis, association mapping offers three advantages, (i) increased
mapping resolution, (ii) reduced research time, and (iii) analysis of a higher number of alleles
(Kushwaha et al., 20017). Indeed, phenotype-genotype relationships in existing germplasm
collections or natural populations may be explored with GWAS for hundreds to thousands of
accessions simultaneously, hence avoiding the resource intensive development of bi-parental genetic
mapping populations (Liu et al., 2017). Association mapping harnesses the genetic diversity of natural
populations to potentially resolve complex trait variation to single genes or individual nucleotides.
The ability to map QTLs in collections of breeding lines, landraces, or samples from natural
populations has great potential for future trait improvement and germplasm security (Zhu et al., 2008).
Crossa et al. (2007) were the first to use GWAS investigation methods in wheat to identify rustresistance genome signals; Sun et al. (2007) revealed new allelic variation distribution for 13 yieldrelated traits through GWAS studies in 163 bread wheat cultivars. Giraldo et al. (2016) performed
association mapping for 18 agro-morphological and grain quality traits in a set of 183 Spanish
landraces (durum, turgidum and dicoccon) genotyped with DArT (Diversity Array Technology)
markers in order to investigate the genetic and phenotypic diversity, identify marker–trait associations
and test the contribution of each subspecies to general diversity of the whole collection and their
potential as a source of genetic variation for wheat improvement.
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1.1.3.2 Single Seed Descent (SSD) collection

Regarding durum wheat genetic resources, the EURISCO database (http://eurisco.ecpgr.org)
reports about 7,000 accessions of traditional varieties and/or landraces on a total of 17,257 accessions.
Such a high number of genotypes for breeding studies is a limiting factor: consequently, new
approaches are needed to overcome this constraint. A possible way, explored by Pignone and coworkers (2015) was the development of a subset of heterozygotic genotypes, representative of the
overall variation, to better explore durum wheat germplasm. The aim was to reach a manageable
number of near-homozygous durum wheat genotypes to perform in depth the characterization in order
to make available to scientific community a set of characters well characterized by appropriate
markers to be used in future studies. The tool was the selection through the single seed descent (SSD)
approach (Fig. 3) (Pignone et al., 2015).

Figure 3: Single seed descent approach, which consists in having a single seed from each plant, bulking the individual
seeds, and planting out the next generation. Only one (single) seed is collected from each of the F2 plants and bulked to
grow the next (F3) generation. Similar practice is continued till F5 or F6 generation, when the plant would become
nearly homozygous and when individual’s plants are selected and harvested separately. (Adapted by Barcaccia and
Falcinelli, 2012)

Single seed descent method is the modification of bulk breeding schemes, firstly suggested by
Goulden (1940) and subsequently modified by Brim (1966), which allows to overcome the problem
of natural selection and inadequate sampling of conventional breeding methods and, moreover, allows
the early selection of homozygous genotypes. This approach proved to have several advantages such
13

as increase the breeding efficiency, reduce efforts and maximize the variation in the progeny from a
cross between élite lines in its segregating generations (Snape, 1976).
The seed bank of the Institute of Bioscience and Bioresources of the National Research Council
of Italy, holds a collection of some 27.000 samples of the genus Triticum, among which almost 5.600
are identified as Triticum durum (http://ibbr.cnr.it/mgd/). 500 genotypes, representative of 40
countries mainly concentrated in the Mediterranean areas and Horn Africa (Fig. 4), have been
randomly selected for the constitution of the durum wheat SSD collection (henceforth called SSD
collection, Pignone et al., 2015). From each accession one single seed was randomly selected. After
planting and growing the derived plants, one seed was chosen from the principle spike of each S1
plant to produce the next generation and this procedure was repeated twice to obtain the S3 generation
(Fig. 3). The latter, characterized by high level of homozygosity and genetic stability and, at the same
time, by high variability, was then grown under normal field conditions in order to avoid unintentional
selection for specific characters (Pignone et al., 2015).
The SSD genotypes were subjected to large scale SNP screening by ILLUMINA Infinium iSelect 90k
wheat chip to assess the heterozygosity and the genetic diversity present in the SSD population which
was preliminary phenotyped following field growth. These analyses confirmed a high level of genetic
variability within the SSD genotypes (Pignone et al., 2015).

Figure 4: Country of origin of the 500 genotypes included in the SSD core collection (Pignone et al., 2016).
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1.1.4 Wheat caryopsis anatomy and composition

Figure 5: Structure of the durum wheat caryopsis (Šramková et al., 2009).

Wheat caryopsis consists of three distinct anatomical parts: bran, endosperm and germ or embryo.
As shown in Fig. 5, the bran is made up by several layers. Pericarp, which surrounds the whole
kernel, is the outermost tissue and consists of about 5% of the kernel. The adjacent layer, which is
fused with the pericarp, is the seed coat, also called testa. It develops from the integument of the ovule
and envelops the endosperm. The aleurone layer, which belongs anatomically to the endosperm, is
next to the seed coat and is firmly attached it thanks to the nucellar epidermis. The latter is also called
hyaline layer. Of the three parts, bran is a good source of dietary fiber, primarily insoluble; moreover,
it contains trace of minerals and a small amount of proteins (Causgrove et al., 2004).
The endosperm, which makes up about 85% of the wheat grain mass, consists of two tissues;
starchy endosperm and aleurone. The outer layer is the aleurone; it is composed by cells which are
cuboidal in shape and it is important for both the developing seed and the mature plant. This tissue,
in fact, accumulates large quantity of oils and lipids that are useful during seed development (Evers
and Millart, 2002), it is a site of mineral storage and it may express several pathogen-protective
proteins and enzymes, such as amylase and protease, useful the hydrolysis and the provision of
nutrients. Starchy endosperm, conversely, is composed by cells that are large, irregularly shaped and
which contain starch granules. This tissue occurs as a solid mass occupying the centre of the grain
and it is the component with the greatest value as it is a good source of carbohydrates, proteins, iron,
vitamine B and soluble fiber (Causgrove et al., 2004).
The embryo, or germ, consists of about 3% of the caryopsis. At grain maturity, the embryo
comprises an embryonic axis (shoot, mesocotyl and radicle) and scutellum, which is considered to be
15

homologous with a cotyledon (Evers and Millart, 2002). It is the most nutritious part of the kernel as
it contains the highest concentration of lipids but also vitamin B, vitamin E and minerals (Causgrove
et al., 2004).
The kernel is, in cereals, the final site of storage of the photosynthesis products and nitrogen
metabolism: as a matter of fact, it contains a limited quantity of proteins (7-15%) and lipids (2-9%)
and a high content of carbohydrates (65-75%), mainly as starch.

1.1.4.1 Starch
Starch is the main component of the wheat kernel’s endosperm in which it is starch granules
are embedded in a matrix of storage proteins (Evers and Millart, 2002). It is the most abundant storage
carbohydrate in wheat, representing more than 70% of its dry weight, and it is also the most important
polysaccharide in human diet (Lineback and Rasper, 1988; Sestili et al., 2010). Starch is a glucose
polymer consisting of two carbohydrates chains, amylose and amylopectin (Fig. 6). Amylose is
mainly characterized by linear molecules of D-glucose units joined by α-glycosidic bonds (1 → 4)
with a polymerization degree of between 103 and 104 units, while amylopectin is a highly branched
polymer of glucose with a α- (1 → 6) bonds frequencies of about 3-4% and with a higher
polymerization degree, which is comprised between 105 and 107 units (Ball et al., 1998; Morell et al.,
1995; Rahman et al., 2000; Sestili et al., 2010).

Figure 6: Molecular structure of starch polymer: a) amylose and b) amylopectin.

Usually amylose and amylopectin, within starch, occur in a ratio of 1:3 (Colonna and Buléon, 1992).
However, amylose content can vary between species and between different genotypes within species,
affecting firstly the amylose/amylopectin ratio and, consequently, also quality traits of wheat flours
and their end uses (Zhang 2015, Ferrante, 2006). The genetic factors involved in the establishment of
such a ratio have been investigated and the Waxy gene has been identified as a key factor (Yamamori
et al., 1994; Rahman et al., 2000; Svihus et al., 2005).
16

1.1.4.2 Lipids

Lipids are minor constituents of the wheat caryopsis. They derive from membranes, organelles
and spherosomes in wheat grain (Goesaert et al., 2005) and vary in physical properties and chemical
structures. As a matter of fact, within the caryopsis, there are both polar type lipids (glycolipids and
phospholipids) and non-polar type lipids (especially triglycerides). Based on extractability, wheat
lipids can be classified as starch lipids, and free or bound non-starch lipids (Pareyt et al., 2011). The
latter ones are able to bind flour’s proteins during the kneading of the dough, thus playing an
important role in defining the rheological characteristics and influencing baking performance. For
example, polar lipids (with proteins) increase the gas holding capacity and eventually improve the
loaf volume and crumb resilience (Matsoukas and Morrison, 1991; Gan et al., 1995). Generally, it is
accepted that a high amount of lipids and a high polar / non-polar lipids ratio exert good effects on
bread-making quality (Chung, 1985).

1.1.4.3 Proteins

Storage proteins represent only 8-20% of the mature caryopsis but the unique functional
properties of wheat doughs are largely attributable to this fraction. Seed storage proteins were
classified for the first time in 1924 by Osborne in four groups, on the basis of their solubility:


Albumins, soluble in water;



Globulins, soluble in dilute saline;



Gliadins, soluble in alcohol water mixtures



Glutenins, soluble in dilute acid or alkali.
Albumins and globulins represent about 20% of the caryopsis’ proteins and are mostly located

in the casing of the seed, in aleurone cells and germ, while they are relatively less abundant in the
endosperm. They have mainly structural and metabolic functions, as they are mostly proteins with
enzymatic action. In particular globulins are mostly represented by enzymes with a α and β-amylase
activity, thus playing an important role in the processes of dough leavening; these enzymes, in fact,
catalyze the hydrolysis of the starch present in the damaged granules, producing substrates needed
for the fermentative activity of the yeast (Ferrante, 2006).
Gliadins and glutenins, instead, represent the remaining 80% of the caryopsis’ proteins and are
only present in the endosperm, where they exert the physiological role of storage proteins. They are
commonly named “prolamins” due to their high content of proline and glutamine and they are the
major constituents of gluten (Shewry et al., 1986) (Fig. 7). Their particular amino acid composition,
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in fact, allows storage proteins to be structured, during kneading of the flour with water, in a molecular
complex characterized by reticular architecture (the gluten) held together mostly by di-sulphide bonds
between cystein residues, but also by non-covalent interactions.
Prolamins can be further classified into three groups (Shewry and Haldford, 2001):


Sulphur-poor (S-poor): comprising ω-gliadins and D-type LMW subunits of glutenin;



Sulphur-rich (S-rich): comprising α, β and γ-gliadins and B- and C-type LMW subunits of
glutenin;



HMW prolamins: HMW subunits of glutenin.

Figure 7: Gluten obtained from wheat flour.

1.2 The Gluten

1.2.1 Gluten and its viscoelastic properties

Gluten can be defined as the rubbery mass that remains when the dough is washed to remove
starch granules and water-soluble constituents (Wieser, 2007). Since the dry solid, after this action,
contains 75-85% proteins and 5-10% lipids, the term “gluten” is usually referred to the mixture of
proteins which constitutes itself and which plays a key role in determining the unique baking quality
of wheat by conferring water absorption capacity, cohesivity, viscosity and elasticity to dough
(Wieser, 2007).
Traditionally, gluten proteins have been divided into the two groups of soluble gliadins and insoluble
glutenins, which are present either as monomers or as oligo and polymers (Wrigley and Bietz, 1988).
Cysteine residues are responsible of the gluten proteins aggregation, as they allow the establishment
of intra- and interchain disulphide bonds. However, also non-covalent interactions, such as hydrogen
bonds, and hydrophobic interactions are relevant to this aggregation (Anjum et al., 2007).
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Most prolamins share two common structural features. The first one is the presence of distinct regions,
or domains, which assume different structures and may have different origins; the second one is the
presence of amino acid sequences consisting of repeated blocks based on one or more short peptide
motif. These features are responsible for the high proportion of glutamine and proline, while amino
acids with charged side groups are poorly represented (Shewry and Haldford, 2001). Both fractions,
of gliadins and glutenins, are important contributors to rheological properties of dough. Gliadins have
little elasticity and are less cohesive than glutenins, thus contributing mainly to the viscosity and
extensibility of the dough system, while glutenins are both cohesive and elastic and are responsible
for dough strength and elasticity (Wiser, 2007). A proper mixture of both fractions is essential to
impart the viscoelastic properties of dough and the quality of the end product. By the way of example,
the production of bread requires dough with a balanced ratio of elasticity and extensibility; the
production of biscuits or crackers requires an extremely extensible and little elastic dough, while the
production of pasta requires extremely strong doughs (Ferrante, 2006).
Doughs are concentrated systems where shear and tensile forces, imparted by mixing, cause
gluten proteins aggregation to form a network (Singh and MacRitchie, 2001). At a molecular level,
these types of forces are needed, during the dough development, to extend the large glutenin
molecules from their equilibrium conformations. Extended molecules give rise to elastic restoring
forces and this high elasticity retards the molecular retraction and maintains the elasticity during
resting. Polymer molecules respond to mixing stresses by three main processes: disentaglement, chain
orientation and bond breaking. All three can occur during dough mixing. The covalent bonds that are
broken are the disulphide bonds between glutenin subunits. Of interest is that the highest stresses
occur at the centre of molecules where the probability of chain scission is greater (Singh and
MacRitchie, 2001). Schematic mechanisms involved in dough formation are shown in Fig. 8. In
particular, it has been postulated that disulphide bonds contribute to the process of dough formation
through the disulphide-sulphydryl exchange (Lindsay et al., 2000a; Tilley et al., 2001).
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Figure 8: Molecular interpretation of the gluten development: a) beginning of the mixing, b) optimum development, c)
overmixing (Létang et al., 1999).

1.2.2 Gliadins
Gliadins account for 40-50% of the total storage proteins (Anderson et al., 1997) and play an
important role in determining the functional property of wheat flour, being responsible for the viscous
character of wheat dough. Gliadins are present as heterogeneous monomeric polipetides soluble in
70% aqueous alcohol and their molecular weight range from 30 and 70 kDa (Barak et al., 2015). They
were initially classified into four groups on the basis of their electrophoretic mobility in A-PAGE
(acid-PAGE) at low pH as shown in Figure 9 (Wieser, 2007): α-gliadins (fastest mobility), β-, γ- and
ω-gliadins (slowest mobility).
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Figure 9: A-PAGE at low pH of wheat gliadins.

However, further analysis on amino acid sequences revealed a structural homology of the α- and βgliadins, leading to a new classification that grouped the two types of proteins under one heading, the
α-type gliadins (Zilic et al., 2011). The monomeric gliadins confer viscosity to dough by interacting
with the glutamine residues mainly through noncovalent interactions such as hydrogen bonding,
vander Waal’s forces, electrostatic and hydrophobic interactions.
In spite of the different mobility in A-PAGE, gliadins show an overall common structure,
consisting of a central domain (CD) characterized by repetitive amino acid (AAs) sequences rich in
proline (Pro) and glutamine (Gln), and two terminal non-repetitive domains which are hydrophobic
and contain most of the ionizable AAs (histidine, arginine and lysine), the latter being present in low
levels (Gianibelli et al., 2001). The α- and β-type gliadins show a similar primary structure consisting
of around 250-300 AA residues, with a molecular weight between 30 and 45 kDa. Their sequences
are composed by a brief non-repetitive N-terminal domain of 5 residues, a CD of 113-134 AA
residues rich in proline and glutamine repetitive sequences (heptapeptide: PQPQPFP and
pentapeptide: PQQPY) (Ferranti et al., 2007) and the non-repetitive C-terminal domain of 144-166
residues containing six residues of cysteine, responsible of disulphide bonds that stabilize the protein
structure (Shewry and Tatham, 1997), and charged AAs (Fig. 10a).
The γ-type gliadins show a primary structure similar to the one just reported for α-/β-type, with few
differences and molecular weight varies from 30 and 45 kDa. Sequences, in fact, are composed by a
non-repetitive N-terminal domain of 12 residues; a highly variable repetitive central domain of 72161 residues, characterized by only one repetitive sequence (eptapeptide: PQQPFPQ) and a nonrepetitive C-terminal domain in which 8 cysteine residues are present (Fig. 10b), thus resulting in a
higher number of disulphide bonds (Cassidy et al., 1998; Barak et al., 2015).
Finally, ω-gliadins have a molecular weight between 44 and 74 kDa and show a general structure
completely different from the other types (Fig. 10c). As a matter of fact, the primary structure is
almost completely constituted by the repetitive central domain, which represents 90-95% of the total
protein. Also, the amino acids composition is dissimilar if compared to those of α-, β- and γ-gliadins
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in particular the ω-types lack cysteine residues, so that there’s no possibility of disulphide crosslinks.
Furthermore, AA sequences display the highest contents of glutamine, proline and phenylalanine
residues (Hisa and Handerson, 2001; Barak et al., 2015), which together account for around 80% of
the total composition.
As concerning the secondary structure, spectroscopic studies made by Tahtam and Shewry
(1985) pointed out that α-/β- and γ-gliadins contained 30-35% α-helix and 10-20% β-sheet
conformations, while ω-gliadins are rich in randomly coiled β-turns without detectable α-helix or βsheet. Moreover, they reported that ω-types were mainly stabilized by strong hydrophobic
interactions, while the other types were stabilized by covalent disulphide bonds and non-covalent
hydrogen bonds in their α-helix and β-sheet.

Figure 10: Schematic representation of the different gliadin group: A) α-/β-gliadins; B) γ-gliadins and C) ω-gliadins
(Ferranti et al., 2007).

Gliadins are encoded by the complex loci Gli-1 (Gli-A1, Gli-B1 and Gli-D1) and Gli-2 (Gli-A2,
Gli-B2 and Gli-D2), located on the short arms of group 1 and group 6 homologous chromosomes
respectively (Wrigley and Shepherd, 1973). Most γ- and ω-type gliadins are coded by Gli-1 genes,
while all α-/β-type and some γ-type gliadins are coded by the Gli-2 genes (Ferranti et al., 2007).
However, a few gliadin components have been shown to be encoded by additional, dispersed genes
(Fig. 11). An additional Gli-B3 locus has been mapped on the short arm of chromosome 1B, between
the Gli-B1 locus and the centromere (Galili and Feldman, 1984; Metakovsky et al., 1986) and, at a
comparable position, another one was mapped on the short arm of chromosome 1A (Sobko, 1984),
therefore designated Gli-A3. Moreover, other genes coding for gliadin were found on the complex
loci Gli-5 (Gli-A5, Gli-B5 and Gli-D5), located on the short arm of group 1 homologous chromosome
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(Pogna et al., 1993/1995). Evidence of a novel locus (Gli-A6), located distally to Gli-A1 on
chromosome 1A, was reported by Metakovsky et al. (1997), while two new loci, designated Gli-D4
and Gli-D5 have been described on the short arm of chromosome 1D (Rodrìguez-Quijano and
Carrillo, 1996).
As previously said, gliadins account for about half of the total seed storage proteins, however
few of them have been found to influence gluten’s quality. More precisely, during formation of the
dough, gliadins act as “plasticizer” and promote the viscous flow and extensibility, considered as
important rheological characteristics of dough (Barak et al., 2015). Damidaux et al., (1978) found
that cultivars having γ-45 gliadin component exhibited stronger gluten as compared to cultivars with
γ-42 gliadin component. Components were named depending on their mobility in A-PAGE (Bushuk
and Zillman, 1978). Actually, further studies showed that these proteins are markers for quality, but
the latter depends, instead, on the presence of different LMW-GS subunits encoded by the Glu-B3
locus, which is only 2 centimorgan (cM) far from the Gli-B1 locus. In other words, the relationship
between the γ-gliadins 45 and γ-42 and gluten’s quality reflects the genetic linkage with the LMW
glutenin subunits; γ-gliadins 45 and other gliadins known to exert positive effects on the gluten
quality, indeed, are encoded by the Gli-Blc locus on the short arm of chromosome 1B, which is closely
linked genetically to the allele coding for a group of B type LMW-GS, namely LMW-2, which
positive affect gluten strength (Troccoli et al., 2000).

Figure 11: Chromosomal location of major and minor gliadin and glutenin subunit loci in bread wheat (Shewry et al.,
2003).
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1.2.3 Glutenins

The glutenin fraction is composed by aggregated proteins linked by interchain disulphide
bonds, thus constituting polymers, whose molecular weight may vary from 60 000 to several millions
Da (Wieser et al., 2006). This ranging of size makes them one of the larger polymers occurring in
nature. Moreover, the size of glutenin polymers has been recognized as one of the main determinants
of wheat dough properties and baking performance. In particular, the larger dimension of these
polymers is responsible for better quality characteristics of dough, such as strength, elasticity and loaf
volume. Flour with reduced size of glutenin polymers, instead, shows poor technological quality
(Schropp and Wieser, 1996; Wieser, 2007).
After reduction of disulphide bonds, the resulting glutenin subunits show a solubility in aqueous
alcohols similar to gliadins. These subunits can be separated on a polyacrylamide gel under
denaturing conditions (SDS-PAGE) into two groups on the basis of their electrophoretic mobility
(Fig. 12): the Low Molecular Weight Glutenin Subunits (LMW-GS) and the High Molecular Weight
Glutenin Subunits (HMW-GS). The LMW are the predominant type and the more heterogeneous,
while the HMW are represented by a reduced number of subunits, thus being the minor components
within the gluten protein family.

Figure 12: SDS-PAGE of the glutenins fraction after reduction of disulphide bonds. Group A) HMW-GS proteins with
x- and y-subunits; Group B) B-, C- and D-type of LMW-GS proteins (Gianibelli et al., 2001).

Glutenin macropolymers are main constituents of gluten and are responsible of dough
properties. According to the widely accepted model of gluten structure, cysteine residues present in
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HMW-GS are involved in several S-S bonds, which may include: one interchain S-S bond within the
N-terminal domain of an x-type subunits, two parallel S-S bonds between the N-termini of y-type
subunits, an interchain bond between y-type subunits and LMW glutenin subunits, and a bond linking
y-type and x-type subunits in a “head-to-tail” fashion (Fig. 13). The molecular basis of a gluten
polymer unit is composed by 2 y-type HMW-GS, 4 x-type HMW-GS and around 30 LMW subunits
(Wieser, 2007; Fig. 13 red box), thus a proper mixture of glutenin components is essential to ensure
dough technological properties. Generally, quantitative data on glutenin composition report an
HMW-GS/LMW-GS ratio of about 1:2. Glutenin polymer, however, can include more than ten units
of this type, with a consequently increase of the HMW/LMW ratio (Wieser, 2007).

Figure 13: Structural model of gluten which is held together by disulphide bonds (Köhler et al., 1991). The red box
highlights the polymer unit in which the HMW-GS form the skeleton and the LMW-GS form the branching.

1.2.3.1 Low Molecular Weight Glutenin Subunits (LMW-GS)

The low molecular weight glutenin subunits (LMW-GS) are an extensive group of proteins
which accounts for about one-third of the seed storage proteins and 60% of glutenin proteins, and
plays an important role in determining dough properties and the quality of wheat food products (Gupta
et al., 1991; Branlard et al., 2001). These proteins are particularly heterogeneous, so that their
structure, organization and correlation with quality traits have still to be completely investigated. The
reduced subunits were broadly divided into three types, B, C and D by Payne et al. (1979) on the basis
of their mobility on SDS-PAGE. Subsequent analyses have revealed that the D-type subunits belong
to the S-poor prolamins. This group (D-type) comprises proteins with molecular weight of about 40
kDa, which, on SDS-PAGE migrate slower than B-type, and corresponds to modified ω-gliadins.
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Through MALDI mass spectrometry analysis of alkylated and purified proteins of the two groups, in
fact, Masci et al. (1993 and 1999) identified similar patterns with three major fluorescent peaks,
indicating that the three peptides corresponded to the same part of protein. These results were, thus,
consistent with the D-LMW subunits being mutant forms of ω-gliadins, in which a single cysteine
residue has been acquired from the D-LMWs as a result of a spontaneous mutation event. Thanks to
this cysteine, these proteins take part in the formation of glutenin polymers, making inter-molecular
bonds with other subunits. The B-type subunits are the major group in term of quantity and present a
molecular weight ranging from 40 to 50 kDa, while the C-type are less abundant and show a molecular
weight between 30-40 kDa. In 1984, Kasarda et al. made a detailed study of these two types of
subunits by the N-terminal sequencing, which allowed them to identify two different N-terminal
sequences for the B-type. These sequences were called LMW-m, LMW-s and LMW-i depending on
the first amino acids in the N-terminal sequence (methionine, serine and isoleucine respectively).
LMW-s are the most abundant sequences observed, starting with the sequence SHIPGL-, while
regarding the LMW-m, three N-terminal variants were found; METSHIPGL-, METSRIPGL- and
METSCIPGL (Gianibelli et al., 2001).
All the LMW-GS are composed by 250-300 amino acid residues and, as concerning the primary
structure, they show an overall similarity with the structure of gliadins. They have, in fact, a clear
two-domain structure, with an N-terminal domain, with a small non-repetitive fraction and a larger
repetitive part, and a C-terminal non-repetitive domain (Fig. 14) (Gianibelli et al., 2001). The Nterminal repetitive domain accounts for the 30-50% of the total protein, differently from what
observed for gliadins or HMW-GS in which this domain is the predominant; it contains one residue
of cysteine and its secondary structure is rich in β-turns. The short non-repetitive N-terminal domain,
instead, is rich in α-helix and appears to be more compact (Thomson et al., 1992). The C-terminal
domain contains seven cysteine residues, at least one of which is unpaired, thus available for
intramolecular bonding (Gianibelli et al., 2001).

Figure 14: Schematic representation of m-type LMW-GS structure. Free cysteine residues and those formed
intramolecular bonds are indicated (Gianibelli et al., 2001).
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The B-type LMW-GS, together with some C-type, are controlled by genes at complex loci Glu3 (Glu-A3, Glu-B3 and Glu-D3), located on the short arm of chromosomes 1as shown in Fig. 11
(Gianibelli et al., 2001). By screening a collection of 222 hexaployd cultivars, Gupta and Shepherd
(1990) detected six different band patterns for the Glu-A3 locus, nine for the Glu-B3 locus and five
for the Glu-D3 locus. The D-type subunits, instead, are coded by a separated locus on the chromosome
1B, which is called Glu-B2 and maps between the Glu-B1 (locus responsible for HMW-GS genes)
and the Gli-B1. Some components of the C-type LMW-GS, the ones called “gliadin-like”, are
encoded on the short arm of chromosome 6 by the same loci Gli-2, and this is consistent with these
subunits being forms of modified gliadins. Moreover, two LMW-GS of 31 and 32 kDa, which have
N-terminal amino acid sequences homologous with those of B- and C-type LMW subunits, have been
reported by Sreeramulu and Singh (1997). Genes encoding them (Glu-D4 and Glu-D5) are located
on chromosomes 1D and 7D respectively, although their exact location within the chromosomes has
not been established.
From a technological point of view, LMW-GS are able to form large aggregates that are related
to dough strength and several studies have revealed that the allelic variation at LMW-GS loci is
associated with significant differences in dough quality in bread (Gupta et al., 1989, 1994) and durum
wheat (Pogna et al., 1990; Ruiz and Carrillo, 1993). What is clearly known is that cysteine residues
in the primary structure have two different roles in polymers formation: they can act as “chain
extenders”, if subunits with two or more cysteine residues that form intermolecular disulphide bonds
are considered, or they can act as “chain terminators”, if subunits with just one cysteine residue
available for intermolecular disulphide bonding are considered. In general, chain extenders are
responsible for dough tenacity, defined as the maximum resistance to deformation, while chain
terminators seem to have negative effect on dough quality. As previously affirmed, gluten quality is
highly affected by the presence of a particular pattern of B type LMW-GS, namely LMW-2 pattern,
which are known to be related with good pasta cooking quality and gluten strength (Troccoli et al.,
2000).

1.2.3.2 High Molecular Weight Glutenin Subunits (HMW-GS)

HMW glutenin subunits are the less abundant among prolamins components, but are key factors
in the process of bread-making as they are the major determinants of gluten elasticity (Tatham et al.,
1985) as they appear to promote the formation of larger glutenin polymers. Based on SDS-PAGE
analysis, two different groups of HMW subunit have been identified (Bietz and Wall, 1972): one,
named x-type, includes protein with lower electrophoretic mobility, with a molecular weight ranging
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from 83 to 90 kDa, while y-type, have higher electrophoretic mobility due to their lower molecular
weight (67-74 kDa).
By comparing the HMW-GS sequences, it has been demonstrated that they all share a similar
three domain structure, with a non-repetitive N-terminal domain of 81 to 104 residues, a repetitive
central domain of 481 to 681 residues, and a final non-repetitive C-terminal domain of 42 residues.
The central domain, which accounts for 85% of the total protein, is characterized by the tandem
repetition of short motives rich in glutamine (nonapeptide: GYYPTSPQQ and hexapeptide:
PGQGQQ), conferring elasticity to the molecules. Nonapeptide belonging to the y-type HMW
subunits have the second proline replaced by a leucine (GYYPTSLQQ) and the x-type HMW-GS
present an additional tripeptide motif (GQQ) (Gianibelli et al., 2001). The N-terminal region presents
three to five cysteine residues which provide intermolecular disulphide bonds between HMW-GS and
LMW-GS to form protein polymers with sizes that could reach up to tens of millions of Daltons
(Shewry et al., 1992; Wrigley et al., 1996). Finally, the C-terminal domain contains one residue of
cysteine. Consequently, HMW-GS could present up to six conserved cysteine residues (Fig. 15). The
most important difference between the x- and y-type subunits lies within the N-terminal domain, as
the y-type has an insertion of 18 residues which includes two more adjacent cysteine residues not
found in the x-type. The amino acids composition of these proteins has indicated a hydrophilic nature
of the central repetitive domain and a hydrophobic nature of the remaining N- and C-terminal domains
(Shewry et al., 1989). Both x- and y-type HMW subunits show a β-turn conformation for the central
domain (Tatham et al., 1990), while the structure of both terminal regions is predicted as an α-helix
(Miles et al., 1991; Shewry et al., 1992).

Figure 15: Schematic representation of x- and y-type high molecular weight glutenin subunits (Wieser, 2007).

HMW-GS proteins are encoded by the complex Glu-1 loci located on the long arm of
homologous chromosomes 1 and therefore named Glu-A1, Glu-B1 and Glu-D1 as shown in Fig. 11
(Bietz et al., 1975; Payne et al., 1980). Each locus includes two tightly linked genes encoding the
HMW-GS x and y type (Shewry et al., 1992). Significant polymorphism in the number and mobility
of HMW-GS alleles has been demonstrated for both bread (Lawrence and Shepherd, 1980; Payne et
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al., 1980) and durum wheat (Branlard et al., 1989). The range of alleles at these loci was summarized
in 1983 by Payne and Lowrence, who identified three alleles at the Glu-A1 locus, 11 allelic forms at
the Glu-B1 locus and six alleles at the Glu-D1 locus. Originally, a nomenclature scheme based on the
mobility on SDS-PAGE of the relative bands, with lower number equating to lower mobility have
been proposed (Payne and Lowrence, 1983; Gianibelli et al., 2001, Fig. 16). However, with the
subsequent identification of new subunits it has been more difficult to follow this logical order; thus,
there are some subunits, such as 21, with lower mobility and higher number than the original subunits
(Gianibelli et al., 2001). Bread wheats could contain six different HMW-GS but, due to the silencing
of some of these genes, they usually possess three to five HMW subunits. Similarly, durum wheats
could contain four HMW-GS, which become one to three because of silencing.

Figure 16. Allelic variation in HMW-GS at three gene loci and corresponding bands’ nomenclature, based on SDSPAGE fractionation. The relationship band-breadmaking quality is indicated. Chinese spring patterns on the left of the
box are included for comparison of relative mobilities (Payne et al., 1984).

High Molecular Weight glutenin subunits (HMW-GS) are of considerable interest because of
their relationship to bread-making quality for their contribution to dough strength and stabilization
(Branlard and Dardevet, 1985). Two features of these protein subunits may play an important role in
glutenin elastomers: the number and distribution of disulphide bonds and the properties and
interactions of the repetitive domains. Many studies searched for a correlation between HMW-GS
and bread-making quality, finding out that the Ax1 and Ax2* at Glu-A1 locus, together with the
Bx7+By8, Bx13+By16, Bx17+By18 and Bx7+By9 alleles at Glu-B1 locus and the Dx5+Dy10 at the
Glu-D1 locus, impart better quality to common wheat dough (Branlard and Dardevet, 1985; Rasheed
et al., 2014). The contribution of the Glu-B1 alleles to the pasta quality have been represented as the
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ranking Bx7+By8>Bx6+By8 (Sisson et al., 2005) with Bx7+By8 linked to a better quality or,
Bx17+By18 = Bx13+By19 = Bx7+By8>Bx7>Bx6+By8 when a wider range of alleles was included
(Varzakas et al., 2014). On the contrary, allelic combinations such as Bx20+By20 and Bx14+By15
at Glu-B1 locus were identified as related to the worst dough quality traits (Martinez et al., 2005;
Rasheed et al., 2014). Further analysis showed that the N-terminal domain of Bx20 and Bx14
sequences lack of two to three cysteine residues, which are replaced by tyrosine residues (Shewry et
al., 2003; Li et al., 2004). Both the conserved cysteine residues and the size of the repetitive domains
contribute to the high order structure of HMW glutenins subunits; the former is involved in the
formation of inter- or intra-molecular disulphide bonds, while the latter may promote inter-molecular
interactions through hydrogen bonding (Shewry et al., 2002).
Nowadays modern cultivars show an HMW-GS allelic variability which is not very large and the
cultivars used for high strength wheat breeding are very similar in their HMW glutenin composition.
Wheat landraces, instead, have a higher allelic variability and could be very useful for broadening the
currently narrow genetic basis of modern cultivars in breeding programs (Giraldo et al., 2016).

1.3 Durum wheat quality
1.3.1 General concepts

Wheat quality is a very broad term, and its definition depends on whether it is being assessed
for nutritional or processing purpose; as a matter of fact, the concept of quality assumes different
meaning depending either on the step of the production’s chain and on the point of view considered
(producer or consumer). It is possible to identify different types of quality (Troccoli et al., 2000;
Flagella, 2006):


agronomic quality: it is the one of interest for the farmer and it corresponds principally with
the productivity. Farmer’s concept of quality is closely linked to the need to obtain high yields
in order to maximize profit and, in turn, the potential grain yield depends largely on the ability
of the varieties to adapt to different environments as nowadays most of the durum wheat
growing areas undergo severe weather condition. Thus, the concept of yield stability is closely
related with the one of productivity and it encloses also resistance to both biotic and abiotic
stresses and the capability to maintain high yields under favorable and un-favorable
environments. More precisely, drought, high temperature and terminal stress (i.e. plant death)
during grain-filling are major factors affecting durum wheat yield and, consequently, the grain
quality;
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milling quality: it is the one of interest for the miller and it is mainly represented by high
extraction rate, in other words by the proportion of the wheat kernel which is milled into
semolina. Other factors that affected the determination of quality for the millers are: the ash
content (whose value, in Italy, has to be between 0.9 and 1.2), test weight (which can be a
reflection of the soundness of grain and therefore high value may be expected when the grain
is undamaged by un-favourable weather conditions) and kernel weight (which reflect the
average kernel size, thus larger kernels are expected to have a greater endosperm to bran ratio);



technological quality: it is the one of interest for the processing industry and it is represented
by wheat’s ability to be processed in different way depending on the final product desired.
Generally, the determination of wheat’s technological characteristics is carried out through
simulation of processing processes and the most important parameters involved in
determining the technological quality are: protein content, gluten (as quantity and quality) and
determination of technological indices (see paragraph 1.2.2);



sensory quality: it is the one of the consumer, who is concerned about pasta cooking quality
as well as the aroma, taste and color. According to the consumer, quality could be defined as
a tasty, nutritious and safe product which has the capacity to maintain good texture after
cooking and not to become a thick-sticky mass (Troccoli et al., 2000; Varzakaset al., 2014).

1.3.2 Genetic determination of durum wheat quality

Several genes have been identified as affecting wheat quality. In particular, the presence of
specific alleles of genes encoding for gliadins or glutenins influences positively or negatively the
quality (see paragraph 1.2.2 and 1.2.3).
The rapid development over last few decades of molecular genetics lead to new and more reliable
selection criteria, based on genotype. Nowadays, the most applicable and accepted approach, used in
breeding programs to assess the protein quality of a certain variety, is based on biochemical and
molecular or DNA markers; in particular, the latter ones show several advantages such as being
phenotypically neutral, independent from the environment, able to detect polymorphism between
individual plants and suitable for high-throughput tests (Lei et al., 2006). The extensive use of
molecular markers in plant breeding is due to the possibility of conducting a direct selection of traits
that are important for the improvement of a certain crop and, above all, to the capability of detecting
these traits at all stages of plant development, even at early stages of the breeding program, so that
poor-quality lines are not propagated (Uthayakumaran et al., 2006).
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Molecular markers must meet certain requirements in order to be useful and efficient, such as
possessing adequate polymorphism, being qualitatively independent to the growth conditions and
following a co-dominant pattern of inheritance (Varzakas et al., 2014). They can be classified into
three groups: DNA markers based on hybridization (RAPDs), DNA markers based on PCR (i.e.
RAPDs, SCARs, SSRs, microsatellites, SST, AFLPs etc.) and DNA markers based on small
sequenced fragments (SNPs). Moreover, other types of molecular marker could be useful in detecting
genetic polymorphisms; MP-PCR (microsatellite-primed polymerase chain reaction), AP-PCR
(arbitrarily primed PCR), AS-PCR (allele-speciﬁc PCR) and DAF (DNA ampliﬁcation
ﬁngerprinting) (Varzakas et al., 2014). All these markers have found three main field of applicability
in plant breeding and genetics.
The first one is in determining genetic relationship (varietal identification, parental determination
exc.) (Liviero et al., 2002; Maestri et al., 2002). The second one involves their use for identification
and mapping of loci associated with quantitative and qualitative traits and for monitoring of these loci
in breeding programs (marker-assisted-selection MAS). The third one is the use of genetic markers
in population genetic studies (Varzakas et al., 2014).
In recent years MAS to improve breeding efficiency has become commonplace in breeding programs
with various aims (Bassi et al., 2016) among which the discrimination of different constituents of
wheat quality, especially seed storage proteins, thus replacing traditional approaches such as SDSPAGE electrophoresis. Aa a matter of fact, the latter exhibits several disadvantages: it requires the
involvement of toxic compounds (acrylamide and reducing agents), it is time consuming and, talking
about the discrimination of glutenin proteins of different varieties, it frequently results in an incorrect
interpretation of different alleles due to the same mobility on SDS gels of the corresponding proteins
(Gianibelli et al., 2001). MAS, instead, represents an efficient and fast tool to overcome some of the
drawbacks in protein-based methods for glutenins and, especially, for HMW-GS allele resolution
(Rasheed et al., 2014) and can help avoid the misleading interpretation of the results obtained either
by SDS-PAGE analysis or single allelic selection (Ghazy et al., 2012). As Varzakas et al. (2014)
stated, MAS provides a much more convenient tool for rapid genetic analyses as it permits single
plant selection, DNA can be extracted from any tissue that can be collected at almost all stages of
plant growth and multiple markers can be combined in a single screening experiment, enabling
breeders to evaluate genotypes at multiple loci using the same template DNA. Among all markers,
the allele-specific polymerase chain reaction (AS-PCR) ones are the most useful in detecting genetic
polymorphism since they are based on single nucleotide polymorphisms (SNPs) (Liang et al., 2015).
The latter are, thus, the most applied in the characterization of HMW-GS (Ahmad, 2000; Butow et
al., 2003; Ma et al., 2003; Shwarz et al., 2004; Lei et al., 2006; Liu et al., 2008; Xu et al., 2008;
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Raguphaty

et

al.,

2008;

Janni

et

al.,

2017)

(https//wheat.pw.usda.gov/cgi-

bin/GG3/report.cgi?class=marker&name=Glu-B1). Ma et al. have developed simple, rapid, sub-unit
speciﬁc PCR-based assays to discriminate the predominant alleles Glu-A1a (Ax1) and GluA1b
(Ax2*), Glu-B1b (Bx7+By8) and Glu-B1i (Bx17+By18), and Glu-D1d (Dx5+Dy10) and Glu-D1a
(Dx2+Dy12) for the A, B and D genome loci respectively for the purpose of enhanced molecular
marker-assisted breeding. Similarly, Lei et al. (2006) focused their attention on the development of a
set of markers aimed at distinguishing alleles at the Glu-B1 locus, with the emphasis to the By type
genes. As a matter of fact, they provided to the science community one dominant and three codominant molecular markers useful to the discrimination of By8, By9, By16 and By20 genes. A codominant markers was developed in 2000 by Ahmad to specifically distinguish between Bx7 and
By17 genes, while Butow et al. (2004) developed two co-dominant markers to discriminate Bx17,
Bx7, Bx7OE, Bx7* and Bx20 genes. The same Bx7 and Bx7* genes were subsequently distinguished
by exploiting the molecular marker developed by Espì et al. in 2012. Additional two co-dominant
markers were designed by Xu et al. (2008) based on the sequences of Bx14 and Bx17 genes, whereas
Liang et al. in 2015 developed two sets of SNP-based AS-PCR markers for By18 gene, with a
successful validation on 110 bread wheat varieties with different Glu-By alleles. Other types of
approaches, instead, are based on the simultaneous usage of different kind of markers to genotype
cultivars, investigate the genetic diversity and estimate the genetic relationship. A recent example is
the study of Henkrar et al. (2016) who exploited 47 functional markers, ideal for MAS as they are
derived directly from the gene conferring the phenotype, and 7 random DNA markers closely linked
to 21 loci of the most important targeted traits for breeding, with the final aim to genetically
characterize 20 Moroccan genotypes and 19 exotic bread wheats cultivars. Additionally, the same
markers were used to assess the diversity analysis and to estimate the genetic relationship among
varieties.
Usage of molecular markers have been also extensively exploited to discriminate different LMW-GS
genes (Espì et al., 2014). For example, Ikeda et al. in 2002 classified LMW-GS genes of a Japanese
soft wheat, Norin 61, into six types on the basis of the distribution of cysteine residues, and twelve
groups based on the deduced amino acid sequence identity in the N- and C-terminal conserved
domains; subsequently, in 2006, they constructed LMW-GS group-specific PCR primer sets to
determine their loci, and identified the proteins corresponding to these groups by determining the Nterminal amino acid sequence of all LMW-GSs of Norin 61 separated by two-dimensional gel
electrophoresis (2DE). Also Long et al. (2005) carried out a specific-primers-based PCR assay on
Group 1 ditelosomic lines of Chinese Spring to identify the chromosome locations of each group of
LMW-GS genes; the analysis allowed to successfully assign to specific chromosome arms to five out
33

of the seven groups of LMW-GS gene. Additionally, led to the identification of two subgroups with
high sequence similarity and located on different chromosome arms.

1.4 Wheat adverse reactions
Cereal crops, such as wheat, rye and barley, fulfill a key role for human diet in Western
countries and, more recent in Eastern countries as well. However, all these crops are gluten-containing
cereals and gluten proteins, ingested or inhalated in the form of raw flour or cooked products, can be
responsible for a wide range of adverse reactions. Due to the increasing of their consumption almost
all over the world, gluten-related disorders have gradually emerged as an epidemiologically relevant
phenomenon with a global prevalence that is estimated around 5% (Elli et al., 2015).
In 2012 Sapone et al. reviewed the spectrum of gluten-related disorders, classifying them accordingly
to the immune response involved and proposing a new nomenclature. As shown in Fig. 17, three
different responses are triggered by the gluten ingestion; one autoimmune, which includes Celiac
Disease (CD), Gluten Ataxia and Dermatitis herpetiformis; one allergic, which includes different
manifestations of wheat allergy, such as Baker’s asthma, food allergy, Wheat-Dependent ExerciseInduced Anaphylaxis (WDEIA) and contact urticaria; one not autoimmune and not allergic, which is
known as Gluten Sensitivity (GS) or Non-Celiac-Gluten-Sensitivity (NCGS).
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Figure 17: Proposed new nomenclature and classification of gluten-related disorders (from Sapone et al., 2012).

1.4.1 Autoimmune disorders

1.4.1.1 Celiac Disease

Celiac disease (CD) is a chronic, small-intestinal immune-mediated enteropathy initiated by
exposure to dietary gluten in genetically predisposed individuals. It is estimated to affect 1% of the
general populations, with a considerable proportion of patients remaining undiagnosed and untreated,
and it can develop at any age and can affect almost any race (Elli et al., 2015; Leonard et al., 2017).
CD patients can display either classical intestinal symptoms, such as chronic diarrhea and weight
loss, or non-classical extraintestinal symptoms, such as anemia, osteoporosis and neurological
disorders. The incidence of CD is increased in at-risk conditions like family history, IgA deficiency,
some genetic syndromes (Down, Turner and William syndromes) and especially type 1 diabetes and
thyroiditis (Sapone et al., 2012).
It is well-known that the genetic predisposition plays a crucial role in CD since it is strongly linked
with specific human leukocyte antigen (HLA) class II genes, known as HLA-DQ2 and HLA-DQ8,
located on chromosome 6p21 (Sapone et al., 2012). The ingestion of gluten in individuals carrying
these two specific HLA alleles can elicit a T-cell mediated immune reaction against tissue
transglutaminase, leading to mucosal damage and villous atrophy. Gliadins are supposed to be the
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active triggers within gluten proteins, since they contain a unique 33-mer gliadin fragment evidenced
to be the most immunogenic peptide (Elli et al., 2015); moreover, the latter is resistant to enzymatic
degradation by gastric, pancreatic and brush border peptidase. LMW-glutenin proteins presented also
several motifs associated with the induction of CD (Mamone et al., 2015). Altered processing by
intraluminal enzymes, changes in intestinal permeability and activation of innate immunity seem to
precede the activation of the adaptive immune response (Sapone et al., 2012). Hence, gluten epitopes
might be subdivided into type’s fragments; toxic peptides are able to induce mucosal damage, while
immunogenic peptides are able to specifically stimulate HLA-DQ2 or DQ8- restricted T cell lines
and T cell clones (Boukid et al., 2017a). Until now, 31 sequences of 9 amino acids have been deﬁned
in the gluten (gliadins and glutenins) of wheat and related species (e.g., barley, rye, oat, etc.) as being
celiac-triggering peptides, often referred to as celiac “epitopes” (Shewry and Tatham, 2016). The
majority of celiac toxic peptides have been identified from in vitro studies using peptides cultured
with T cell lines or T cell clones derived from the small intestinal mucosa biopsy of CD patients
(Carmarca et al., 2012).

1.4.1.2 Gluten Ataxia (GA)

It is defined as an idiopathic sporadic ataxia with positive serological markers of gluten
sensitization. Similarly to CD, it is an autoimmune disease triggered by the gluten ingestion in
genetically susceptible individuals and it is characterized by damage to the cerebellum thus resulting
in ataxia (Sapone et al., 2012; Hadjivassiliou et al., 2008). GA is characterized by insidious onset of
predominantly gait ataxia, often associated with symptoms and signs suggestive of peripheral
neuropathy. It affects both sex equally and, generally, it appears for the first time at the mean age of
53 (Hadjivassiliou et al., 2008). This disease usually presents with pure cerebellar ataxia or, in rare
situations, ataxia in combination with other syndromes or neurological disorder (Sapone et al., 2012.

1.4.1.3 Dermatitis herpetiformis (DH)

Also known as Duhring's disease, Dermatitis herpetiformis is an external manifestation of celiac
disease characterised by blisters filled with a watery fluid. Despite its name, DH is not related to
herpes virus and even not caused by it : the name means that it is a skin inflammation having an
appearance similar to herpes. DH affects 10-15% of people with celiac disease; as a matter of fact, it
is recognized that DH is an extraintestinal manifestation of celiac disease as these two conditions
occur frequently in the same families or identical twins and the majority of patients with DH have
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small bowel mucosal changes compatible with classic or early celiac disease (Salmi et al., 2011). DH
affects people of all ages, even if most often appears for the first time between the ages of 30 and 40,
and it is somewhat more common in men than women (Celiac.org/celiac-disease/understandingceliac-disease-2/dermatitis-herpetiformis/). Symptoms normally resolve with a strict, gluten-free diet.

1.4.2 Allergic disorders

1.4.2.1 Wheat allergy

Nowadays, wheat is one of the eight most common triggering factors for immune mediated
food allergies which are usually immunoglobulin E (IgE) mediated. These reactions are characterized
by a T helper type 2 (Th2) lymphocytic inflammation with predominant Th2 cytokines expression
such as interleukin (IL)-4, IL-13 and IL-5. Depending on the route of allergen exposure and the
underlying immunologic mechanisms, it is possible to classify wheat allergy (WA) into two cluster
of disease: if the IgE mediated reaction is due to ingestion, WA usually refers to food allergy, while
if the IgE mediated reaction is due to inhalation, WA usually refers to respiration allergy (Cianferoni
2016; Sapone et al., 2012).
In turn, food allergy to wheat, which affects approximately 0,4% to 1% of young children
(Sicherer and Sampson, 2006; Keet et al., 2009), includes a wide variety of responses such as atopic
dermatitis, urticaria, anaphylaxis and the common-known wheat-dependent exercise-induced
anaphylaxis (WDEIA). These range of responses may vary between populations and be related to age
and symptoms but it has been observed that children have a higher prevalence of food allergy to wheat
compared to adults, especially if wheat was introduced after 6 months of age (Poole et al., 2006).
Talking about WDEIA, it is a relatively rare, but potentially severe form of food allergy and, more
precisely, it is a special form of food-dependent exercise-induced anaphylaxis (FDEIA): indeed, this
reaction is specifically due to the combination of wheat intake and cofactors such as exercise.
Symptoms are usually elicited by physical activity one to four hours after wheat ingestions, the
frequency of WDEIA events vary from patient to patient and this reaction can manifest at any age,
with teen and adults without any prior history of food allergy to be the most affected (Du Toit 2007;
Sapone et al., 2012). WDEAIA patients typically manifest pruritus, local and generalized urticaria,
angioedema, dyspnea, upper respiratory tract obstruction, gastrointestinal symptoms, hypotension,
and if extensive, bronchospasm, vascular collapse and anaphylactic shock. High concentration of IgE
antibodies specific to ω5-gliadin together with increased concentration of IgA antibodies to total
gliadin and ω5-gliadin has been observed (Sapone et al., 2012).
37

On the other hand, respiratory allergy usually refers to the common-known Baker’s asthma
reaction. It is one of the most frequently reported forms of occupational asthma in several countries,
affecting between 4 and 10% of bakery workers in Europe (Lupi et al., 2014). In particular, it is the
first type of occupational asthma in France (Ameille et al., 2003) and the second in the UK (McDonald
et al., 2000) and, in most cases, it is preceded by rhinitis. Since this IgE mediated immune reaction is
due to the inhalation of wheat flour and dusts, conjunctivitis and skin symptoms may also occur, and
symptoms can develop after a latency period which vary from months to years, even decades
(Brisman 2002). Baker’s asthma affects up to 10-15% of bakers, miller and pastry factory workers
(Sapone et al., 2012), while the incidence of rhinitis ranges from 18 to 29% (Cianferoni 2016).
In general, it is possible to affirm that many allergic proteins are involved in WA and the latest
update version of the WHO/IUIS Allergen Nomenclature Database describes 21 different wellclassified wheat allergens (Elli et al., 2015). Among these, α-Amylase/trypsin inhibitor, the water
insoluble ω5-gliadin (Tri a 19) and the nonspecific lipid transfer protein (nsLTP or Tri a 14) have
been identified as potent allergens in WDEIA; HMW glutenin subunits seem correlated with the
insurgence of contact urticaria; peroxidase, thioredoxins (Tri a 25), serine proteinase inhibitor and
several wheat prolamins, such as α-, β-, γ- and ω-gliadins and LMW glutenin subunits, appear to
trigger baker’s asthma. Although some allergens seem to be mainly associated with specific allergic
reaction, accordingly to what aforesaid, it has been demonstrated that there is a clear overlap between
the ranges of proteins responsible for different clinical conditions (Inomata et al., 2009; Salcedo et
al., 2011).

1.4.3 Not autoimmune and not allergic disorders

1.4.3.1 Gluten Sensitivity (GS)

During the Consensus Conferences in London (2011) and Munich (2012) a group of experts
redefined the spectrum of gluten related disease including a new disease which has been called Gluten
Sensitivity (GS) (Volta et al., 2013). Based on several contributions on this topic, GS has been defined
as a reaction to the gluten ingestion in which not allergic nor autoimmune mechanisms are activated
(Holmes 2013). As a matter of fact, GS is defined as a condition in which gastrointestinal and extraintestinal symptoms are triggered by gluten consumption, in the absence of celiac-specific antibodies
and villous atrophy as well as of any allergy related processes; hence, in most cases GS also called
Non-Celiac Gluten Sensitivity (NCGS) (Elli et al., 2015). As aforesaid, the clinical presentation of
NCGS includes gastrointestinal symptoms like abdominal pain, bloating and bowel irregularity
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(diahrrea, constipation, or both), in association with systemic symptoms such the so called “foggy
brain”, which is described as slowed thinking, memory disturbance or reduced level of alertness,
along with headache, joint and muscle pain, fatigue, depression, leg or arm numbness and skin
manifestations (eczema or rash) (Leonard et al., 2017). All these symptoms resolve almost totally
after gluten withdrawal (Elli et al., 2015). To date, it is still very difficult to diagnose NCGS due to
several problems. Firstly, there are no clear serologic or histopathologic criteria for clinicians to
confirm the diagnosis of NCGS since confirmed and validated biomarkers are yet to be identified
(Elli et al., 2015; Leonard et al., 2017); secondly, symptoms experienced by individuals potentially
affected by NCGS in most cases overlap to those of patients affected either by CD or irritable bowel
syndrome (IBS) as shown in Fig. 18. As a matter of fact, it has been evidenced that NCGS occurs in
approximately 30% of individuals suffering from IBS (Brouns et al., 2013) and, at the same time,
Fasano et al. (2003) concluded that about 3% of patients with a clinical presentation of IBS were
subsequently diagnosed with CD. Hence, NCGS is mainly a “diagnosis of exclusion” made after
other wheat related and not-wheat-related disorders have been ruled out.

Figure 18: Non-Celiac Gluten Sensitivity (NCGS) can present symptoms that clearly overlap to both Irritable Bowel
Syndrome (IBS) and Celiac Disease (CD) (https://gfjules.com/celiac-disease/).

Considering the celiac disease and non-celiac gluten sensitivity patients, two clear differences
have been evidenced. Firstly, while all CD patients carry the HLA-DQ2 and HLA-DQ8 alleles, only
50% of the NCGS patients show the same genetic predisposition (Sapone et al., 2012; Elli et al.,
2015); secondly, the intestinal permeability in the NCGS is significantly lower than in the CD patients
(Holmes 2013). Investigating more thoroughly, it has been observed that the expression of claudin-1
and zonula occludens-1 (ZO-1) is similar in both CD and NCGS conditions, while in the latter one
the expression of claudin-4 is significantly higher. Tight junction (tj) and multiple proteins that make
up the tj strands, such as occludin, the claudin family and the zonula occludens-1 protein (ZO-1), are
known to exert a crucial role in the development of intestinal immunological responsiveness.
Moreover, the up-regulation of claudin-4 was associated with an increased expression of toll-like
receptor-2 (TLR2) and with a significant reduction of T-regulatory cell marker FoxP3 relative to CD
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patients. The reduced small-intestine expression of this T-regulatory cell marker in NCGS has been
interpreted in the light of a reduced activation of adaptive immunity relative to CD (Volta et al.,
2013). This hypothesis has also been supported by an increased expression in CD patients of different
cytokines related to the adaptive immune response, condition which has not been observed in the
intestinal biopsies of NCGS patients. All these features, which are used to distinguish NCGS from
CD, are summarized in Table 1. Taking together the parameters, it is possible to state that CD and
NCGS pathologies show a different intestinal mucosal response to gluten ingestion; both share an
enhanced innate immune response but, while the immune mechanism underlying CD also include the
activation of adaptive immunity, in patients experiencing NCGS no overexpression of adaptive
immune markers has been found (Volta et al., 2013).
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Table 1: Sum-up of the parameters evaluated to distinguish between celiac disease and non-celiac gluten sensitivity.

PARAMETER

CD

NCGS

Increase

Reduction

Expression’s level of CLDN-4
lower than the one in the GS
patients

Increase of CLDN-4;

Small intestine permeability
(lactulose/mannitol)
TJ proteins expression
(CLDNs, TJP-1, OCLNs)

Intraepithelial lymphocytes

All patients have HLA-DQ2 and
HLA-DQ8
Few numbers of CD3+ IELs

Expression of cytokines related to Increase of IL-17A, IFN-γ, IL-6 and
IL-21
the adaptive immune response

Expression of the Toll-like
receptors (TLRs)

≈ CLDN-1 and ZO-1
50% of the patients has HLA-DQ2
and/or HLA-DQ8
All have increased number of CD3+
IELs
Normal expression’s level of IL17A, IFN-γ, IL-6 and IL-21
Increase of TLR2;

Increase of TLR1, TLR2 and TLR4
≈ TLR1 and TLR4

The increasing interest in investigating the pathogenesis and the mechanism underlying NCGS
in order to identify and provide specific biomarkers has led to the knowledge that gluten and its
proteins may not be the only triggers of NCGS since, as shown in Fig. 19, other wheat proteins likely
play an important role in causing this disease. For example, ATIs, which are defence-related proteins
against pests and parasites by inhibiting their digestive enzymes, accumulated at sufficiently high
levels in the grain to also function as storage proteins (Altenbach et al., 2011). Since they appear to
strongly resist intestinal degradation in humans and stimulate mucosal cytokine release after feeding
in vivo (Brouns et al., 2013), ATIs have been suggested as strong activators of inflammation and
innate immune reactions in several intestinal and non-intestinal immune disorders, including NCGS,
CD and Baker’s asthma (Volta et al., 2013).
In addition, many patients who experienced NCGS display also multiple food hypersensitivities,
which could be partly related to a diet rich in fermentable oligo-, di- and mono-saccharides and
polyols (FODMAPs) since they are poorly absorbed short-chain carbohydrates which caused
distension of the intestinal limen with liquid and gas due to their small molecular size and rapid
fermentability, thus leading to functional gastrointestinal symptoms (Volta et al., 2013). As a matter
of fact, it has been observed that both NCGS patients and IBS patients improve their symptoms after
the dietary reduction of FODMAPs (Shepherd et al., 2014). Finally, functional gastrointestinal
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symptoms of both NCGS and IBS patients could also be related to food additives (glutamates,
benzoates, sulfites and nitrates) which are added to almost all commercial products in order to
improve flavor and color and to preserve function.

Figure 19: Known triggers of NCGS. Gluten is the primary trigger but also ATIs, FODMAPs and food additives and
preservatives have been demonstrated to elicit the innate immune response leading to NCGS (Volta et al., 2013).
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Chapter 2. Aim of the project
Five major cereals species (rice, bread and durum wheat, maize and barley) satisfy two thirds
of the human food requirements; among these, durum wheat account for about 37 million Tons of the
global cereal world’s production (Kabbaj et al., 2017). Besides being one of the major source of
carbohydrates, minerals and vitamins for humans, and, in addition, to providing about one-fifth of the
total food calories and proteins, wheat is the best adapted crop to temperate regions and provides high
yields (Gill et al., 2004). Wheat is of crucial importance, both nutritional and, consequently,
economic, due to the capability to be processed in a wide range of products, like pasta, bakery
products and other wheat-derived goods, thanks to its unique characteristic represented by gluten.
FAO has estimated that in order to meet the global food demand in 2050, annual world production of
crops and livestock will need to be 60% higher than it was in 2006 (http://www.fao.org/3/ai6030e.pdf); moreover, about 80% percent of the required increase will need to come from higher
yields on an area of land that will not increase much beyond the present level (Gill et al., 2004).
Over times, the process of domestication has led to the development, and subsequent
cultivation, of few elite lines with a drastically narrowed genetic diversity: as a matter of fact, it has
been estimated that, upon domestication, the initial diversity was reduced by 84% in durum wheat
and by 69% in bread wheat (Jaradat, 2013). Concerning durum wheat, the process of “genetic
erosion” has been mainly due to the high quality level required by customers and the uniformity of
the plant ideotype pursued by breeders, coupled with the diffusion of a relatively small number of
outstanding genotypes with proven adaptability and yield potential (Maccaferri et al., 2003). The
increase of genetic vulnerability to new biotic and abiotic stresses, as well as to unpredictable
environmental conditions, has occurred as a consequence of the narrowing genetic base of the current
elite germplasm cultivated (Wang et al., 2017). Moreover, changes in global dietary habits, according
to which many countries are experiencing a progressive westernization of diet as well as worldwide
diffusion of the Mediterranean diet, which is based on a large number of foods that incorporate gluten,
has led to an increasing prevalence of gluten-related disorders (Tovoli et al., 2015). In particular,
consumption of wheat is progressively replacing consumption of rice in many countries in North
Africa, the Middle East and Asia (Catassi and Cobellis, 2007).
Hence, the need to identify, select and develop new wheat varieties with an increased yield and
higher green management on one side, with high technological quality of the relative flours and
healthier impact on humans on the other side, is mandatory for researchers, wheat breeders and
farmers alike (Carver, 2009).
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In the light of these considerations, two main strategies can be adopted for the establishment of new
durum wheat varieties with the aforementioned characteristics. On the one side, novel
biotechnologies such as genome editing allow direct transfer of discovered beneficial genes or gene
complexes into an elite genetic background, or manipulation of existing genes, in a very rapid and
efficient way to obtain expected phenotypes without lengthy backcrossing; on the other side, it could
be useful to apply a classical breeding approach exploiting, for example, the reservoir of genetic
variability present in the germplasm collections. Landraces, represent a rich source of untapped
diversity which, on the one side can be potentially exploited for desired traits and used in breeding
programs, and on the other store the traces of men-crops coevolution.
In the present project, an approach based on the exploitation of the available biodiversity was
chosen with the aim to characterize for the qualitative, technological and toxicological traits, a subset
a 152 genotypes derived by a worldwide germplasm collection of durum wheat, selected by Single
Seed Descent (SSD) (Pignone et al., 2015) and, in particular, to identify possible genotypes which
could be potentially exploited in future breeding programs.
All samples were investigated with respect to the High Molecular Weight Glutenin Subunits
(HMW-GS) composition, since it is well-known that these proteins exert a crucial quality role.
Preliminary tests were carried out on a broad set of reference cultivars.
A combined “Omic" approach, in which traditional SDS-PAGE assays in different experimental
conditions, at proteomic level, were coupled to the usage of PCR-based molecular markers, at
genomic level, was applied in order to precisely identify the Glu-1 allelic composition.
While making this characterization, the relationship between the glutenin composition and the relative
provenance of the germplasm lines was assessed in order to trace wheat evolutionary history, as
intended as the history of its diffusion and diversification, since it has been observed that the
geographic distribution of the present genetic diversity within a species can be informative about the
historical processes that shaped that diversity (Wang et al., 2017). Moreover, a selection of the SSD
genotypes within the 152 considered, representative of both common and rare HMW-GS pattern
retrieved, has undergone an in vitro static digestion to investigate the presence, and the relative
amount, of peptides associated with celiac disease.
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Chapter 3. Materials and Methods
3.1 Plant material
A subset of 152 genotypes of the SSD core collection described by Pignone et al. (2015) and
representatives of 31 countries was kindly provided in frame of the collaboration with the Institute of
Bioscience

and

Bioresources,

National

Research

Council

(IBBR-CNR)

of

Bari

(http://ibbr.cnr.it/mgd/) (Fig. 20).
In addition, a set of 43 between durum and bread elite cultivars have been selected on the basis
of their HMW-GS allelic composition (Wrigley et al., 2006; Fichera et al., 2006; De Vita et al., 2007;
Ribeiro et al., 2011; Comastri et al., 2013), and used as standards for the identification of the HMWGS pattern in the SSD genotypes.

Figure 20: Provenance of the 152 durum wheat landraces analyzed.

3.2 HMW-GS protein extraction
HMW-GS proteins were extracted from the flour of each genotype (SSD and standard cultivars)
according the procedure indicated by Singh et al. (1991) which is specific for prolamins, with some
modifications (Visioli et al., 2015). This protocol is based on a sequential extraction which exploits
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the different solubility of the proteins of interest in specific reagents, thus leading to their separation
into fractions (Fig. 21). The first step allows the separation of the gliadin fraction from the glutenin
fraction and, from the latter one, are then obtained the two enriched fractions of high molecular weight
(HMW-GS) and low molecular weight (LMW-GS) components.

Figure 21: Scheme of the sequential extraction followed to separate the different prolamin fractions.

To remove the gliadin component, fine flour (30 mg) was added by 1.5 mL of 50% (v/v) 2propanol for 20 minutes with continuous mixing at 65°C, following by centrifugation for 5 minutes
at 10000 RPM. This step was repeated two more times discarding the supernatant and adding the
pellet by a lower volume 2-propanol, from 1.5 mL to 1 mL. At the end of the third time, the pellet,
containing the whole GS fraction, was re-suspended into 310 μL of a solution of 55% (v/v) 2propanol, 0,08 M Tris(hydroxymethyl)aminomethane hydrochloric acid (Tris-HCl) pH 8.3 and 1%
(w/v) dithiothreitol (DTT) as reducing agent, incubated for 30 minutes with continuous mixing at 60
°C and finally centrifuged for 5 minutes at 14000 RPM. Finally, 300 μL of the supernatant, containing
both HMW-GS and LMW-GS, was transferred into a new tube, added by 40% (v/v) of acetone to
precipitate HMW-GS component and centrifuged for 10 minutes at 13000 RPM. The pellet was dried
under hood for 15-30 min and retained at -20° C.

3.3 Crude protein extract quantification
The protein content was determined by using the Bradford assay (Bradford, 1976), a
colorimetric assay which is based on a shift of absorbance of the Comassie Brilliant Blue G-250 dye;
under acidic conditions, the red form of the dye is converted to its blue one in order to bind the assayed
protein. The tied form protein-dye has the maximum absorption at 595 nm so that measures are done

46

at this wavelength; the increase in the absorbance is proportional to the amount of the bound dye and,
therefore, to the amount (concentration) of the protein present in the sample.
Protein extracts, containing the HMW-GS fraction, were re-suspended in 200 µL of a solution
of (50:50 v/v) acetonitrile (ACN) and H2O with 0.1 % (v/v) trifluoroacetic acid (TFA) and then
incubated at 65 °C with continuous mixing until the complete solubilization. Following Sigma’s
manufacturing procedures relative to the utilization of the Bradford reagent, 20 µL of each sample
were mixed with 1 mL of the Bradford reagent for 5 minutes at room temperature; samples were then
measured through the Varian Cary® 50 Scan Uv-Visible Spectrophotometer at 595 nm. A calibration
curve was constructed, by determining the absorbance of standard samples of Serum Albumin Bovine
(BSA) at a known concentration, in order to determine sample’s concentration. Seven dilutions of
BSA, corresponding to the following concentrations: 0.125-, 0.250-, 0.5-, 0.75-, 1.0-, 1.5- and 2.0
mg, were prepared from a stock of 20 mg/mL. After this step of quantifications, samples were dried
up in SavantTM SpeedVacTM SPD1010 (Thermo Fisher Scientific, Waltham, MA, USA) at 45 °C and
used for SDS-PAGE analyses.

3.4 Electrophoresis
3.4.1 SDS-PAGE analysis

The following solutions were prepared to set up the one-dimensional SDS-PAGE:







Laemmli SDS electrophoresis buffer 10X:

-

250 mM Tris base

-

1.92 M Glycine

-

1% SDS

SDS gel loading buffer (LB) 5X:
-

250 mM Tris HCl pH 6.8

-

50% Glycerol

-

10% SDS

-

0.1% Bromophenol blue

-

1:20 β-mercaptoethanol (add fresh to the solution 1X)

APS solution 10%:
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10% SDS Ammonium persulfate

Running gel 12% (to a final volume of 5 mL):
-

40% Acrylamide/Bisacrylamide 37.5:1

1.5 mL

-

1.5 M Tris Hcl pH 8.8

1.3 mL

-

10% SDS

50 µL

-

10% APS

50 µL

-

TEMED

3.5 µL

-

Sterile deionized H2O

2.0965 mL

Stacking gel 5% (to a final volume of 3 mL):
-

40% Acrylamide/Bisacrylamide 37.5:1

375 µL

-

1.5 M Tris Hcl pH 6.8

254 µL

-

10% SDS

30 µL

-

10% APS

30 µL

-

TEMED

3 µL

-

Sterile deionized H2O

2.308 mL

Fixing solution:
-

40% Methanol

-

7% Acetic acid

The electrophoresis of reduced proteins was performed on CriterionTM DodecaTM Cell (Biorad,
Hercules, CA) by using 7.5% CriterionTM TGXTM Precast Midi Protein Gel (Biorad, Hercules, CA).
Dried HMW-GS (2,5 µg) of both SSD genotypes and standard cultivars were re-suspended in
different volumes of loading buffer (LB 1X), depending on the corresponding quantification, and
boiled 5 minutes at 95 °C, in order to completely denature proteins before loading onto the gels.
Unstained SDS-PAGE Molecular Weight Standards, Low Range (Mw 14,400-97,400) Biorad
(Hercules, CA) was used for tracing HMW-GS. Electrophoretic separation was carried out using the
current resistor Electrophoresis Power Supply EPS250 (C.B.S. Scientific Company INC.; Del Mar,
California) at 140 V and 200 V in the stacking and running gel respectively, and at 40 mA. The
running was stopped as soon as the dye was spilled from gels. Gels were then fixed in 7% (v/v) acetic
acid and 40% (v/v) methanol, stained with Brilliant blue G-colloidal solution (Sigma Aldrich, Milano,
Italy) over night and destained in deionized water. Gels were acquired through ChemiDoc™ MP
48

System (Bio-Rad) fitted in the laboratory of SITEIA.PARMA (Centro Interdipartimentale sulla
Sicurezza, Tecnologie e Innovazione Agroalimentare) at Tecnopolo of the University of Parma, and
visually analyzed with Image Lab Software 4.0 (Bio-Rad®) for allelic identification using reference
varieties.
The electrophoresis analysis was also performed on 12% acrylamide gels, according to Ribeiro
et al. (2011), in order to better define the Glu-B1 subunits. The analysis procedure, in this specific
case, consisted of several steps:
-

Clamp two glass plates in the casting frames in order to make the casting system;

-

Prepare and pour the running gel, in the desired percentage of acrylamide. Add a little volume
of cold 2-propanol in order to level gels and let them polymerize for at least 30 minutes;

-

Discard the 2-propanol and pour the stacking gels. Insert the well-forming comb and let them
polymerize for 15 minutes;

-

Prepare samples as previously described before loading them onto gels.

The separation was carried out using the current resistor Electrophoresis Power Supply EPS250
(C.B.S. Scientific Company INC.; Del Mar, California) at 140 V for both stacking and running gel
and at 40 mA but, unlike the first SDS-PAGE analysis, the running was extended for three hours after
the spillage of the dye. Gels were fixed in 7% (v/v) acetic acid and 40% (v/v) methanol, stained in
Coomassie blue R-250 (Biorad, Hercules, CA) over night, destained in deionized water and visually
analyzed for allelic identification using reference varieties.

3.5 Genomic DNA extraction
3.5.1 Dellaporta DNA extraction

DNA of the standard cultivars was extracted following Dellaporta protocols with slight
modifications (D’Ovidio and Porceddu, 1996). To each sample 612.5 µL of extraction buffer (EB) +
87.5 µL of 10% SDS solution were added.


Extraction buffer (to a final volume of 50 mL):



100 mM Tris pH 8



5 mL of Tris 1M



50 mM EDTA pH 8



5 mL of EDTA 0,5 M
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500 mM NaCl



5 mL of NaCl 5M



10% SDS

A third of a seed for each genotype (~ 30 mg) was grinded to a very fine powder, by using glossy
paper and pestle, and transferred into a 1.5 mL tube. 250 µL out of the 700 µL of the mix EB + SDS
solution was added to each tube and homogenized with a little pestle. The remaining 450 µL of the
EB + SDS solution was then added, and samples were incubated at 65 °C for 30 minutes, manually
mixing every 10 minutes to promote the lysis. At the end of the incubation, 200 µL of Potassium
acetate 5M were added; tubes were shaken and placed into ice for at least 30 minutes (maximum one
hour) in order to precipitate proteins, polysaccharides and cellular debris. Samples were then
centrifuged for 20 minutes at 4 °C and at maximum speed (14000 RPM); supernatants, containing the
DNA, were transferred into new sterile tubes and added by 500 µL of 2-propanol at -20 °C. Tubes
were shaken to promote the DNA precipitation and centrifuged for 20 minutes at 4 °C and at
maximum speed (14000 RPM). Supernatants were discarded, while pellets were washed twice with
400 µL of 70% ethanol at -20 °C. For each washing step, tubes were centrifuged for 5 minutes at
maximum speed. Pellets were finally dried under laminar flow hood for 15-20 minutes, re-suspended
into 100 µL of sterile deionized water at 50 °C and preserved at -20 °C.
3.5.2 GenEluteTM Plant Genomic DNA Miniprep Kit
Sigma’s GenEluteTM Plant Genomic DNA Miniprep Kit (cat. G2N350) consists of several steps
and provides a simple and convenient way to isolate pure DNA from a variety of plant species. It
allows to obtain several micrograms of DNA from up to 100 mg of fresh tissue or 10 mg of freezedried material rapidly (~ 1 hour). Reagents and equipments provided from the kit are:
-

Lysis Solution Part A

-

Lysis Solution Part B

-

Precipitation Solution

-

Binding Solution

-

Column Preparation Solution

-

Wash Solution Concentrate (it needs to be added of ethanol)

-

Elution Solution (10 mM Tris, 1mM EDTA, pH approx 8.0)

-

GenElute Filtration Column s in Tubes

-

GenElute Nucleic Acid Binding Columns in Tubes

-

Collection Tubes, 2 mL capacity.
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DNAs of the 152 SSD genotypes considered in the project were extracted using this kit and following
steps provided from manufacture procedures:
1) Disruption of cells: plant tissue of each of the 152 SSD genotypes was grinded into a fine
powder in liquid nitrogen by using 1.5 mL tubes and little pestles, keeping samples on ice for
their immediate use;
2) Lysis of cells: each tube was added by 350 µL of Lysis Solution A and 50 µL of Lysis Solution
B. Tubes were mixed by vortexing and inverting and, then, mixtures were incubated at 65 °C
for 10 minutes with occasionally inversion to dissolve the precipitate;
3) Precipitation of debris: at the end of the incubation, 130 µL of Precipitation Solution were
added to each mixture. Tubes were completely mixed by inversion, placed on ice for 5 minutes
and then centrifuged at maximum speed (14000 RPM) for 5 minutes to pellet the cellular
debris, proteins and polysaccharides;
4) Filtration of debris: supernatants from step 3 were carefully pipetted onto GenElute filtration
columns, which were then centrifuged at maximum speed (14000 RPM) for 1 minute in order
to remove any cellular debris not removed before. Each filtration column was discarded, while
each corresponding tube was retained;
5) Preparation for the binding: 700 µL of Binding Solution were added directly to the flowthrough liquid from step 4 and columns were mixed thoroughly by inversion;
6) Preparation of binding column: GenElute Miniprep Binding Columns were inserted into
the provided microcentrifuge tubes, added by 500 µL of the Column Preparation Solution and
centrifuged at 12000 RPM for 1 minute. The flow-through liquid was discarded;
7) Loading of lysate: 700 µL of the mixtures from step 5 were carefully pipetted into the
columns prepared in step 6 and centrifuged at maximum speed (14000 RPM) for 1 minute.
The flow-through liquid was discarded and the same procedure was repeated until loading the
total lysate from step 5;
8) First column wash: the binding columns from step 7 were placed into fresh 2 mL collection
tubes, added by 500 µL of the diluted Wash Solution and centrifuged at maximum speed
(14000 RPM) for 1 minute. The flow-through liquid was discarded, while the collection tube
and the column were retained;
9) Second column wash: another 500 µL of diluted Wash Solution were applied to the columns,
which were then centrifuged at maximum speed (14000 RPM) for 3 minutes to dry them;
10) Elution of DNA: binding columns from step 9 were transferred into fresh 2 mL collection
tubes, 100 µL of pre-warmed sterile deionized water were added and columns were
centrifuged at maximum speed for 1 minute.
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Note: a second elution has been done following the same procedure and using new fresh
collection tubes.
Eluted, containing pure genomic DNA, were stored at 4°.

3.5.2.1 DNA quantification
Both the first and the second elution of the SSD genomic DNAs, obtained by using Sigma’s
GenEluteTM Plant Genomic DNA Miniprep Kit, were quantified through electrophoresis.
Agarose gels were prepared at a 1.2% (w/v) concentration of agarose in Tris-acetate-EDTA (TAE)
buffer 1X. The solution was heated in the microwave oven to completely dissolve the agarose and 10
µL of the Gel Red dye were added before pouring the solution into the tray. 1 µL of each genomic
DNA was loaded onto gels and standard samples of 200 ng, 100 ng and 50 ng of genomic DNA from
phage λ were used as reference.

3.6 Molecular markers assay for Glu-A1 and Glu-B1
A total of 10 primers pairs were selected from literature to further discriminate between HMWGS whose electrophoretic profile on SDS-PAGE was ambiguous. Out of these, four primer pairs were
useful to further investigate the HMW-GS composition of the SSD subset at Glu-A1 locus, while the
remaining six allowed a deeper insight in the HMW-GS composition at Glu-B1 locus. The complete
set of molecular markers used and their features are listed in Table 2.
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Table 2: List of molecular markers exploited to better characterize the HMW-GS composition of the 152 SSD genotypes.
Alleles discriminated, marker type, molecular marker profile obtained, forward and reverse primers sequences and the
literature’s references are indicated.

3.6.1 PCR conditions and electrophoresis analysis

The optimal PCR conditions and the best electrophoresis conditions were tested for each primer
pair, according to those reported in literature.
PCR amplifications were performed using the Applied BiosystemsTM VeritiTM 96-Well
Thermal Cycler. All the reactions were carried out in a final volume of 20 µL, containing GoTaq®
Hot Start Master Mix 1X (Promega, WI, USA), 6 pmoles of each primer (Metabion international AG,
Planegg/Steinkirchen, Germany; Eurofins Genomics, Ebersberg, Germany) and 1 µL of template
DNA. PCRs were set up following the indications provided in the reference papers for each molecular
marker (Lafiandra et al., 1997; Ma et al., 2003; Schwarz et al., 2004; Lei et al., 2006; Xu et al., 2008;
Liu et al., 2008), sometimes making slight modifications in the thermal cycles or in the melting
temperatures.
The amplification products were fractionated by horizontal gel electrophoresis in Tris-AcetateEDTA (buffer TAE 1X) agarose gel. Depending on the size of the amplicons and in order to obtain
the optimal discrimination between bands, gels’ concentrations were the following:
-

1.2% for Ax_F/Ax2*_R, Ax1/Ax2*_C/D, AxNull_G1_F/G2_R and UMN19_F/R
molecular markers;

-

1.5% for Bx_F/Bx_R, ZSBy8_F5/R5 and ZSBy9_F2/R2 molecular markers;
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-

2% for ZSBy9_aF1/aR3 and CauBx752 molecular markers;

-

2.5% for Bx7_F/R molecular marker.

AccuRuler 100 bp DNA RTU ladder (Maestrogen Inc., Hsinchu City 30091, Taiwan), NZYDNA
laddr VI (nzytech genes & enzymes, Lisbon, Portugal) and AccuRuler 1 kb DNA RTU ladder
(Maestrogen Inc., Hsinchu City 30091, Taiwan) were used as references depending on the amplicon’s
size.

3.7 Purification and sequencing
3.7.1 DNA purification from gel
PCR products were purified with the NZYGelpure kit (NZYtech, Lisbon, Portugal).
All purification steps and all centrifugations have been carried out at room temperature. In this case
the protocol follows ten steps:

1) Excise the DNA fragment from the gel with a clean, sharp scalpel; weigh the gel slice and transfer
into a 1.5 mL microcentrifuge tube;
2) Add 300 µL of Binding Buffer for each 100 mg of gel weight;
3) Incubate the tube at 60 °C for 10 min occasionally shaking until agarose is completely dissolved;
4) Add 1 gel volume of 2-propanol to the sample mixing well by pipetting several times;
5) Load the above mixture into the NZYTech spin column placed into a 2 mL collection tube.
Centrifuge for 1 minute at maximum speed and discard the flow-through in the collection tube;
6) Add 500 µL of Wash Buffer and centrifuge for 1 minute at maximum speed; the flow-through in
the collection tube has to be discarded;
7) Add 600 µL of Wash Buffer and centrifuge for 1 minute at maximum speed; the flow-through in
the collection tube has to be discarded again;
8) Centrifuge for 1 minute again to dry the NZYTech spin membrane of residual ethanol;
9) Place the NZYTech spin column into a clean 1.5 mL microcentrifuge tube, add 50 µL of hot
deionized water to the centre of the column and incubate at room temperature for 1 minutes.
Centrifuge for 1 minute at maximum speed to elute DNA.
10) Store the purified DNA at -20 °C.
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3.7.2 DNA purification from PCR solution
All purification steps and all centrifugations should be carried out at room temperature. In this
case the protocol follows six steps:
1) Transfer the volume of the reaction mixture into a 1.5 mL microcentrifuge tube and add five
volumes of Binding Buffer. Mix by inverting the tube few times and then centrifuge briefly to collect
the sample;
2) Add the above mixture to the NZYTech spin column (the maximum loading volume is 700 µL)
and centrifuge for 1 minute at maximum speed, then discard the flow-through in the collection tube;
3) Add 600 µL of Wash Buffer and centrifuge for 1 minute at maximum speed; the flow-through in
the collection tube has to be discarded again;
4) Centrifuge for 1 minute again to dry the NZYTech spin membrane of residual ethanol;
5) Place the NZYTech spin column into a clean 1.5 mL microcentrifuge tube, add 50 µL of hot
deionized water to the centre of the column and incubate at room temperature for 1 minutes.
Centrifuge for 1 minute at maximum speed to elute DNA.
6) Store the purified DNA at -20 °C.

3.7.3 Sequencing

An amount of purified PCR fragments corresponding to 100-800 ng were prepared for
sequencing using both the GATC (Biotech AG, Cologne, Germany) or Eurofins (Eurofins Genomics,
Ebersberg, Germany) sequencing service. The obtained sequences were analyzed using the
DNAMan® software (Lynnon Biosoft, Quebec, Canada) and aligned with the available annotated
HMW-GS sequences.

3.8 Statistical analysis
Genetic variation at each locus was calculated using the Nei index (Nei, 1973), H, given by the
expression [1 - ∑pij2], where pij represented the frequency of the ith allele at the jth locus. Allelic
frequencies within the panel were determined from that of the alleles in the individual accessions,
and then dividing by the number of accessions (152) (Rasheed et al., 2012).
A hierarchical clustering analysis was performed with software Past 3.18 (Hammer et al., 2001).
The clustering method was an unweighted pair-group average (UPMGA), in which clusters are joined
based on the average distance between all members in the two groups. The same software package
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was used to assess the population structure by means of principal component analysis (PCA), which
finds the eigenvalues and eigenvectors of the variance-covariance matrix or the correlation matrix
with the Singular Value Decomposition (SVD) algorithm. Clusters generated through both
approaches were manually compared by searching for a correlation between genotypes within each
cluster.

3.9 In vitro digestion of selected SSD sample
A total of 40 SSD genotypes were selected on the basis of their allelic composition for the
identification and quantification of gluten peptides (immunogenic and toxic) associated with celiac
disease. The selection considered the genotypes carrying alleles commonly known as related to good
technological quality (Bx7+By8, Bx6+By8, Bx13+By16) but also the rarest one for which the
immunogenic and toxicity properties were not explored so far in the literature. The analyses were
performed in collaboration with Professor Stefano Sforza (Food Chemistry Lab., Food and Drug
Department, University of Parma). Data were statistically analyzed by using the ANOVA and through
principal components analyses (PCA).

3.9.1 Standardized static in vitro digestion method

2 g of all SSD samples were grounded for about 1 minute in order to obtain a fine dust. Two
replicates for each sample were digested following the standard in vitro method of Minekus et al.
(2014). Briefly, 0.5 g of the ground wheat sample was incubated 2 min with 0.5 mL simulated saliva
containing amylase (75 U/mL of digesta) (SSF, Table 3); then, 1 mL of simulated gastric juice
containing pepsin (2000 U/mL of digesta) (SGF, Table 3) were added and the sample was incubated
for 2 h after adjusting the pH to 3. Subsequently, 2 mL of duodenal juice containing pancreatin (100
U trypsin activity/mL of digesta) and bile (10 mmol/L in the total digesta) (SIF, Table 3) were added
and incubated for 2 h after adjusting the pH to 7. All the digestion steps were carried out at 37 °C
under constant gentle mixing. Then, to inactivate the enzymes, the sample was boiled for 10 min at
95°C. After centrifugation (3220g, 4°C, 45 min), 295 µL of each sample supernatant was added to 5
µL of internal standard solution (TQQPQQPF(d5)PQQPQQPF(d5)PQ, 1.6 mmol L-1).
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Table 3: Preparation of stock solutions of simulated digestion ﬂuids. The volumes are calculated for a ﬁnal volume of
500 mL for each simulated ﬂuid (Minekus et al., 2014).

3.9.2 Ultra-Performance Liquid Chromatography–Electrospray Ionization Mass
Spectrometry (UPLC/ESI-MS) analysis

UPLC/ESI-MS analysis was performed accordingly to Prandi et al. (2014). Briefly, the complex
mixture obtained from enzymatic cleavage is separated by a RP column (ACQUITY UPLC BEH 300,
C18, 1.7 mm, 2.1*150 mm; Waters corp., Milford, MA, USA) in a UPLC/ESI-MS system (Acquity
Ultra- performance UPLC with a single quadrupole mass spectrometer; Waters SQD) using a gradient
elution. Eluent A is a bi-distilled water solution with 0.1% formic acid (>99%) and acetonitrile
(0.2%), and eluent B is an acetonitrile solution with 0.1% formic acid (>99%). Gradient elution was
carried out as follows: 0-7 min 100% eluent A; 7-50 min from 100% to 50% eluent A; 50-52.6 min
50% eluent A; 52.6-53 min from 50% to 0% eluent A; 53-58.2 min 0% eluent A; 58.2-59 min from
0% to 100% eluent A; 59-72 min 100% eluent A. The samples are analyzed with UPLC/ ESI-MS in
the Full Scan mode. Flow is 0.2 mL/min; analysis time 72 min; column temperature 35°C; sample
temperature 18°C; injection volume 2 µL; acquisition time 7-58.2 min; ionization type is positive
ions; scan range 100-2000 m/z; capillary voltage 3.2 kV; cone voltage 30 V; source temperature
150°C; desolvation temperature 300°C; cone gas flow 100 l/h; desolvation gas flow 650 l/h.
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3.9.3 Data processing
Considering that the first 7 min of chromatographic run were excluded, due to their abundance
in salt sugars, the chromatogram might be subdivided into two phases: the first one (from 12 to 35
min), where peptides ranging from Mr 200 to 3600 are eluted, and the second one (after 35 min),
where bile and salt are eluted.
The areas of the identified peptides and internal standard TQQPQQPF(d5)PQQPQQPF(d5)PQ were
integrated with the MassLynx software (Waters, Milford, MA, U.S.A.). The quantification value was
obtained as the ratio peptide area/internal standard area multiplied by the moles of internal standard,
assuming a response factor of 1. The result is reported on g of whole wheat flour considering the
different dilution factors. The identified gluten epitopes were subdivided into two groups:
immunogenic peptides (sum of the amounts of the 7 identified immunogenic peptides obtained) and
toxic peptides (sum of the amounts of the 3 identified toxic peptides obtained). The sum of
immunogenic and toxic peptides is called the total immunogenic-toxic peptides.

3.10 Statistical analysis
For all the peptides identified, the analysis of variance (ANOVA) was performed. Principal
component analysis (PCA) was performed based on correlation matrix. The first two principal
components were graphically represented in bi-plots. All experimental data were statistically
analyzed using the software Past 3.18 (Hammer et al., 2001).
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Chapter 4. Results and Discussions
4.1 HMW-GS characterization of standard cultivars

A total of 43 between durum and bread cultivars have been selected, due to their allelic
composition at the Glu-B1 locus, and used as standards for the identification of the HMW-GS patterns
in the pool of SSD genotypes. At least 3 cultivars sharing the same allelic combination have been
assessed in order to produce more reliable results, with the exception for those carrying the rarest
HMW-GS pattern (i.e. GSs Bx7+By15, Bx13+By19, Bx14+By19, Bx23+By18) for whom it has been
difficult identifying more than one. The HMW-GS characterization was obtained through a multiple
“Omic” approach. In particular, the SDS-PAGE was associated, for those cases where ambiguity
remained, to a PCR markers-based approach (ANNEX A, Janni et al., 2017). The complete list of
cultivars, their HMW-GS allelic combinations and the institute which kindly provided the seed
material, are reported in Table 4.

Table 4: List of cultivars used in the assays. The species, the corresponding allelic combination, and the provider
institute are specified.

Cultivars name

Triticum
species

HMW-GS allelic combination
Glu-A1
Glu-B1
Glu-D1

null
Abano*&
Ta
&
Ax1
Adraino*
Ta
Ax1
Apulia&
Ta
null
Argelato*&
Ta
&
Ax2*
Arquà
Ta
Ax1
Carme*&
Ta
&
Ax1
David*
Ta
null
Emilio Morandi*&
Ta
&
Ax1
Est Mottin*
Ta
Ax1
Fabiola*
Ta
Ax2*
Francia*&
Ta
null
Firenze*&
Ta
Ax1
Sieve*&
Ta
null
Tudest*
Ta
Ax1
Virest*
Ta
Ax1
Tiberio*
Ta
Ax1
Abbazia*
Ta
Ax1
Garibaldino*
Ta
&
null
Isa*
Td
null
Solitario*&
Td
&
: cultivars analyzed with the proteomic approach
*: cultivars analyzed with the molecular approach

Bx7+By9
Bx7+By9
Bx7
Bx7
Bx17+By18
By18*
By18*
Bx7*+By8
Bx6*+By8*
Bx17+By18
Bx17+By18
Bx7*+By8
Bx6*+By8*
Bx6*+By8*
Bx6*+By8*
Bx7*+By8
Bx7*+By8
By18*
Bx13+By16
Bx13+By16

Dx2+Dy12
Dx5+Dy10
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12
Dx1+Dy12
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12
Dx2+Dy12*
Dx2+Dy12
Dx5+Dy10
Dx2+Dy12
Dx2+Dy12
∕
∕

Provider Institute

CREA, S. Angelo Lodigiano (Lo)

CREA, Foggia
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Table 4: Continued.

Cultivars name
Bagudo&
Durazio Rijo*&
Lobeiro&
Marques&
Vermelho Fino&

Triticum
species

HMW-GS allelic combination
Glu-A1
Glu-B1
Glu-D1

Ciccio*&

Td
Td
Td
Td
Td
Td

Ax1
Null
Ax1
Null
Ax1
Null

Bx23+By18
Bx14+By19
Bx13+By19
Bx7+By15
Bx21
Bx7+By8

∕
∕
∕
∕
∕
∕

Saragolla*&
Svevo &
Simeto&
Cham*&

Td
Td
Td
Td

Null
Null
Null
Null

Bx6+By8
Bx7+By8
Bx7+By8
Bx7+By8

Cheyenne*&

Ta
Ta

Ax2*
Null

Bx7*+By9
Bx14+By15

∕
∕
∕
∕
Dx5+Dy10
Dx5+Dy10

Ta

Ax1

Bx6+By8

Dx5+Dy10

Bx20+By20
Bx14+By15
Bx7+By8
Bx20+By20
Bx20+By20
Bx7+By8
Bx6+By8
Bx6+By8
Bx20+By20
Bx20+By20

∕
∕
∕
null
∕
Dx2+Dy12
∕
∕
/
∕

Cadenza*&
Florida*&

Td
Null
Cappelli*
&
Td
Null
Colosseo*
Td
Null
Biensur&
Ta
Null
Appulo*
&
Td
Null
Capeiti*
Ta
Null
Chinese Spring*
&
Td
Null
Creso*
Td
Null
Dylan*
&
Td
Null
Liberdur
&
Td
Null
Ofanto*
&
: cultivars analyzed with the proteomic approach
*: cultivars analyzed with the molecular approach

Provider Institute

Univerity of Tràs-os-Montes e
Alto Douro, Lisbon, Portugal

IBBR-CNR, Bari

University of Tuscia, Viterbo
Rothamsted Experimental Station,
Harpended, UK
Alsia Metapontum Agrobios
University of Bologna

University of Parma

4.1.1 Proteomic approach

The proteomic approach involved the optimization of the one dimensional SDS-PAGE assay
performed firstly on the standard cultivars reported in Table 4, in order to obtain a precise pattern of
the migration of different HMW-GS to use as internal markers for the SSD genotypes analyses.
Seven different cultivars (Biensur, Bx7+By8; Saragolla, Bx6+By8; Abano, Bx7+By9; Ofanto,
Bx20+By20; Colosseo, Bx14+By15; Isa, Bx13+By16; Francia, Bx17+By18) were considered to finetune the best analysis’ conditions. The size of each subunits was deduced in 7.5% SDS-PAGE on the
basis of the previously reported molecular weight (UPOV, 1994) (Table 5). The analyses of the
subunit pattern (Fig. 22) enabled the distinction for the allelic combinations Bx7+By9, Bx7+By8 and
Bx6+By8 (Fig. 22, lanes 7, 8 and 9 respectively), but provided a more difficult discrimination for
Bx20+By20, Bx14+By15, Bx17+By18 and Bx13+By16 (Fig. 22, lanes 3, 4, 5 and 6 respectively).
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Table 5: Determined molecular weights for proteins by means of SDS-PAGE analysis. Molecular weights of HMW-GS
in the SDS-PAGE refer to UPOV (1994).

SUBUNIT
Ax2*
Ax1
Bx6
Bx6.1
Bx7
Bx7OE
Bx13
Bx14
Bx17
Bx20
By8
By9
By15
By16
By18
By19
By20

M.W.
SDS-PAGE
108
113
100
99
98
94
94
89.5
94
86
83
91
90
89.5
94

Figure 22: SDS-PAGE of a panel of standard cultivars containing different HMW-GS allelic combinations at
Glu-B1 locus. Lanes 1 and 11, Molecular Weight Standard High range; lanes 2 and 10, Molecular Weight Standard Low
range; lane 3, cv. Ofanto (N, Bx20+By20); lane 4, cv. Colosseo (N, Bx14+By15); lane 5, cv. Francia (Ax2*,
Bx17+By18, Dx2+Dy12); lane 6, cv. Isa (N, Bx13+By16); lane 7, cv. Abano (N, Bx7+By9, Dx2+Dy12); lane 8, cv.
Biensur (N, Bx7+By8); lane 9, cv. Saragolla (N, Bx6+By8).

Notwithstanding the use of proteomic approaches as SDS-PAGE and two-dimensional
polyacrylamide gel electrophoresis (2-DE) for the identification of subunit variation at the HMW-GS
loci (Payne et al., 1981; Singh et al., 1991), a lack of a clear identification has been reported for those
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subunits showing the same mobility on SDS-PAGE, thus leading to an incorrect assignation of
different alleles (Gianibelli et al., 2002; Giraldo et al., 2010).
A second round of SDS-PAGE analyses was performed on 12% acrylamide gels, according to
Ribeiro et al. (2011). To enlarge the panel of possible variations at the Glu-B1 locus and to build a
reference proteomic map at this locus, an increased number of cultivars was investigated. When
available, the number of cultivars carrying rarer allelic combination was increased as internal control
(Bx6+By8*, Bx7+By8*, Bx7*+By8*, Bx21, Bx14+By19, Bx23+By18, Bx7+By15 and Bx13+By19,
Table 4). The composition of HMW-GS at the Glu-A1 was also investigated.

Figure 23: 12% SDS-PAGE of a panel of cultivars carrying different HMW-GS allelic combinations at Glu-B1 locus.
a) Ciccio (N, Bx7+By8), Simeto (N, Bx7+By8), Emilio Morandi (N, Bx7*+By8, Dx2+Dy12), Firenze (N, Bx7*+By8,
Dx2+Dy12), Est Mottin (Ax1, Bx6*+By8*, Dx2+Dy12), Sieve (Ax1, Bx6*+By8*, Dx2+Dy12), Creso (N, Bx6+By8),
Saragolla (N, Bx6+By8) and Florida (Ax1, Bx6+By8, Dx5+Dy10); b) Cham (N, Bx7+By8), Svevo (N, Bx7+By8),
Abano (N, Bx7+By9, Dx2+Dy12), Adriano (Ax1, Bx7+By9, Dx5+Dy10), Cheyenne (Ax2*, Bx7*+By9, Dx5+Dy10),
Argelato (N, Bx7, Dx2+Dy12) and Apulia (Ax1, Bx7, Dx2+Dy12); c) Isa (N, Bx13+By16), Solitario (N, Bx13+By16),
Lobeiro (Ax1, Bx13+By19), Durazio Rijo (N, Bx14+By19), Cadenza (N, Bx14+By15, Dx5+Dy10), Colosseo (N,
Bx14+By15/Bx13+By16) and Marques (N, Bx7+By15); d) Liberdur (N, Bx20+By20), Ofanto (N, Bx20+By20),
Capeiti (N, Bx20+By20), Vermelho Fino (Ax1, Bx21), Bagudo (Ax1, Bx23+By18), Francia (Ax2*, Bx17+By18,
Dx2+Dy12), Arquà (Ax2*, Bx17+By18, Dx2+Dy12), David (Ax1, By18*, Dx1+Dy12) and Carme (Ax1, By18*,
Dx2+Dy12).

The new applied conditions led to a more precise discrimination especially of HMW subunits
characterized by a similar molecular weight. A clear example is represented by cultivars Lobeiro
(HMW-GS Bx13+By19) and Isa and Solitario (HMW-GS Bx13+By16) which share the same x-type
subunit but not the y-type. In Fig. 23 is shown that the difference of mobility between the cultivars
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Lobeiro (Fig. 23: gel c, lane 3) and Isa and Solitario (Fig. 23: gel c, lane 1 and 2 respectively), was
appreciable in 12%. Similarly, the mobility of cultivar Lobeiro (HMW-GS Bx13+By19, Fig. 23: gel
c, lane 3) differed from that of cultivar Durazio Rijo (HMW-GS Bx14+By19, Fig. 23: gel c, lane 4).
However, the increased SDS gel resolution do not help in distinguishing very similar subunits like
Bx7/Bx7* (Fig. 23: gel a, lane 1, 2, 3, 4 and gel b) or By8/By8* (Fig. 23: gel a). As previously
reported, in fact, a small difference in electrophoretic mobility exists between subunits Bx7 and Bx7*,
the former one being slightly larger than the latter one (Butow et al., 2004), while subunits By8 and
By8* show identical mobility on gel (Lei et al., 2006).
The analyses by SDS PAGE of the set of the so called “Reference cultivars” allow the identification
of a proteomic map of HMW-GS subunits for both Glu-A1 and Glu-B1. In order to obtain clear
standards to use for the SDS genotypes screening, for those more complex cultivars the PCR markerbased approach has been employed (Lei et al., 2006; Ma et al., 2003; Xu et al., 2008).

4.1.2 PCR marker-based approach
A total of 33 cultivars, evidenced with an asterisk in Table 4, were considered in the molecular
analysis by using six previously developed PCR-based molecular markers for Glu-B1 alleles (Chapter
3, Table 2 and Table 6). The application of this set of molecular markers on a wider set of cultivars
confirmed the previously determined specificity but, in some cases, revealed also new banding
patterns, with the same molecular marker discriminating more than one specific Glu-B1 gene (Janni
et al., 2017). Also in this case to increase the validity of the results, more than one cultivar for each
HMW-GS allelic composition was tested as control. Fig. 24 showed the results obtained for 16
cultivars.

Table 6: Primers and PCR conditions used.
Primer Pair
Primers pair
n°
PP1
ZSBy8_F5/R5*
PP2
PP3
PP4
PP5
PP6

ZSBy9_F2/R2

*

ZSBy9_aF1/aR3
Bx_F/ Bx_R

*

Bx7_F/Bx7_R
CauBx752

*

*

*

HMW-GS genes
discriminated
By8

64°C

By16, By20

62°C

By9

59°C

Bx17, Bx7*

58°C

Ma et al., 2003

Bx6/Bx7

50°C

Schwarz et al., 2004

Bx14

53.5°C

Xu et al., 2008

Tm

Ref.

Lei et al., 2006

*

See Table 2 for detailed primer sequences. The subunits discrimination is based on literature data.
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Figure 24: PCR products obtained by using the six selected molecular markers on the panel of 16 durum and bread
wheat cultivars (Janni et al., 2017). 1a: PP1 (ZSBy8_F5/R5); 1b: PP2 (ZSBy9_F2/R2); 1c: PP3 (ZSBy9_aF1/aR3); 1d:
PP4 (BxF/BxR); 1e: PP5 (Bx7_F/R); 1f: PP6 (CauBx752).
Lane 1, Ciccio (Bx7+By8); 2, Chinese spring (Bx7+By8); 3, Dylan (Bx6+By8); 4, Florida (Bx6+By8); 5, Ofanto
(Bx20+By20); 6, Capeiti (Bx20+By20); 7, Adriano (Bx7+By9); 8, Cheyenne (Bx7*+By9); 9, Isa (Bx13+By16); 10,
David (By18*); 11, Argelato (Bx7); 12, Francia (Bx17+By18); 13, Emilio Morandi (Bx7*+By8); 14, Est Mottin
(Bx6*+By8*); 15, Sieve (Bx6*+By8*); 16, Cadenza (Bx14+By15); 17, negative control.

The sequences of new detected amplicons of primers pair PP2, PP3, PP4 and PP5 were analyzed.
Each new band was isolated, purified and sequenced. The available annotated HMW sequences
(Table 7) were exploited for the alignment, performed with DNAMAN software.
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Table 7: Available annotated sequences of HMW genes and their corresponding accession, the NCBI ID is reported.
HMW gene
NCBI ID
Bx6.1
HQ731653
Bx7
X13927
Bx7OE
DQ119142
Bx13
EF540764
Bx14
AY367771
Bx14*
KJ579439
Bx17
AB263219
Bx20
AJ437000
Bx23
AY553933
Bx23*
KF995273
By8
AY245797
By9
X61026
By15
DQ086215
By15*
KJ579440
By16
EF540765
By18
KF430649
By20
LN828972

4.1.2.1 Analysis with PP1

Primer pair 1 (PP1, Table 6) was described by Lei et al. (2006) as specific for the By8 gene:
the authors observed a 527 bp DNA fragment in cultivars carrying the By8 gene, while non-By8
cultivars lacked the amplification signal. Moreover, the same allowed the discrimination between By8
and By8* genes, whose corresponding protein subunits are difficult to identify with SDS-PAGE due
to their identical electrophoretic mobility (Fig. 23: gel a) (Lei et al., 2006). Hence, this primer pair
has been considered as reference molecular marker for By8 in many research papers (Motawei et al.,
2008; Goutam et al., 2015; Ghazy et al., 2012; Salmanowicz and Dylewicz, 2007).
In the panel of cultivars tested, the expected amplicon was observed in those carrying the Bx7+By8
and Bx7*+By8 allelic combination (Ciccio, Chinese Spring and Emilio Morandi respectively; Fig.
24a; lane 1, 2 and 13) but not in any of those carrying the Bx6+By8 (Fig. 24a; lane 3 and 4). The
discrimination between By8 and By8* allele was also verified at a molecular level (Fig. 24a; lane 1,
2 ,13, 14 and 15). A possible difference in the By8 gene sequence in those genotypes carrying the
Bx6+By8 or Bx7+By8 alleles could not be excluded as also previously reported by Patacchini and
co-workers (2001) who supposed the presence of structural differences, at protein level, between
subunits 1By8 belonging to the two allelic combinations aforesaid.

4.1.2.2 Analysis with PP2

Primer pair 2 (PP2, Table 6) was developed to selectively amplify the By16 gene by Lei et al.
(2006) on the basis of the 45 bp deletion in the By16 gene and on the amplification of the repetitive
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domain of the By gene. A complex pattern would be expected as indicated in Table 2 (Chapter 3)
(Lei et al., 2006; Motawei, 2008; Ghazy et al., 2012; Goutam et al., 2015).
The specificity of PP2 for the By16 gene (3 bands) and By20 (no bands) was confirmed as shown in
Fig. 24b (lane 9 and lanes 5 and 6 respectively). In addition, new banding patterns were observed: a
single 280 bp fragment was detected in the By18* cultivar David (Fig. 24b: lane 10) (and confirmed
in Carme) as previously detected also in Triticale (Salmanowicz and Dylewicz, 2007). The same
profile was observed also in Cadenza (Bx14+By15) (Fig. 24b: lane 16). Finally, the faint band of 280
bp retrieved in cultivars carrying the Bx6*+By8* allelic combination (Fig. 24b: lane 14 and 15) was
interpreted as a non-specific signal and the unexpected pattern observed for cultivars Florida
(Bx6+By8), Argelato (Bx7) and Emilio Morandi (Bx7*+By8) (Fig. 24b: lanes 4, 11 and 13
respectively), which showed the three bands for By16, might be the result of a non-specific primers
annealing.
Sequence analysis of the 280 bp amplicon retrieved in cvs. David and Cadenza (Fig. 25a) did
not allow the assignment of the band to a specific subunit. The sequence obtained for David (By18*)
showed four SNPs (SC30, Table 8) which, in the end, revealed a 100% homology with the By15*
gene (KY579440), while the specific band in Cadenza (Bx14+By15) showed three SNPs in common
with other By sequences and one unique SNP (A1212G) (Fig. 25b and SC31, Table 8).

Figure 25: a) Purified amplicons of cvs. David and Cadenza obtained by using PP2 (ZSBy9_F2/R2).
Lanes 1 and 5, AccuRuler 100 bp Plus DNA Ladder (Maestrogen); lane 2, David (By18*); lane 3, Cadenza
(Bx14+By15); lane 4, negative control. b) Portion of the alignment and of the corresponding electropherogram showing
the unique SNP retrieved the amplicon of cv. Cadenza by using PP2.
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Table 8: Summary of the SNPs retrieved in the amplicons of David (SC30) and Cadenza (SC31) amplified with primer
pair 2.
Sequence Genotype

SC30

David

SC31

Cadenza

SNP

Feature

C1165T

shared by seq. By15, By15* and By20

T1205C
A1313G

shared by seq. By15*

C134T

shared by seq. By15, By15* and By20

C1165T

shared by seq. By15, By15* and By20

G1173C

shared by seq. By15 and By20

A1212G

unique of sequence SC31

C1345T

shared by seq. By15, By15* and By20

These results, together with the lack of the entire By18* sequence in the database did not allow any
specific assignment for the molecular marker, indicating that, when a high variability in the
composition of alleles at the Glu-B1 locus is present in the tested genotypes, the use of PP2 for the
screening may result in the misidentification of genotypes.

4.1.2.3 Analysis with PP3

Primer pair 3 (PP3, Table 6) was developed to discriminate the By9 gene from other By genes,
on the basis of the 45 bp size difference in the amplicons produced (Lei et al., 2006). A 662 bp
amplicon was produced specifically for the By9 gene, while the other By cultivars produced a 707 bp
fragment (Lei et al., 2006; Motawei et al., 2008).
By testing the panel of standard cultivars selected, the expected fragment of 662 bp was observed in
By9 cultivars Adriano and Cheyenne (Bx7+By9 and Bx7*+By9 respectively) (Fig. 24c: lanes 7 and
8). A new amplicon of 720 bp was observed in Ofanto and Capeiti, carrying the Bx20+By20 allelic
combinations. Similar results were found in Triticale, where a 750 bp band was observed in cultivars
carrying the By20* gene (Salmanowicz and Dylewicz, 2007). Moreover, cultivars Est Mottin and
Sieve (Bx6*+By8*) gave a unique fragment of approximately 770 bp (Fig. 24c: lanes 14 and 15),
which was then confirmed also in the cultivar Virest (Table 4).
Sequence analysis of the 720 bp band retrieved in Ofanto and Capeiti (Bx20+By20) showed a
total of 10 SNPs and a 45 bp insertion (SC22/SC23, Table 9) which revealed a 100% identity with
the By20 sequence (LN828972), thus confirming that the primer pair 3 can assign the By20 subunit.
The corresponding Bx6*+By8* sequence, instead, showed a more complex picture, with the presence
of a total of 13 SNPs. Out of these, ten are shared by other By sequences, while 3 are unique in the
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Bx6*+By8* cultivar Est Mottin (Fig. 26 and SC24/SC25, Table 10). However, despite the presence
of these 3 unique SNPs the, the lack of the By8* genomic sequence in the database did not allow any
specific assignment to be made for this allele. Two additional cultivars (Tudest and Virest) carrying
the Bx6*+By8* allelic combination were tested with PP3 molecular marker in order to provide more
reliable data. Since the results obtained were the same (Fig. 27), it is possible to hypothesize that PP3
is also suitable for identifying the By8* allele. This last result, however, needs further analyses.

Figure 26: Portion of the alignment of the Est Mottin sequence (Bx6*+By8*, SC24/25) with all the other By sequences
available. The alignment evidenced the unique SNP T680A out of the three retrieved.

Figure 27: Amplifications products obtained by testing PP3 (ZsBy9_aF1/aR3) on four different cultivars carrying the
Bx6*+By8* allelic combination. Lanes 1 and 9, AccuRuler 100 bp Plus DNA Ladder (Maestrogen); lane 2, Tudest;
lane 3, Virest; lane 4, Est Mottin; lane 5, Sieve; lane 6, Capeiti (Bx20+By20); lane 7, Adriano (Bx7+By9); lane 8,
negative control.
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Table 9: Summary of the SNPs retrieved in the amplicons of Ofanto (SC22/23) amplified with primer pair 3.
Sequences Genotype

SC22/23

Ofanto

SNP
C590T
G693A
G663A
C752T
G1134A
A797G
G814C
A886G
C1007G
G1174C
/

Features
shared by seq. By15, By15*, By16 and By20
shared by seq. By15, By15* and By20

shared by seq. By15 and By20

45bp insertion shared by seq. By15 and By20

Table 10: Summary of the SNPs retrieved in the amplicons of Est Mottin (SC24/25) amplified with primer pair 3.
Sequence

Genotype

SC24/SC25 Est Mottin

SNP

Feature

C589T
G692A
G662A
C751T
G1133A
A885G
C1006G
G1173C
T680A
G727A
A1178G
G796A
C813G

shared by all the sequences considered with the exception of
By20

/

45bp insertion shared by seq. By15 and By20

shared by seq. By15, By15*, By16 and By20
shared by seq. By15, By15* and By20

shared by seq. By15 and By20

unique of sequence SC24/SC25

4.1.2.4 Analysis with PP4

Primer pair 4 (PP4, Table 6) was developed by Ma et al. (2003) to specifically distinguish
between the Bx17 gene and the non-Bx17, giving one or two bands respectively (Chapter 3, Table 2).
Different fragment sizes for cultivars carrying the non-Bx17 genes were reported by other authors; in
particular, two fragments of 650 and 750 bp for the Bx7* gene and two of 670 and 770 bp for any
other Bx gene (Butow et al., 2003; Ghazy et al., 2012).
The present research confirmed the previously-reported specificities, as shown for cv. Francia
(Bx17+By18) which possesses the expected 670 bp fragment (Fig. 24d: lane 12) and for Cheyenne
(Bx7*+By9) with a 650 and 750 bp fragments (Fig. 24d: lane 8). In addition to the conventional
banding patterns, a single fragment of 770 bp was observed for the cv. David (Fig. 24d: lane 10),
then confirmed in cv. Carme, carrying the By18* allele.
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To confirm the hypothesis of a By18* specificity for the PP4 primers set, the 770 bp amplicon
of David and Carme was purified (Fig. 28a), sequenced and aligned with a selection of Bx and By
annotated alleles. The analysis showed a 100% sequence identity with the Bx23* and Bx14* genes
(ID KF995273 and KJ579439) due to the presence in the sequence of two SNPs (A1731G and
G1736A) that are specific for the aforesaid genes (Fig. 28b). However, the lack of an annotated
genomic By18* sequence did not allow any hypothesis of specificity for the By18*, Bx14* and Bx23
alleles to be formulated using this primer pair. Nevertheless, the same 770 bp band was confirmed
also in cultivar Garibaldino which carries the By18*, suggesting a possible specificity for this allele.

Figure 28: a) Purified amplicons of cvs. Carme and David obtained by using PP4 (Bx_F/Bx_R).
Lanes 1, AccuRuler 100 bp Plus DNA Ladder (Maestrogen); lane 2, Carme (By18*); lane 3, David (By18*); lane 4,
negative control. b) Portion of the alignment of Carme and David sequences with all the Bx sequences annotated. The
two SNPs specific of the amplicons analyzed, and which evidenced a 100% homology with the Bx14* and Bx23*
genes, are indicated (A1731G is highlighted in blue; G1736A is highlighted in red).

4.1.2.5 Analysis with PP5

The co-dominant primer pair 5 (PP5, Table 6) was developed by Schwarz et al. (2004) on the
basis of a 15 bp insertion observed for the Bx6 allele and absent in all other Bx alleles, thus allowing
the specific discrimination of the Bx6 gene. The authors reported that the PP4 profile consists of two
bands of 246 bp for the Bx6 cultivars and 231 bp for the non-Bx6 cultivars (Chapter 3, Table 2).
The tested cultivars confirmed the high specificity of this primer pair for discriminating the Bx6 gene,
since the expected amplicon of 246 bp was retrieved in cvs. Dylan and Florida (Bx6+By8, Fig. 24e:
lanes 3 and 4). Moreover, the same pattern was also observed for the Bx20 genotypes (Ofanto and
Capeiti, Fig. 26e: lanes 5 and 6) and for the Bx6* Est Mottin and Sieve (Fig 24e: lanes 14 and 15),
then confirmed also in cultivar Virest (Table 4). To our knowledge, these features of PP4 were never
previously reported.
Amplicons of Ofanto and Est Mottin were purified (Fig. 29a) and underwent to sequence
analysis, which revealed for both few SNPs (three for Bx20 and four for Bx6*) shared with many
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other Bx sequences (SC28 and SC29 respectively, Table 11). Moreover, the presence of the 15 bp
insertion also in the mRNA Bx20 sequence (AJ437000) (Fig. 29b and c) make consistent the
capability of PP5 to distinguish also genotypes carrying the Bx20+By20 and Bx6*+By8* allelic
combinations; however, as the Bx6* sequence is not available in the database so far, the hypothesis
of a specific additional assignment for the PP5 cannot be formulated.

Figure 29: a) Purified amplicons of cvs. Ofanto and Est Mottin obtained by using PP5 (Bx7_F/Bx7_R).
Lanes 1, AccuRuler 100 bp Plus DNA Ladder (Maestrogen); lane 2, Ofanto (Bx20+By20); lane 3, Est Mottin
(Bx6*+By8*); lane 4, negative control. b) and c) Portion of the alignment with all the Bx sequences annotated which
highlights the 15 bp insertion shared by both Ofanto (B) and Est Mottin (C) sequences.
Table 11: Summary of the SNPs retrieved in the amplicons Ofanto (SC28) and Est Mottin (SC29) amplified with primer
pair 5.
Sequences Genotype

SC28

SC29

Ofanto

Est
Mottin

SNP

Features

A1083G
A1165G
A1210G

shared by seq. Bx14 and Bx20

/

15 bp insertion shared by seq. Bx14 and Bx20

G1083A
G1165A
G1210A

shared by all the sequences considered with the
exception of Bx14 and Bx20

G1241A

shared by seq. Bx6 and Bx13

/

15 bp insertion shared by seq. Bx14 and Bx20
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4.1.2.6 Analysis with PP6

Finally, primer pair 6 (PP6, Table 6) was developed by Xu et al. (2008) to distinguish between
Bx14 and Bx17 genes at the Glu-B1 locus. A fragment of 752 bp for Bx14 and a fragment of 337 bp
for Bx17 were expected from the analyses of the standard cultivars. Using the indicated conditions in
all cultivars only the Bx17 band of 337 bp was detected, including in the cv. Cadenza (Bx14+By15,
Fig. 24f: lane 16). The result was confirmed by testing three additional cultivars carrying the
Bx14+By15 allelic combination (Fig. 30a). Moreover, from the analysis, PP6 showed a single 550
bp band when applied to Bx20 cultivars (Fig. 24f: lanes 5 and 6) never previously reported. This
result was verified on a total of six Bx20 cultivars (Fig. 30b).

Figure 30: a) Amplification products obtained by testing PP6 (CauBx752) and four different cultivars carrying
the Bx14+By15 allelic combination. Lane 1, AccuRuler 100 bp Plus DNA Ladder (Maestrogen); lane 2, Colosseo’; lane
3; Colosseo’’; lane 4, Cadenza; lane 5, Durazio Rijo; lane 6; Ofanto (Bx20+By20); lane 7; negative control.
b) PCR products of six different cultivars Bx20+By20 amplified with PP6 (CauBx752). Lane 1, NZYDNA
Ladder VI (NzyTech); lanes 2 and 10, AccuRuler 100 bp Plus DNA Ladder (Maestrogen); lane 3, Appulo; lane 4,
Liberdur; lane 5, Cappelli; lane 6, Trinacria; lane 7, Ofanto; lane 8, Capeiti; lane 9, negative control.

The analysis of the 550 bp band observed in cv. Ofanto, showed a 100% identity with a portion
of the promoter sequence of the Bx14 allele (AY367771) that might be shared also by the Bx20 gene
for which the promoter sequence has not been deposited. However, the same specificity was not
observed in the Bx14 genotypes, and did not lead to any hypothesis of further specificity for the PP6
marker, though results highlighted that a wide number of cultivars should be taken in consideration
when using this molecular marker to avoid allele misidentification.
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4.1.3 Discussions
The results here presented, showed that the combination of two approaches, the proteomic and
the genomic one, have been successfully applied in combination to determine the composition at the
Glu-B1 locus of wheat cultivars. In particular, the usage of both SDS-PAGE analyses and PCR
marker-based assays led to a more precise discrimination of the allelic banding pattern, allowing to
overcome allele misidentification. PCR-based molecular markers, indeed, represent an efficient and
fast tool to overcome some of the drawbacks in protein-based methods for HMW-GS allele resolution
(Rasheed et al., 2014), like the frequently incorrect interpretation of alleles sharing similar mobility
on SDS gels (Gianibelli et al., 2001; Giraldo et al., 2010). On the basis of the available HMW-GS
sequences, a large number of PCR-based DNA molecular markers have been developed and applied
(D’Ovidio et al., 1995; Lafiandra et al., 1997; Ma et al., 2003; Lei et al., 2006); a survey of the
molecular markers available for the Glu-B1 locus is reported in ANNEX A, Table 3. Notwithstanding
the large number of markers developed, the allele specificity has been verified on specific and limited
numbers of test cultivars selected on a case by case basis and representative of the expected HMWGS subunits at the Glu-B1 locus (Ma et al., 2003; Lei et al., 2006).
In the first part of the present project, a large number of reference cultivars, carrying thirteen
different HMW-GS allelic combinations, have been analyzed through the aforesaid “Omic”
approaches, leading to the development of a wider reference proteomic map potentially useful for
researchers working on wheat quality and in Marker Assisted Selection (MAS) programs to readily
detect desired traits in wheat populations or elite cultivars. In addition to reviewing the molecular
markers developed for HMW-GS allelic composition at the Glu-B1 locus, PCR analysis, together
with the consequent sequencing analysis suggest additional putative specificity for Glu-B1 alleles for
the molecular markers tested which, to our knowledge, were never reported before. In recent years,
however, several HMW genes at the Glu-B1 locus have been deposited and annotated and analysis
of the alignment within the x and y type reveals a high level of DNA or mRNA sequence similarity
between them, thus explaining the complex pattern obtained in the application of the Glu-B1
molecular markers. By sequencing the obtained amplicons, indeed, it was possible to add just a new
assignment for the PP3 marker (ZSBy9_aF1/aR3) for the By20 allele, which is of particular
importance in analysis of the glutenin composition in durum wheat landrace collections, where the
Bx20+By20 alleles are often very frequent (Bellil et al., 2014; Moragues et al., 2006). Several of the
markers tested produced a specific band for Bx20+By20, suggesting that the coding sequence of this
gene may share several haplotypes. The identification of haplotypes is useful for the identification of

73

regions of the genome associated with traits of interest or candidate genes but also for targeting the
development of specific molecular markers for MAS (Varshney et al., 2006).
For all the other markers, since the observed polymorphisms were in common with many other
HMW-GS genes, it was not possible to hypothesize any further specificity. An example of the
complexity of the link between molecular marker banding pattern and the allele assignment is
reported for the PP4 marker (Bx_F/Bx_R) for which the 770 bp band obtained in two By18* cultivars
(Carme and David, Fig. 24d) has been sequenced and analyzed (Fig. 28a). The sequence analyses
revealed a 100% sequence similarity with Bx14* and Bx23* alleles which share with By18* two
specific substitutions (A1731G and G1736A, Fig. 28b). The absence of any By18* DNA sequence
deposited, however, did not allow any specificity to be assigned and only suggests that By18* also
shares the same SNPs. Nevertheless, clear indications of reproducible banding patterns obtained by
using the selected molecular markers PP3 (ZsBy9_aF1/aR3) and PP6 (CauBx752) have been shown
(Fig. 27 and Fig. 30 respectively) which, to our knowledge, were never previously reported.
Hence, these results reported for the set of reference cultivars provided a selected guidance for the
interpretation of the results when a similar approach is used on durum wheat populations and cultivars
panels with high variability at the Glu-B1 locus.

4.2 HMW-GS characterization of SSD genotypes

The seed bank of IBBR-CNR held in Bari holds a collection of about 27000 samples of the
genus Triticum and more of 5600 samples are identified as Triticum durum. Out of these, 500
accessions have been randomly selected to create a handy subset (SSD core collection). The Single
Seed descent approach have been applied for the material multiplication and selection in order to
obtain a set of material with little heterozygosity, potentially representative of the overall variation
present in the germplasm and considering geographical origin of each genotype, trying to retain a
high level of representativeness of all agro-climate regions (Pignone et al., 2015).
The germplasm panel (so on called SSD collection) considered in the project for the HMW-GS
characterization comprised a subset of 152 genotypes of Triticum durum genotypes representatives
of 31 countries (Table 12).

74

Table 12: Countries of origin of the 152 durum wheat landraces used to develop the germplasm set.

Country of origin

Number of entries

Afghanistan
Algeria
Saudi Arabia
Azerbaijan
Bosnia Herzegovina
Bulgaria
Cyprus
Crete
Egypt
Ethiopia
France
Japan
Jordan
Greece
India
Iran
Iraq
Italy
Yugoslavia
Libya
Morocco
Perù
Portugal
Romania
Russia
Syria
Spain
Tunisia
Turkey
Ukraine
USA-ND/MN/WA

1
6
1
1
1
1
1
7
4
10
2
1
1
16
3
9
13
13
1
2
9
1
2
1
1
3
5
17
6
2
11

Based on the results obtained for the reference cultivars, an identical approach was performed
on the SSD collection. The approach relies on the application first of the proteomic screening, and
only on those unclear or undetermined genotypes, the molecular approach was applied.
This approach led to the identification of three different alleles at Glu-A1 locus, while a greater
variability, with a total of fifteen alleles, was observed at Glu-B1 locus (Table 15). At the Glu-A1
locus the allelic composition was only contributed by x-type subunits such as Ax1, Ax2* and null,
which are controlled by Glu-A1a, -A1b and -A1c alleles respectively, whereas at Glu-B1, eleven
known alleles (a, b, an, d, e, f, 1g, h, z, al and ak) were represented, along with four which have not
yet been allocated an allelic designation (GS combinations Bx14+By19, Bx14+By20, Bx7+By19 and
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Bx6+By8*). There were six x-type (7, 6, 20, 13, 14 and 7*) and six y-type (8, 20, 16, 15, 19 and 8*)
GSs.

4.2.1 Proteomic approach

A first round of SDS-PAGE (7.5% precast polyacrylamide gels) analyses was performed on the
152 entries of the SSD to identify the SSD carrying the most common subunits (in particular at the
Glu-B1 locus) and, then, the analyses were sharpened by increasing the SDS-PAGE gel concentration
to distinguish the most putative rare subunits. A total of twelve gels were run (CriterionTM DodecaTM
Cell, Biorad, Hercules, CA). Examples of the protein profiles are reported in Fig. 31.

Figure 31: SDS-PAGE run on the SSD genotypes on 7.5% precast polyacrylamide gels. A Molecular Weight Standards
Low Range (BioRad) and two to five standard cultivars were loaded onto each gel. The expected range for the Glu-A1
subunits was between 100 and 113 kDa, while the one for the Glu-B1 subunits was between 89 and 100 kDa.
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Glu-A1 locus encoded one of two x-type subunits (1, 2*) or for a null allele, reflecting the
presence of, respectively, Glu-A1a, -A1b and -A1c. Based on the first analysis with SDS-PAGE, 107
entries (70.4%) were typed as carriers of Glu-A1c, while the other 45 carried either Glu-A1a or -A1b.
In particular, 27 genotypes (17.8%) were assigned as Glu-A1a and 18 (11.8%) as Glu-A1b (Table
13). The Glu-B1 locus, instead, showed a greater variability in the SSD collection. The most common
glutenin subunit (GS) combinations, such as Bx7+By8, Bx6+By8 and Bx20+By20, were readily
identifiable and clearly assigned by SDS-PAGE. More precisely, out of the 152 genotypes considered,
28 (18.4%) were assigned Bx6+By8, 43 (28.3%) as Bx7+By8and 42 (27.6%) as Bx20+By20.
Examples of SSD genotypes carrying the Bx6+By8 GS are shown in Fig. 31a (entries 2, 24, 35 and
44), in Fig. 31c (entry 122) and in Fig. 31d (entries 168 and 171); examples of typical Bx7+By8 GS
mobility were retrieved in SSD 43 (Fig. 34a), in SSDs 112, 113 and 120 (Fig. 31c), in SSDs 269 and
271 (Fig. 31d) and in many others as shown in Fig. 31f (entries 4, 11, 17, 47, 48, 49, 63, 67 and 68).
Examples of genotypes carrying the Bx20+By20 GS are retrievable in Fig. 31b (entries 407, 409,
411, 412, 414, 415, 422, 423, 424, 426 and 427). All the aforesaid allelic combinations displayed an
electrophoretic mobility perfectly overlapping with the reference cultivars.
The remaining 39 entries (25.7%) showed undeterminable patterns (for example SSDs 123, 125, 137,
142 and 146, Fig. 31c). Moreover, a number of SSD genotypes showed complex pattern characterized
by four to five bands, thus being more similar to those of common wheat even if they were verified
being durum wheat (i.e. SSD 54; Fig. 31a).

Table 13: Allele frequency at the two Glu-1 loci identify through SDS-PAGE analyses.

Locus

Allele

Subunit

Glu-A1

a
b
c

Ax1
Ax2*
Null

GluB1

b
d
e
unknown

Bx7+By8
Bx6+By8
Bx20+By20

Number of
genotypes
27
18
107

Frequency
(%)
17.8
11.8
70.4

43
28
42
39

28.3
18.4
27.6
25.7

Thus, further analyses were performed with SDS-PAGE (12% polyacrylamide gels; Ribeiro et
al., 2011) including appropriate reference cultivars. Nevertheless, this approach was not conclusive
allowing to group SSD genotypes on the basis of similar migration patterns but do not sort out the
precise HMW-GS composition. Fig. 32 and 33).
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Figure 32: SDS-PAGE of SSDs with uncertain HMW allelic combination on 12% polyacrylamide gels. Cultivars
Colosseo (Bx14+By15) and Solitario (Bx13+By16) were used for the comparison.

Figure 33: SDS-PAGE of SSDs with uncertain HMW allelic combination on 12% polyacrylamide gels. Cultivars
Fabiola (Bx17+By18), Ofanto (Bx20+By20) and Argelato (Bx7) were used for the comparison.

A set of cultivars previously characterized for particular HMW-GS subunits such as Marques
(Bx7+By15) or Durazio Rijo (Bx14+By19) (Table 4) were used for the following analyses. A perfect
identity between SSDs 173 and 343 with cultivar Marques or between SSD 348 and cultivar Durazio
Rijo was detected (Fig. 34a), thus assigning those entries as GSs Bx7+By15 and Bx14+By19
respectively. Similarly, SSDs 102, 178 (Fig. 34b) and SSDs 266, 302 ,326, 336 (Fig. 34c) were
tagged as Bx14+By19. Moreover, in some cases, a perfect match between the SSD genotypes and
more than one cultivars pattern was observed assigning for example SSDs 451 and 453 (Fig. 34b) as
Bx7 and By19 subunit.
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Figure 34: SDS-PAGE of SSDs with uncertain HMW allelic combination on 12% polyacrylamide gels. Cultivars
Marques (Bx7+By15), Durazio Rijo (Bx14+By19), Solitario (Bx13+By16) and Cadenza (Bx14+By15) were used for
the comparison.

As control the SSDs previously assigned as Bx6+By8, Bx7+By8 and Bx20+By20 were also
separated on 12% SDS-PAGE gel (Fig. 35). Allelic combination Bx6+By8 and Bx20+By20 were
confirmed (examples are shown in Fig. 35a and 35c) in all entries with the exception for three
genotypes (i.e. SSD 96, Fig. 35c). When the Bx7+By8 SSD genotypes were analyzed a mismatch
with previously assignations occurred. In particular, a total of thirteen genotypes showed a pattern
not overlapping with those of the corresponding cultivar Ciccio or Simeto, either for one or for both
subunits (i.e. SSDs 173, 298, 343 and 17, Fig. 35c red box).

79

Figure 35: SDS-PAGE on 12% polyacrylamide gels of SSDs previously assigned as Bx6+By8, Bx7+By8 or
Bx20+By20. a) Examples of SSDs confirmed as carriers of the GS allelic combination Bx6+By8. Cultivar Creso was
used for the comparison; b) Examples of the validation of SSDs carrying the Bx7+By8 GS allelic combination.
Cultivars Ciccio and Simeto (data non shown) were used for the comparison. Red Box indicates genotypes showing
patterns not consistent with those of the corresponding reference cultivars, such as SSDs 173, 298, 343 and 17; c)
Examples of SSDs confirmed as carriers of the Bx20+By20 GS allelic combination. Cultivar Liberdur and Ofanto (data
not shown) were used for the comparison. A total of three SSDs exhibited just one subunit.

Thanks to the collaboration with the IBBA-CNR (Milan), the set of germplasm was analyzed

through the Lab-on-a-chip technology (Marchetti et al., 2011; Balázs et al., 2012; Živančev et al.,
2013), obtaining the same results above described for each of the SSD assigned as Bx7+By8,
Bx6+By8 and Bx20+By20 (Janni et al., 2018 submitted). Discrepancy were, instead, observed for the
remaining genotypes.
Therefore, the unassigned SSDs underwent the molecular analyses.

4.2.2 PCR marker-based approach

Entries characterized by Glu-B1 allelic combination not clearly detectable by proteomic were
further analyzed at a molecular level. In addition, the Bx7+By8 genotypes were included to verify a
possible mismatch between subunit By8 and By8* at a protein level. The set of six PCR-based
molecular markers mentioned in Table 6 and, four primer pairs targeting the Glu-A1 genes were used.
The complete set of markers used is listed in Table 14.
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Table 14: Primers and PCR conditions used.
Primer Pair n°
Primers pair
HMW-GS genes discriminated
PP1
PP2
PP3
PP4
PP5

ZSBy8_F5/R5

*

ZSBy9_F2/R2

*

ZSBy9_aF1/aR3
Bx_F/ Bx_R

*

Bx7_F/Bx7_R

*

*

*

Tm

Ref.

By8

64°C

By16, By20

62°C

By9

59°C

Bx17, Bx7*

58°C

Ma et al., 2003

Bx6/Bx7

50°C

Schwarz et al., 2004

Lei et al., 2006

PP6

CauBx752

Bx14

53.5°C

Xu et al., 2008

PP7

Ax_F/Ax2*_R

Ax1

58°C

Ma et al., 2003

PP8

Ax1/Ax2*_C/D

Ax1, Ax2*

62°C

PP9

UMN19_F/R

Ax1, Ax2*

60°C

Lafiandra et al., 1997
Liu et al., 2008

PP10
AxNull_G1/G2
AxNull
62°C
Lafiandra et al., 1997
See Table 2 for detailed primer sequences. The subunits discrimination is based on literature data.

*

4.2.2.1 Glu-1 allele diversity

For discrimination between the Glu-A1a and Glu-A1b genes, the three primer pairs used (PP7,
PP8 and PP9, Table 14) gave same results. Out of the 45 genotypes tested, 10 were identified as
carriers of the Ax2* gene, while the remaining 35 revealed typical Ax1 band. In Fig. 36, examples of
the results obtained by testing PP9 on the SSD genotypes are reported; genotypes highlighted in green
showed the Ax2* amplicon of 344 bp, while those in white showed the Ax1 band of 362 bp. Moreover,
the use of PP10 (Table 14) on SSD genotypes randomly selected, allowed to confirm them as
characterized by the presence of the AxNull allele, obtaining, for everyone, the expected 920 bp
fragment (data not shown).
The genotyping exercise slightly increased the frequency of Glu-A1a at the expense of Glu-A1b over
what had been deduced from the SDS-PAGE analysis. Such differences in results are consistent with
what observed by Lafiandra et al. (1997) who revealed, by SDS-PAGE analysis of primitive cultivars
and landraces of durum and bread wheats, the presence of few allelic variants at Glu-A1 locus which
are difficult to assign as Ax1 or Ax2* on the basis of their electrophoretic mobility.
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Figure 36: PCR products of SSD genotypes amplified with PP9 (UMN19_F/R); genotypes carrying the Ax2* gene are
those indicated with an asterisk, while theose without the asterisk carried the Ax1 gene. NZYDNA ladder VI was used
as marker.

A summary of the alleles identified at Glu-A1 locus and their relative frequencies is shown in
Table 15. In over 70.39% of the SSD population tested, the null allele was the most frequent followed
by Ax1 (23.02%) and Ax2* (6.57%). The same order in terms of allele frequencies (null> 1> 2*) is
in agreement with previous studies of landraces and old varieties of durum wheat (Moragues et al.,
2006; Nazco et al., 2012). The overall diversity at this locus, as expressed by H was 0.45, significantly
lower than the one observed at the Glu-B1 locus (Tab. 15). With the exception of the null allele, 45
(29.59%) among the total 152 SSD genotypes had either Ax1 or Ax2* alleles which are known to
impart better quality to wheat flour, even if their contribution is lower than those of proteins coded
by the Glu-B1 locus (Rasheed et al., 2012). As concerning the allele diversity at Glu-B1 locus, 47 of
the 48 entries were genotyped using six molecular markers (PP1 to PP6, Table 14). Only for one
genotype (SSD 111, Table 16) was not possible to determine the composition at the Glu-B1 locus.
The application of PP1 (Fig. 37) and PP4 on the SSD genotypes previously assigned as Bx7+By8 GS
(Glu-B1b) showed that eight, out of 45, carried the Bx7+By8* allele (Glu-B1al), while two carried
the Bx7*+By8* allele (Glu-B1ak) (Table 15). Additionally, by performing a cross-analyses with PP2,
PP3 (Fig. 38a and 38b, respectively) and PP6 separately, two rare subunits were detected (GS
Bx14+By20). Finally, the application firstly of PP1 and, then, of PP5 to the same genotypes led to
the identification of one SSD characterized by the GS Bx6+By8*.
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Figure 37: Examples of PCR products obtained by testing the assigned Bx7+By8 entries with PP1. AccuRuler 100bp
DNA ladder was used as marker. SSD 11, 59, 64 and 68 (highlighted with an asterisk) lacked the By8 typical band.

Figure 38: Examples of PCR products obtained by testing the uncertain genotypes with a) PP2 and b) PP3. AccuRuler
100bp DNA ladder was used as marker in both analyses. Cultivars Isa (Bx13+By16) and Ofanto (Bx20+By20), gel a,
and cultivars Adriano (Bx7+By9), Capeiti (Bx20+By20) and Isa (Bx13+By16), gel b, were used as references. An
example of entry showing the typical Bx20+By20 patter either with PP2 and PP3 is highlighted with an asterisk, finally
revealing the Bx14+By20 GS.

The complete list of the 152 entries and the set of HMW-GSs detected at both Glu-A1 and GluB1 loci through the combined “Omic” approach described, is reported in Table 16.
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Table 15: Allele frequency and genetic diversity at the two Glu-1 loci.

Locus

Allele

Subunit

Glu-A1

a
b
c

Ax1
Ax2*
Null

GluB1

a
b
an
d
e
f
h
z
al
ak
1g

Bx7
Bx7+By8
Bx6
Bx6+By8
Bx20+By20
Bx13+By16
Bx14+By15
Bx14+By19
Bx14+By20
Bx7+By19
Bx7+By15
Bx7+By8*
Bx7*+By8*
Bx6+By8*
Bx14
Bx7+By8;
Bx20+By20

abnormal
-

undetermined
Alleles not annotated

Number of Frequency
H
genotypes
(%)
(Nei's index)
35
23.02
10
6.57
0.45
107
70.39
3
35
1
28
47
9
1
8
2
3
1
8
2
1
1

1.97
23.02
0.65
18.42
30.92
5.92
0.65
5.26
1.31
1.97
0.65
5.26
1.31
0.65
0.65

1

0.65

1

0.65

0.803
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Table 16. Allelic status at the Glu-A1 and Glu-B1 loci of the 152 lines germplasm set.

SSD genotypes
2
3
4
6
7
11
15
17
24
27
28
32
33
34
35
36
41
43
44
47
48
49
52
54
59
63
64
65
66
67
68
69
70
74
83
84
85
92
96
99
102
103
105
107

HMW-GS
Glu-A1
null
null
null
Ax1
null
null
nnll
null
null
null
null
null
Ax1
null
Ax1
null
null
null
Ax1
null
null
null
null
Ax1
Ax1
null
null
null
null
null
null
null
null
null
null
Ax1
null
null
null
null
null
null
null
null

Glu-B1
Bx6+By8
Bx6+By8
Bx7+By8
Bx20+By20
Bx20+By20
Bx7+BY8*
Bx20+By20
Bx13+By16
Bx6+By8
Bx6+By8
Bx6+By8
Bx6+By8
Bx20+By20
Bx6+By8
Bx6+By8
Bx6+By8
Bx6+By8
Bx7+By8
Bx6+By8
Bx7+By8
Bx7+By8
Bx7+By8
Bx6
Bx20+By20; Bx7+By8
Bx7+By8*
Bx7+By8
Bx7+By8*
Bx20+By20
Bx7+By8*
Bx7+By8*
Bx7+By8*
Bx6+By8
Bx13+By16
Bx13+By16
Bx6+By8
Bx7+By8
Bx7+By8
Bx7+By8
Bx7
Bx7+By8
Bx14+By19
Bx7+By8
Bx14+By15
Bx7+By8
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Table 16: Continued.

SSD genotypes
109
111
112
113
114
115
116
118
120
122
123
124
125
128
131
135
136
137
142
146
147
155
158
168
171
173
178
180
182
185
188
191
195
240
243
244
246
253
255
256
262
264
266
269

HMW-GS
Glu-A1
Glu-B1
Bx7+By8
null
ND
Ax2*
Bx7+By8
null
Bx7+By8
null
Bx7+By8
null
Bx7+By8
null
Bx6+By8
Ax2*
Bx7+By8
null
Bx7+By8
null
Bx6+By8
null
Bx20+By20
null
Bx6+By8
null
Bx20+By20
null
Bx7+By8*
null
Bx7+By8
null
Bx20+By20
null
Bx20+By20
Ax1
Bx14+By19
null
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx13+By16
Ax1
Bx7
null
Bx7+By8
null
Bx6+By8
null
Bx6+By8
Ax1
Bx7+By15
Ax1
Bx14+By19
null
Bx7
null
Bx20+By20
null
Bx20+By20
Ax1
Bx7+By8
Ax1
Bx7+By8
null
Bx7+By8
Ax1
Bx20+By20
null
Bx13+By16
null
Bx20+By20
null
Bx6+By8
null
Bx20+By20
null
Bx7+By8
Ax1
Bx14+By20
Ax2*
Bx20+By20
null
Bx6+By8
null
Bx14+By19
null
Bx7+By8
Ax2*
86

Table 16: Continued.

SSD genotypes
271
278
283
288
290
292
294
298
302
303
308
315
322
325
326
328
330
335
336
338
343
345
348
350
393
397
399
400
407
409
411
412
414
415
416
421
422
423
424
426
427
431
432
441

HMW-GS
Glu-A1
Glu-B1
Bx7+By8
Ax2*
Bx20+By20
Ax1
Bx20+By20
null
Bx7+By8
Ax1
Bx6+By8*
null
Bx13+By16
null
Bx13+By16
null
Bx6+BY8
Ax1
Bx14+By19
null
Bx20+By20
null
Bx6+By8
null
Bx7+By8*
null
Bx14
Ax1
Bx7+By8
null
Bx14+By19
null
Bx7+By8
null
Bx20+By20
Ax1
Bx14+By20
null
Bx14+By19
Ax1
Bx7+By8
null
Bx7+By19
Ax2*
Bx20+By20
null
Bx14+By19
null
Bx7+By8
null
Bx7*+By8*
null
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
null
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
null
Bx20+By20
null
Bx20+By20
null
Bx20+By20
null
Bx13+By16
null
Bx20+By20
null
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
Ax1
Bx20+By20
Ax2*
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Table 16: Continued.

SSD genotypes
443
447
451
453
457
459
467
470
487
494
499
500
511
513
526
531
532
533
533bis
534
ND Not Determined

HMW-GS
Glu-A1
Glu-B1
Bx7+By8
null
Bx20+By20
null
Bx7+By19
Ax2*
Bx7+By19
Ax2*
Bx7+By8
null
Bx6+By8
null
Bx20+By20
null
Bx20+By20
Ax1
Bx20+By20
null
Bx7*+By8*
Ax2*
Bx20+By20
null
Bx20+By20
null
Bx6+By8
null
Bx20+By20
null
Bx13+By16
null
Bx6+By8
null
Bx6+By8
null
Bx6+By8
null
Bx6+By8
null
Bx7+By8
null

The Bx20+By20 (Glu-B1e; 30,9%) was the most frequent allele identified within the SSD genotypes,
followed by the Bx7+By8 (Glu-B1b, 23,0%) and the Bx6+By8 (Glu-B1d, 18,4%): over 70% of the
entries carried one of these three alleles. The most frequently encountered minor alleles were the
13+16 (Glu-B1f, 5,9%), and the Bx7+By8* (Glu-B1al, 5,3%). The non-assigned allele encoding the
GS combination Bx7+By19 was carried by three entries, while the GS combinations Bx14+By20 and
Bx7*+By8* (Glu-B1ak) were both present in two entries; finally, the GS combinations Bx7+By15
(Glu-B1z), Bx14+By19, Bx14+By15 (Glu-B1h) and Bx6+By8* were each identified in just a single
entry. Five entries produced an x-type but not a y-type Glu-B1 subunit, of which three carried the GS
Bx7 (Glu-B1a), one produced the GS Bx14 (Glu-B1g) and one carried the GS Bx6 (Glu-B1an) (Table
15). Finally, one entry of the whole subset analyzed (0,65%) was heterogeneous/heterozygous at the
Glu-B1, carrying both Bx6+By8 (Glu-B1d) and Bx20+By20 (Glu-B1e) allelic combinations (Table
15), consistently with reported abnormality at Glu-B1 locus found in wheat landraces (Ribeiro et al.,
2011; Zheng et al., 2011). The diversity present at Glu-B1 was considerably greater than at Glu-A1
(0,80 versus 0,45).
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In general, the Hs indices at the two loci observed in the SSD lines were higher than those found by
Bellil et al. (2014) (0.03 and 0.67 for the Glu-A1 and Glu-B1 loci respectively), while they were
similar to those reported by Ribeiro et al. (2011) for old Portuguese varieties, with a slightly lower
value for the Glu-A1 locus.
An overall representation of the Glu-A1 and Glu-B1 composition for the 152 SSD is reported in Fig.
39a and 39b respectively.

Figure 39: Glu-1 locus composition of the 152 durum wheat lines a) Glu-A1 and b) Glu-B1. The number in the pie
charts indicates the entries within each category.

A summary of the HMW-GS composition at both Glu-A1 and Glu-B1 loci of the SSD genotypes
and the corresponding frequencies, are presented in Table 17. Twenty-seven different combinations
were represented across the collection. The four combinations null, Bx7+By8 (Glu-A1c/Glu-B1b;
28/152, 18,4%), null, Bx20+By20 (Glu-A1c/Glu-B1e; 26/152, 17,1%), null, Bx6+By8 (Glu-A1c/GluB1d; 23/152, 15,1%) and Ax1, Bx20+By20 (Glu-A1a/Glu-B1e; 20/152, 13,2%) predominated. Eight
entries carried the combination null, Bx13+By16 (Glu-A1c/Glu-B1f), seven carried null, Bx7+By8*
(Glu-A1c/Glu-B1al) seven carried null (Glu-A1c), Glu-B1 GS Bx14+By19, five carried Ax1,
Bx7+By8 (Glu-A1a/Glu-B1b), four carried null, Bx6+By8 (Glu-A1a/Glu-B1d), three carried null,
Bx7 (Glu-A1c/Glu-B1a), three carried Bx7+By19 and two carried Ax2*, Bx7+By8 (Glu-A1b/GluB1b). The other 15 GS combinations were each carried by just one entry.
Some of the most representative combinations are characterized by rare alleles at Glu-B1 locus;
among these 5,26% is represented by the Bx13+By16 GS, 4,6% by both the Bx7+By8* and
Bx14+By19 GSs and 1,97% by the Bx7+By19 GS (Table 17). Such remarks were expected since the
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germplasm lines analyzed are principally composed by old varieties and landraces, on which no
selection in terms of qualitative traits or productivity has been made.

Table 17: The frequency of combined Glu-A1 and Glu-B1 genotype within the 152 durum wheat lines.

Glu-A1 and Glu-B1
Alleles

Glu-A1 and Glu-B1
Subunits

c, b
c, e
c, d
a, e
c, f
c, al
c, a, b
a, d
c, a
b, b, b
a, al
b, ak
c, ak
c, an
b, d
c, b, e
a, f
c, h
a, 1g
a, c, b, a, z

(null, Bx7+By8)
(null, Bx20+By20)
(null, Bx6+By8)
(Ax1, Bx20+By20)
(null, Bx13+By16)
(null, Bx7+By8*)
(null, Bx14+By19)
(Ax1, Bx7+By8)
(Ax1, Bx6+By8)
(null, Bx7)
(Ax2*, Bx7+By19)
(Ax2*, Bx7+By8)
(Ax1, Bx7+By8*)
(Ax2*, Bx7*+By8*)
(null, Bx7*+By8*)
(null, Bx6)
(Ax2*, Bx6+By8)
(null, Bx6+By8*)
(Ax2*, Bx20+By20)
(Ax1, Bx13+By16)
(null, Bx14+By15)
(Ax1, Bx14)
(Ax1, Bx14+By19)
(null, Bx14+By20)
(Ax2*, Bx14+By20)
(Ax1, Bx7+By15)
(Ax1,
Bx6+By8/Bx20+By20)

a, d+e
Undetermined

# Genotypes

Frequencies
%

28
26
23
20
8
7
7
5
4
3
3
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1

18.42
17.1
15.13
13.15
5.26
4.6
4.6
3.29
2.63
1.97
1.97
1.31
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66

1
1

0.66
0.66

4.2.3 Geographic distribution of Glu-1 alleles

The geographic distribution and the relative frequencies of the various Glu-A1 and Glu-B1
alleles across the set of 152 entries are displayed in Fig. 40, Fig. 41 and Table 18. With respect to
Glu-A1, the most frequently encountered allele in almost all countries of origin (the exceptions were
Afghanistan, Peru, Bulgaria and Saudi Arabia) was Glu-A1c, which was present in 107 of the 152
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entries. Within the 152 entries, the highest frequencies of the Glu-A1c allele were observed among
entries originating from Tunisia (9.9%) followed by Italy (8.6%), USA (6.6%), Ethiopia (5.9%), Iraq
(5.3%) and Morocco (5.3%), Table 18). The Glu-A1a allele, was detected in 35 of the 152 entries
and was particularly frequent in material from S.E. European (Greece: 5.3%, Crete: 2.0%, Turkey:
2.0%), Iberian Peninsula (3.0%) or N. African (Egypt and Algeria: 2.0%, Tunisia: 1.3%) provenance.
The Glu-A1b allele was represented in eight entries originating from S.W. Asia (Iraq and Iran, each
2.6%) and two from Greece (1.3%). With respect to Glu-B1, the most frequent allele was Glu-B1e
(47/152 entries): this allele was concentrated in materials originating from S.E. Europe (Greece,
Bulgaria, Cyprus), S.W. Asia (Turkey, Jordan) and India. S.W. Asia (Iraq, Iran, Syria, Saudi Arabia,
Azerbaijan), India and N. Africa (Morocco, Tunisia, Libya and Egypt) provided the majority of the
second most common allele Glu-B1b (35/152). These same areas featured a substantial level of
diversity at Glu-B1, with relative high frequencies of Glu-B1al (4.6%), Glu-B1f (3.3%) and GS
Bx14+By19 (1.3%). The Glu-B1d allele (28/152) was most strongly associated with a N. African or
N. American provenance and was not represented at all among entries originating from around the
Black Sea (Turkey and Bulgaria). The Glu-B1f allele, although globally rare, was relatively common
in entries derived from N. Africa and S. Europe, while the alleles GS Bx14+By19, GS Bx14+By20
and GS Bx7+By19 were encountered in material from S.W. Asia and India (respectively 2,6%, 1,3%
and 2,0%). N. American and Italian materials were dominated by carriers of the three high frequency
alleles Glu-B1e, Glu-B1b and Glu-B1d.
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Table 18: Allele frequency at Glu-A1 and Glu-B1 for entries grouped by provenance.

Locus

Allele

Total$
(152)

Afghanistan#
(Tot. 1)

Total$
(152)

Algeria#
(Tot. 6)

Total$
(152)

Saudi Arabia#
(Tot. 1)

Total$
(152)

Azerbaijan# Total$ Bosnia Herzegovina#
(Tot. 1)
(152)
(Tot. 1)

Ax1
Ax2*
Null

0.65
/
/

100
/
/

1.97
/
1.97

50
/
50

0.65
/
/

100
/
/

/
/
0.65

/
/
100

/
/
0.65

/
/
100

Bx7
Bx7+By8
Bx6
Bx6+By8
Bx20+By20
Bx13+By16
Bx14+By15
Bx14+By19
Bx14+By20
Bx7+By8*
Bx7*+By8*
Bx6+By8*
Bx7+By19
Bx7+By15
Bx14
Abnormal
Unknown

/
0.65
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
0.65
/
2.63
0.65
/
/
/
/
/
/
/
/
/
/
/
/

/
16.67
/
66.66
16.67
/
/
/
/
/
/
/
/
/
/
/
/

/
0.65
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

0.65
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
/
/
/
0.65
/
/
/
/
/
/
/
/
/

/
/
/
/
/
/
/
100
/
/
/
/
/
/
/
/
/

Glu-A1

Glu-B1

$
#

: Frequencies of the alleles considering the total 152 SSD genotypes analyzed.
: Percentage of the single allele within the entries of the count
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Table 18: Continued.

Locus

Allele

Total$
(152)

Bulgaria#
(Tot. 1)

Total$
(152)

Cyprus#
(Tot. 1)

Total$
(152)

Crete# Total$
(Tot. 7) (152)

Ax1
Ax2*
Null

0.65
/
/

100
/
/

/
/
0.65

/
/
100

1.97
0.65
1.97

42.86
14.28
42.86

Bx7
Bx7+By8
Bx6
Bx6+By8
Bx20+By20
Bx13+By16
Bx14+By15
Bx14+By19
Bx14+By20
Bx7+By8*
Bx7*+By8*
Bx6+By8*
Bx7+By19
Bx7+By15
Bx14
abnormal
unknown

/
/
/
/
0.65
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
100
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
0.65
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
100
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
3.94
0.65
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
85.71
14.29
/
/
/
/
/
/
/
/
/
/
/

Egypt#
(Tot. 4)

Total$
(152)

Ethiopia#
(Tot. 10)

Total$
(152)

France#
(Tot. 2)

Total$
(152)

Japan#
(Tot. 1)

1.97
/
0.65

75
/
25

0.65
/
5.92

10
/
90

/
/
1.31

/
/
100

/
/
0.65

/
/
100

/
/
0.65
/
/
/
/
/
/
0.65
/
/
/
0.65
/
0.65
/

/
/
25
/
/
/
/
/
/
25
/
/
/
25
/
25
/

/
2.63
/
1.31
1.31
0.65
/
0.65
/
/
/
/
/
/
/
/
/

/
40
/
20
20
10
/
10
/
/
/
/
/
/
/
/
/

/
/
/
/
0.65
/
/
0.65
/
/
/
/
/
/
/
/
/

/
/
/
/
50
/
/
50
/
/
/
/
/
/
/
/
/

/
/
/
/
/
0.65
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
/
100
/
/
/
/
/
/
/
/
/
/
/

Glu-A1

Glu-B1

$
#

: Frequencies of the alleles considering the total 152 SSD genotypes analyzed.
: Percentage of the single allele within the entries of the country.

93

Table 18: Continued.

Locus

Allele

Total$
(152)

Jordan#
(Tot.1)

Total$
(152)

Greece#
(Tot. 16)

Total$
(152)

India#
(Tot. 3)

Total$
(152)

Iran#
(Tot.
9)

Total$
(152)

Iraq#
(Tot. 13)

Total$
(152)

Italy#
(Tot.
13)

Total$
(152)

Yugoslavia#
(Tot. 1)

Ax1
Ax2*
Null

/
/
0.65

/
/
100

5.26
0.65
4.6

50
6.25
43.75

/
/
1.97

/
/
100

/
2.63
3.29

/
44.44
55.56

0.65
2.63
5.26

7.7
30.76
61.54

/
/
8.55

/
/
100

/
/
0.65

/
/
100

Bx7
Bx7+By8
Bx6
Bx6+By8
Bx20+By20
Bx13+By16
Bx14+By15
Bx14+By19
Bx14+By20
Bx7+By8*
Bx7*+By8*
Bx6+By8*
Bx7+By19
Bx7+By15
Bx14
abnormal
unknown

/
/
/
/
0.65
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
100
/
/
/
/
/
/
/
/
/
/
/
/

/
0.65
/
/
9.21
/
/
/
/
/
0.65
/
/
/
/
/
/

/
6.25
/
/
87.5
/
/
/
/
/
6.25
/
/
/
/
/
/

1.31
/
/
/
0.65
/
/
/
/
/
/
/
/
/
/
/
/

66.67
/
/
/
33.33
/
/
/
/
/
/
/
/
/
/
/
/

/
2.63
/
/
0.65
/
/
1.31
0.65
/
/
/
0.65
/
/
/
/

/
44.44
/
/
11.11
/
/
22.22
11.11
/
/
/
11.11
/
/
/
/

/
3.95
/
0.65
/
/
0.65
0.65
0.65
/
/
/
1.31
/
/
/
0.65

/
46.15
/
7.7
/
/
7.7
7.7
7.7
/
/
/
15.38
/
/
/
7.7

/
1.97
/
3.29
2.63
0.65
/
/
/
/
/
/
/
/
/
/
/

/
23.08
/
38.46
30.77
7.69
/
/
/
/
/
/
/
/
/
/
/

/
0.65
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

Glu-A1

Glu-B1

$
#

: Frequencies of the alleles considering the total 152 SSD genotypes analyzed.
: Percentage of the single allele within the entries of the country.
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Table 18: Continued.

Locus

Allele

Total$
(152)

Libya#
(Tot. 2)

Total$
(152)

Morocco#
(Tot. 9)

Total$
(152)

Peru#
(Tot. 1)

Total$
(152)

Portugal#
(Tot. 2)

Total$
(152)

Romania#
(Tot. 1)

Total$
(152)

Russia#
(Tot.1)

Total$
(152)

Syria#
(Tot. 3)

Ax1
Ax2*
Null

/
/
1.31

/
/
100

0.65
/
5.26

11.11
/
88.89

0.65
/
/

100
/
/

0.65
/
0.65

50
/
50

/
/
0.65

/
/
100

/
/
0.65

/
/
100

0.65
/
1.31

33.33
/
66.67

Bx7
Bx7+By8
Bx6
Bx6+By8
Bx20+By20
Bx13+By16
Bx14+By15
Bx14+By19
Bx14+By20
Bx7+By8*
Bx7*+By8*
Bx6+By8*
Bx7+By19
Bx7+By15
Bx14
abnormal
unknown

/
/
/
0.65
/
/
/
/
/
0.65
/
/
/
/
/
/
/

/
/
/
50
/
/
/
/
/
50
/
/
/
/
/
/
/

/
0.65
/
0.65
1.31
0.65
/
/
/
2.63
/
/
/
/
/
/
/

/
11.11
/
11.11
22.22
11.11
/
/
/
44.45
/
/
/
/
/
/
/

/
/
/
0.65
/
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
100
/
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
1.31
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
100
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
/
/
/
/
/
/
0.65
/
/
/
/
/
/

/
/
/
/
/
/
/
/
/
/
100
/
/
/
/
/
/

/
0.65
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
1.97
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

Glu-A1

Glu-B1

$
#

: Frequencies of the alleles considering the total 152 SSD genotypes analyzed.
: Percentage of the single allele within the entries of the country.
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Table 18: Continued.

Locus

Allele

Total$
(152)

Spain#
(Tot. 5)

Total$
(152)

Tunisia#
(Tot. 17)

Total$
(152)

Turkey#
(Tot. 6)

Total$
(152)

Ukraine#
(Tot. 2)

Total$
(152)

USA#
(Tot. 11)

Ax1
Ax2*
Null

1.97
/
1.31

60
/
40

1.31
/
9.87

11.76
/
88.24

1.97
/
1.97

50
/
50

/
/
1.31

/
/
100

0.65
/
6.58

9.1
/
90.9

Bx7
Bx7+By8
Bx6
Bx6+By8
Bx20+By20
Bx13+By16
Bx14+By15
Bx14+By19
Bx14+By20
Bx7+By8*
Bx7*+By8*
Bx6+By8*
Bx7+By19
Bx7+By15
Bx14
abnormal
unknown

/
1.31
/
/
1.31
0.65
/
/
/
/
/
/
/
/
/
/
/

/
40
/
/
40
20
/
/
/
/
/
/
/
/
/
/
/

/
0.65
/
5.26
1.31
1.97
/
0.65
/
0.65
/
0.65
/
/
/
/
/

/
5.89
/
47.05
11.75
17.64
/
5.89
/
5.89
/
5.89
/
/
/
/
/

/
/
/
0.65
1.97
/
/
0.65
/
/
/
/
/
/
0.65
/
/

/
/
/
16.67
50
/
/
16.67
/
/
/
/
/
/
16.67
/
/

/
1.31
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
100
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
1.97
/
2.63
1.97
/
/
/
/
0.65
/
/
/
/
/
/
/

/
27.3
/
36.3
27.3
/
/
/
/
9.1
/
/
/
/
/
/
/

Glu-A1

Glu-B1

$
#

: Frequencies of the alleles considering the total 152 SSD genotypes analyzed.
: Percentage of the single allele within the entries of the country.
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Figure 40: Glu-A1 status and the geographic provenance of the germplasm entries. Countries are grouped according to
the corresponding continent.

Figure 41: Glu-B1 status and the geographic provenance of the germplasm entries. Countries are grouped according to
the corresponding continent.
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Since the geographic distribution of the present genetic diversity within a species can be
informative about the historical processes that shaped the genetic diversity (Wang et al., 2017), a
cluster analysis (hierarchical clustering and a principal component analysis (PCA)) was performed
This cluster analysis showed that Greece clustered alone, with the presence of all three alleles albeit
with a small number of Ax2 * genotypes (Fig. 42a). The same profile, although located in a different
branch of the cluster, probably due to the lower number of entries, is shared by Crete. Italy is grouped
in the same cluster with Tunisia, as both share the almost exclusive presence of the null allele, as well
as Iran and Iraq, which are clustered together since representative of Ax2* genotypes; as a matter of
fact, the latter ones represent the 44.44% and the 30.77% respectively. America, Morocco and
Ethiopia clustered together due to the large number of AxNull genotypes, followed by a small number
of Ax1 genotypes. Finally, Algeria, Turkey, Egypt and Spain are grouped since they share for the
50% of the entries the Null allele and for the remaining 50% the Ax1 allele. Similar clustering was
obtained by analyzing data belonging to the Glu-B1 locus (Fig. 42b). From this analyses Greece
genotypes forms a separate providing the highest number of genotypes carrying the Bx20+By20
allele. Italy, America and part of N. Africa (Tunisia and Algeria), are grouped together for the general
predominance of the Bx6+By8 GS, followed by GSs Bx7+By8 and Bx20+By20. Italy and Tunisia
also share the Bx13+By16 GS. Within the same cluster, however, Tunisia diverges from the others
since it exhibits the greatest number of Glu-B1 allelic variants. Also in this grouping, Crete is
clustered separately from Greece and at the opposite end of the dendrogram, despite the high number
of entries Bx20+By20. This is probably due to the lower number of germplasm lines deriving from
this area (tot. 7) compared to those originating from Greece (tot. 16). Iraq, Iran, Ethiopia, Morocco,
and Tunisia are the countries showing the greatest genetic variability. In particular, Iraq and Iran
present the largest number of rare alleles (GSs Bx14+By20, Bx14+By19, and Bx7+By19). Moreover,
the GS Bx14+By19 is also identified in Tunisia and Ethiopia in conjunction with other rare alleles
such as Bx7+By8* and Bx6+By8*. Finally, a high number of countries are located in the central
clusters of the dendrogram probably for the limited number of entries in the collection from
Yugoslavia, Russia, Afghanistan, Saudi Arabia Portugal, Bulgaria, Cyprus, Jordan Spain, Syria and
Ukraine.
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Figure 42: Dendrogram showing the relationships between the allelic composition of the germplasm lines and their
provenance, based on unweighted pair-group average (UPMGA) method: a) as concerning the Glu-A1 locus; b) as
concerning the Glu-B1 locus.

The PCA analysis was also performed in order to assess the individual differences.
In the case of Glu-A1 locus (Fig. 43), the first two components account for 95% of the variance. The
first coordinate accounting for 81.5% of the variance, is clearly discriminating the SSD carrying the
Null allele. Tunisia and Italy (15 and 13 SSD AxNull, respectively) were located on the far right of
the plot, immediately followed by USA (10), Ethiopia (9), Iraq and Morocco (8). The second
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coordinate, which accounts for 13.5% of the variance, cluster the SSD having the Ax1 allele; indeed,
Greece, which showed a total of 8 SSD out of 16 with this allelic combination, was located at the
highest end of the y axis.
In the PCA analysis relative to the Glu-B1 locus the first two components represent almost 76% of
the variance. The first coordinate accounting for 49.6% of the variance represent the number of SSD
carrying the Bx20+By20 allele and clearly cluster Greece SSDs among all entries (Fig. 44, green
circle). The second coordinate, accounting for 26.3% of the variance, cluster the SSD carrying the
Bx6+By8 allele. Tunisia was clustered alone while Italy (5), USA and Algeria (4) and Ethiopia (2)
group together. (Fig. 44, purple and brown circle, respectively). In general, the PCA confirms the
UPGMA analyses.

Figure 43: PCA Plot for the Glu-A1 locus. Each point corresponds to a specific country.
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Figure 44: PCA Plot for the Glu-B1 locus. Each point corresponds to a specific country.
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4.2.4 Gene-ecology analyses
The characterization of the HMW-GS allelic combination in the germplasm material
considered, which revealed a substantial level of diversity, demonstrated how such a highly heritable
trait can serve as a means to trace the diffusion and diversification of a crop species.
The A genome locus Glu-A1 featured three alleles, of which the null allele was by far the most
common, followed by the allele encoding subunit Ax1; the third allele, responsible for subunit Ax2*,
was represented in only ten lines. The same ranking with respect to allele frequency has been noted
by both Branlard et al. (1989) in their characterization of 502 durum wheat coming from 23 countries
and by Moragues et al. (2006) in a study of 63 durum landraces sourced from the Mediterranean
Basin. The predominance of the null allele (Glu-A1c) has been retrieved in all the germplasm
collections so far investigated, thus being confirmed in a number of other surveys (Bellil et al., 2014;
Branlard et al., 2003; Ribeiro et al., 2011). The null allele was also the most frequent one when the
entries were grouped according to provenance, and was the only allele recovered among the Italian
entries (Fig. 45a). The Ax1 allele (Glu-A1b) was relatively frequent in N. African and S.W. Asian
material; it was also found in the single Bulgarian genotype analyzed (Fig. 45a), an observation
contrasting Moragues et al. (2006). A frequency imbalance could be explained where the flour is also
destined for bread making, because the presence of the null allele was correlated with dough
extensibility (Branlard et al., 2003). The presence of the Ax2* allele (Glu-A1b) has been associated
with improved performance for some other dough quality parameters (SDS-sedimentation value and
mixogram score), although this conclusion was reached on the basis of a rather small number of test
entries (Raciti et al., 2003; Sissons, 2008). Anyway, these considerations should be considered when
selecting other genotypes for further analyses.
More extensive variation was present at the Glu-B1 locus, where 15 alleles were detected; the
Moragues et al. (2006) study identified 14 Glu-B1 alleles, while the Branlard et al. (1989) one found
ten. The most frequent alleles at this locus were Bx20+By20, Bx7+By8 and Bx6+By8 (Glu-B1e, GluB1b and Glu-B1d respectively) a ranking consistent with that recorded for a set of 45 Algerian durum
wheat landraces and old cultivars (Cherdouh et al., 2005); moreover, the predominance of the
Bx20+By20 allele (Glu-B1e) has featured strongly in several other germplasm collections (Bellil et
al., 2014; Moragues et al., 2006; Nazco et al., 2014). The frequency of some of the minor alleles like
Bx13+By16 (Glu-B1f), Bx7+By8* (Glu-B1al) and GS Bx14+By19 (~5%) was comparable between
the present germplasm set and that studied by Cherdouh et al. (2005). Both Bx6+By8 (Glu-B1d,
present in 28 of the 152 lines) and Bx14+By15 (Glu-B1h, one line) alleles have been associated with
the dough quality parameters SDS sedimentation value and resistance breakdown value (Brites and
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Carrillo, 2001), while according to Branlard et al. (2003), Bx6+By8 (Glu-B1d) is also beneficial in
terms of biscuit making quality. The high frequency of the Bx7+By8 allelic combination (Glu-B1b,
23/152 entries) may similarly derive from its association with strong gluten and good pasta quality
(Nazco et al., 2014). According to Sissons et al. (2005), the ranking of Glu-B1 alleles based on their
contribution to pasta quality is Bx7+By8>Bx20>Bx6+By8 (-B1b>-B1e>-B1d), an ordering adjusted
by Varzakas et al. (2014) to take into account less common alleles to Bx17+By18; Bx13+By19;
Bx7+By8>Bx7≥Bx6+By8 (–B1i>B1g>-B1b>-B1a>-B1d). The locus was polymorphic in materials
originating from the Fertile Crescent, as well as from N. Africa and Ethiopia (Fig. 45b). The general
preponderance of the Bx20+By20 allele (Glu-B1e) has been noted by other researchers (Moragues et
al., 2006; Nazco et al., 2014), although curiously it is somewhat less ubiquitous in Iberian germplasm
(Moragues et al., 2006). The Bx13+By16 allele (Glu-B1f), seen in the African material, was not
represented among the Fertile Crescent lines, while some other alleles such as GS Bx7+By19, 7 (GluB1a), GS Bx14+By20 and Bx14+By15 (Glu-B1h) were present in the latter, but not in the former set
of germplasm (Fig. 45b). The N. African (but not the Ethiopian) lines included representatives of
Bx7+By8* allele (Glu-B1al), while the allele encoding subunit Bx14 (Glu-B1-1g) showed the
opposite pattern. GS Bx14+By19 was detected in the Fertile Crescent and Ethiopian material, but not
in the N. African germplasm. The rare Bx7*+By8* allele (Glu-B1ak) was found only in material with
a Romanian or a Greek provenance (Fig. 45b). A Greek presence in what is now Romania has been
dated back as far as the 7th century BCE (Tsetskhladze, 2008). At the same time, the evidence is that
one of the main routes by which agricultural know-how entered Europe during Neolithic times passed
through the Balkans, with Greece representing one of the first European sites where agriculture was
adopted (Ammerman and Cavalli-Sforza, 1984; Sonnante et al., 2009). This is consistent to what
observed by Oliveira et al. (2011) in their phylogeography study of einkorn landraces, who deduced
that different einkorn germplasm genotypes may have been introduced from Greece. Moreover,
evidence from archaeology and genetic analysis of emmer landraces suggest Puglia, in South Italy,
as the region where the first agricultural communities appeared in the Italian Peninsula (Isaac et al.
2010), possibly seafaring from Greece or the Balkans. In conclusion, interestingly, the gene ecology
analyses performed in this thesis, made on the basis of phenotypic data, like proteomic data, perfectly
reflects the history of wheat diffusion from its center of origin and tells us the history of wheat
movements in the migration routes.
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Figure 45: Glu-1 status and the geographic provenance of the germplasm entries for a) Glu-A1 and b) Glu-B1. The
breakdown of the pie charts indicates the entries within each category.
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4.2.5 Discussions

Despite modern agriculture increased food production, one person out of nine is still
undernourished. Breeders achieved a linear increase at an average of 32 million metric tons per year,
however the challenge of higher yields and good quality is still a main issue considering that the
global population is projected to exceed 9 billion by 2050 (Wang et al., 2017). Moreover, due to the
current climate changes, which have increased the frequency of unpredictable extreme events, the
development and adoption of stress resilient crop cultivars is imperative to ensure sustainability of
agricultural production and global food security (Wang et al., 2017). Radical changes in the
agricultural management processes for the most common commodities is mandatory (Zivy et al.,
2015). With intense focus and overuse of elite plant materials, 75% of the genetic diversity of
domestic agricultural crops has disappeared and the narrow genetic base of elite germplasm is
responsible of the increasing genetic vulnerability to new biotic and abiotic stresses, as well as to
unpredictable environmental conditions (Wang et al., 2017). Germplasm materials represent an
important source of genetic variability which can be explored and exploited for novel traits which
could enable in better addressing the aforesaid goals.
Nowadays, a combination of multiple “Omics” approaches to characterize available germplasm
collection is highly recommended since a characterization based on genomics, providing a list of
potentially useful genes, together with proteomics and metabolomics can lead to the understanding
of the molecular network interactions operating in a given genotype (Zivy et al., 2015). The rapid
developing of high-throughput genotyping, biotechnology and phenotyping methods, together with
advances in statistical methods and modelling, provide opportunities to address various challenges
for utilization of germplasm lines, allowing the identification and exploitation of major genes, minor
alleles, or haplotypes affecting complex traits (Wang et al., 2017). In addition, the application of a
multidisciplinary approach that link the phenotype (the proteome) to the genotype (the alleles) enables
to draw some conclusions on the history and migration routes that affected wheat domestication and
adaptation.
In the present project, we characterize a set of 152 durum wheat landraces at both the protein
and DNA level for their composition in HMW-GS; moreover, a wide selection of elite varieties has
been included in the analyses. The results obtained confirmed that the combination of SDS-PAGE
and molecular markers is still necessary for the characterization of the composition in HMW-GS of
wheat genotypes to avoid allele misidentification and that the use of PCR markers allows at least the
identification of new haplotypes.
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The observed diversity patterns at the two Glu-1 loci are largely consistent with the idea that
durum wheat diversified in three distinct geographical locations, namely the Fertile crescent, N.
Africa and the highlands of Ethiopia (Kidane et al., 2017; Pecetti et al., 1992; Porceddu et al., 1973).
The present data corroborate this latter idea, since in both cluster analysis (Fig. 42 a and b) and PCA
(Fig. 43 and 44) Iraq, Iran and Ethipia on the one hand and Tunisia, Algeria (and Italy) on the other
hand, are always grouped together probably on the basis of the high number of genotypes sharing the
same allele, but, at the same time, the same countries are also those with the greatest genetic
variability. In addition, they support the proposed history of the spread of wheat cultivation across
the Mediterranean Basin (Nazco et al., 2014). The materials originating from the northern and
southern shores of the Mediterranean shared a greater degree of genetic similarity than they did with
materials of S.W. Asian provenance; as a matter of fact, in the hierarchical cluster analysis at both
Glu-A1 and Glu-B1 loci (Fig. 42a and 42b, respectively), Italy always clustered with Tunisia and
Algeria. Also the PCA analysis confirmed this evidence, grouping together the aforesaid countries in
the same area of the plots (Fig. 43, red circle; Fig 44, purple and brown circle). Thus, the presented
data imply, as suggested by Moragues et al. (2006), that wheat was likely brought to southern Italy
from N. Africa. The rather rare allele 7 (Glu-B1a) was restricted, as similarly noted by Moragues et
al. (2006), to India and S.W. Asia, which suggests an independent expansion of wheat cultivation
eastwards from the Fertile Crescent. Trading relationships between N. Africa and Europe were
undoubtedly encouraged by the geopolitical stability associated with the expansion of the Roman
empire. By the beginning of the first millennium, wheat trade from North Africa to Rome started
during Roman Republican period (509 - 27 BCE). At times of the Empire (27 BCE – 476 CE), after
the transformation of Egypt in a Roman province with full status and the reconstruction of Cartago,
North Africa became the largest wheat supplier of Rome (Garnsey, 1983). According to Scarascia
Mugnozza (2005), one consequence of the occupation of Ethiopia by Italy during the first half of the
20th century was the import of Italian durum wheat germplasm, but the marked differentiation
between Italian and Ethiopian landraces exposed by genetic diversity analyses implies that the two
gene pools share very little common ancestry (Kabbaj et al., 2017). It is interesting to notice that the
presence of the allele Bx14+By19 in both the Horn of Africa and the Fertile Crescent might support
the Biblical and Quranic tale of the Queen of Sheba. The tradition and some interpretations of the
Bible (I Kings 10:13) imply the queen being in love with King Solomon and returning to her country
bringing up her child by Solomon. Bible stories also tell of the ships of Ophir, about the Israelites
traveling to the Queen of Sheba’s land (Hirschberg and Cohen, 2007). The legend might refer to
actual exchange of goods, including seeds for sowing, between Israel and the Horn of Africa prior to
the destruction of the Temple of Solomon (586 BCE).
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The object study demonstrates how the characterization within a germplasm collection of a specific
quality trait gives information not only on alleles diversity but also reflects the domestication routes
and allele migration that occurs in the last 10,000 years. This is not surprising since the gluten protein
fraction severely affect the dough properties, which is the main characteristics that advantage wheat
over other temperate crops (Shewry, 2009). Wheat and other cereals became staple food since the
early Neolithic era, being consumed mainly as a porridge together with other cereals or legumes
(Sonnante et al., 2009). Remains at Ohalo II, dating between 19,000 and 11,000 YBP, show that
grinding was a common practice and some flat stone indicate that probably bread cooking was already
a common technology (Gremillion, 2011). That bread was not leavened, looking similar to many sorts
of flatbreads still produced nowadays worldwide, but cooking made more nutrients available.
Leavened bread needs the coincidence of three factors: high gluten flour, fermenting microbia and an
oven: this coincidence occurred in ancient Egypt around 4000 BCE. Ovens and fermented foods were
already known in earlier times, the key to bread was wheat with the proper gluten quality (Gremillion,
2011). Leavened bread diffused in the Mediterranean, and during Roman times bread consumption
together with wheat cultivation increased significantly (Zhou et al., 2014).
It is interesting to notice that the centers of diversity and diffusion so far described strongly correlate
to the use of wheat. In the Mediterranean cous cous, pasta and leavened bread making are based on
specific gluten properties. The middle-eastern/Horn of Africa areas, instead, are characterized by the
use of flatbreads, often cooked in clay ovens or on flat stones, as in the Hebrew tradition of matzah
( )מַ צָּ הor the pocket pita bread.
In conclusion, the presented data demonstrate that phenotypic traits, at least the ones with high
heritability and with low levels of interaction with external stimuli, may be as useful as genetic ones
to trace crop evolutionary history, as intended as the history of its diffusion and diversification.

4.3 In vitro digestion SSD genotypes
The analyses of the presence of ten peptides associated with celiac disease (CD) in the SSD
panel was performed, preliminary, on a limited number of SSD genotypes (40) selected, so far, on
the basis of their relative HMW-GS allelic combination. Three samples with the same HMW pattern
have been considered, if available (Table 19).
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Table 19: List of SSD genotypes selected for the identification of gluten peptides associated with celiac disease. The
corresponding HMW-GS allelic combination is shown.

SSD genotypes

HMW-GS allelic
combination

92
109
112
195
269
325
59
64
66
315
393
494
96
155
180
2
44
69
116
511
290
52
17
70
292
294
302
326
336
348
322
256
451
453
173
244
253
278
415
416

Bx7+By8
Bx7+By8
Bx7+By8
Bx7+By8
Bx7+By8
Bx7+By8
Bx7+By8*
Bx7+By8*
Bx7+By8*
Bx7+By8*
Bx7*+By8*
Bx7*+By8*
Bx7
Bx7
Bx7
Bx6+By8
Bx6+By8
Bx6+By8
Bx6+By8
Bx6+By8
Bx6+By8*
Bx6
Bx13+By16
Bx13+By16
Bx13+By16
Bx13+By16
Bx14+By19
Bx14+By19
Bx14+By19
Bx14+By19
Bx14
Bx14+By20
Bx7+By19
Bx7+By19
Bx7+By15
Bx20+By20
Bx20+By20
Bx20+By20
Bx20+By20
Bx20+By20
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The Minekus et al. (2014) method was adopted to imitate durum wheat digestion: the identified gluten
peptides related to CD are presented in Table 20.
Table 20: List of the identified gluten peptides from wheat related to CD a.

Code
IP1
IP2
IP3
IP4
IP5
IP6
IP7
TP1
TP2
TP3
a

Identified peptides related to CD
total immunogenic peptides (IP)
TQQPQQPFPQ
SQQPQQPFPQPQ
QAFPQQPQQPFPQ
TQQPQQPFPQQPQQPFPQ
PQTQQPQQPFPQFQQPQQPFPQPQQP
FPQQPQLPFPQQPQQPFPQPQQPQ
QQPQQPFPQPQQTFPQQPQLPFPQQPQQPFP
total toxic peptides (TP)
LQPQNPSQQQPQ
RPQQPYPQPQPQ
LQPQNPSQQQPQEQVPL

Protein
γ-gliadin
γ-gliadin
γ-gliadin
γ-gliadin
γ-gliadin
γ-gliadin
γ-gliadin
α-gliadin
α-gliadin
α-gliadin

Rt (min)
m/Z
18.33
1198.8/600.3
17.03
1409.9/705.5
22.44
1540.9/771.4
23.19
1075.6/717.6
25.43 1034.4/1551.3/776
18.47
1429.3/953
29.47
1228.8/921.8
14.33
15.04
22.06

1392.9/697
732.5
980.6

: IP, immunogenic peptide; TP, toxic peptide.

After the in vitro digestion, the panel of peptides which survived was characterized by liquid
chromatography- mass spectrometry (UPLC/ESI-MS) (Fig. 46) and then statistically analyzed.
The identified peptides are grouped into two categories, namely immunogenic (triggering the adaptive
immunity) or toxic (triggering the innate immunity) peptides (Boukid et al., 2017b), and derived
mainly from gliadins (γ-gliadins and α-gliadins). These peptides have been reported to stimulate
CD4+ T lymphocytes selectively isolated from small intestinal mucosa of CD patients; recently also
glutenins have been included in these groups (Mamone et al., 2015). As a matter of fact, the sequences
of these epitopes are rich in glutamine and proline, which make them more resistant to gastrointestinal
digestion and, consequently, induce the immune response in the case of CD subject (Lauret and
Rodrigo, 2013). All the identified immunogenic peptides were exclusively γ-gliadins; moreover, all
these immunogenic sequences contained a sequence motif QQPQQPFPQ, which has been identified
related to the response DQ2.5-glia-γ4c (Janssen et al., 2015) abut toxic peptides identified in the
digestates were mostly α-gliadins. Within these peptides, the sequence QQQP was observed in TP1
and TP3, while the sequence PSQQ was only found in TP1 and TP3 (Table 20). The latter two
sequences were exclusively identified in the toxic peptides and absent in the non-toxic ones (Cornell
and Stelmasiak, 2016).
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Figure 46: UPLC/ESI-MS chromatogram of a wheat sample.

Gluten fulfills two opposite key roles for humans: it is at the base of wheat technological
properties but, unfortunately, it also has relevant immunological implications. During gluten
digestion in the stomach, some resistant peptides are formed able to trigger celiac disease in
genetically disposed patients. The high germplasm biodiversity could be an efficient strategy for the
identification of genotypes carrying after digestion, a lower number of celiac disease epitopes (Prandi
et al., 2017).
The analysis of 40 SSD genotypes did not show a high specificity in the peptide content within the
SSD. All the SSD showed the presence of all the peptides analysed with the exception of four
genotypes (SSD 52, 326, 278 and 415) in which one out of the ten peptides was absent (IP7 TP 10
IP3 and IP5, Table 21). In general gluten epitopes that derived from γ-gliadin were more abundant
than those from α-gliadin, in agreement with the results of Prandi et al. (2014) and Boukid et al.
(2017a) perfomed at different steps of the pasta production chain for three elite varieties (Svevo,
Saragolla and Meridiano) and Tunisian durum wheats, respectively. Generally, IP4 and IP5 resulted
the more abundant peptides in all the genotypes tested, while TP10 resulted as the less present in the
majority of the cases.

110

Table 21: Summary of the values (ppm) of each immunogenic peptide (IP from 1 to 7) and toxic peptide (TP from 8 to
10) retrieved in the SSD genotypes analyzed. The total immunogenic amount (TI), total toxic amount (TP) and total
immunogenic and toxic amount (TIT) for each sample is also reported. SSD genotypes are grouped on the basis of the
relative HMW-GS allelic combination possessed.

Only in six SSD (66, 69, 244, 290, 292 and 416, Table 21) the toxic peptide 10 showed a value higher
than 100 ppm, while only in SSD 415 the IP4 and IP5 revealed low ppm values (99 and 4,
respectively, Table 21). The total amount of the immunogenic peptides (TI) varies within the rangeof
858 ppm (SSD 415) and 3808 ppm (SSD 244) while the total of the toxic peptides (TP) varies between
156 (SSD 96) and 1521 ppm (SSD 244). The SSD with the lower total immunogenic and toxic (TIT)
value was the SSD 96 (1326 ppm), while the one showing the greater value was the SSD 244 (5329
ppm) (Table 21).
A schematic representation of the results obtained from the in vitro digestion analysis is reported in
Fig. 47.
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Figure 47: Total immunogenic and toxic (TIT) peptides retrieved in the 40 SSD genotypes digested.

The influence of genotype on CD-related peptides content was investigated statistically by
performing ANOVA in which each genotype was compared to all the others among the 40 tested.
The results did not detect a particular genotype as significant different from all the others; however,
five SSDs revealed a potential immunotoxic significantly different (P≤0.05) from, at least, ten of the
other genotypes considered in the analysis. SSD 96 differed from the 40% of the samples considered,
being, as already affirmed, the one with the lowest ppm value of TIT, followed by SSD 244 which
differed from the 32.5% of the other genotypes due the higher level of toxicity. Moreover, SSDs 66,
290 and 322 were evidenced in the ANOVA as significantly different from the 27.5%, 25% and
22.5%, respectively. SSDs 66 and 290 revealed high value of the immunogenic peptides as almost all
the genotypes tested but, additionally, also the value of the three toxic peptides resulted very high.
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A PCA was performed to enable an overview of immunogenic and toxic peptides associated with
celiac disease and genotypes. The first two components of the PCA (Fig. 48) explained about 97.64%
of the total variation with PC1 accounting for 93.498% and PC2 accounting for 4.15%. The first
component (x axis) was related to the immunogenic peptide 7 and total immunogenic and toxic
amount; accordingly, SSD 244 (Fig. 48, red circle), followed by SSDs 292 and 66 (Fig. 48, purple
circle) were gathered on the extreme right side of the plot. The second component (y axis) was
principally related to TP2, total toxic amount, IP4, IP5 and total immunogenic amount. Notably, SSDs
96 and 322, mentioned above for the results they produced in the ANOVA test, are located in the
lower left corner of the plot (Fig. 48, brown circle), highlighting their low amount of CD-associated
peptides content with respect to the other 38 SSD analyzed. Moreover, SSD 415 is the only one
located in the upper left corner of the plot (Fig. 48, green circle) probably because it is the one with
the lowest total immunogenic amount and, more precisely, it is the only one who revealed a
completely different tendency concerning IP4 and IP5; as a matter of fact, in contrast to the general
trend, in the SSD 415 these two peptides showed irrelevant values.

Figure 48: Biplot of principal components analysis of durum wheat epitopes associated with celiac disease.

PCA analyses were performed considering the CD-related peptides content and the provenance of the
40 genotypes, but it did not reveal a particular correlation between the two variables. Same results
were obtained when combining in the PCA the CD-related peptides content and the HMW-GS allelic
combination retrieved in the samples tested.
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4.3.1 Discussions

Gluten represents an essential good for humans due to its capability to determine the
viscoelastic properties of dough in bread making and in the production of wheat derived products.
However, it has also important immunological implications, especially for those individuals
genetically predisposed (Goesaert et al., 2005). The varietal selection undertaken by breeders over
time with the aim to achieve the desired rehological properties has led to a decrease in the genetic
biodiversity of wheat varieties present nowadays on the market (Prandi et al., 2017). Thus, the greater
biodiversity of germplasm material could offer a new starting point to identify genotypes
characterized by high technological properties, as the presence of HMW-GS allelic combnation
known to exert good effects on gluten viscoelasticity, and encoding a lower number of coeliac disease
epitopes. This idea is supported by the results presented by van den Broeck et al. (2010): in their study
of 36 modern varieties and 50 landraces, it was demonstrated that, in general, the toxicity of modern
wheat has increased. In another study conducted by Shalk et al. (2017), the amount of the 33-mer
peptide from α-gliadin, known to be the most immune dominant gluten peptide, was determine in 57
samples of different heat species from around the world, including hexaploid common wheat and
spelt, tetraploid durum wheat and emmer and diploid einkorn in order to make a precise assessment
of the importance of this peptide associated with CD. The corresponding results pointed out the
complete absence of the 33-mer peptide in durum wheat and emmer cultivars (genome AABB) as
well as in diploid einkorn cultivars (genomeAA), which both do not contain the D genome. Hence,
authors concluded that this absence could be explained by the fact that this peptide is encoded by
genes located in the Gli-2 locus on chromosome 6D, which is missing in the genotypes
aforementioned. Nowadays, not only wheat consumption as wheat flour and wheat-based products is
increasing worldwide, but also wheat gluten is increasingly applied as an additive in a wide and
growing variety of processed foods and in other products, including medicines (Day et al. 2006;
Maltin et al., 2009). Hence, even if landraces will require further breeding to increase their
agronomical and food-technological value, considering a worldwide occurrence of 1% of CD patients
and a high frequency (85–90%) of undiagnosed individuals, some agronomic drawbacks may be
acceptable (van den Broeck et al., 2010).
In terms of peptide production during gastrointestinal digestion, the outcome of the in vitro
digestions for the 40 SSDs analyzed was quite similar. SSD 96 showed a P≤0.05 with respect to 16
out of the 40 SSD, thus differentiating from 40% of the samples. No correlation between the CDrelated peptides content and the geographic provenance af the genotypes has been detected by
performing PCA and, similarly, the investigation of a possible link between the immunotoxic peptides
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content and the HMW-GS allelic combinations of the SSD considered did not produce relevant
considerations. These results need further analyses widening the sample number, since only few
genotypes for each country were preliminary analyzed.
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Chapter 5. Conclusions and future perspectives
This project deals with the characterization of a wide panel of durum wheat landaraces and its
characterization for HMW-GS composition at the Glu-A1 and Glu-B1 loci.
The strategy applied in the project relies on the application of a combined approach to obtain a deep
map of the HMW-GS composition.
The results obtained in the project, indeed, are of high and different value: i) a methodological value,
since the results obtained on elite varieties, as well as on a panel of 152 landraces, highlight the need
of performing a combined Omic approach to determine, as precisely as possible, the composition of
HMW-GS in the durum wheat kernel; ii) a breeding value, since the identification of landraces with
increased quality characteristics and with a history of climate adaptation could be applied in future
breeding programmes; iii) a healthy value, since the high variability encountered within the SSD
collection in terms of immune and toxic peptides could lead to the health improvement. Moreover,
the deep characterization of a large set of durum and bread wheat varieties for HMW-GS composition
represent a practical guide for those researchers and breeders interested in HMW composition of
modern and old wheat varieties.
The application of a combined “Omic” approach was highly efficient in revealing both known
HMW-GS patterns, but also rare alleles and new combinations within them that need further analyses
to assess their contribution in technological properties.
Moreover, increasing the number of cultivar tested, a new specificity for the ZSBy9_aF1/aR3
molecular marker was discovered, allowing the clear identification of By20. The combined analyses
performed on the germplasm material, revealed, as expected, a high level of genetic variability, since
a total of eight uncommon HMW-GS allelic combinations, in addition to the more diffuse ones, were
observed within the genotypes. These results corroborate the usefulness of germplasm collections, as
reservoir variability to be explored and exploited for wheat breeding. Moreover, this work offers new
insights in the diffusion and diversification of a crop species. The validity of the presented work lay
on the consideration that a phenotypic trait, as the composition in HMW-GS in wheat endosperm,
reflects the history of the wheat domestication and migrations routes. The link between the HMWGS composition retrieved and the geographic origin of the 152 SSD genotypes gave information
about the domestication routes and allele migration that occurs in the last 10,000 years, corroborating
between all the results presented, the hypothesis that wheat was likely brought to southern Italy from
North Africa.
To test whether the exploitation of wheat landraces can have positive health effects, an in vitro
digestion that produce peptides containing immunogenic and toxic sequences was preliminary
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performed on 40 SSDs genotypes. These analyses did not show significant differences in the content
of CD-related peptides within the panel selected, but at least allowed the identification of one
genptype, SSD 96, that differed from the 40% of the sample. In addition, SSD 244 differs from 32.5%
of the genotypes.
In the light of these consideration, and since its HMW-GS pattern could be considered good from a
technological point of view, it could be interesting to further analyze SSD 96 for its rheological
parameters and to extend the analyses on the entire panel of landraces available.
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Wheat is one of the major crops grown and consumed in human diet thanks to its nutritional
value and technological properties. Modern food industries require flours with high technological
characteristics, like high gluten strength, for the production of pasta, bakery products and other
wheat-derived goods, thus making high dough quality and technological properties main goals for
wheat breeders. These features are conferred by gluten polymer; in particular, High Molecular
Weight glutenin subunits (HMW-GS) are of considerable interest because of their relationship to
bread-making quality and since they contribute to strengthen and stabilize dough. HMW-GS are
encoded by the complex loci Glu-1 of the homologous chromosomes 1A and 1B where each locus
presents two tightly linked genes coding for two different protein subunits, the x-type and the ytype, of higher and lower molecular weight respectively. The identification of allelic composition at
the Glu-B1 locus is very important to wheat quality improvement, allowing the investigation of
their correlation with gluten strength and quality. Recently several PCR based molecular markers to
tag specific HMW glutenin genes encoding Bx and By subunits have been developed. In this
research paper a survey of the molecular markers developed for the HMW-GS at Glu-B1 locus is
presented; 17 durum and bread wheat test cultivars have been used with a panel of 6 molecular
markers for the identification of the Glu-B1 alleles. New insights in the discrimination of HMW-GS
alleles at the Glu-B1 locus are presented.
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ten; in particular, high molecular weight glutenin subunits (HMW-GS) are of considerable interest as they strictly relate to bread-making quality and contribute to
strengthening and stabilizing dough. Thus, the identification of allelic composition, in
particular at the Glu-B1 locus, is very important to wheat quality improvement. Several PCR-based molecular markers to tag-specific HMW glutenin genes encoding Bx
and By subunits have been developed in recent years. This study provides a survey
of the molecular markers developed for the HMW-GS at the Glu-B1 locus. In addition, a selection of molecular markers was tested on 31 durum and bread wheat cultivars containing the By8, By16, By9, Bx17, Bx6, Bx14 and Bx17 Glu-B1 alleles, and
a new assignation was defined for the ZSBy9_aF1/R3 molecular marker that was
specific for the By20 allele. We believe the results constitute a practical guide for
results that might be achieved by these molecular markers on populations and cultivars with high variability at the Glu-B1 locus.

Communicated by R. McIntosh
KEYWORDS

high molecular weight glutenin, Triticum aestivum, Triticum durum

1 | INTRODUCTION

glutenins (LMW-GS) linked by disulphide bonds, which greatly influence the quality characteristics of wheat (Shewry, Halford, &

Wheat is one of the most important cereals worldwide in terms of

Tatham, 1992). In particular, HMW-GS play an important role in

production and utilization as a staple food. It is also a source of

affecting viscoelastic properties by determining the size and distribu-

energy for industry, protein and dietary fibre in human nutrition and

tion of glutenin polymers (Lafiandra et al., 2007). HMW-GS are

is the most widely grown cereal in the world in terms of land sur-

encoded by genes at the Glu-1 loci present on the long arms of

face. It is widely accepted that the amount and composition of glu-

homoeologous group 1 chromosomes (Payne & Lawrence, 1983).

ten proteins are responsible for qualitative differences between

Each Glu-1 locus (Glu-A1, Glu-B1 and Glu-D1) has two tightly linked

durum and bread wheat, in terms of pasta and bread-making proper-

HMW-GS genes, which encode two subunits, one larger and one

ties (Lafiandra, Sanguineti, Maccaferri, & Deambrogio, 2007). Gluten

smaller, defined as x-type and y-type, respectively, and identified

consists mainly of glutenins, responsible for the elasticity of dough,

after separation of proteins by sodium dodecyl sulphate–polyacry-

and gliadins, which provide extensibility (Gianibelli, Larroque, Mac

lamide gel electrophoresis (SDS-PAGE) under denaturing conditions

Ritchie, & Wrigley, 2001). Glutenin polymers are composed of high

(Payne & Lawrence, 1983; Shewry et al., 1992). A close relationship

molecular weight glutenins (HMW-GS) and low molecular weight

has been demonstrated between HMW-GS composition and breadmaking quality (Branlard & Dardevet, 1985).

In memory of Prof. Renato D’Ovidio.
*These authors contributed equally to this work
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Until now, SDS-PAGE on seed proteins has been routinely used
to analyse and discriminate a large number of HMW-GS alleles
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T A B L E 1 Cultivars used in the study.

allelic differences (Gianibelli et al., 2001).
Cultivar name

Species

HMW-GS subunits at
the Glu-B1 locus

these constraints and also allow genotyping at early growth stages.

Argelato

Ta

Bx7

On the basis of the available HMW-GS sequences, a large number

David

Ta

By18*

of PCR-based DNA molecular markers have been developed and

Carme

Ta

By18*

Garibaldino

Ta

By18*

Chinese Spring

Ta

Bx7+By8

Ciccio

Td

Bx7+By8

Cham

Td

Bx7+By8

Abbazia

Ta

Bx7*+By8

Emilio Morandi

Ta

Bx7*+By8

as triticale (xTricosecale), a wider discrimination of HMW-GS alleles

Firenze

Ta

Bx7*+By8

at the Glu-B1 locus was observed (Salmanowicz & Dylewicz, 2007).

Tiberio

Ta

Bx7*+By8

Abano

Ta

Bx7+By9

specifically developed for the Glu-B1 locus on 31 test cultivars of

Adriano

Ta

Bx7+By9

durum and bread wheat containing a specific set of Glu-B1 alleles.

Cheyenne

Ta

Bx7*+By9

The PCR analysis revealed new banding patterns for many of the pri-

Creso

Td

Bx6+By8

mer pairs and some of them, as far as we know, were not previously

Dylan

Td

Bx6+By8

reported. Our results confirmed that a combination of SDS-PAGE

Florida

Ta

Bx6+By8

and molecular markers is still necessary for HMW-GS characteriza-

Langdon

Td

Bx6+By8

Saragolla

Td

Bx6+By8

PCR-based DNA markers provide an additional tool to overcome

applied (D’Ovidio, Masci, & Porceddu, 1995; Lafiandra, Tucci, Pavoni,
Turchetta, & Margiotta, 1997; Lei et al., 2006; Ma, Zhang, & Gale,
2003). Notwithstanding the large number of markers developed, the
allelic specificity has been verified on specific and limited numbers
of test cultivars (cvs) selected on a case by case basis and representative of the expected HMW-GS subunits at the Glu-B1 locus (Lei
et al., 2006; Ma et al., 2003). When applied to different species such

In the present research, we used a set of molecular markers

tion in wheat genotypes to avoid allele misidentification, but the use
of PCR markers allows at least the identification of new haplotypes.
In addition, a survey of all molecular markers available for the Glu-B1
locus is presented as a useful tool for researchers working on wheat
quality.

2 | MATERIALS AND METHODS
2.1 | Plant material

Est Mottin

Ta

Bx6*+By8*

Sieve

Ta

Bx6*+By8*

Virest

Ta

Bx6*+By8*

Isa

Td

Bx13+By16

Solitario

Td

Bx13+By16

Cadenza

Ta

Bx14+By15

Colosseo

Td

Bx14+By15

Durazio Rijo

Td

Bx14+By19

On the basis of the Glu-B1 composition reviewed in Wrigley, Bekes,

Fabiola

Ta

Bx17+By18

Cavanagh, and Bushuk (2006), 31 cultivars (Table 1), representing

Francia

Ta

Bx17+By18

the most common HMW-GS subunits, were used in this study. Nine-

Capeiti

Td

Bx20+By20

teen bread wheat cultivars and twelve durum wheat cultivars were

Ofanto

Td

Bx20+BY20

analysed for their allele composition at the Glu-B1 locus.

2.2 | DNA extraction, PCR conditions and
sequencing

Ta, Triticum aestivum; Td, Triticum durum
HMW subunit compositions are based on Wrigley et al. (2006 Part II)

conditions were set as indicated by Lei et al. (2006), Ma et al.

Genomic DNA was extracted from 10 mg of leaf tissue following

(2003), Schwarz, Felsenstein, and Wenzel (2004) and Xu et al.

the protocol indicated in D’Ovidio, Tanzarella, and Porceddu (1992).

(2008). Amplified products were separated on agarose gels in Tris-

Amplification of genes encoding the HMW-GS at the Glu-B1 locus

acetate–EDTA buffer (1X TAE). An AccuRuler 100-bp ladder (Mae-

was performed using HMW-GS gene-specific primers (Table 2). PCR

strogen Inc., Hsinchu City 30091, Taiwan) was used as a molecular

was carried out on an Applied BiosystemVeriti

TM

96-well thermal

size marker.

cycler with GoTaqâ Hot Start Mastermix and GoTaqâ Colorless

Amplicons that differed from those reported in the literature

Mastermix (Promega, WI, USA) following the manufacture’s indica-

were isolated, purified and sequenced with NZYGelpure kit (NZY-

tions with slight modifications to the melting temperature (Tm;

tech, Lisbon, Portugal) and GATC (Biotech AG, Cologne, Germany)

Table 3). PCR contains a final volume of 20 ll containing 1 unit of

sequencing service.

GoTaqâ Hot Start polymerase (Promega, WI, USA), 1X PCR buffer,

Alignments were made with

DNAMAN

(Lynnon Biosoft) software

6 pmol of each primer (Metabion International AG, Planegg/Stein-

using the available annotated sequences (Bx6.1, HQ731653; Bx7,

kirchen, Germany), 200 mM of each dNTP and 1 ll DNA. PCR

X13927, Bx7OE, DQ119142, Bx13, EF540764; Bx14, AY367771;
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T A B L E 2 Primers used and PCR conditions
Primer
designation

Name

PP1

ZSBy8_F5/R5*

a

469

observed (Figure 1b). A single 280-bp fragment was detected in
By18* cv. David (and confirmed in cv. Carme) as previously detected

HMW-GS genes
discriminated

Tm °C

By8

64

was also observed in cv. Cadenza (14+15). Sequence analysis of the

also in triticale (Salmanowicz & Dylewicz, 2007). The same profile

PP2

ZSBy9_F2/R2*

By16, By20

62

280-bp amplicon retrieved in David and Cadenza did not allow

PP3

ZSBy9_aF1/aR3*

By9

59

assignment of the band to a specific subunit (data not shown). The

PP4

Bx_F/Bx_R*

Bx17, Bx7*

58

PP5

Bx7_F/Bx7_R*

Bx6/Bx7

50

PP6

CauBx752*

Bx14

53.5

sequence obtained for David (By18*) showed 100% homology with
the By15* gene (KY579440), whereas the specific band in Cadenza
(Bx14+By15) showed three SNPs in common with other By
sequences (data not shown) and one unique SNP (A1212G). These

a
See Table 3 for detailed primer sequences. Subunit discrimination is
based on the literature.

results, together with the lack of the entire By18* sequence in the

Bx14*, KJ579439; Bx17, AB263219; Bx20, AJ437000; Bx23,

marker.

database, did not allow any specific assignment for the molecular

AY553933; Bx23*, KF995273; By8, AY245797; By9, X61026; By15,

These results indicate that when high variability in the composi-

DQ086215; By15*, KJ579440; By16, EF540765; By18, KF430649;

tion of alleles at the Glu-B1 locus is present in the tested genotypes,

By20, LN828972).

the use of PP2 for the screening may result in misidentification of
the genotype.

3 | RESULTS

3.3 | By9-specific primers

Six previously developed PCR-based molecular markers for Glu-B1

Primer pair 3 (PP3, Table 2) was developed to discriminate By9 from

alleles were tested on a panel of 31 test cultivars with high variabil-

other By genes, on the basis of the 45 bp size difference in the

ity in composition of HMW alleles at the Glu-B1 locus (Table 1).

amplicons produced (Lei et al., 2006). A 662-bp amplicon was pro-

These showed previously determined specificities, but revealed also

duced specifically for the By9 gene, while the other By cultivars pro-

new banding patterns. The new bands were validated by sequencing.

duced a 707-bp fragment (Lei et al., 2006; Motawei, 2008).

For the PP3 marker, a new assignment for the By20 allele was con-

The By9 cv. Adriano and Cheyenne (7+9 and 7*+9, respectively)

firmed, but for most of them it was not possible to assign any fur-

had the expected 662-bp fragment (Figure 1c). A new amplicon of

ther allele specificity due to the presence of several polymorphisms

720 bp was present in cv. Ofanto and Capeiti, carrying the

shared with more than one Glu-B1 genomic sequence.

Bx20+By20 combination. Similar results were reported for triticale,
where a 750-bp band was observed in cultivars carrying the By20*

3.1 | By8 gene-specific primers

gene (Salmanowicz & Dylewicz, 2007). Moreover, cv. Virest, Est

Primer pair 1 (PP1, Table 2) was described by Lei et al. (2006) as

770 bp (Figure 1c). The sequence of the 720-bp band showed a

specific for the By8 gene. The expected 527 bp amplicon for By8

100% identity with the By20 sequence (LN828972) confirming that

was observed in the test cultivar panel (Figure 1a) carrying the

the PP3 pair can assign the By20 subunit (data not shown). The cor-

Bx7+By8 allele but not in any of those carrying the Bx6+By8 combi-

responding 6*+8* sequence showed the presence of ten SNPs

Mottin and Sieve (6*+8*) gave a unique fragment of approximately

nation. The discrimination between the By8 and By8* alleles was

shared by other By sequences. Despite the presence of three unique

also verified (Figure 1a). A possible difference in the By8 gene

SNPs in the 6*+8* cultivars, the lack of the By8* genomic sequence

sequence in genotypes carrying the Bx6+By8 or Bx7+By8 alleles

in the database did not allow any specific assignment to be made for

could not be excluded as also previously hypothesized at the protein

this allele. However, we tested four cultivars carrying the 6*+8* sub-

level by Patacchini, Masci, and Lafiandra (2001).

units and obtained the same result indicating that PP3 is also suitable for identifying the By8* allele. This last result, however, needs

3.2 | By16- and By20- or null gene-specific markers

further confirmation.

Primer pair 2 (PP2, Table 2) was developed to selectively amplify the

3.4 | Bx17-specific primers

By16 gene by Lei et al. (2006) on the basis of the 45-bp deletion in
the By16 gene and on amplification of the repetitive domain of the

Primer pair 4 (PP4, Table 2) was developed by Ma et al. (2003) to

By gene. A complex pattern would be expected as indicated in

specifically distinguish between Bx17 and non-Bx17 genotypes, giv-

Table 3 (Ghazy, Zanouny, Moustafa, & Al-Doss, 2012; Goutam,

ing one or two bands, respectively (Table 3). Different fragment sizes

Tiwari, Gupta, Kukreja, & Chaudhury, 2015; Lei et al., 2006; Mota-

for cultivars carrying non-Bx17 genes were reported by other

wei, 2008).

authors; in particular, two fragments of 650 and 750 bp for the Bx7*

The specificity of PP2 for By16 (three bands) and By20 (no
bands) was confirmed, and in addition, new banding patterns were

gene and two of 670 and 770-bp for any other Bx gene (Butow
et al., 2003; Ghazy et al., 2012).
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T A B L E 3 Survey of PCR-based molecular markers for the Glu-B1 locus
Forward and reverse
primer sequences (50 -30 )

Primer pair

Glu-B1 subunit allele

Marker profile

Bx_F/Bx_R

Bx17
Bx7*
No Bx17

1 band (669 bp)
2 bands (650, 750 bp)
2 bands (670, 770 bp)

CGC AAC AGC CAG GAC AAT T
AGA GTT CTA TCA CTG CCT GGT

Ma et al. (2003)

ZSBy8_F5
ZSBy8_R5

By8
By8*,By9,By15,By16,
By18,By20

1 band (527 bp)
No band

TTA GCG CTA AGT GCC GTC T
TTG TCC TAT TTG CTG CCC TT

Lei et al. (2006)

ZSBy9_F2
ZSBy9_R2

By16
3 bands (280, 350, 400 bp) GCA GTA CCC AGC TTC TCA A
By20
No band
CCT TGT CTT GTT TGT TGC C
By8,By8*,By9,By15,By18 2 bands (280, 350 bp)
By18/By26
1 band (280 bp)

ZSBy9_F7
ZSBy9_R6

By9
By8,By8*,By15,By18
By16,By20,ByNull

2 bands
3 bands
No band

TAC CCA GCT TCT CAG CAG
TTG TCC CGA CTG TTG TGG

ZSBy9_aF1
ZSBy9_aR3

By9
By8,By8*,By15,By16,
By18,By20

1 band (662 bp)
1 band (707 bp)

TTC TCT GCA TCA GTC AGG A
AGA GAA GCT GTG TAA TGC C

CauBx752

Bx14
Bx17

1 band (752 bp)
1 band (337 bp)

AGG GGC AGG GAA GAA ACA CT
CCA GGC AAC ACA AAT CCA TG

CauBx642

Bx14
Bx17

1 band (642 bp)
1 band (534 bp)

GGG CAA TCG GGG TAC TTC C
CCC TTG TCT TGG CTG TTG TC

Bx7F/Bx7R

Bx7
Bx7*

1 band (182 bp)
1 band (164 bp)

CAA CTT CTT CAC AGC AGT
CTA AAG GTG GCA AAG GCG CA

Espı, Giraldo,
Rodriguez-Quijano,
and Carrillo (2012)

Bx7_F/Bx7_R

Bx6
Bx7,Bx17

1 band (250 bp)
1 band (220 bp)

CAC TGA GAT GGC TAA GCG CC
GCC TTG GAC GGC ACC ACA GG

Schwarz et al. (2004)

SNP_F/SNP_R

By18
By8

1 band (527 bp)
No band

TTA GCG CTA AGT GCC GTC C
TTG TCC TAT TTG CTG CCC TT

Liang et al. (2015)

F1/TR1

By18
No By18

2 bands (284, 365 bp)
No band

CAA CAA AAC GGG CGT TGT
ACC ACG GTT TGC TC

TF1/TR2

By18
No By18

2 bands (284, 365 bp)
No band

CAA CAA AAC GGG CGT TGT
CAA CAA AAC GGG CGT TGT

TaBAC1215C06_F517
TaBAC1215C06_R964

Bx7
Bx7*
Bx7oe

No band
No band
1 band (447 bp)

ACG TGT CCA AGC TTT GGT TC
GAT TGG TGG GTG GAT ACA GG

TaBAC1215C06_F24671 Bx7
TaBAC1215C06_R25515 Bx7*
Bx7oe

No band
No band
1 band (884 bp)

CCA CTT CCA AGG TGG GAC TA
TGC CAA CAC AAA AGA AGC TG

Bx7F_428
Bx7R_693

Bx7*
Bx7oe

No band
1 band (1,116 bp)

CAA CAA CTT GTG GGG GCC TT
GCG CTT AGC CAT CTC AGT GAA C

Radovanovic and
Cloutier (2003)

BxFp/BxR

Bx17
Bx7
Bx7oe

5 bands
7 bands
7 bands

CAA GGG CAA CCA GGG TAC
AGA GTT CTA TCA CTG CCT GGT

Butow, Gale, Ikea,
Luhasz, and
€ (2004)
Bedo

BxF_MARBxR_MAR

Bx20
Bx7oe
Bx7

1 band (800 bp)
1 band (563 bp)
1 band (520 bp)

CCT CAG CAT GCA AAC
ATG CAG C CTG AAA
CCT TTG GCC AGT CAT GTC

Butow et al. (2004)

Bx7_G7/Bx7_G8

Bx6
Bx7

1 band (~2,500 bp)
1 band (2,373 bp)

ATG GCT AAG CGC CTG GTC CT
Anderson and
TGC CTG GTC GAC AAT GCG TCG CTG Green (1989)

By8_YAN_F2
By8_YAN_R2

By8

1 band (~2,100 bp)

ATG GCT AAG CGG TTG GTC CT
TCA CTG GCT AGC CGA CAA TG

References

Xu et al. (2008)

Ragupathy
et al. (2008)

Yan et al. (2009)

Our research confirmed previously reported specificities, as

In addition to the conventional banding pattern, we observed a

shown for cv. Francia (17+18), which possesses the expected 670-

single fragment of 770 bp in cv. David (Figure 1d) and cv. Carme

bp fragment (Figure 1d) and for Cheyenne (7*+9) with 650- and

(data not shown), carrying the By18* allele. To confirm the hypothe-

750-bp fragments.

sis of a By18* specificity for the PP4 primer set, the 770-bp band of

JANNI

|

ET AL.

471

3.6 | Bx14- and Bx17-specific primers
Xu et al. (2008) developed the primer pair 6 (PP6, Table 2) to distinguish between Bx14 and Bx17. A 752-bp fragment for Bx14 and
337 bp for Bx17 were expected from analyses of the test cultivars.
Using the indicated conditions on all cultivars, only the Bx17 band of
337 bp was detected, including cv. Cadenza (Bx14+By15, Figure 1f).
Although not previously reported, PP6 showed a single 550-bp band
when applied to six Bx20 cultivars (Figure 1f). Analyses of the 550bp band showed a 100% identity with a portion of the promoter
sequence of the Bx14 allele (AY367771) that might be shared also
by the Bx20 gene for which the promoter sequence has not been
deposited. However, the same specificity was not observed in Bx14
genotypes and did not lead to any hypothesis of further specificity
for the PP6 marker, although results highlighted that a large number
F I G U R E 1 Markers profile of 16 wheat cultivars. (a): PP1
(ZSBy8_F5/R5); (b): PP2 (ZSBy9_F2/R2); (c): PP3 (ZSBy9_aF1/aR3);
(d): PP4 (BxF/BxR); (e) PP5 (Bx7_F/R); (f): PP6 (CauBx752). Lanes: 1,
Ciccio (Bx7+By8); 2, Chinese spring (Bx7+By8); 3, Dylan (Bx6+By8);
4, Florida (Bx6+By8); 5, Ofanto (Bx20+By20); 6, Capeiti
(Bx20+By20); 7, Adriano (Bx7+By9); 8, Cheyenne (Bx7*+By9); 9, Isa
(Bx13+By16); 10, David (By18*); 11, Argelato (Bx7); 12, Francia
(Bx17+By18); 13, Emilio Morandi (Bx7*+By8); 14, Est Mottin
(Bx6*+By8*); 15, Sieve (Bx6*+By8*); 16, Cadenza (Bx14+By15); 17,
negative control

of cultivars should be considered when using this molecular marker
to avoid allele misidentification.

4 | DISCUSSION
Until now, the composition of the Glu-B1 locus in many commercial
cultivars was assigned by the SDS-PAGE method that frequently
results in an incorrect interpretation of different alleles due to similar
mobilities on SDS gels (Gianibelli et al., 2001). However, the consis-

David and Carme (By18*) was purified, sequenced and aligned with a

tency of this approach, which relies on protein sequencing, has rarely

selection of Bx and By annotated alleles (see Materials and Methods)

been tested. The possibility of a mismatch between the assignation of

showing a 100% sequence identity with the Bx23* and Bx14* genes

a specific subunit to a genotype on the basis of SDS-PAGE mobility

(ID KF995273 and KJ579439, data not shown). However, lack of an

and through DNA sequence analysis should be considered. Thus, the

annotated genomic By18* sequence does not allow any hypothesis

apparent molecular weights from SDS agarose gel electrophoresis are

of specificity for the By18*, Bx14* and Bx23 alleles to be formu-

not themselves sufficient to make conclusions on the identities of two

lated using this primer pair.

HMWs; DNA or protein sequence is also required (Anderson & Green,

Nevertheless, the same 770-bp band was confirmed in cv. David,

1989). DNA molecular markers (MMs) have been of great use for plant

Carme and Garibaldino that carry By18*, suggesting a possible speci-

breeding, and marker-assisted selection (MAS) is one of the key fea-

ficity for this allele.

tures in gene identification and selection of new genotypes.
The case of seed proteins is particularly intriguing genetically

3.5 | Bx6-specific primers

because the phenotype (of a specific seed mutant) is also detected

The panel of test cultivars was also screened with the co-dominant

analyses over SDS-PAGE for the identification of cultivars with a

primer pair 5 (PP5, Table 2) specific for the Bx6 gene, developed by

particular HMW allelic combination has been reported (Ahmad,

Schwarz et al. (2004) on the basis of a 15-bp insertion observed for

2000; Lei et al., 2006; Rasheed et al., 2014; Xu et al., 2008). MAS

the Bx6 allele and absent in all other Bx alleles. They reported that

can be applied at an early developmental stage; the results are inde-

the PP4 profile consists of two bands of 246 bp for Bx6 cultivars

pendent of the environment and are suitable for high-throughput

and 231 bp for non-Bx6 cultivars (Figure 1e).

testing (Lei et al., 2006).

at the molecular level. Nevertheless, the advantage of PCR-based

In our experiments, the tested cultivars confirmed the high speci-

In recent years, several HMW genes at the Glu-B1 locus have

ficity of this primer pair for discriminating the Bx6 gene. Moreover, a

been deposited and annotated and analyses of alignment within x

band of 246 bp was also observed for Bx20 (Ofanto and Capeiti)

and y types reveal a high level of DNA or mRNA sequence similarity

and Bx6* (Virest, Est Mottin and Sieve) genotypes, which, to our

between them, thus explaining the complex pattern obtained in the

knowledge, was not previously reported (Figure 1e). These results

application of the Glu-B1 molecular markers.

are consistent with the presence of the 15-bp insertion also in the

By sequencing the amplicons, it was possible to add a new

Bx20 mRNA sequence (AJ437000), but as the Bx6* sequence is so

assignment for the ZSBy9_aF1/aR3 marker for the By20 allele, but

far not available in databases, the hypothesis of a specific additional

for all the other markers, the observed polymorphisms were shared

assignment for PP5 cannot be formulated.

with other HMW-GS genes, so it was not possible to hypothesize
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Abstract
The production of many food items processed from wheat grain relies on the use of high gluten
strength flours. As a result, about 80% of the allelic variability in the genes encoding the glutenin
proteins has been lost in the shift from landraces to modern cultivars. Here, the allelic variability in
the genes encoding the high molecular weight glutenin subunits (HMW-GSs) has been characterized
in 152 durum wheat lines developed from a set of landraces. The allelic composition at the two Glu1 loci (Glu-A1 and -B1) was obtained at both the protein and the DNA level. The former locus was
represented by three alleles, of which the null allele Glu-A1c was the most common. The Glu-B1
locus was more variable, with nine alleles represented, of which Glu-B1b (HMW-GSs 7+8), -B1d
(6+8) and -B1e (20+20) were the most frequently occurring. The composition of HMW-GSs has been
used to make inferences regarding the diffusion and diversification of durum wheat. The relationships
of these allelic frequencies with their geographical distribution within the Mediterranean basin is
discussed in terms of gene-ecology.

