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Abstract 

Durum wheat (Triticum turgidum ssp. durum) is one of the most important cereal crops 

worldwide, particularly in the Mediterranean region. In recent years, growing interest 

has emerged around relatives of durum wheat—such as Khorasan wheat (T. turgidum 

ssp. turanicum) and Polish wheat (T. turgidum ssp. polonicum)—as well as landraces and 

historical cultivars from the early 20th century, commonly referred to as conservation 

varieties. This renewed attention is largely driven by consumers' perception that these 

traditional wheats produce foods that are healthier and safer than those made from 

modern cultivars. Additionally, cultivating these ancient wheats reinforces the cultural 

heritage of regions like Sicily, and they may possess unique agronomic or nutritional 

traits valuable for breeding programs. 

In these contexts, it is crucial to explore the differences in kernel composition of these 

genotypes, through comparative biochemical studies. Moreover, given the economic 

value of the supply chains of these varieties, it is important to develop methods for 

varietal identification and traceability. 

To address these objectives, in this dissertation four different studies were conducted. 

1. Comparative Evaluation between durum wheat and its relatives: 

Various genotypes of durum, Khorasan, and Polish wheat were assessed for 

kernel accumulation of dietary fiber and minerals, technological quality, and root 

morphology. The results revealed that observed differences were more 

genotype-dependent than subspecies-dependent, indicating that broad 

generalizations across subspecies are not warranted. 

2. Gluten Protein Composition in Sicilian Conservation Varieties: 

The gluten protein profiles of 51 accessions representing 22 Sicilian conservation 

varieties were analysed to evaluate intra-accession and intra-varietal variability. 

The electrophoretic patterns of gliadins proved useful in distinguishing between 

varieties, offering a promising tool for traceability purposes. 

3. Multi-Environmental Trial on Five Sicilian Conservation Varieties: 

Five prominent conservation varieties—Bidì, Russello, Perciasacchi, Timilia reste 

bianche, and Timilia reste nere—were cultivated across two Sicilian locations 



 
 

over three years, alongside three modern cultivars (Iride, Orizzonte, and Simeto). 

The study quantified levels of two compounds associated with adverse reactions 

to wheat: amylase/trypsin inhibitors (ATI) and fructans. The differences in their 

accumulation were generally minor and more strongly influenced by genotype. 

4. Genetic Characterization and Development of a DNA-Based Traceability Method: 

A total of 141 accessions from the five conservation varieties were genotyped 

using SNP markers. The resulting data were used to analyse genetic diversity and 

to develop a robust DNA-based method for varietal identification and 

traceability. 

Overall, this dissertation underscores the importance of considering genotypic variation 

when evaluating traditional versus modern wheats. These findings, along with the 

traceability methods developed, can contribute significantly to the valorization of 

conservation varieties and help to fill the knowledge gap on the differences on kernel 

composition introduced by breeding.   
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1 Introduction 

1.1 Wheat 

Wheat is one of the most cultivated crops in the world and it is the major staple food in 

the human diet (Shewry, 2009). Among cereals, in 2023 it was the third for production, 

with 798.98 Mt, and the first for area harvested, with 220.41 Mha, worldwide (Figure 1) 

(FAOSTAT 2023). 

Figure 1 – a) Production (Mt) and b) Area harvested (Mha) of the top three cereals worldwide: wheat, 

maize and rice (FAOSTAT 2023). 

One of the main reasons for its success is its high adaptability to different climatic 

conditions, making it the crop with the widest range of cultivation area. Moreover, 

doughs formed from wheat flours have unique properties, which allow them to be 

processed in a range of baked products, pasta and processed foods (Shewry, 2009).  

Wheat is the name used to indicate different species belonging to the Triticum genus. 

Almost 95% the cultivated wheat is hexaploid common wheat (Triticum aestivum L.), 

while the remaining 5% is mainly represented by tetraploid durum wheat (Triticum 

turgidum ssp. durum (Desf.) Husn). Common wheat and durum wheat are mainly used, 

respectively, for bread and pasta production. 

Domestication of wheat is a pivotal event in the history of humanity (Salamini et al., 

2002). It started about 12000 years ago in the Fertile Crescent and, after a slow 

speciation process, wheat species started to spread across Eurasia (Zhao et al., 2023). 
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Today, wheat remains one of the primary sources of calories and protein for humans, 

contributing approximately 20% to the global intake of both. The wheat kernel is 

composed in fact mainly of starch (about 60-70%), but it also contains a significant 

amount of protein (about 10-15%), making it the most important cereal for protein 

intake (Shiferaw et al., 2013). 

1.2 Origin and phylogenesis of wheat 

Wheat belongs to the Triticum genus (Triticeae tribe, Poaceae family) and has a complex 

origin, characterized by different events of hybridization with the Aegilops genus 

followed by allopolyploidization (Figure 2) (Goncharov, 2011). 

 Figure 2 – Phylogenetic scheme of the origin of wheat (Goncharov, 2011). 

The Triticum genus includes in fact diploid (2n=2x=14), tetraploid (2n=4x=28) and 

hexaploid (2n=6x=42) species. Triticum and Aegilops diverged from a common ancestor 

with seven pairs of chromosomes about 6.5 million years ago (Ma) (Marcussen et al., 

2014). About 1 Ma, the two diploid AA genome species Triticum boeoticum Boiss. (AbAb) 

and Triticum urartu Tumanian ex Gandilyan (AuAu) diverged (Matsuoka, 2011). From the 

former, it derives einkorn (Triticum monococcum L., 2n=2x=14, genome AmAm), the only 

diploid domesticated wheat. The latter, about 0.8 Ma, was involved in two separate 

allopolyploidization events with some probably extinct species related to Aegilops 

speltoides Tausch. (2n=2x=14, genome SS), that led to the creation of tetraploid wild 

emmer wheat (Triticum turgidum ssp. dicoccoides, 2n=4x=28, genome BBAA) and 

Triticum araraticum Jakubz. (2n=4x=28, genome GGAA) (Goncharov et al., 2008). Emmer 

(Triticum turgidum ssp. dicoccum (Schrank ex Schübl.) Thell, 2n=4x=28, genome BBAA) 
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was obtained from domestication of wild emmer and, together with einkorn, started to 

spread among farmer communities (Dubcovsky & Dvorak, 2007). Durum wheat (T. 

turgidum ssp. durum, BBAA) evolved from domesticated emmer about 6500-7500 years 

ago and slowly replaced it, becoming the prominent tetraploid wheat (Maccaferri et al., 

2019). The diffusion of domesticated emmer in the southwest coast of the Caspian Sea 

resulted in sympatry with Aegilops tauschii spp. strangulata (2n=2x=14, genome DD), 

leading to the emergence of hexaploid common wheat (2n=6x=42, genome BBAADD) 

about 11700 years ago (Dubcovsky & Dvorak, 2007; Zhao et al., 2023). Another hexaploid 

wheat, Triticum zhukovskyi (2n=6x=42, genome GGAAAmAm), raised from a hybridization 

event between Triticum timopheevii (2n=4x=28, genome GGAA), obtained by 

domestication of T. araraticum, and T. monococcum (Badaeva et al., 2022).  

Wheat domestication process involved the modification of some major traits. Wild 

wheats have brittle rachis, that permits the shattering of the seeds upon maturity, and 

loss of seed dispersal is considered a major hallmark of domestication. This trait is 

controlled by Brittle Rachis 1 genes and it has been discovered that loss-of-functions 

mutations were selected during domestication, that led to a though non-brittle rachis 

(Avni et al., 2017). A second major trait that was selected was the free-threshing habit, 

that it is controlled by a major regulatory gene (Q-factor) and two genes controlling 

glume toughness, Though glumes (Tg) and soft glumes (sog) (Peleg et al., 2011). Other 

important traits for domestication were the increment in seed size, the reduction of 

number of tillers and reduced seed dormancy (Dubcovsky & Dvorak, 2007).  

1.2.1 Durum wheat and its relatives 

Durum wheat is the second most cultivated wheat after common wheat, with an annual 

production of 34.3 Mt (average of 2018-2022) (Blanco, 2024). Canada is the world's 

largest producer, although half of the global production takes place in the Mediterranean 

region, mostly in Italy and Turkey (Xynias et al., 2020). Durum wheat is mainly used for 

pasta production, one of the most popular foods worldwide. Other minor end-products 

are couscous, bulgur and several types of bread.  
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There are other free-threshing tetraploid wheat subspecies that are less cultivated and 

less studied, but that are gaining popularity in the latter years: Khorasan wheat (T. 

turgidum ssp. turanicum), Polish wheat (T. turgidum ssp. polonicum), Rivet wheat (T. 

turgidum spp. turgidum) and Persian wheat (T. turgidum ssp. carthlicum) (Figure 3) 

(Laidò et al., 2013). 

Figure 3 – Major free-threshing tetraploid wheat subspecies (extracted by Zhao et al., 2023). 

In particular, Khorasan wheat became popular in the latter years thanks to Kamut® brand 

wheat, which is a registered trademark of Kamut International Ltd. and Kamut 

Enterprises of Europe bv, that started to commercialize by this name their variety QK-77 

in 1990 (Michalcová et al., 2014). Molecular analyses revealed that Khorasan wheat is 

genetically related with Polish wheat, maybe deriving from a common ancestor (Laidò et 

al., 2013; Michalcová et al., 2014). Polish wheat is gaining scientists attention because it 

accumulates high Zn, Fe and Cu in the seeds and have a high tolerance to Cd and Zn (Y. 

Wang et al., 2017). Rivet wheat is usually cultivated in mountain environments and it is 

characterized by cold tolerance (Sicilia et al., 2022). The origin of Persian wheat is 

controversial, as genetical analyses revealed that it is more similar to common wheat 

and wild emmer than to durum wheat, suggesting a separate origin, or the presence of 

gene flow between tetraploid and hexaploid wheat (Laidò et al., 2013). 

1.2.2 Genetic diversity of durum wheat 

Durum wheat was obtained from human-driven domestication of Emmer wheat about 

6500-7500 years ago, but became a prominent crop only 1500-2000 years ago 

(Maccaferri et al., 2019). Its cultivation was mainly based on landraces until the 

beginning of 1900, when first breeding programs started in Italy. Initially, they were 

based on the selection of varieties from landraces originating from North Africa and 
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South Italy (De Vita et al., 2007). One of the most famous and successful examples of 

this process was the release of the cultivar Cappelli (syn. Senatore Cappelli) in 1915 by 

Nazareno Strampelli. It is reported that he selected this variety from the North African 

landrace Jean Retifah, although recent molecular studies suggest that it was selected 

from another North African landrace, Bidì (Fiore et al., 2019; Marzario et al., 2018; 

Taranto et al., 2020). Cappelli played a pivotal role in Italian durum wheat breeding, and 

it can be considered the main “ancestor” of the modern germplasm (Taranto et al., 

2020). Progress in durum wheat genetic improvement were obtained through crossings 

of the selected cultivars, mostly belonging to mediterraneum type, with syriacum type 

landraces, characterized by earliness and semi-dwarfism (Careddu et al., 2023). Finally, 

the introduction of Rht (Reduced height) favourable alleles, discovered during the Green 

Revolution, in the 1980s led to major yield improvements, thanks to resistance to lodging 

and an increase ability to partitioning biomass to spike (Canevara et al., 1994; De Vita et 

al., 2007). Moreover, one of the main goals of breeding programs in the last half of the 

20th century was also the improvement of technological quality. This was achieved by 

the selection and the introgression of the most favourable alleles of glutenin subunits 

(De Santis et al., 2017). However, the numerous improvements achieved through 

breeding programs have led to erosion of genetic diversity (Mazzucotelli et al., 2020). 

Genetic diversity was primarily reduced during the initial phases of breeding, when 

selection processes relied on a limited number of landraces. In more recent phases, 

however, a slight recovery in diversity has occurred, driven by the introduction of new 

genotypes into breeding programs (Laidò et al., 2013; Maccaferri et al., 2003; Taranto et 

al., 2020).  

Throughout the years, several approaches have been employed to investigate genetic 

diversity in durum wheat, such as gluten protein composition analysis, microsatellite 

(SSR) analysis, and SNP genotyping through microarray technology (Cooke et al., 2003; 

Janni et al., 2018; Laidò et al., 2013; Maccaferri et al., 2003; Mazzucotelli et al., 2020). 

The latter has proven to be one of the most efficient and cost-effective methods for 

studying genetic diversity in wheat, given the complexity of its genome (Maccaferri et 

al., 2019). Laidò et al., (2013) used both SSR and diversity array technology (DArT) 

markers to characterize 230 accessions belonging to different T. turgidum subspecies and 
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different years of release. Maccaferri et al., (2019), in parallel with the durum wheat 

genome sequencing, used the Illumina iSelect 90K SNP array technology on the Global 

Tetraploid wheat collection, consisting of 1856 accessions of wild and domesticated 

Emmer wheat and durum wheat landraces and cultivars. Mazzucotelli et al., (2020) used 

the same array to characterize the Global Durum Wheat Panel (GDP), a collection 

composed by 2503 accessions of tetraploid wheat originating from diverse geographical 

regions. Taranto et al., (2020) Illumina iSelect 15K wheat SNP array on 259 accessions of 

durum wheat cultivated in Italy from 1900 to the present. These are some of the most 

significant studies on the genetic diversity of durum wheat, and together they shed light 

on how breeding has shaped its genome over time, highlighting both the erosion and 

the generation of new genetic diversity. 

1.3 Kernel composition 

Wheat kernel is composed of three main parts: the endosperm (87–89% of the weight), 

the embryo (or germ, 2–4% of the weight), and the outer layers (8–10% of the weight) 

(Figure 4) (Durante et al., 2012). 

Figure 4 - Histological composition of wheat kernel (Surget & Barron, 2005). 

The embryo is a thin-walled structure from which the new plant originates, and it is rich 

in lipids as well as oxidative and hydrolytic enzymes such as lipases, lipoxygenases, and 

proteases (Durante et al., 2012). The scutellum separates the embryo from the 

endosperm and is involved in the mobilization of storage compounds during germination 

(McKevith, 2004). The endosperm is the main storage tissue and contains starch (60–
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70%), storage proteins (8–18%), and smaller amounts of lipids, vitamins, minerals, and 

non-starch polysaccharides (Shewry, Wan, et al., 2020). The bran includes the pericarp, 

the testa, and the aleurone layer and is rich in dietary fiber, as well as in minerals, 

vitamins, and bioactive compounds (Călinoiu & Vodnar, 2018). Traditional milling 

processes aim to isolate the endosperm, discarding the germ and bran to obtain a more 

uniform and shelf-stable product (Durante et al., 2012). Wholemeal flours, on the other 

hand, include all the components of the kernel and are therefore nutritionally richer 

(Nirmala Prasadi & Joye, 2020). The kernel consists of approximately 70% carbohydrates, 

of which 54% is starch, 13% proteins, and only 3% lipids (Shewry, 2009). 

1.3.1 Carbohydrates 

Carbohydrates are the main source of energy for humans, and most of them are 

consumed through cereals. The wheat kernel contains: 1% monosaccharides (glucose 

and fructose), 1% oligosaccharides (raffinose and fructooligosaccharides), 1–2% 

fructans, 65–75% starch, and 10% cell wall polysaccharides (cellulose, β-glucans, and 

arabinoxylans). The distribution of carbohydrates is not uniform throughout the kernel; 

in fact, the aleurone and pericarp contain little starch and most of the cell wall 

polysaccharides, while the endosperm contains about 85% of the starch and only 2–3% 

of the cell wall polysaccharides (Lafiandra et al., 2014). Cell wall polysaccharides 

represent most of the dietary fiber of wheat kernel and it is composed of approximately 

70% arabinoxylans, 20% β-glucans, 7% glucomannans, and 3% cellulose (Freeman et al., 

2017; Marion & Saulnier, 2020). Most of the dietary fiber are concentrated in the bran, 

which is present only in the less refined flours (Andersson et al., 2013). 

1.3.1.1 Starch 

Starch is composed of two D-glucose polymers, amylose and amylopectin, which differ 

in their degree of polymerization and branching frequency. Both polymers consist of D-

glucose units linked by α-1,4 glycosidic bonds to form long chains, with branching points 

formed by α-1,6 glycosidic bonds (Figure 5).  
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Figure 5 – Representation of: A) wheat kernel; B) starch granules; C) amylose structure and D) amylopectin 

structure (extracted by Shewry et al., 2020). 

Amylose is a linear polymer with a low degree of polymerization (<3000) and a low 

branching frequency (less than 1%), while amylopectin is a more highly branched 

polymer with a higher degree of polymerization (>5000) and a branching frequency of 

3–4% (Sestili et al., 2014). In wheat, the proportion of amylose in starch ranges from 18% 

to 35% (Shewry et al., 2020). In plant cells, starch is found in the form of granules 

enclosed within membrane-bound organelles called amyloplasts. Durum wheat and 

other wheat species contain starch granules with two distinct structures: type A granules 

are ellipsoidal in shape and approximately 20–25 μm in diameter, while type B granules 

are spherical and around 5–6 μm in diameter (Lafiandra et al., 2012). Granules are 

associated with proteins involved in starch synthesis, known as starch granule proteins 

(SGPs) (Sestili et al., 2014). The size and distribution of starch granules have a significant 

impact on technological properties; it has been shown that type B granules have a 

greater water-holding capacity, which, for example, allows for reduced weight loss 

during bread baking (Sestili et al., 2014). Moreover, in durum wheat, an increased 

content of type B granules has been associated with improved pasta texture (Soh et al., 

2006). 

Starch is of primary importance for humans, contributing to 50–70% of dietary energy 

intake; however, recent studies have shown that excessive consumption of highly 

digestible starch is linked to the development of diet-related diseases (Copeland et al., 

2009). The rate at which starch is digested depends on its composition; in fact, amylose 
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is digested more slowly than amylopectin due to its structure being less accessible to the 

action of human α-amylases (Lafiandra et al., 2014). The amylose-to-amylopectin ratio 

also affects the technological properties of durum wheat; for instance, pasta produced 

from lines with reduced amylose content tends to have poorer texture and increased 

stickiness (Lafiandra et al., 2012). 

1.3.1.2 Arabinoxylan 

Arabinoxylans (AX) constitute approximately 70% of the wheat cell wall and represent 

the main source of dietary fiber; their content in the durum wheat kernel ranges from 

4.1% to 7.5% of dry weight, although extreme values as low as 2.6% and as high as 12.5% 

have also been reported (Lafiandra et al., 2012). The majority of AX, approximately 90%, 

are found in the aleurone layer and pericarp, while only a small amount is present in the 

endosperm (Marcotuli et al., 2016). Their general structure consists of a linear backbone 

of D-xylopyranosyl (Xylp) units linked by β-1,4 glycosidic bonds, with side chains of L-

arabinofuranosyl (Araf) units attached via α-1,2 or α-1,3 glycosidic bonds (Figure 6) 

(Wang et al., 2020).  

Figure 6 – Arabinoxylan structure in wheat (extracted by Shewry et al., 2020). 

A unique feature of AX is the presence of ferulic acid (FA) and p-coumaric acid bound to 

the 5-OH positions of the Araf terminal residues. FA can form covalent bonds with 

ferulates from other AX chains, generating diferulate cross-links, or with lignin. The 

number of cross-links influences the solubility of AX, which depends on the degree of 

Araf substitution—expressed as the arabinose-to-xylose ratio (A/X)—and their level of 

feruloylation (Freeman et al., 2017; Shewry & Hey, 2015). Based on their water solubility, 

AX are classified into water-extractable arabinoxylans (WE-AX) and water-unextractable 
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arabinoxylans (WU-AX). In cereals, the insoluble fraction is predominant, and in durum 

wheat it accounts for approximately 80% of the total arabinoxylans (TOT-AX) (Ciccoritti 

et al., 2011; Marcotuli et al., 2015). The distribution of these two fractions within the 

grain is not uniform; in fact, the endosperm contains more WE-AX (A/X ratio of about 

0.6), while the outer layers contain more WU-AX (A/X ratio of about 1) (Barron et al., 

2020). The total AX content in the grain is influenced by both genotype and environment, 

while the amount of soluble AX depends more strongly on the genotype (Marion & 

Saulnier, 2020).  

1.3.1.3 Beta glucan 

β-glucans are glucose polymers linked by β-1,4 and β-1,3 glycosidic bonds (Figure 7). 

Figure 7 – Beta glucans structure in wheat (extracted by Shewry et al., 2020). 

In durum wheat, the ratio between these linkages ranges from 2.5:1 to 3.4:1 (Marcotuli 

et al., 2020). They account for approximately 20% of the cell wall and are closely 

associated with cellulose and other wall polysaccharides. Most β-glucans are in the sub-

aleurone layer, with only small amounts found in the endosperm (Lafiandra et al., 2012). 

These molecules are characterized by an irregular and asymmetric structure that 

prevents intermolecular bonding, making them soluble and highly viscous. Due to their 

high viscosity, β-glucans are associated with reduced insulin response and lower blood 

cholesterol levels (Lafiandra et al., 2014). However, wheat β-glucans are present in only 

small amounts and are also characterized by low solubility; for this reason, their 

nutritional benefits are more commonly associated with the consumption of oats and 

barley, which have higher β-glucan content and solubility (Grant et al., 2012). 



11 
 

1.3.1.4 Fructans 

Fructans are oligomers and polymers composed of fructose subunits, accounting for 

approximately 2% of the dry matter in durum wheat (De Gara et al., 2003). Wheat 

contains a mix of branched fructans of the graminan-type and neotype, both 

characterized by β(2-1) and β(2-6) fructosyl linkages (Figure 8) (Cimini et al., 2015).  

Figure 8 – Graminan- type fructans structure (extracted by Ni et al., 2024). Sucrose units are represented 

in black, fructosyls units connected by β-(2, 1) linkage in purple and fructosyls units connected by β-(2, 6) 

linkage in green. 

Fructans are classified as dietary fiber due to their limited digestibility in humans, and 

they are known to exert prebiotic effects (Verspreet et al., 2015). However, they may 

also exacerbate symptoms of irritable bowel syndrome (IBS) and have been implicated 

in non-coeliac wheat sensitivity (NCWS) (Biesiekierski et al., 2013; Dieterich et al., 

2019). Fructans fulfil several functions in plants, including the stabilization of cellular 

membranes and participation in physiological responses to environmental stress 

(Cimini et al., 2015). Fructan accumulation in wheat has been reported in drought and 

cold stress conditions (Bie et al., 2012; Zhang et al., 2015). In fact, fructan are the main 

water-soluble carbohydrates (WSC) that are accumulated in the stem of wheat and are 

translocated to the grains during grain filling (Xue et al., 2008). During post-anthesis 

drought stress photosynthetic processes are inhibited and grain filling depends on 

accumulated WSC (Sharbatkhari et al., 2016; Yáñez et al., 2017). Fructans promote cold 

tolerance through the stabilization of the membrane and the prevention of ice crystals 

formation in the cytoplasm (Hassan et al., 2021). 

1.3.2 Protein 

Proteins in the wheat kernel serve various roles: i) functional, such as membrane and 

structural proteins ii) energy storage, such as storage proteins and iii) metabolic, such as 

enzymes. During seed dormancy, most proteins are immobilized within protein bodies. 
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During germination, however, the enzymatic machinery is activated, and the proteins 

are mobilized (Guerrieri & Cavaletto, 2018). 

Kernel proteins are classified according to the Osborne system based on their solubility: 

albumins (soluble in water), globulins (soluble in dilute salt solutions), gliadins (soluble 

in alcohol), and glutenins (soluble in dilute acids or alkalis) (Lafiandra et al., 2012). 

Gliadins and glutenins form gluten and are classified as prolamins, a group of cereal 

proteins characterized by a high content of proline and glutamine (Shewry, 2019). Wheat 

kernel proteins are also categorized based on their biological function into metabolic and 

structural proteins (albumins and globulins), and storage proteins (gliadins and 

glutenins) (Gupta et al., 1996). 

Wheat, especially in developing countries, is an important source of protein for humans, 

despite its relatively low protein content. The nutritional quality of the proteins is 

determined by their content of essential amino acids, which are amino acids that cannot 

be synthesized by animals and must therefore be obtained through the diet. Whole 

wheat grain and flour provides adequate amounts of all essential amino acids 

recommended for human consumption, except for lysine and methionine, which are 

present in lower quantities (Shewry, 2009). 

1.3.2.1 Glutenin and gliadin 

Storage proteins are composed of gliadins and glutenins, and they account for about 

80% of the total protein content in wheat. These proteins interact with each other to 

form gluten, which imparts essential elasticity and extensibility properties to the flour 

quality (Shewry, 2019). Gluten plays several roles in breadmaking and in pasta-making: 

in the first case, it must ensure the extensibility and elasticity of the dough to expand 

and retain the carbon dioxide formed during fermentation and cooking; in the second 

case, it must be tough enough to hold the gelatinized starch granules during cooking 

(Sissons, 2008). Gliadins, which account for about 30-40% of the total protein content in 

wheat, are a heterogeneous group of monomeric proteins, as they only form 

intramolecular disulfide bridges and are soluble in 70% ethanol (Urade et al., 2018). 

These are divided based on their electrophoretic mobility at acidic pH (A-PAGE) into: ω-

gliadins (which lack cysteine residues and therefore do not form disulfide bonds), ϒ-

gliadins, β- and α-gliadins (the latter two are closely related and are now commonly 
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referred to collectively as α-type gliadins) (Troccoli et al., 2000). Glutenins, on the other 

hand, are polymeric proteins whose subunits are linked by intermolecular disulfide 

bonds (D’Ovidio & Masci, 2004). These polymers are too large to be separated by 

conventional electrophoresis; however, reduction of the disulfide bridges allows 

separation of the subunits by SDS-PAGE into: high molecular weight subunits (HMW-GS) 

and low molecular weight subunits (LMW-GS), which are further divided into types B, C, 

and D (Shewry, 2019). Another widely used classification divides the gluten proteins 

based on structural characteristics into: HMW-GS prolamins, which include only the 

HMW subunits; sulphur-poor prolamins, which include ω-gliadins; and sulphur-rich 

prolamins, which include α- and ϒ-gliadins and LMW-GS (Lafiandra et al., 2012). A 

summary of gluten proteins classification is reported in Figure 9. 

Figure 9 – Gluten proteins classification (Lindsay & Skerritt, 1999). 
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Genes encoding gluten proteins are present on the chromosomes of group 1 and 6 of 

wheat (Figure 10).  

Figure 10 – Location of the genes encoding gluten proteins in common wheat (Giménez et al., 2014). 

HMW-GS are encoded by the Glu-1 loci, each containing two genes encoding x-type and 

y-type HMW-GS, present in the long arm of the group 1 chromosomes (Shewry et al., 

1992). Durum wheat typically expresses two or three subunits, because Glu-A1y is 

always silenced, while Glu-A1x can be silenced or not. Bread wheat can express from 3 

to 5 subunits (Shewry & Lafiandra, 2022). LMW-GS are encoded by various loci located 

in the short arms of group 1 chromosomes, linked to gliadin loci. Glu-3 is the most 

studied locus and encodes for B-type LMW-GS, the most abundant type (Roncallo et al., 

2021). Gliadin genes are located in the short arm of chromosomes groups 1 and 6 and 

are highly polymorphic (Barak et al., 2015). 

The properties of doughs, such as elasticity and extensibility, depend on the allelic forms 

of the gluten proteins and their quantity; in fact, favourable alleles allow the formation 

of a strong dough with good leavening and stability characteristics (Ma et al., 2019). The 

quality of semolina products is influenced both by the quantity and composition of the 

gluten proteins. A high protein content is important for pasta-making because the 
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protein matrix plays the role of retaining the starch granules during cooking; this helps 

prevent the pasta from becoming sticky, ensures it holds its shape during cooking, and 

prevents it from breaking. The composition of gluten also affects the quality of pasta, 

and a stronger gluten gives the dough better toughness, preventing the loss of starch 

granules (Sissons, 2008). The strength of gluten is also important for bread-making, as it 

enhances the viscoelastic properties of the dough, allowing it to support the formation 

of carbon dioxide during fermentation (Mefleh et al., 2019). 

Several methods are available for the qualitative assessment of durum wheat semolina. 

The Gluten Index measures the ability of gluten to pass through a sieve under centrifugal 

force and is directly correlated with gluten strength (ISO, 2015). The Alveograph test 

evaluates the resistance of semolina dough to extension, and it is based on the 

insufflation of air in a dough disk until breakage. Three major parameters of the dough 

are obtained from this test: the strength (W), the tenacity (P) and the extensibility (L). 

High values of W and of the ratio P/L have a positive correlation with technological 

quality and are desirable for pasta production (Cecchini et al., 2021). 

The limit of these tests is that they require a large amount of sample, often not available 

in early stages of breeding programs. To overcome this, some predictive methods were 

developed: the SDS sedimentation test and the calculation of the percentage of 

unextractable polymeric proteins (%UPP). The first one relies on the ability of gluten 

protein to swell (forming a sediment) in acidic solutions and it’s an approved method by 

the Cereal & Grains association (AACC approved method 56-70.01). The second one is 

based on size-exclusion HPLC and allow to calculate the proportion of polymeric proteins 

not extractable in a solution containing SDS, consisting of large glutenin polymers (Gupta 

et al., 1993, 1995). The %UPP value is positively correlated with gluten strength and 

dough viscoelastic properties (Sissons et al., 2005). 

1.3.2.2 Alpha-amylase/trypsin inhibitors 

Alpha-amylase/trypsin inhibitors (ATI) are water-soluble (non-gluten) proteins 

accounting for about 4% of the kernel proteins and their role is to protect the kernel 

from insect and mammalian amylase (Dupont et al., 2011). ATI are encoded by at least 

19 genes and can be divided in four groups: monomeric (0.28), dimeric (0.19, 0.53), 

tetrameric (CM1, CM2, CM3, CM16, CM17) and monomeric trypsin inhibitor (CMX1/3, 
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CMX2) (Geisslitz et al., 2021). Additional protease inhibitors with sequence similarities 

to ATI are also present in wheat, such as wheat trypsin inhibitor (WTI), wheat 

chymotrypsin inhibitor (WCI), and wheat endogenous amylase/subtilisin inhibitor (WASI) 

(Altenbach et al., 2011). All ATI are predicted to share the same overall structure: 4 α-

helices connected by irregular loops, a short antiparallel β-sheet and 4-5 intrachain 

disulfide bonds (Figure 11). 

 

Figure 11 – 3D structure of homodimeric 0.19 ATI (PDB entry 1HSS; Oda et al., 1997). The ball-and-stick 

indicates the disulfide bonds. Image created using Mol* (Sehnal et al., 2021). 

ATI are also considered as the major trigger of immune response in wheat allergies, 

especially bakers’ asthma and as putative trigger of autoimmune response in CD (Junker 

et al., 2012; Sander et al., 2015). ATI are also suspected to play a role in Non-Celiac Wheat 

Sensitivity (NCWS) (Geisslitz et al., 2021). NCWS is characterized by intestinal (diarrhea, 

abdominal pain, bloating) and extra-intestinal (dermatitis, fatigue, headaches) 

symptoms and there is strong evidence that it’s caused by the activation of innate 

immunity in response of wheat proteins (Schuppan et al., 2015). Noteworthy, it has been 

demonstrated that the ingestion of α-Amylase/trypsin inhibitors (ATI) induces potent 

innate immune response and the activation of the myeloid cells via the interaction with 

the TLR4–MD2–CD1 complex (Junker et al., 2012; Zevallos et al., 2017). 
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1.3.3 Mineral and vitamins 

Vitamins in the durum wheat kernel are mainly concentrated in the pericarp, aleurone 

layer, and germ. These include various B-group vitamins—B1 (thiamine), B2 (riboflavin), 

B3 (niacin), B6 (pyridoxine)—as well as vitamin E and carotenoids, which are precursors 

of vitamin A (Grant et al., 2012). B-group vitamins play important roles in various 

metabolic processes, particularly carbohydrate metabolism (thiamine), and protein and 

fat metabolism (pyridoxine and riboflavin), and are highly bioavailable in cereals 

(Batifoulier et al., 2006). Vitamin E is present in the kernel as tocopherols and 

tocotrienols and is important for human health due to its antioxidant and cholesterol-

lowering properties (Durante et al., 2012). Durum wheat is also a good source of 

minerals: it is low in sodium and high in potassium, and contains appreciable amounts 

of iron, zinc, magnesium, copper, manganese, molybdenum, and selenium (Grant et al., 

2012). Wheat, together with other cereals such oat and barley, contributes significantly 

to the intake of iron and zinc; for instance, in the United Kingdom, it provides 44% of the 

daily iron intake and 25% of the daily zinc intake (Shewry, 2009). Selenium, another trace 

element essential for human health, is present in durum wheat as selenomethionine, 

which increases its bioavailability (Grant et al., 2012). It is important to note that both 

vitamins and minerals are mainly located in the bran and are therefore present only in 

small amounts in refined flour (Shewry et al., 2012). 

1.3.4 Lipids 

Durum wheat kernels contain about 3% lipids, of which 66% are found in the embryo, 

15% in the aleurone, and approximately 20% are distributed in the endosperm, partly 

bound to the starch granules. Their composition and content depend on both genetic 

and environmental factors, and in general, durum wheat has a higher content compared 

to common wheat (Narducci et al., 2019). Lipids have a significant impact on the 

nutritional and technological quality of flour, affecting the rheological and oxidative 

properties of dough; moreover, their volatile compounds contribute to the aroma of 

processed products (Flagella, 2006). In durum wheat, about 70% of the total lipids are 

non-polar lipids, most of which are triglycerides, but their composition has not been fully 

studied yet. The embryo has a high content of unsaturated fatty acids (about 80% of total 

fats), mainly composed of linoleic acid (18:2) and linolenic acid (18:3), both essential for 



18 
 

the human body since it cannot synthesize them. Both are precursors of prostaglandins, 

hormones that play an important role in muscle contraction and inflammation processes 

(Lafiandra et al., 2012). Linoleic acid also promotes cholesterol excretion and is a 

precursor of phospholipids. 

Wheat is also a source of phytosterols, which contribute to lowering the concentration 

of total lipoproteins; several studies have shown that durum wheat contains a higher 

percentage of phytosterols compared to common wheat (Grant et al., 2012). Non-polar 

lipids have a negative impact on the final bread volume, destabilizing the film formed by 

soluble proteins that is responsible for retaining gases. Polar lipids, on the other hand, 

have a positive role in leavening as they stabilize the interface with the gaseous phase 

by binding to the albumin fraction. Monoacyl lipids bind to starch granules, affecting 

their thermal properties, improving the crumb texture of the bread, and enhancing its 

stability during storage (Marion & Saulnier, 2020). The lipid fraction of the grain also 

contains pigments responsible for the colour of semolina and pasta, which are divided 

into carotenoids and flavones. Durum wheats have a higher content of yellow pigments 

compared to hexaploid wheats, and this is an essential characteristic for determining 

certain qualitative aspects of pasta (Flagella, 2006). The intensity of yellow in the kernel 

and its products is influenced both by carotenoid biosynthesis and their degradation 

during processing, which is caused by oxidative enzymes (Ficco et al., 2014). 

1.4 Ancient grains, landraces and old varieties 

In recent years, there has been growing consumer interest in the so-called 'ancient 

grains' (Wendin et al., 2020). This term is generally used to refer both to wheat-related 

species such as einkorn, emmer, spelt, and khorasan, as well as to landraces and 

traditional varieties of durum and bread wheat that were cultivated before the Green 

Revolution. This definition is overly broad, as it groups together species that are often 

hulled with varieties that have been grown over the past century. It is therefore more 

appropriate to refer to the latter as 'heritage' or 'heirloom' wheats (Brouns et al., 2022).  

The consumers interest in ancient grains is mainly given by the perception that they are 

healthier than their modern counterpart. Unfortunately, most of the beliefs on ancient 

grain are not scientifically proven. For example, contrary to the widespread belief that 
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breeding has increased the toxicity of wheat gluten, numerous studies have shown that 

the levels of gluten, gliadin, and CD-active epitopes have remained stable over time. In 

some cases, "ancient grains" even exhibit higher concentrations of these components 

compared to modern cultivars (Brouns et al., 2022).  

There are studies suggesting that the consumption of ancient grains may be safer, 

especially for individuals suffering from IBS and NCWS (Alvisi et al., 2017; Dinu et al., 

2018; Seidita et al., 2022; Sofi et al., 2014; Spisni et al., 2019; Valerii et al., 2015; 

Whittaker et al., 2015, 2017). However, as exhaustively reported by Brouns et al. (2022) 

and Shewry (2018), these studies lack of adequately comparison with modern varieties 

and the effects of agronomical practices and environmental conditions on bioactive 

compound accumulation are not taken into consideration.  

In this context, comparative studies on grain composition between ancient and modern 

wheat are essential to evaluate these assumptions and to explore potential physiological 

differences associated with their consumption. Tendentially, protein and gluten contents 

are higher in ancient grains (einkorn, emmer and spelt) than in common wheat (Geisslitz 

et al., 2019). Analysing old (year of registration between 1900 and 1960) and modern 

wheat varieties, Shewry et al., (2020) found that protein content is lower in the latter in 

favour of starch content. In general, breeding decreased gliadin content in favour of 

glutenin content, not altering the content of CD-active epitopes (Pronin et al., 2020, 

2021). Common wheat, spelt and emmer have an ATI content higher than durum wheat, 

while einkorn ATI content is extremely low, nearly undetectable (Geisslitz et al., 2020). 

Three different studies on common wheat landraces and modern varieties demonstrated 

that breeding did not alter total ATI content (EL Hassouni et al., 2021; Geisslitz et al., 

2023; Jahn et al., 2025). Einkorn and common wheat have a fructan content higher than 

emmer and durum wheat (Ziegler et al., 2016). Breeding did not even alter fiber content 

in common and durum wheat (De Santis et al., 2018; Lovegrove et al., 2020). Lovegrove 

et al. (2023) showed that emmer and spelt have a higher content of protein, iron, zinc, 

magnesium, choline and glycine betaine, asparagine and raffinose than common wheat, 

but lower content of arabinoxylan and beta glucans.  

As expected, greater differences are observed between modern wheat and relative 

species, such as einkorn emmer and spelt, than between modern cultivars and landraces 
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or historical varieties. Comparative studies on grain composition of these varieties are 

fundamental to make any statement about their nutritional and healthy properties.  

1.5 Tetraploid wheat conservation varieties in Italy 

Italy is one of the main producers of durum wheat and the first producer of pasta 

worldwide (Blanco, 2024). This crop is especially important for this country and their 

histories are tightly connected. Italy has played a foundational role in the development 

of durum wheat cultivation, with the earliest formal breeding programs dating back to 

the early 20th century. At that time, farmers primarily relied on landraces that had 

adapted over generations to the specific climatic and agronomic conditions of southern 

Italy, especially Sicily. These initial breeding efforts focused on selecting pure lines from 

both local landraces and those introduced from North Africa. One of the most well-

known outcomes was the release of the Cappelli variety (also known as Senatore 

Cappelli) in 1915 by Nazareno Strampelli, selected from the Tunisian landrace Jean 

Retifah. In the decades that followed, breeding programs led to the release of several 

new varieties, primarily of the mediterraneum type. Around the mid-20th century, 

breeders began crossing these with syriacum type landraces, resulting in varieties with 

earlier flowering and semi-dwarf growth habits (Giunta et al., 2007). The Green 

Revolution further transformed durum wheat production by introducing reduced height 

(Rht) genes, which significantly boosted yield potential (De Vita et al., 2007). Despite 

these advancements, traditional landraces and older cultivars gradually fell out of 

commercial use and survived only through the efforts of dedicated farmers and research 

institutions—often without formal conservation measures, exposing them to the risk of 

genetic erosion. In recent years, however, interest in these ancient varieties has 

resurged, driven by consumer demand for traditional and locally adapted crops, as well 

as scientific recognition of their genetic value. While breeding has greatly improved 

productivity, it has also led to a narrowing of genetic diversity (Mazzucotelli et al., 2020; 

Taranto et al., 2020). To address this, the Italian government adopted specific legislation 

aligned with EU Directive 2008/62/EC, first through Legislative Decree No. 149 of 2009 

(later replaced by Decree No. 20 of 2021), which made it possible to register 

"conservation varieties"—defined as traditional landraces or varieties adapted to 

specific local conditions and at risk of disappearing—within the National Catalogue of 
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Agricultural Species. As of today, 28 durum wheat conservation varieties have been 

registered, 24 of which are Sicilian. Sicily continues to be a key player in durum wheat 

cultivation, ranking as Italy’s second-largest producing region. Here, many historical 

varieties are still cultivated in low-input systems, particularly in marginal lands where 

their resilience and stable yields are especially valued. Products made from these grains 

are often positioned in premium markets due to their quality and traditional appeal (De 

Vita et al., 2010; Varia et al., 2021).  
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2 Aim of the work 

The aim of the work is the characterization of durum wheat relatives, landraces and 

historical varieties for their valorisation and conservation. Their cultivation is not 

widespread because of their poor yield and technological quality in comparison to 

modern durum wheat varieties. However, lately, they gained an increasing attention 

because they often can be cultivated in marginal areas and in low-input agricultural 

systems. Their genetic diversity could be useful in breeding programs, because they 

often harbour genes useful for abiotic and biotic stresses tolerances. These varieties are 

also being rediscovered by consumers, both because they appreciate their sensory 

quality and traditional value, and because there is a common belief that they are 

healthier and safer than modern counterparts. At the moment, there are no scientific 

proofs that validate this theory. Moreover, there is a lack of comparative studies that 

explore compositional and genetic differences between these old genotypes and the 

modern cultivars. The increasing value of the supply chain of these crops also highlights 

the need to develop methodologies for their proper identification and conservation, as 

well as to ensure their traceability. This dissertation is composed of four different studies, 

divided in chapters, with the aim to shed a light on all these aspects.  

In Chapter I, we performed a comparative study between five accession of Khorasan 

wheat (T. turgidum ssp. turanicum), five accessions of Polish wheat (T. turgidum ssp. 

polonicum), two modern and one old durum wheat cultivars. Khorasan wheat is one of 

the most popular relatives of durum wheat, mostly because of the commercial success 

of Kamut®, and it is characterized by the higher length of the kernels. Polish wheat is less 

popular, but it is reported to be able to accumulate more microelements in comparison 

with durum wheat. The aim was to verify if these durum wheat relatives are nutritionally 

better, in particular we analysed their dietary fiber and mineral content, and have a 

comparable technological quality. Moreover, we evaluated their root morphology and 

their ability to uptake iron. To evaluate environmental effects, the varieties were 

cultivated for two years in Central Italy (experimental educational farm “Nello Lupori” of 

University of Tuscia, Viterbo).  
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Chapter II, III and IV shifted the focus on Sicilian tetraploid conservation varieties. Sicily 

is an Italian region particularly rich in tetraploid wheat landraces and it was fundamental 

for the first durum wheat breeding programs at the beginning of the 20th century. 24 of 

the 28 tetraploid wheat conservation varieties registered in the Italian national catalogue 

for agricultural species are Sicilian and they are still cultivated, boosting the local 

economy.  

In chapter II, fifty-one accessions belonging to twenty-two Sicilian conservation varieties 

were collected from the Council for Agriculture Research and Economics, Plant 

Protection and Certification Centre (CREA-DC) collection and grown for two years in 

Sicily. Their gliadin and glutenin subunits electrophoretic pattern were analysed to 

measure intra- and inter- varietal variability and to verify its possible employment for 

traceability. Moreover, their percentage of unextractable polymeric proteins (%UPP) was 

calculated for technological quality prediction. 

In chapter III, the five most important Sicilian conservation varieties (Bidì, Perciasacchi, 

Russello, Timilia reste bianche, Timilia reste nere) were selected. They were cultivated, 

together with three modern varieties (Iride, Orizzonte, Simeto) in two locations in Sicily 

for three years and their amylase/trypsin-inhibitors (ATIs) and fructan content was 

quantified. ATIs are the cause of some wheat allergy and are putatively involved in non-

celiac wheat sensitivity (NCWS). Fructans are also putatively involved in NCWS, and they 

also worsen the symptoms of irritable bowel syndrome (IBS) patients. Considering that 

old genotypes are considered safer for human consumptions than modern cultivars, 

often without scientific proofs, our aim was to evaluate if there were differences in the 

accumulation of these potential unhealthy compounds. As in chapter II, the %UPP of 

these varieties was also calculated for technological quality prediction. 

Finally, in chapter IV a total of 181 accessions of tetraploid wheat, 141 of which are 

Sicilian conservation varieties, were genetically characterized using a DNA microarray 

that included 6707 SNPs. The obtained genetic information was used for the diversity 

analysis of the population and to develop a DNA-based traceability method of the Sicilian 

conservation varieties Bidì, Perciasacchi, Ruscia, Russello, Timilia reste bianche and 

Timilia reste nere. 
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3 Chapter I - Characterization of Triticum turgidum 

spp. durum, turanicum, and polonicum grown in 

Central Italy in relation to technological and 

nutritional aspects  

Published on: Frontiers in Plant Science 

DOI: https://doi.org/10.3389/fpls.2023.1269212  
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After this work, we shifted our focus on Sicilian tetraploid conservation varieties. In Sicily, 

they are still cultivated, especially in marginal areas, and they have an important impact 

on the local economy. Most of the varieties are durum wheat, but there is also one 

Khorasan wheat variety, Perciasacchi, and different Rivet wheat varieties (Bivona, 

Ciciredda, Paola).  

We started the characterization of Sicilian tetraploid conservation varieties analysing the 

intra- and inter- varietal variability using gluten protein composition. In collaboration 

with Consorzio di Ricerca Gian Pietro Ballatore, CREA-DC of Palermo and CREA-DC of 

Tavazzano, we collected 51 accessions belonging to 22 Sicilian conservation varieties 

(most of the varieties registered to the National Catalogue of agricultural species). 

The research was part of the project CA.VA.SI.F.D. (Characterization of Sicilian 

autochthonous varieties of durum wheat) of the Department of Agriculture of Sicilian 

Region and MIPAAF on Fund for the protection of biodiversity of agricultural and food 

interest (L.N. 194/2015, Art. 10).  
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4 Chapter II - Characterization among and within 

Sicilian Tetraploid Wheat Landraces by Gluten 

Protein Analysis for Traceability Purposes 

Published on: MDPI plants 

DOI: https://doi.org/10.3390/plants13050741  
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Following the initial assessment of variability among Sicilian tetraploid wheat 

conservation varieties, we selected the five most representative (Bidì, Perciasacchi, 

Russello, Timilia reste bianche, and Timilia reste nere) for further characterization. 

In the years, it has been claimed that the consumption of old wheat could be better for 

people suffering of NCWS and IBS. Among the compound suspected to cause these 

pathologies, there are ATIs and fructans. To assess potential differences in the 

accumulation of these compounds between conservation varieties and modern 

cultivars, a multi-environment trial was conducted over three consecutive years at two 

distinct locations in Sicily. 

This research was part of the CIRCE project, funded by PSR SICILIA MISURA 19.1/16.1 of 

GAL ISC MADONIE (CUP F72C21000270009) and belong to the EIP AGRI (Agricultural 

European Innovation Partnership), as a part of EU Common Agricultural Policy (CAP) and 

works to foster competitive and sustainable farming and forestry that “achieves more 

and better from less”. 
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5 Chapter III - ATI, fructans and predictive 

assessment of technological quality of Sicilian 

tetraploid conservation and modern wheat 

varieties 

Published on: Journal of Cereal Science 

DOI: https://doi.org/10.1016/j.jcs.2025.104190   
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As part of the CIRCE project, we also genetically characterized the five conservation 

varieties. To this end, we collected approximately 140 accessions from various farmers 

responsible for their maintenance. Additionally, we included several accessions of the 

conservation variety Ruscia, given its similarity to Russello. 

We also included in the dataset several of the most widely cultivated modern varieties 

in Sicily, as well as some landraces and historical varieties to serve as a reference for 

comparison. 

The aim of this work was to study the diversity between the different conservation 

varieties and to develop a DNA-based traceability method, to apply throughout the 

supply chain.  
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6 Chapter IV - Assessing genetic diversity and 

developing traceability tools for Sicilian 

tetraploid wheat conservation varieties supply 

chain 

  



88 
 

6.1 Introduction 

Durum wheat (Triticum turgidum L. ssp. durum (Desf.) Husn., 2n=4x=28 AABB genome) 

is an important crop worldwide, with an annual production of about 37 million tonnes 

(Bożek et al., 2021). It is particularly cultivated in the Mediterranean area, where it is 

typically used for production of pasta, couscous, bulgur and some types of bread, but its 

cultivation extends also to Northern Europe Countries such as Denmark, Finland and 

Sweden. This crop is especially important in Italy, which is in fact one of the largest 

producers in the world and the first country for pasta production (Blanco, 2024).  

The historical importance of this crop for Italy is evidenced by the fact that the first 

breeding programs started there, at the beginning of the 1900s. In that period, durum 

wheat cultivation was based mainly on landraces adapted and evolved in the southern 

regions of Italy, especially in Sicily. First breeding programs involved the selection of pure 

lines from these landraces and from landraces originating from North Africa. The most 

famous variety developed in this way was Cappelli (syn. Senatore Cappelli), selected by 

Nazareno Strampelli from the Tunisian landrace Jean Retifah and released in 1915; 

although (E. De Cillis, 1927) and some recent molecular studies suggest that it was 

selected from Bidì or Mahmoudi, two other Tunisian landraces (Fiore et al., 2019; 

Marzario et al., 2018; Taranto et al., 2020). The selection process brought the release of 

different varieties, most belonging to the mediterraneum type, until the mid of the 19th 

century, when breeders started to cross them with the syriacum type landraces (Giunta 

et al., 2007). The crosses were characterized by semi-dwarfism and increased earliness, 

traits that contributed to the replacement of old varieties and landraces. Finally, Green 

Revolution led to the introgression of reduced height (Rht) dwarfing genes, enhancing 

lodging resistance and causing a huge yield improvement (De Vita et al., 2007). 

For many years, landraces and historical cultivars have been maintained only by farmers 

and research institutes, with the risk of contamination or losing them. In recent years, 

both consumers and the scientific community have shown renewed interest in these 

ancient genotypes. Modern breeding efforts have substantially increased the 

productivity and agronomic performance of durum wheat. However, this progress has 

often come at the expense of genetic diversity, as intensive selection and the repeated 
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use of a narrow genetic base have led to the erosion of valuable alleles present in 

traditional varieties and landraces. (Mazzucotelli et al., 2020; Taranto et al., 2020). 

Moreover, these varieties represent a useful resource of valuable alleles that need to be 

exploited yet, especially those associated with resistance to biotic and abiotic stresses 

(Campanella & Petralia, 2022; Corinzia et al., 2024; Palermo et al., 2024; Ruisi et al., 

2015; Scandurra et al., 2024; Scavo et al., 2022). 

To promote the preservation of their biodiversity, the Italian government, implementing 

the EU directive 2008/62/CE, with the Legislative Decree No. 149 of 2009 (now repealed 

and replaced by Legislative Decree No. 20 of 2021) permitted the registration of 

“conservation varieties”, defined as “landraces and varieties which are naturally adapted 

to local and regional conditions and threatened by genetic erosion”, in the National 

catalogue of agricultural species. Since 2009, twenty-eight durum wheat conservation 

varieties have been inscribed in the Catalogue and twenty-four of them are Sicilian. 

Sicily has played a pivotal role in the history of durum wheat cultivation and remains the 

second-largest Italian region for its production. Here, historical varieties are cultivated in 

marginal areas under low-input farming systems, partly due to their yield stability. The 

products derived from these varieties are positioned in high value and niche markets, 

where attributes such as unique sensory qualities, nutritional benefits, cultural heritage, 

and sustainable production practices are highly valued by consumers (De Vita et al., 

2010; Varia et al., 2021). 

One of the major challenges in the conservation varieties supply chain is the risk of 

genetic contamination, which can arise from different factors, such as unintentional seed 

mixing before the sowing or during the harvest, errors in morphological identification or 

intentional fraud.  

One of the main methods for identifying wheat varieties involves analysing the 

electrophoretic patterns of glutenin subunits and gliadins through SDS-PAGE (sodium 

dodecyl sulphate-poly-acrylamide gel electrophoresis) and A-PAGE (acid-poly-

acrylamide gel electrophoresis) (Bushuk & Zillman, 1978; Lawrence & Shepherd, 1980; 

Shewry et al., 1978). Visioli et al. (2021) used SDS-PAGE of glutenin subunits to analyse 

seed batches and commercial flours of Sicilian conservation varieties labelled as mono-
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varietal and found in all the cases they detected varying degrees of genetic 

contamination. In a previous work, we demonstrated that gliadin and glutenin 

electrophoretic patterns can be used to discriminate 21 Sicilian conservation varieties, 

with the only exception of Bidì, Cappelli and Capeiti 8, that resulted undistinguishable 

(Palombieri et al., 2024). 

Although these techniques are still widely used in wheat research due to their simplicity 

and cost-effectiveness, the analysis of DNA polymorphisms remains the most effective 

and high-performance strategy for studying genetic diversity. The earliest wheat 

genotyping methods were based on simple sequence repeats (SSRs) (Cooke et al., 2003; 

Pasqualone et al., 2010; Perry, 2004). Advancement in next generation sequencing 

techniques permitted the discovery of numerous single nucleotide polymorphisms 

(SNPs) and the development of different DNA microarray platforms (Allen et al., 2017; 

Burridge et al., 2024; Cavanagh et al., 2013; Rimbert et al., 2018; S. Wang et al., 2014; 

M. O. Winfield et al., 2016). All these platforms were originally designed on common 

wheat (Triticum aestivum L.) but they have been also used extensively to study durum 

wheat genetic diversity (Ganugi et al., 2021; Maccaferri et al., 2019; Mazzucotelli et al., 

2020; Roncallo et al., 2021; Taranto et al., 2020; Velimirović et al., 2023).  

Some authors used these SNP microarrays to study Sicilian tetraploid wheat 

conservation varieties. Fiore et al. (2019) used the Illumina Wheat 90K microarray to 

analyse 27 Sicilian tetraploid landraces from the collection of the “Experimental Sicilian 

Station for Durum Wheat” (ESS) of Caltagirone (Catania), together with two historical 

varieties (Cappelli and Trinakria) and two modern varieties. In a recent work Fiore et al. 

(2022) used the same microarray on a collection that included 104 accessions of T. 

turgidum subspecies, mostly consisting of Sicilian landraces. Also, in this case they were 

retrieved from ESS collection. Taranto et al. (2022) collected 357 accessions of Timilia 

reste nere and Russello from Sicilian farmers and preserved them following three 

generations of Single Seed Descendent (SSD) at the Research Centre for Cereal and 

Industrial Crops (CREA-CI) of Foggia (Italy). Then, the accessions were genotyped using 

the Illumina iSelect 15K wheat SNP array (TraitGenetics GmbH, Gatersleben, Germany) 

to analyse them.  
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Traceability DNA-based techniques are widely used in food of plant origin supply chains 

(Lanubile et al., 2024). Over the years, different approaches have been developed for 

durum wheat varietal identification. SSR markers have been successfully used for 

samples of seeds, bread and pasta (Fanelli et al., 2023; Pasqualone et al., 2010; Perry, 

2004). SNPs have been exploited using a wide range of techniques, as Denaturing High 

Performance Liquid Chromatography (DHPLC), TaqMan genotyping, loop-mediated 

isothermal amplification reaction (LAMP) and Digital PCR (Cibecchini et al., 2020; 

Giancaspro et al., 2016; Lee et al., 2023; Morcia et al., 2021).  

The aim of this work was to genetically characterize different accessions of six Sicilian 

tetraploid wheat conservation varieties (Bidì, Ruscia, Russello, Perciasacchi, Timilia reste 

bianche and Timilia reste nere) and to develop a DNA-based system to perform 

traceability through supply chain. These accessions were obtained from custodian 

farmers, who are actively involved in their conservation and maintenance. 

For genetic characterization we performed SNP genotyping using the Wheat 7K Illumina 

Infinium microarray (Traitgenetics GmbH, Gatersleben, Germany), a platform containing 

6707 high polymorphic SNPs selected from previous microarrays. 

The resulting data were used to assess the genetic differentiation among the varieties 

and to identify a subset of SNPs able to discriminate efficiently them. 

 

6.2 Methods 

6.2.1 Plant materials 

A total of 181 accessions of tetraploid wheat were analysed in this work, of which 141 

accessions of Sicilian tetraploid wheat were collected directly from farmers. In each 

farm, varieties were classified by the morphology of the spike and two or three spikes 

for each type were collected. In total, we analysed 20 accessions of Bidì, 31 accessions 

of Perciasacchi, 15 accessions of Ruscia, 24 accessions of Russello, 28 accessions of 

Timilia reste bianche and 23 accessions of Timilia reste nere. Additionally, we included 

16 durum wheat modern varieties, 9 durum wheat old cultivars and 15 tetraploid wheat 

landraces from various sources. The complete accession list is reported in 
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Supplementary Table 1, while Table 1 presents a brief description of the analysed 

varieties and the corresponding number of accessions.  

Table 1 – List of the analysed varieties and their corresponding number of accessions. LR = landrace, OC = 

old cultivar, MC = modern cultivar. 

Variety 
Breeding 

type 
Subspecies 

N° 

Accessions 
Description Pedigree 

Bidì OC durum 20 Sicilian old cultivar 
Selection from the Tunisian 

landrace Mahmoudi 

Anco Marzio MC durum - Modern cultivar Stot//Altar 84/ ALD 

Antalis MC durum - Modern cultivar - 

Aureo MC durum - Modern cultivar Kofa/Svevo 

Bronte MC durum - Modern cultivar Berillo/Latino 

Capeiti 8 OC durum 2 

Old Italian cultivar 

released in 1955, 

registered as 

conservation 

variety. 

Eiti 6/Cappelli 

Cappelli OC durum 5 
Old Italian cultivar 

released in 1915 

Selection from the Tunisian 

landrace Jenah Rhetifah 

Duilio MC durum - Modern cultivar Cappelli//Anhinga/Flamingo 

Emilio 

Lepido 
MC durum - Modern cultivar Orobel// Arcobaleno/Svevo 

Etrusco LR turanicum 5 Turanicum landrace - 

Furio 

Camillo 
MC durum - Modern cultivar Iride/Claudio 

Graziella Ra LR turanicum 1 Turanicum landrace - 

Iride MC durum - Modern cultivar Altar 84/Ionio 

Isola MC durum - Modern cultivar Rusticano/Platani 

K26 MC durum - Modern cultivar 
Spontaneuos mutant derived 

from Simeto/Colosseo 

QK-77 MC turanicum - 
Turanicum cultivar 

released in 1990 
 

Mahmoudi OC durum 2 Tunisian landrace - 

Marco 

Aurelio 
MC durum - Modern cultivar Orobel//Arcobaleno/Svevo 

Opera MC durum - Modern cultivar 
Duilio/unspecified CIMMYT 

line 

Orizzonte MC durum - Modern cultivar Rusticano/Simeto 
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Perciasacchi LR turanicum 32 
Sicilian Turanicum 

landrace 
- 

Redidenari MC durum - Modern cultivar Cofa/N185 

Ruscia LR durum 15 Sicilian landrace - 

Russello LR durum 26 Sicilian landrace - 

Samarcanda MC durum - Modern cultivar Capeiti 8/Rusticano 

Saragolla 

lucana 
LR turanicum 3 Turanicum landrace - 

Simeto MC durum - Modern cultivar Capeiti 8/Valnova 

Timilia reste 

bianche 
LR durum 28 Sicilian landrace - 

Timilia reste 

nere 
LR durum 23 Sicilian landrace - 

Trinakria OC durum 2 
Old Italian cultivar 

released in 1970 
B14/Capeiti 8 

 

The collection was composed by 139 accessions of T. turgidum spp. durum and 42 of T. 

turgidum ssp. turanicum. Accessions were divided into landraces (LR), old (OC) and 

modern cultivars (MC) based on their year of release and their constitution. 

6.2.2 DNA extraction and SNP genotyping 

One seed from each individual accession was germinated and leaves were sampled for 

DNA extraction. DNA extraction and SNP genotyping were performed by Traitgenetics 

GmbH (Gatersleben, Germany). For SNP genotyping, the Illumina Infinium 7K wheat 

microarray (Traitgenetics GmbH, Gatersleben, Germany) was used, containing 6713 SNP 

markers.  

6.2.3 Data quality control 

Genotyping data were firstly converted into an HapMap file, adding the physical position 

of each probe on durum wheat genome (Svevo.v1), using R v4.4.3 (R Core Team, 2024). 

All the probes that did not map were removed. Then, the HapMap file was converted 

into a Plink file using TASSELL v.5 (Bradbury et al., 2007). Plink v1.9 and Plink v2.0 were 

used for initial data quality filtering (Chang et al., 2015). Probes mapping on multiple 

positions were removed using the plink2 function ‘--rm-dup exclude-all’. Probes mapping 

on the same physical position were identified (plink --list-duplicate-vars ids-only) and 
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removed. Then, we excluded markers with missing call rates higher than 5% (plink --geno 

0.05) and samples with missing call rates higher than 10% (plink --mind 0.1).  

6.2.4 Sample filtering 

To identify duplicates accessions and possible misidentifications, the function mlg.filter 

of the R package poppR v2.9.6 was used (Kamvar et al., 2015). We used this function to 

collapse unique multilocus genotypes using a nearest neighbour clustering method 

calculated on Hamming distance. For this analysis missing data were removed. 

Accessions of a variety that clustered together with accessions of another variety were 

removed, because considered misidentifications. For each cluster, only one accession 

was kept, choosing the one with less missing data. If a cluster contained accessions from 

multiple varieties, at least one accession from each variety was retained. 

To identify more misidentifications, we calculated identity-by-state (IBS) using the plink 

function ‘--distance square ibs’ and we produced a clustered heatmap representing IBS 

results using the R package pheatmap v1.0.12 (Kolde, 2019). Accessions of a variety that 

were in a separate cluster than the other accessions of the same variety were removed.   

6.2.5 Population structure and admixture analysis 

Markers with a minor allele frequency (MAF) lower than 1% were removed using the 

plink function ‘--maf 0.01’. Then, linkage disequilibrium (LD) pruning was made using a 

r2 threshold of the 80%, a window size of 50 kb and a step size of 5 (plink --indep-pairwise 

50 5 0.8).  

The structure of the population and the individual admixture proportions were 

calculated using the software PopCluster v1.4 (J. Wang, 2024). Best number of 

population clusters (K value) was determined performing 100 replicate runs (K range 

from 2 to 20) using two different built-in K estimators: the second order rate of change 

of the estimated log-likelihood and the F statistics. Then, 1000 replicate runs were made 

with the ideal number of clusters. Default settings were used except for likelihood 

scaling, that was set as medium.  

The admixture plot was produced in R using the package ggplot2 v3.5.1 (Wickham, 

2016). 
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Pairwise fixation index (FST) between populations was calculated using PopCluster and 

plotted using the R package corrplot v0.95 (Wei & Simko, 2024). 

6.2.6 Diversity analysis 

Multidimensional scaling was computed on the pruned SNP dataset using the plink 

function ‘--cluster --mds-plot’. The plot was produced using the R package ggplot2 v3.5.1 

(Wickham, 2016).  

To study the phylogenetic relationships between the accessions, a neighbor-joining tree 

on Hamming distance was computed. Hamming distance was calculated using the plink 

function ‘--distance square’ while the neighbor-joining tree was estimated using the R 

package ape v5.8 (Paradis & Schliep, 2019). Tree bootstrap values were calculated using 

poppR v2.9.6 (Kamvar et al., 2015). The tree was plotted using the R package ggtree 

v3.14.0 (Yu et al., 2017).  

6.2.7 SNP statistics 

The distribution of markers on the different chromosomes was plotted using the web 

server SRplot (D. Tang et al., 2023). 

Nei’s gene diversity (expected heterozygosis) and the number of private alleles were 

calculated using the R package poppR v2.9.6 (Kamvar et al., 2015). Analysis of molecular 

variance (AMOVA) between populations was computed using the same package. 

Significance testing was obtained through a randomization method with 1000 

permutations implemented in the randtest() function of the R package ade4 v1.7.23 

(Thioulouse et al., 2018). 

6.2.8 Traceability 

A custom R script was developed to identify discriminant markers that are specific to a 

given variety or population. Briefly, starting from the dataset that had not been filtered 

for MAF and LD pruned, SNPs with a MAF of 0 within the accessions of the target 

variety/population were initially selected. This subset of SNPs was then assessed across 

the entire dataset to identify unique alleles (alleles exclusively present in the 

variety/population of interest). In cases where no unique alleles were detected, an 

alternative approach was implemented to identify a set of discriminant probes. First, 
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SNPs that were heterozygous or missing were removed. The MAF was calculated, and 

only those markers for which the target variety/population carried the minor allele were 

retained. Finally, SNPs with the lowest MAF values were sequentially selected until a 

sufficient number was obtained to distinguish the variety/population from all others. 

KASP (Kompetitive Allele Specific Polymorphism) markers were designed using 

Polymarker v1.2.1 (Supplementary Table 2) (Ramirez-Gonzalez et al., 2015). KASP 

validation was performed on a BioRad CFX duet Real-Time PCR System (Bio-Rad, 

California, USA). DNA of an accession of each target variety/population was extracted 

using the method reported in Frittelli et al. (2025). Each KASP reaction was set as follows: 

5 µL of KASP-TF V5.0 2X Master Mix (LGC genomics), 0.14 µL of KASP primer mix, 4.86 µL 

of DNA. KASP primer mix was obtained mixing 30 µL of 100 µM common primer with 12 

µL of each 100 µM allele-specific primer and 46mL od DNAase-free water. Cycling 

conditions suggested by TAQ manufacturer were used.  

6.3 Results 

6.3.1 SNP genotyping 

6713 SNPs were characterized in 182 accessions of tetraploid wheat varieties using the 

Illumina Infinium 7K wheat microarray (Traitgenetics GmbH, Gatersleben, Germany). 

First step of the analysis was the quality filtering of the obtained markers. A total of 1126 

SNPs that did not map on Svevo v.1 genome, map on multiple positions or map on the 

same position were removed. 444 SNPs were removed because their call rate was below 

the 95%, leaving a final dataset of 5143 variants. All the samples analysed had a call rate 

higher of 90%.  

To remove duplicates or accessions that were not correctly identified, a multilocus 

genotype clustering approach was used. Clusters and the list of accessions that were 

retained or excluded from the analysis are reported in Supplementary Table 3. Clusters 

1, 3, 4, 5, 6, 9, 10, 11, 12 and 13 contained multiple accessions of the same variety. In 

these cases, the choice of accessions to retain was based on the percentage of missing 

values. In cluster 2 one accession of Timilia reste bianche and one accession of Timilia 

reste nere were grouped together; given the likely misidentification, we retained only 

the accession with fewer missing data (“Timiliarb41B”). Several accessions belonging to 
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different turanicum varieties (Perciasacchi, Etrusco, Graziella Ra, Saragolla Lucana) 

clustered together in cluster 8; in this case we retained only one accession for each 

variety. Cluster 7 included four accessions of Bidì, all the accessions of Cappelli, two 

accessions of Timilia reste bianche and seven accessions of Timilia reste nere. The 

accessions belonging to “Timilia” varieties were considered misidentifications and 

removed, while one accession each of Bidì and Cappelli was retained. 

A clustered heatmap based on Identity-by-State (IBS) distances among the remaining 

126 accessions was generated to identify other potential misidentifications 

(Supplementary Figure 1). The accessions “Perciasacchi_13B”, “Ruscia_32B”, 

Ruscia_32C” and “Timilia_rn_58B” clustered together with modern and old cultivars and 

were therefore excluded. Additionally, “Perciasacchi_10B”, “Russello_7” and “Bidì_1C” 

clustered separately from all the other accessions and were removed as well. The 

resulting dataset, consisting of 119 samples, was used for subsequently analyses.  

SNP markers were filtered using a minor allele frequency (MAF) threshold of 5%, 

followed by linkage disequilibrium (LD) pruning with an r² threshold of 0.80. The final 

dataset was composed by 1645 high-quality SNPs distributed across the 14 

chromosomes (Figure 12).  

Figure 12 – Distribution of the 1645 high quality SNPs across the 14 chromosomes within 1 Mb window 

size. 
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The number of SNPs for each chromosome is reported in Supplementary Table 4. On 

average, the dataset contained 117 SNPs per chromosome. Chromosome 4A had the 

lowest number of SNPs (81), while chromosomes 2B and 5B had the highest (145 SNPs).  

6.3.2 Population structure 

 Population structure was inferred and individual admixture proportions were estimated 

using an unsupervised likelihood method included in the software PopCluster. The 

optimal number of population clusters (K=6) was determined using a maximum 

likelihood clustering method under a mixture model. Then admixture proportions were 

calculated using an expectation maximisation algorithm. Every accession was considered 

belonging to a population if the relative admixture proportion was above 0.5. The 

admixture plot is reported in Figure 13 and the admixture proportion of each accession 

are reported in Supplementary Table 5. 

Figure 13 – Admixture plot (K=6) of 119 accessions analysed using 1645 markers. Each vertical bar 

represents one accession. In each bar, the color represents the ancestry (admixture proportion) relative to 

one of the six populations. OC = old cultivars, MC = modern cultivars. 

The first cluster included all accessions of Timilia reste bianche and Timilia reste nere 

(n=36) and was therefore designed as the “Timilia” cluster (Figure 13, in green). These 

accessions exhibited minimal admixture with the other populations, with all accessions 

having an ancestry in this cluster > 0.987.  

The second cluster included all the Russello accessions (n=24), while third cluster 

included all the Ruscia accessions (n=11) (Figure 13, in pink and in purple respectively). 
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Some Russello accessions shared ancestry with the Ruscia cluster up to 0.269. All Ruscia 

accessions shared low ancestry with other populations. 

All accessions belonging to T. turgidum ssp. turanicum (n=21) clustered together (Figure 

13, in yellow). In this case, the population structure did not turn out to be so distinct, 

with 4 Perciasacchi accessions showing an ancestry lower than 0.7.  

The fifth cluster (n=12) grouped all the accessions classified as “old cultivars” (OC, 

defined as the cultivars released before the 1970) along with the modern cultivar, Simeto 

(released in 1988) (Figure 13, in orange). Notably, Simeto is the oldest “modern cultivar” 

included in this study and one of its parental lines is Capeiti 8, an old cultivar. This likely 

explains its closer genetic affinity to the old cultivars rather than to more recently 

developed moder varieties.  

Finally, the remaining modern cultivars (MC) clustered together (n=15), forming a 

distinct group (Figure 13, in teal green).  

To further investigate the degree of genetic differentiation among the six identified 

populations, pairwise fixation index (FST) values were calculated (Figure 14). 

Figure 14 – Pairwise fixation index (FST) between the six population. OC = old cultivars, MC = modern 

cultivars.  
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The lowest levels of genetic differentiation were observed between OC and MC 

(FST=0.36) and between Ruscia and Russello (FST=0.36). In contrast the highest degree of 

differentiation was found between the turanicum and Ruscia populations (FST=0.64). 

Ruscia showed a FST>0.50 with all populations except Russello. Turanicum had highest 

FST with Ruscia, Russello and Timilia than OC and MC. MC and Russello showed 

tendentially lower fixation indexes.  

6.3.3 Diversity analysis 

A multidimensional scaling (MDS) analysis was performed on the dataset composed by 

119 accessions and 1645 markers to visualize the genetic relationships and structure 

within the population (Figure 15).  

Figure 15 –Multidimensional scaling (MDS) plot of the 119 accessions with 1645 markers. Populations 

identified by PopCluster are marked with different colours. Different point shape indicates the subspecies. 

Ellipses represent the 95% confidence interval of each population. 

The MDS analysis confirmed that the “Timilia” accessions formed a distinct cluster 

completely separated from all other populations, with no distinction between Timilia 

reste bianche and Timilia reste nere. The Russello and Ruscia populations were 

overlapped but remained distinct from the other populations. The clusters representing 

OC and MC were almost completely overlapped, probably due to the share of the same 

genetic background. Surprisingly, the turanicum cluster partially overlapped with OC and 

MC. Phylogenetic relationships among the accessions were furtherly studied 

constructing a neighbor-joining tree on Hamming distance. For improved readability, 
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Figure 16 presents the tree without boostrap values, while Supplementary figure 2 

shows the same tree with bootstrap values on the nodes.  

 

Figure 16 – Neighbor-joining tree based on Hamming distance of 119 accessions analysed using 1645 

markers. Different colours represent different populations.   

Phylogenetic tree confirmed the genetic distance of Timilia accessions from all the other 

accessions included in the study. No clear clustering between Timilia reste bianche and 

Timilia reste nere was found.  
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Ruscia and Russello accessions share a common ancestral node, but they form two 

distinct clades.  

All T. turgidum ssp. turanicum clustered together but no clear distinction among the 

accessions was found. In fact, Perciasacchi accessions did not cluster all together, 

indicating intra-variety variability. Notably some Etrusco, Saragolla lucana, Graziella Ra 

and Perciasacchi accessions resulted identical (Supplementary Table 1).  

The MC and OC populations shared a common ancestral node in the phylogenetic tree. 

Within the OC population, two distinct sub-clades were identified. The first one included 

Bidì, Cappelli and Mahmoudi accessions, historical varieties derived from Tunisian 

landraces. The second one encompassed Capeiti 8 and Trinakria (which are descendent 

of Cappelli) and Simeto (derived from a cross involving Capeiti 8). It is also noteworthy 

that some Cappelli and Bidì accessions were found to be identical (Supplementary Table 

1).  

6.3.4 Statistics 

To further study populations diversity, Nei’s gene diversity (Hexp), Fixation index (FST) and 

the number of private alleles were calculated (Table 2). 

Table 2 – Statistics of the different populations. N = number of individuals, Hexp = Nei's gene diversity 

(expected heterozygosity), FST = Fixation index. Private alleles are the alleles that occurs only in one 

population.  

Population N Hexp FST Private alleles 

MC 15 0.235 0.201 80 

OC 12 0.152 0.476 11 

Ruscia 11 0.112 0.614 5 

Russello 24 0.201 0.319 45 

Timilia 36 0.139 0.535 42 

Turanicum 21 0.126 0.576 17 

 

Nei’s gene diversity (also called expected heterozygosity) measure the average genetic 

diversity per locus and is related to intra-population variability. Nei’s gene diversity was 
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higher in MC (Hexp=0.235) and Russello (Hexp=0.201), followed by OC (Hexp=0.152), Timilia 

(Hexp=0.139), turanicum (Hexp=0.126) and Ruscia (Hexp=0.112) populations. 

Fixation index (FST) gives information about the degree of differentiation of the 

populations. FST had an opposite trend in comparison with Nei’s gene diversity, with 

values ranging from 0.201 to 0.614. MC had the major number of private alleles (n=80), 

followed by Russello (n=45) and Timilia (n=42). The lowest number of private alleles 

were found in turanicum (n=17), OC (n=11) and Ruscia (n=5). 

An analysis of Molecular Variance (AMOVA) was conducted to assess the genetic 

structure of the populations and the results are reported in Table 3.  

Table 3 – AMOVA results using 1645 markers of 119 accessions and considering 6 populations. Df = degree 

of freedom. 

Source of variation Df 
Sum of 

squares 

Percentage of 

variation 
p-value 

Between populations 5 55737.77 50.815 <0.001 

Between samples within 

populations 
113 59470.39 46.943 <0.001 

Within samples 119 1461.07 2.243  

Total 237 116669.24 100  

 

AMOVA revealed that most of the variation in the analysed dataset was due to 

population structure accounting for 50.82%) of the total variance (p-value<0.001). A 

similar proportion of variation (46.94%, p-value < 0.001) was explained by differences 

between samples within populations.  The remaining 2.24% of variation was attributed 

to sample variation, that represents the error of the model. 

6.3.5 Traceability 

Using a custom R script, a total of 18 markers were found able to discriminate the 

varieties Bidì (n=5), Ruscia (n=2) and Russello (n=2) and the two “populations” Timilia 

(n=2) and turanicum (n=7) (Supplementary Table 2). Unique alleles were found only for 

Timilia, while for the other varieties/populations, discrimination could be achieved with 
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the combination of markers. However, we were unable to find markers that could 

distinguish between Timilia reste bianche and Timilia reste nere, so these two varieties 

were treated as a single group. The same issue occurred with the turanicum accessions. 

Additionally, some Bidì accessions were identical to Cappelli, making it impossible to 

discriminate between these two varieties.  

After identifying the 18 markers, we proceeded to design KASP (Kompetitive Allele-

Specific PCR) assays to enable bi-allelic scoring, with the goal of achieving a rapid and 

cost-effective genotyping method. The assays were designed using the Polymarker 

software, which facilitates the development of homeoallele-specific markers 

(Supplementary Table 2). Their efficiency and specificity were empirically validated using 

a Bio-Rad CFX Duet Real-Time PCR system. All assays demonstrated clear allele 

discrimination among the tested samples. 

6.4 Discussions 

After having been abandoned for years, the cultivation of wheat conservation varieties 

is spreading again, due mainly to the interest of the consumers. Durum wheat is the most 

cultivated cereal in Italy, representing one of the most important crops economically and 

traditionally. Its history is tightly linked to this country, from the cultivation of landraces 

to the first breeding programs at the beginning of the 20th century. So, it is unsurprising 

that Italy has a richness in tetraploid wheat conservation varieties. They are particularly 

important in Sicily, where they are appreciated for their ability to be productive also in 

marginal areas.  

For years, these varieties have been preserved in research institutes collections, but they 

have been mainly maintained and disseminated by farmers. This often led to varietal 

contamination, due to accidental seeds mixing pre- or post- harvest. Visioli et al. (2021), 

analysing glutenin composition, found degree of contamination ranging from 26% to 

53% in conservation varieties grain batches provided by Sicilian farmers.  

SNP microarray is a cost-effective and high-throughput technique to study genetic 

diversity in wheat. In the last year, many of them were developed and used for 

applications as genomic-wide association studies (GWAS), quantitative trait loci (QTL) 
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mapping, marker assisted selection (MAS) or population genetics studies (Esposito et al., 

2024; Liu et al., 2024; Mazzucotelli et al., 2020; Sertse et al., 2023; P. Wang et al., 2022).  

Several authors used SNP microarray to characterize wheat landraces and old cultivars 

(Ganugi et al., 2021; Mangini et al., 2018; Miazzi et al., 2022; Negisho et al., 2021; 

Taranto et al., 2020; Velimirović et al., 2023). Given the importance of wheat 

conservation varieties in Sicily, this technique was used to characterize them in several 

works (Fiore et al., 2019, 2022; Taranto et al., 2022).  

In our work, we have collected numerous accessions of Sicilian tetraploid wheat 

conservation varieties directly from farmers responsible for their maintenance and 

commercialization with the aim to genetically characterize them using the Illumina 

Infinium 7K wheat microarray (Traitgenetics GmbH, Gatersleben, Germany). Together 

with these, we also collected other tetraploid wheat landraces, historical and modern 

varieties to use as a comparison. The final aim was to assess the diversity present today 

in these varieties and to develop a traceability method, useful for the valorisation of the 

supply chain. 

The initial sample set was composed by 182 accessions, of which 141 Sicilian 

conservation varieties. First step of the analysis was the identification of duplicate or 

incorrectly identified samples. As stated above, it is common to find contaminated batch 

of seeds of wheat conservation varieties. Already during sample collection in the field, 

we found different spikes morphology, due both to natural variability, in the case of 

landraces, or to contamination. In the first case, spikes of each morphology type were 

collected; in the second case spikes were not collected. We used a multilocus genotype 

clustering and an identity-by-state (IBS) approach to identify and remove 45 duplicate 

and 17 misidentified accessions. Both approaches were based on Hamming distance 

calculation: the first was to find genetically identical individuals also in presence of 

missing data, the second was used to find accessions of a variety more similar to 

accessions of other varieties. Several instances of misidentification were identified 

during the analysis; in one case one accession of Timilia reste bianche was found to be 

identical to another of Timilia reste bianche. These two varieties derive from the same 

population “Timilia” and are mainly distinguished by the awn colour, yellowish in the 

first and black in the second (De Cillis, 1942). They are often confused, especially since 
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awn colour can be influenced by environmental factors. In the second case, seven 

accessions of Timilia reste nere and two of Timilia reste bianche were removed for their 

identity with Bidì and Cappelli accessions. Another Timilia reste nere accession 

(Timilia_rn_58B) was discarded because it clustered with Bidì and Cappelli accessions. 

Interestingly, these 10 accessions were sampled from two fields of two different farmers 

(Supplementary Table 1), highlighting the presence of contamination in different 

batches. In the third case, one Russello, two Ruscia, one Bidì and three Perciasacchi 

accessions were removed because falling outside the cluster of the relative varieties.  

Most of the duplicated accessions identified in the analysis belonged to the same variety, 

with two exceptions. In one case, all Cappelli accessions were found to be identical not 

only to each other but also to four Bidì accessions.  

Bidì and Cappelli are morphologically very similar and they are often confounded. The 

four Bidì accessions (Bidi_1A, Bidi_1B, Bidi_52A, Bidi_52B) were collected from two 

different farmers but exhibited an elongated spike, which is atypical for Bidì. This 

suggests that they have been misidentified. However, to retain valuable information, we 

decided to keep one of these accessions (Bidi_1B) based on its minimal missing data. In 

the second case, we found that fourteen Perciasacchi, four Etrusco, one Graziella Rà and 

one Saragolla lucana accessions were genetically identical. We decided to keep only one 

accessions for each variety, prioritizing those with the least missing data.  

The final dataset composed of 119 accessions was used for genetic diversity analysis. 

The first step was the inferring of the population structure using a maximum likelihood 

clustering approach. An ideal number of six clusters was identified that represented the 

following populations: “Timilia”, “Russello”, “Ruscia”, “turanicum”, “Old cultivars” and 

“Modern cultivars”. The inferred populations were used for the subsequent analyses. 

AMOVA analysis validated this population structure. In fact, 50.82% of the variance 

found in our dataset was given by difference between populations, while 46.94% of the 

variance was given by differences between samples within populations, denoting also 

intra-population high variability. High pairwise FST index between populations (>0.36) 

further confirmed the calculated population structure. 
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The “Timilia” population contained 23 accessions of Timilia reste bianche and 13 

accessions of Timilia reste nere. Neither multidimensional scaling plot nor neighbor-

joining tree were able to discriminate between these two varieties. A relatively low Nei’s 

gene diversity index was found (Hexp=0.139), indicating low intra-population variability. 

This value was lower than the one (Hexp=0.167) found by Taranto et al. (2022) for the 

Timilia collection (n=157). This discrepancy is probably due to the lowest number of 

individuals present in our study. As stated before, these two varieties were selected from 

the same population on the basis of the awn colour. The results of our study confirm a 

strong genetic correlation between these two varieties. The impossibility to discriminate 

them could be attributed to the absence of appropriate markers in our dataset. 

Palombieri et al. (2024) found differences in ω-gliadins and low molecular weight 

glutenin subunits (LMW-GS) between the two varieties, suggesting genetic variation in 

the group 1 chromosomes. Interestingly, genes controlling awn colour are reported to 

be located in the same chromosomes group (Gadaleta et al., 2009). Admixture analysis 

indicated a very low degree of genetic admixture with other populations. Furthermore, 

the multidimensional scaling plot and the neighbor-joining tree highlighted a high 

genetic distance from other populations. Taranto et al. (2020) analysed 259 tetraploid 

wheat accessions using the Illumina iSelect 15K wheat SNP array, finding high distance 

between the nine Timilia accessions included in that study and the rest of the 

germplasm. Similar results were obtained by Fiore et al. (2022), that analysed 126 

tetraploid wheats, including 14 Timilia accessions. All these findings collectively confirm 

the unique genetic origin of this landrace, suggesting that it has likely never been 

incorporated in durum wheat breeding programs. Given its distinct genetic profile and 

the potential insights it could offer, future studies should investigate its applicability and 

potential contributions to durum wheat breeding, especially in areas such as stress 

resistance, yield improvement, or quality traits.  

Russello and Ruscia accessions formed two separate populations, with some degree of 

admixture between each other. Ruscia, also named “Russello ibleo”, is very similar to 

Russello, often leading to confusion between them. Neighbor-joining tree showed that 

these two varieties derived from the same ancestral node. Moreover, multidimensional 

scaling analysis revealed an almost complete overlapping of the two varieties clusters. 
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Pairwise FST index between the two populations was equal to 0.36, one of the lowest 

found in this study. Russello population was characterized by a higher Nei’s gene 

diversity index (0.201 vs 0.112 of Ruscia), a lower FST index (0.319 vs 0.614 of Ruscia) and 

a higher number of private alleles (45 vs 5 of Ruscia). These data highlight that Russello 

is characterized by higher intra-population variability than Ruscia.  

All accessions of T. turgidum ssp. turanicum clustered together, highlighting their genetic 

similarity. Interestingly, all Perciasacchi accessions did not clustered separately from the 

other turanicum varieties. In the neighbor-joining tree two different clusters emerged: 

one containing only Perciasacchi accessions and one containing some Perciasacchi 

accessions alongside those from the other turanicum wheat. Additionally, two 

Perciasacchi accessions exhibited unique clustering behaviour, as evidenced by their 

separation in both the neighbor-joining tree and the multidimensional scaling plot.  This 

suggests potential genetic diversity within the Perciasacchi accessions, warranting 

further investigation into their genetic relationships and distinctions within the 

turanicum subspecies. In this, Perciasacchi cluster overlap with OC and MC clusters. In 

our work, the turanicum accessions showed more similarity with durum wheat old 

cultivar and modern cultivar than with Sicilian landraces. This result is in accordance with 

Fiore et al. (2022), where four turanicum accessions, including two Perciasacchi (called 

by the synonym Farro lungo), shared the same ancestral node with old and modern 

cultivars. As said above, we found identity between fourteen Perciasacchi, four Etrusco, 

one Graziella Ra and one Saragolla lucana accessions. All these turanicum varieties 

originate from Italy, probably sharing the same genetic background. At the moment, we 

cannot determine whether the elevated identity among these varieties is due to actual 

homonymy, misidentification, or the lack of adequate markers for discriminating the 

turanicum varieties. It is important to consider that wheat microarray platforms and SNP 

dataset, such as those used in this study, were developed based mainly on T. aestivum 

and only marginally on T. turgidum ssp. durum (S. Wang et al., 2014; M. O. Winfield et 

al., 2016).  

OC cluster was composed by Bidì, Capeiti 8, Cappelli, Mahmoudi, Trinakria and Simeto 

accessions. Mahmoudi is a Tunisian landrace and Bidì and Cappelli are old cultivars 

selected at the beginning of the 1900 from Tunisian landraces. Neighbor-joining tree 
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showed that they share the same ancestral node. It is commonly that Cappelli was 

selected by a Tunisian landrace called Jenah Retifah, while Bidì was selected from 

Mahmoudi. However, De Cillis (1927) reported that Bidì and Cappelli were selected from 

the same Tunisian landrace. Recent studies seem to support this hypothesis and also our 

data shows the genetic similarity between Mahmoudi, Bidì and Cappelli (Fiore et al., 

2022; Marzario et al., 2018; Taranto et al., 2020). Capeiti 8, Trinakria and Simeto are 

cultivars developed within Italian breeding programs and share a common genetic origin 

through the historical variety Cappelli. In fact, Capeiti 8, released int 1955, originates 

from a cross between Cappelli and Eiti 6.  Trinakria, released in 1970, derives from a cross 

between Capeiti 8 and B14. Finally, Simeto derives from a cross between Capeiti 8 and 

Valnova and was released in 1988. These genealogical relationships explain the genetic 

similarity observed among these cultivars. Consistently, the “old cultivars” (OC) and 

“modern cultivars” (MC) clusters showed a low level of genetic differentiation, as 

indicated by a pairwise FST value of 0.36, the lowest observed among the analysed 

groups. Furthermore, these two clusters largely overlapped in the multidimensional 

scaling (MDS) analysis, further supporting their shared genetic background. 

Last cluster (MC) contained all the moder cultivars included in this study. These are all 

varieties released in the 21st century and they are still cultivated in Italy. This cluster 

showed the highest Nei’s gene diversity index (Hexp=0.235) and number of private alleles 

(n=80), probably due to its high heterogeneity. The fixation index was the lowest 

(FST=0.201), indicating less differentiation compared to the other populations. 

Summing up, we analysed the diversity of Sicilian tetraploid wheat conservation 

varieties, finding high inter- and intra- populations variability. Notably, high variability 

and genetic distance were found between Sicilian landraces and modern cultivars, 

especially in the case of Timilia, highlighting the opportunity to include them in future 

breeding programs. Our findings complement and expand upon the previous study by 

Taranto et al. (2022) and Fiore et al. (2022), providing deeper insights into the 

phylogenetic relationships among Sicilian conservation varieties and reinforcing their 

relevance for conservation and pre-breeding efforts. Moreover, we investigated the 

genetic relationship between Italian turanicum accessions, obtaining unexpected 

results. Specifically, we found genetic complete identity among accessions of Etrusco, 
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Graziella Ra, some Saragolla lucana and some Perciasacchi samples. These varieties are 

also morphologically indistinguishable, which complicates the assessment of whether 

the observed identity is due to actual synonymy, misidentification, or a lack of 

discriminating markers. The cultivar QK-77 also showed high genetic similarity to other 

turanicum accessions studied. Overall, our findings suggest a shared genetic origin 

among these varieties and highlight the need for further studies to investigate the global 

genetic relationships within the turanicum subspecies. 

Another objective of our work was the development of a DNA-based traceability system 

for Sicilian tetraploid wheat conservation varieties. KASP assay is a simple and 

convenient way to perform allelic discrimination, that can be applied to all plant species 

(Carrara et al., 2023; Sales et al., 2023; W. Tang et al., 2022; M. Winfield et al., 2020). We 

decided to select the minimum number of SNPs that were able to distinguish among the 

varieties Bidì, Russello and Ruscia and the accessions belonging to Timilia population and 

turanicum subspecies. Using a bioinformatic approach, we found a total of 18 SNP 

markers suitable for this purpose, which were subsequently converted into KASP assays. 

As highlighted by our findings, misidentification is recurring issue within the 

conservation varieties supply chain.  From a consumer standpoint, ensuring the 

authenticity of raw materials is essential, especially when products command a premium 

price due to their traditional or geographical origin. The set of markers we developed 

can be applied across different points of the supply chain to prevent fraud, support 

traceability, and enhance product value. 

6.5 Supplementary materials 

Supplementary materials can be found at the following link: 

https://drive.google.com/drive/folders/1f-

B9YFb9MJrqpbmPsGMoqOMOivlw6r39?usp=drive_link  
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7 Conclusions 

In this work different accession of durum wheat relatives and Sicilian tetraploid 

conservation varieties were analysed using biochemical and genetical approaches.  

The rising importance of these varieties makes it necessary to evaluate their 

characteristics to valorise them providing validated information to consumers. 

Moreover, genetic analyses are essential for their conservation and traceability. Despite 

their poor yield and technological quality, their ability to grow in marginal areas and their 

resistance to abiotic stresses makes them a valuable resource for farmers and breeders. 

Our work on Polish and Khorasan wheat demonstrated that most of the variability in 

mineral and fiber content and root morphology was due to genotype and not to 

subspecies. These results highlight the importance of focusing on the genotype and its 

interaction with the environment in comparative studies, and not generically on 

subspecies. Despite their poor rheological parameters, Polish and Khorasan wheat 

showed pasta making properties comparable to the modern cultivar Svevo. 

This study provided an in-depth analysis of the conservation varieties. Both genetic and 

gluten protein composition analyses revealed great intra-varietal variability present in 

Sicilian landraces. Two different approaches for varietal traceability in the supply chain 

were developed: one based on gliadin and glutenin subunits electrophoretic patterns 

and one based on SNPs analysis with KASP markers. In a multi-environment trial, we 

evaluated the ATIs and fructan accumulation of five Sicilian conservation varieties and 

three modern durum wheat varieties. We did not find differences in total ATI content 

between conservation varieties and modern cultivars, but only slight differences in 

minor ATI composition. Tendentially, conservation varieties accumulated less fructans, 

especially in the cases of Bidì and Russello. Environmental influence was significative in 

the accumulation of both compounds, but high heritability was found except for total 

ATI. Finally, our studies revealed that Bidì and Russello, under certain environmental 

conditions, can show similar %UPP of modern cultivars.  

In conclusion, tetraploid wheat subspecies and conservation varieties have peculiar 

characteristics that can be exploited in modern breeding. This work gives data and 
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methodologies to support and valorise their supply chain and improve the knowledge 

on the differences between old and modern genotypes, shedding light on the causes of 

their putative healthier properties, if such benefits are substantiated. 


