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Summary

In a global context increasingly focused on sustainability and food quality, the
search for sustainable and nutrient-rich raw materials is gaining growing interest.
In cereal cultivation, worldwide researchers are shifting their focus to ancient
cereals and wild species of domesticated crops. Among these, Aegilops caudata, a
wild species, represents a promising genetic resource due to its nutritional
characteristics that make it valuable for wheat improvement. Specifically, Aegilops
caudata has been used to create amphiploid lines useful for studying qualitative

traits such as B-glucan content, a key compounds for human health.

Chapter I of this thesis analyzes a key gene in B-glucan synthesis, the cellulose
synthase Cs/F'6 gene, by determining the gene sequence and protein structure in Ae.
caudata, highlighting evolutionary differences compared to other grass species and
examining how variations in the amino acid sequence may influence the B-glucan
content. Comparative analysis with other monocots revealed significant similarities
with the wheat genome, with variations in amino acid motifs within the catalytic
portions of the polypeptide chain, suggesting potential unique functional

adaptations for Ae. caudata.

Chapter II explores the role of the Cs/F'6 gene in B-glucan synthesis, the total -
glucan content, the glycosidic linkages within the B-glucan structure, and the profile
of major oligosaccharides in bread and durum wheat genotypes, wild parental
species (Aegilops caudata and Dasypyrum villosum), and their hybrids. The
analysis of Cs/F'6 gene expression revealed a correlation between gene expression
and B-glucan accumulation. The results indicate that wild species, such as Ae.
caudata and Dasypyrum villosum, have a higher B-glucan content compared to
wheat, and hybrids show a significant increase in B-glucan levels. Additionally,
through glycomics analysis, the study highlighted differences in the
monosaccharide composition of the cell wall and the glycosidic linkages in the
analyzed genotypes, providing new tools for the selection of wheat lines with high

-glucan content.



Chapter III shifts the focus on two important wheat qualitative traits: protein
content (GPC) and yellow index (YI), which are critical for pasta production. The
study, conducted on 144 tetraploid wheat accessions (7riticum turgidum L.),
identified superior alleles associated with these qualitative traits through a Genome-
Wide Association Study (GWAS). The analysis identified several association
regions (QTLs) between SNP markers and the traits considered (GPC and YTI).
Bioinformatics analysis revealed candidate gene sequences co-localized within
these QTL regions. Notably, a key gene involved in nitrogen metabolism,
Glutamine synthetase 2 (GS2), and a key gene for carotenoid biosynthesis,
Phytoene synthase 1 (Psy-A1), were identified. Furthermore, the analysis led to the
identification of new haplotypes, contributing to a better understanding of the
genetic mechanisms controlling protein content and yellow color in wheat,

facilitating the development of superior wheat varieties.

These three studies, while addressing different aspects of wheat genetics and its
wild relatives, are interconnected within a research framework aimed at improving
the nutritional and qualitative traits of wheat. The exploration of the Cs/F6 gene
and its role in B-glucan biosynthesis, alongside the characterization of qualitative
traits such as protein content and yellow index, contributes to a deeper
understanding of the genetic potential of wheat species, particularly those from wild
genotypes such as Ae. caudata. The information obtained from this research offers
new opportunities for the selection and development of more nutritious, sustainable,

and consumer-oriented wheat varieties worldwide.



Sintesi

In un contesto globale sempre piu attento alla sostenibilita e alla qualita degli
alimenti, la ricerca di materie prime sostenibili e nutrienti sta guadagnando sempre
maggiore interesse. Nel mondo della cerealicoltura 1’attenzione dei ricercatori di
tutto il mondo si sta spostando sui cereali antichi e sulle specie selvatiche delle
colture domesticate ricche in componenti bioattive. Tra questi, I’4degilops caudata,
una specie selvatica, rappresenta una risorsa genetica promettente, grazie alle sue
caratteristiche nutrizionali che la rendono utile per il miglioramento del frumento.
In particolare, 1’Aegilops caudata ¢ stata utilizzata per la costituzione di linee
anfiploidi utili per lo studio di caratteri qualitativi quali il contenuto in B-glucani,

composti chiave per la salute umana.

I1 capitolo I della presente tesi analizza il gene chiave nella sintesi dei -glucani
andando a determinarne la sequenza genica e la struttura proteica in Ae. Caudata
del gene cellulosa sintasi CslF6, mettendo in evidenza le differenze evolutive
rispetto ad altre specie di graminacee e analizzando come le variazioni nella
sequenza amminoacidica possano influire sul contenuto di B-glucani. L’analisi
comparativa con altre monocotiledoni ha rivelato somiglianze significative con il
genoma di frumento con variazioni di motivi amminoacidici nelle porzioni
catalitiche della catena polipeptidica, suggerendo potenziali adattamenti funzionali

unici per Ae. Caudata.

I1 capitolo II analizza il ruolo che il gene Cs/F6 ha nella sintesi dei B-glucani, il
contenuto totale dei B-glucani, i legami glicosidici che intercorrono nella struttura
dei B-glucani e il profilo dei principali oligosaccaridi in genotipi di frumento tenero

e duro, parentali selvatici (4degilops caudata e Dasypyrum villosum) e 1 loro ibridi.

L'analisi dell’espressione del gene Cs/F6 ha rivelato una correlazione tra
I’espressione genica e I'accumulo di B-glucani. I risultati evidenziano che le specie
selvatiche, come Ae. caudata e Dasypyrum villosum, presentano un contenuto di f3-
glucani superiore rispetto ai frumenti, e che gli ibridi mostrano un aumento

significativo del contenuto di B-glucani. Inoltre, mediante analisi glicomiche, lo
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studio ha evidenziato differenze sulla composizione monosaccaridica della parete
cellulare e dei legami glicosidici nei genotipi analizzati fornendo nuovi strumenti

per la selezione di linee di frumento ad alto contenuto di B-glucani.

Nel capitolo I1I, l'attenzione si sposta su due importanti caratteristiche qualitative
del frumento: il contenuto proteico (GPC) e l'indice giallo (YI), che sono
determinanti per la produzione di pasta. Lo studio, condotto su 144 accessioni di
frumenti tetraploidi (7riticum turgidum L. var durum), ha identificato alleli
superiori associati a questi caratteri qualitativi attraverso una analisi di associazione
mediante Genome-Wide Association Study (GWAS). L’analisi ha identificato
diverse regioni di associazione (QTL) tra marcatori SNP e i caratteri presi in
considerazione (GPC e YI). Mediante analisi bioinformatica sono state identificate
le sequenze di geni candidati co-localizzati nelle regioni QTL. In particolare, sono
stati identificati un gene chiave coinvolto nel metabolismo dell'azoto, la
glutammina sintetasi 2 (GS2), e un gene chiave per la sintesi dei carotenoidi, la
fitoene sintasi 1 (Psy-Al). Infine, ’analisi ha permesso l'identificazione di nuovi
aplotipi che contribuiscono a comprendere meglio i meccanismi genetici che
controllano il contenuto proteico e il colore giallo nei frumenti facilitando lo

sviluppo di nuove varieta di frumento.

Questi tre studi, pur affrontando aspetti differenti della genetica del frumento e dei
suoi parentali selvatici, si intrecciano in un quadro di ricerca volto a migliorare le
caratteristiche nutrizionali e qualitative dei frumenti. L'esplorazione del gene Cs/F6
e del suo ruolo nella biosintesi dei B-glucani, insieme alla caratterizzazione dei
caratteri qualitativi quali contenuto proteico e indice di giallo, contribuiscono ad
una comprensione piu approfondita delle potenzialita genetiche delle specie
progenitrici del genere Triticum, in particolare quelle provenienti da genotipi
selvatici come Ae. caudata. Le informazioni ottenute da queste ricerche offrono
nuove opportunita per la selezione e lo sviluppo di varieta di frumento piu nutrienti,

piu sostenibili e piu adatte alle esigenze dei consumatori di tutto il mondo.



Introduction



Durum wheat genetics and breeding

The global durum wheat supply was tight at the beginning of the
2023/24 season due to drought conditions in the Middle East and
Canada, as well as quality issues within the European Union (EU),
which reduced the availability of durum wheat and exerted upward
pressure on global prices. However, as the season progressed, non-
traditional durum wheat exports from Russia and Turkey began
flooding the markets with low-priced wheat, weighing on global durum

wheat values.

According to data from the International Grains Council (IGC), global
durum wheat production decreased by 10% to 31.4 million metric tons
(MMT) in 2023/24, while consumption exceeded production by 2.6
MMT, leading to a tight durum wheat balance. In Canada, the world’s
largest exporter, durum wheat production dropped by 30% to 4.0
million metric tons due to drought in key growing areas, as reported in
the Canadian Outlook for Principal Field Crops. In the EU, drought in
Spain reduced production, resulting in a total EU production of 7.0
million metric tons, 7% lower than the previous year, according to the
IGC. At the same time, rainfall during harvest in Italy compromised the
quality of the durum wheat crop. As a result, durum wheat imports into

the EU increased by 26% to 3.4 million metric tons.

The combined impact of reduced durum wheat availability and
increased import requirements supported global durum wheat prices
during the last quarter of 2023 and the early months of 2024 (U.S.
Wheat Associates).
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The domestication of durum wheat began in the Fertile Crescent, an
area encompassing parts of modern-day southwest Asia, including
regions of Iraq, Iran, Turkey, Syria, and Jordan (Peng 2011). This early
cultivation (Shewry 2009), which dates to ancient Mesopotamia,
involved selecting wild progenitors of durum wheat, such as T
turgidum subsp. dicoccoides, with an emphasis on yield and desirable

traits such as non-brittle rachis and free-threshing kernels.

The modern history of durum wheat breeding in the Mediterranean area
started in the early 20th century, evolving alongside advancements in
agricultural science. Breeders have always aimed for high yield, robust
end-use qualities, and resilience to both biotic and abiotic stresses.
Initially, breeding efforts focused on utilizing local genetic resources,
but the Green Revolution introduced new, high-yielding cultivars that
were short-statured and adapted to intensive agriculture. These cultivars
became widely adopted in breeding programs worldwide. The result
was a notable increase in durum wheat yields through the second half

of the 20th century (Isidro 2011).

In addition to yield, durum wheat breeding has played a major role in
enhancing grain quality (De Vita 2007, Motzo 2004). Studies
comparing cultivars from different breeding periods suggest that while
genetic improvements have led to reduced protein content in the grain
(as a result of higher yields), pasta quality has not been compromised
(Waddington 1987). Modern cultivars, although lower in protein
content, have larger kernels and higher carbohydrate content, which can

dilute protein levels but improve pasta quality. Furthermore, these
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modern cultivars show an increased gluten index, which further boosts

pasta-making qualities (De Santis 2017).

The evolutionary history of wheat has been shaped by the
allopolyploidization of species within Triticum and Aegilops, leading
to the emergence of tetraploid and hexaploid species. The cultivation of
the wild tetraploid emmer wheat, Triticum dicoccoides, gave rise to
Triticum dicoccon and eventually to T. durum. Tetraploid species and
the hexaploid bread wheat 7. aestivum, despite lacking a directly
identified hexaploid wild relative, expanded their cultivation through
human migration and trade (Kilian 2010, Zohary 2012). However,
migration and intensive agricultural improvement have diminished the
genetic diversity of 7. aestivum and 1. durum (Tanksley & McCouch
1997, Ross-Ibarra 2007). Presently, climate change poses a significant
threat to wheat productivity (Zhao 2017, lizumi 2021). Both wild and
domesticated relatives of wheat, well adapted to harsh habitats, are
essential resources for enhancing resistance to abiotic stresses and
improving tolerance to pests and diseases such as wheat midge and
powdery mildew (Nsarellah 2003, Li 2020, Fatima 2020). The genetic
diversity of these wild relatives is crucial for the future of wheat
cultivation, with conservation efforts in genetic banks serving as a key
resource (Dempewolf 2014, Kilian 2021). Recently, biofortification of
wheat has become a focal point, particularly in addressing “hidden
hunger,” referring to micronutrient deficiencies such as iron (Fe) and
zinc (Zn), which are vital for human health (Graham 2001, 2007). The
biofortification approach, which involves enriching crops with

micronutrients through agronomic and selection methods, has
12



highlighted that wild relatives of wheat are highly efficient at
accumulating micronutrients, making them valuable for seed
enrichment (Arora 2019, Cakmak 2000, Chhuneja 2006). Wheat,
consumed in various forms such as bread, pasta, and couscous, owes its
quality to gluten, a protein complex composed of glutenins and gliadins.
While glutenins determine dough elasticity, gliadins are responsible for
its viscosity (Wieser 2007; Shewry, 2019). However, gliadins can
trigger celiac disease (Biesiekierski 2017). A potential approach for
improving wheat for celiac patients involves combining the properties
of glutenins with less toxic gliadin variants, aiming to develop wheat
that is safe for those affected by celiac disease. Finally, phenolic
compounds in wheat, such as phenolic acids, are well-known for their
health benefits (Laddomada 2015). These compounds are
predominantly located in the aleurone and bran (Liyana-Pathirana &
Shahidi 2006). Both domesticated einkorn and emmer have been
identified as rich in phenolic acids (Serpen 2008, Baranski 2020),
suggesting that wild grains could be a valuable source for enhancing the

phenolic content of the whole wheat kernel.

In summary, the evolution, selection, and introduction of beneficial
traits from wheat's wild relatives are critical for addressing
contemporary challenges in wheat cultivation, including climate

change, nutritional deficiencies, and disease management.

Advances in wheat breeding have also made using molecular markers,
which can help identifying genetic variation even among seemingly

similar phenotypes. Molecular tools, such as Single Nucleotide
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Polymorphisms (SNPs), have revolutionized the genetic approach to
durum wheat (7riticum turgidum var. durum) (Maccaferri 2015). Due
to their high density in the genome and relative, SNPs enable precise
mapping of genetic loci associated with agronomically important traits,
such as disease resistance, grain quality, and tolerance to environmental
stresses. In particular, Marker-Assisted Selection (MAS) has made it
possible to identify favourable genetic variants early in the breeding
process, reducing selection time and increasing the efficiency of

breeding programs.

Moreover, SNPs are ideal tools for studying genetic diversity among
durum wheat varieties, facilitating the management of genetic resources
and the improvement of agronomic traits through the introduction of
new alleles. In this context, SNPs not only represent a key resource for
improving durum wheat quality and productivity, but also for
understanding the genetic mechanisms underlying plant adaptation to

various environmental conditions.

The combination of molecular markers with genealogical data has
enabled better exploitation of genetic diversity in both wild and
cultivated wheat, enhancing the efficiency and precision of selection
programs. Unlike traditional morphological markers, molecular
markers can be applied at any developmental stage and are not
influenced by environmental factors, offering significant advantages in

selecting agronomically relevant traits.

New genetic variations identified through molecular technologies can
also improve drought and heat tolerance in durum wheat traits that are

14



increasingly important in the face of climate change, particularly in

Mediterranean climates.

Looking ahead, it is clear that agricultural production must adopt more
sustainable practices, preserve crop biodiversity, and develop varieties
suited to low-input agriculture, aligning breeding goals with the real
needs of farmers and the market, particularly in Mediterranean regions.
The use of genomic tools, such as Quantitative Trait Locus (QTL)
mapping (Kissing 2015), has already provided valuable insights into the
genetic basis of key traits like yield, grain quality, and disease
resistance. These techniques are essential for understanding the genetic
architecture of durum wheat and facilitating the identification of loci

associated with traits of interest (Pozniak 2007).

However, there has been limited attention to improving certain health-
related components of durum wheat, such as dietary fiber,
arabinoxylans, and beta-glucan, which are important for human
nutrition. Some studies suggest that intensive selection has had little
impact on these nutritional aspects, but there is potential to further
improve them through targeted selection efforts. The use of markers
associated with these traits could help identify the best lines earlier in
the selection process, allowing the development of wheat varieties with

enhanced nutritional characteristics.

In summary, durum wheat breeding programs in the 20th century
primarily focused on yield and pasta quality (Rossini 2018, Li 2018).
However, with the intensification of selection, there is growing interest
in improving the nutritional properties of wheat.
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Wheat in nutrition and health

The growing global demand for wheat is largely driven by its ability to
be transformed into a variety of unique food products, coupled with the
rising consumption of these goods due to industrialization and
westernization. A key factor is the distinctive characteristics of gluten,
a protein found in wheat, which enables its use in the production of

bread, baked goods, pasta, noodles, and various functional ingredients.

While wheat is often viewed primarily as a source of energy
(carbohydrates), it also provides a substantial amount of other essential
nutrients. These include proteins, fiber, and smaller amounts of fats,
vitamins, minerals, and phytochemicals, all of which contribute to a
balanced and healthy diet. As awareness of the health benefits of wheat-
based products grows, there is increasing interest in tapping into the
natural variations of these bioactive compounds. However, in some
cases, the natural variability of certain traits may be limited or

challenging to harness effectively, which calls for alternative strategies.

Presently, key focus areas for improving wheat's nutritional value
include increasing mineral content, enhancing resistant starch, boosting
antioxidant levels such as carotenoids, and improving grain protein
content and dietary fiber. Despite its relatively modest fiber content
(usually between 3-8%), wheat remains one of the most important

sources of fiber in human and animal diets.
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Wheat quality

The concept of "wheat quality" involves several factors that contribute
to its overall assessment. Grain quality is determined by a variety of
physical and compositional attributes, with specific threshold values set
based on the intended end-use. For staple grains like wheat, physical
properties such as grain size and shape play a significant role in
determining milling yield and screening losses, which ultimately affect
processing efficiency and the economic value of the grain. Additionally,
the protein content and composition of the grain are critical indicators
of quality, as they influence key aspects of dough properties like mixing
behavior, rheological characteristics, and bread-making performance.
This includes dough strength, development time, extensibility,
breakdown, and loaf volume, all of which contribute to the quality of

the final product and the efficiency of the bread-making process.

The breeding program begins with the evaluation of genotypes. The
selection of parental plants is guided by an analysis of cultivar
performance, which includes factors such as yield potential, end-use
quality, and resistance to both abiotic and biotic stresses. These factors
are closely linked to the genetic aspects of wheat quality. Additionally,
the evaluation considers field performance. During this stage, proper
grain conservation is essential. Kernel quality plays a key role in
determining the quality of the final product from commercial wheat
varieties, as it influences the types of products that can be produced.

This distinction between commercial and technological value becomes

17



evident at the outset of wheat production and is closely tied to global

market demands for various end-products.

Commercial value is primarily assessed by the milling rate, which refers
to the amount of flour produced from 100 kg of wheat. This rate aims
to maximize flour yield by evaluating the seed's size, thousand kernel
weight, ash content (or mineral content), and the percentage of
defective seeds (e.g., pre-germination, small or white seeds, or any
pathological discoloration). Technological value, on the other hand, is
assessed based on the strength of the flour protein when mixed with
water to form dough, the amount of water needed to achieve a workable
dough, and the color of the flour. The quantity and quality of the protein
have a significant impact on the characteristics of the final food
products. For example, higher protein content typically results in
greater water absorption, which increases productivity and extends the

shelf life of the final products (Jefremova 2015).

Dough water absorption is closely linked to starch content. A higher
starch content affects the dough’s functional properties, influencing
characteristics like gelatinization, pasting behavior, and baking
performance (Seib 1994). This is particularly important in the
production of baked goods such as cakes and certain types of bread,

where it contributes to the product's tenderness.

Overall, whole-grain quality encompasses physical factors like milling
yield, test weight, and screenings, which are influenced by both the

genetic and environmental conditions.
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Wheat as a source of carotenoids

Carotenoids are a group of organic compounds found in plants, algae,
and certain bacteria, playing a crucial role in photosynthesis. These
pigments are responsible for the yellow color of the endosperm in cereal
grains. From a nutritional perspective, carotenoids are valued for their
antioxidant properties and their role in supporting the immune system.
High carotenoid intake has been linked to a lower risk of developing
chronic conditions, including certain cancers, cardiovascular diseases,
neurodegenerative disorders, and macular degeneration (Pérez-Galvez

2005).

To date, more than 600 carotenoids have been discovered across
animals, plants, and microorganisms. Carotenoids are commercially
important not only for their contribution to the nutritional quality of
food products but also for their use as natural colorants, making them

highly research by the consumers.

One key area of research focuses on improving our understanding of
the carotenoid biosynthesis pathway and the genetic factors regulating
the production of yellow pigments. The antioxidant properties of
carotenoids, along with their protein content, enhance the nutritional
and technological properties of flour. For instance, whole wheat flour,
which is rich in fiber, vitamins, and antioxidant compounds
(carotenoids, tocopherols, and flavonoids) provides additional
nutritional benefits when combined with protein-rich crops such as

soybeans or oilseed residues.
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Carotenoids are typically found in the chloroplasts and chromoplasts of
plants and are synthesized from the isoprenoid pathway as C40-
tetraterpenoid compounds. Their basic structure consists of a chain of
conjugated double bonds, which may have cyclic end groups and can
be modified by the addition of oxygen-containing functional groups
(Stahl 2003). Carotenoids can be classified into two main categories
based on their oxygen content: carotenes (which are hydrocarbons) and
xanthophylls (which contain one or more oxygen atoms) (Van den Berg
2000) (Figure. 1.). This distinctive structure gives the carotenoids
biological and chemical properties, including their ability to absorb
light due to the conjugated double bond system. This light absorption
also makes carotenoids chemically unstable, especially when exposed
to light. Non-cyclic carotenoids (in the trans configuration) can convert
into a mixture of stereoisomers, where some double bonds may switch
to the cis form. Consequently, the trans configuration is the
predominant form in nature. As lipophilic compounds, carotenoids are
stored in cell membranes or lipoproteins, and their affinity for lipids
affects their absorption, transport, and excretion in the body (Stahl
2003).
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Figure. 1. Example of a molecular structure of some carotenoid molecules: in a) B-carotene from
carotenes class and in b) lutein from xanthophylls group.

According to Konopka (Konopka 2004), lutein, the most prevalent
carotenoid in cereal grains, has a concentration range of 1.48-1.80 ppm
in the kernel and 1.47-2.11 ppm in wheat flour. This suggests that lutein
1s more concentrated in the endosperm. Durum wheat contains higher
levels of lutein (1.69-2.75 ppm) compared to bread wheat (0.13-2.23
ppm). On the other hand, B-carotene is more abundant in the grain
(0.04-0.25 ppm) than in the flour, where it is often absent due to the
milling process that removes the bran, where B-carotene is primarily
concentrated. In durum wheat, 3-carotene levels are typically around
5.44 ppm in whole flour and 5.16 ppm in semolina. Overall, the average
carotenoid concentration in wheat kernels 1s 1.88 ppm, with a slightly

lower concentration of 1.78 ppm in the flour (Konopka 2004).

Protein in wheat

In wheat grains, protein content may range between 10% - 18% of the
total dry matter (Wieser 2020). Even though proteins represent less than
15% of the mature wheat seeds, they have been extensively studied,

especially the ones involved in the gluten production, which is
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responsible in determining dough viscoelasticity affecting the quality
of the derived product as bread or pasta. For this reason, seed storage
protein quantity and quality are not only important for their nutritional
value, but also for their commercial significance. Wheats, with a protein
content higher than 13%, produced satisfying quality products, while
genotypes with a grain protein content less than 11% gave poor quality
products (Melash & Abraham 2022). Protein content is an important
parameter in grain quality evaluation. Wheat storage proteins can be
classified based on their solubility in two groups: gluten and non-gluten

proteins (Fig. 2).

HWheat Grain Proteins

A"'""_’_H ‘q‘“"‘-n
Gluten proteins Non- Gluten proteins
or or
Storage proteins Structural proteins

(75-85%) (20-25%)

llonomei:'ic Gliadins Po]_tmerit Glutenins Albumins Globulins
(70% ethanol soluble) (70% ethanol insoluble) (water soluble) (salt soluble)

o.:fﬁ- v‘- w- High molecularwt. Low molecularwt.
type type type (HAW) (LAMW)
| | |

Gliadins groups Glutenin subunits
based on electrophoretic separated by SDS-PAGE
mobility of native proteins after reduction of disulphide
at low pH bonds

Figure 2 Classification of wheat proteins based on their solubility: gluten and non-gluten proteins.

Non-gluten proteins

Albumins and globulins, defined as the non-gluten proteins, represent

20-25% of the total grain protein in cereals. As revied by Sharma
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(Sharma 2020), most of them are monomeric (Merlino 2009) and show
high content of lysine, methionine and triptophane (Zili¢ 2011). Despite
these proteins have molecular weights usually below 25 KDa, a
significant fraction has higher molecular weights, between 60—70 KDa
(Zili¢ 2011). It has also been shown that non-gluten proteins
significantly affect the texture and crumb properties of the bread

(Caballero 2007).
Gluten proteins

Gluten proteins are also known as prolamins as they have a proportion
of proline and aspartic acid aminoacids as their structural components
(Barak 2015). Gliadins and glutenins, the so-called gluten proteins,
cross link originating the matrix of the wheat gluten. Basically, gluten,
which is highly affected by the type and amount of gluten proteins, is
responsible for determining the different rheological properties of
dough and bread quality (Brankovi¢ 2018, Kiszonas & Morris 2018,
Fleitas 2018). Gluten quality has been considered to be the most
important quality parameter for wheat, because gluten protein (water-
insoluble protein complex) determines the elasticity of dough and the

end-use properties of cereal based products (Barak 2013; Guo 2018).

A number of baking tests have been carried out to analyze the strong
association between bread making and gluten content (Sharma 2020).
The identification of all individual gluten components represented an
important milestone for molecular breeding research to select
genotypes useful for improving gluten quality (Kiszonas & Morris

2018). Proteins are polypeptides consisting of the combination of 20
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amino acids, 10 of which are considered to be essential as cannot be

synthesized by animals and therefore must be provided by the diet.

The most recent studies on the required amino acid amounts have set
new values both for the two aromatic amino acids, tyrosine and
phenylalanine, which are biosynthetically related, and for the two
sulphur-containing amino acids: methionine, which is truly essential,

and cysteine which can be synthesized from methionine (Sharma 2020).

Whole wheat grain and flour are actually deficient only in lysine, while
other essential amino acids are present in amounts even higher than
required. However, despite the lysin content in wheat shows very high
variability, it has been observed that in high protein cereals a decrease
in relative lysine content occurs, due to the proportional increase of
lysine-poor gluten proteins when an excess of N is available (for
example, when applying a fertilizer to increase cereal yield and protein
content) and also explains the lower lysine content of white flour

(gluten proteins are located in endospermatic starch tissue).

Mixed-Linkage Glucans

Durum wheat is one of the primary sources of fiber for human and
animal feed, particularly with respect to arabinoxylan and, to a lesser
extent, (1,3;1,4)-B-glucan. Over a decade of intensive research, the role
of dietary fibers in reducing the risk of diet-related chronic diseases has

been well-established (Fincher 2009 b, Fedacko 2019).

Dietary fiber refers to the edible plant components that resist enzymatic

digestion in the small intestine, and includes cellulose, non-cellulosic
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polysaccharides (hemicellulose, pectic substances, gums, mucilages),
and non-carbohydrate components. It has been demonstrated that the
structural properties of non-starch polysaccharides are strongly related
to the digestibility, charge, and fermentability of foods (Bader 2018,
Zhang D., 2015). The main non-starch polysaccharides in cereals are
heteroxylans (predominantly arabinoxylans) and (1,3;1,4)-B-glucans,
both of which are long and highly asymmetric molecules, thus forming
high-viscosity solutions. The solubility of these polysaccharides is
influenced by the degree of arabinosyl substitution in the xylan
backbone for arabinoxylans, and by the distribution of the (1,3) and
(1,4) linkages for (1,3;1,4)-B-glucans.

The (1,3;1,4)-B-D-glucans are prevalent in the cell walls of Poaceae
and their fine structure is crucial for the functionality of plant cell walls
(Burton 2010). These polysaccharides are unbranched and
unsubstituted, consisting of B-D-glucopyranosil monomers linked via

(1,3)- and (1,4)-linkages (see Figure 3).
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Figure 3 Mixed linkage glucans backbone schematic structure.
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Among grasses, grains such as barley (Hordeum vulgare), oat (Avena
sativa), and rye (Secale cereale) are particularly rich in (1,3;1,4)-B-D-
glucans, while wheat, rice (Oryza sativa), and maize (Zea mays) contain

lower levels of this polysaccharide (Fincher 2009 b).

The proportion of (1,4)- to (1,3)- linkages differs across species. For
wheat, this ratio ranges from 3.0:1 to 4.5:1; in barley, it is between 2.9:1
and 3.4:1; rye averages about 2.7:1; and oats have a ratio from 1.8:1 to
2.3:1 (Fincher & Stone 2004). This specific arrangement of linkages
leads to an irregular distribution of the polymer chains. Consequently,
the molecules do not align over long distances and remain soluble when
their degree of polymerization (DP) exceeds 1000 (Woodward 1983).
This asymmetrical structure plays a role in the polysaccharide's
function as a gel-like matrix component of the cell wall, allowing it to
provide support while remaining flexible, pliable, and porous enough
to facilitate the transfer of water, nutrients, and other small molecules
during developmental stages (Fincher 2009a). Additionally, this
asymmetry contributes to the high viscosity of (1,3;1,4)-B-D-glucan and
its positive effects on human health and nutrition (Brennan & Cleary
2005). The significance of (1,3;1,4)-B-D-glucan structures lies in the
molecular mechanisms proposed for their biosynthesis, which must
take into account the chemical and physicochemical properties of their

final form in the cell wall (Fincher 2009a).

Burton (Burton 2010) proposed a two-phase assembly system: the first
phase entails the formation of glucose polymers (cellodextrins)

associated with macromolecules linked to the Golgi membrane. This
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phase involves the synthesis of (1,4)-B-oligoglucosidases by cellulose
synthase-like Cs/F or Cs/H enzymes. In the second phase of the model,
the membrane-bound (1,4)-B-oligoglucosidases are probably
transferred to the plasma membrane, where they interact with other
enzymes (such as callose synthase, xyloglucan endotransglycosylase,

or CslF isoenzyme) and are connected via (1,3)-p-linkages (see Figure
4).

q W
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Figure.4 Two-phase mechanism for (1.3:1.4)-B-D-glucan assemblv (Burton et al. 2010b)

Physical-chemical and functional property of (1,3;1,4) -p-D-glucan

The fine structure of (1,3;1,4)-B-D-glucans, as discussed earlier, plays
a crucial role in the overall conformation and biological functionality
of glucans. The molecular kinks introduced by the (1,3)-B-glucosyl
residues become more evenly distributed within the polysaccharide,
resulting in decreased solubility and reduced suitability for gel
cformation in the wall's matrix phase. This irregular conformation of
cell wall (1,3;1,4)-B-D-glucans seems to be a characteristic unique to
the polysaccharides found in the Poaceae family. Within this family
notable variations exist in the fine structures of these glucans. For
instance, the glucans present in wheat starchy endosperm are
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significantly less soluble compared to those found in barley and oat
grains (Fincher 2004). The degree of conformational regularity or
irregularity in (1,3;1,4)-B-D-glucans dictates their properties and
physicochemical behavior in the cell wall matrix. As mentioned
previously, the irregularly spaced kinks contribute to an asymmetrical
shape that does not align or aggregate easily into fibrils. Instead, this
structure remains soluble and can form limited intermolecular junction
zones (Fincher 2009a), creating a gel-like substance that provides some
structural support while also maintaining flexibility and porosity. These
interactions within the cell wall can be affected by other factors, such
as connections with various polysaccharides or proteins. In substituted
wall polysaccharides, the enzymes responsible for synthesizing the
backbone may interact with those that add monosaccharide or
oligosaccharide substituents. Recent findings highlight that different
isoforms of the same family can guide the synthesis of wall
polysaccharides with varying structures and, consequently, distinct

physicochemical properties (Burton 2010).

In the Poaceae, (1,3;1,4)--D-glucans are predominantly found in
actively growing cells and are largely absent from mature tissues
(Buckeridge 2004, Carpita 2001, Gibeaut 2005). They are particularly
present in the expanding cells of organs like the coleoptile (Gibeaut &
Carpita 1993, Gibeaut 2005) and also in some vascular and fiber cells
of leaves, suggesting a structural function in secondary cell walls

(Trethewey 2005).
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In the starchy endosperm walls, where secondary thickening is not
observed, (1,3;1,4)-B-D-glucans can be found in high concentrations,
contributing up to 18% of the total glucose stored in the grain (Morrall
& Briggs 1978). Therefore, they play a vital role as storage

polysaccharides that are mobilized during grain germination.

Due to their solubility and viscosity in aqueous environments, (1,3;1,4)-
B-D-glucans also enhance the functioning of the human digestive
system. They are recognized not only as valuable dietary fiber
components but also for their potential in preventing and reducing the
risk of various diseases (Fox & Henry 1995, Topping 2007).
Specifically, they contribute to decrease bowel transit time, alleviate
constipation, lower blood cholesterol levels (Gallaher & Plate 2005),
reduce the risk of colorectal cancer (Bingham 2000), and manage blood
glucose levels in diabetes (Bornet 1987). Additionally, there is
significant potential to utilize (1,3;1,4)-B-D-glucans as functional food
ingredients to enhance the sensory attributes of low-fat dairy products

(Brennan & Cleary 2005).

The importance of genotyping and phenotyping for association

mapping

The plant phenotype encompasses all morphological, physiological,
and biochemical characteristics that reflect a plant's structure,
composition, and growth (Johannsen 2014, Fiorani &Schurr 2013). It
includes agronomic traits such as size, structure, and color, as well as

physiological aspects that evolve throughout development. In contrast,
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genes are nucleotide sequences that encode polypeptides or functional
RNA molecules and serve as the fundamental genetic units controlling
trait expression. Alleles are alternative forms of a gene located at the
same position on a pair of homologous chromosomes, each regulating
different variants of a particular trait. Alleles can be classified as
dominant or recessive, and they produce functional RNA or proteins
that determine whether a trait will be dominant or recessive. The
genotype, which is the complete set of genes inherited from both
parents, represents a plant's genetic print. The phenotype of a plant is
shaped by both its genotype and environmental factors (Rebolledo
2016).

Moreover, the expression of alleles is influenced by environmental
factors such as temperature, light, and soil (Honsdorf 2013), meaning
that dominant traits may only appear under specific environmental
conditions. As a result, plant phenotypes are the product of a dynamic,
three-dimensional (3D) spatiotemporal interaction between the
genotype and the environment. This interaction leads to a variety of
phenotypic outcomes due to the selective expression of genetic

information under different environmental conditions.

Methods that link phenotypes to genotypes, such as quantitative trait
locus (QTL) mapping, candidate-gene association studies, and genome-
wide association studies (GWAS), are widely used to investigate
various aspects of plant architecture, development, and environmental
responses (Mir 2019). GWAS, for instance, provides high-resolution

genetic data and is particularly effective at identifying small-effect
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genes or QTL across the entire genome. The integration of GWAS with
phenotyping has significantly advanced our understanding of plant

growth and has enhanced crop breeding efforts.

Association mapping

One of the primary goals of molecular genetics is to identify and isolate
genes that control important traits. Three main strategies are
predominantly reported in the literature for cloning a gene of interest:
the positional cloning method (Rommens 1989, Tanksley 1993),
insertional mutagenesis (Bechtold 1993), and, lastly, the candidate gene
approach (de Vienne 1999).

The first two methods have been used to identify major genes, i.e.,
genes that have the greatest influence on phenotypic variation, while
the candidate gene approach is used for genes whose biological function
1s assumed to be known. The idea is to propose a gene with a known
sequence or function in closely related species for the characterization
or cloning of Mendelian traits or quantitative trait loci (QTL).
Candidate genes may be structural genes or genes involved in the
regulation of metabolic processes. The principle underlying this
approach is that a molecular polymorphism within the candidate gene

corresponds to phenotypic variation.

Several agronomically important traits exhibit quantitative inheritance,
often resulting from the action of multiple genes combined with
environmental influences. Due to the large number of genes defining

complex traits, their partial effects on phenotypic variation, and their
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imprecise localization on genetic maps, the candidate gene approach is
better suited for QTL characterization compared to positional cloning

or insertional mutagenesis.

In plant genetics, the most common strategy for identifying candidate
genes is to look for co-segregation between the candidate gene and loci
that influence the trait. Several studies conducted association analysis
between molecular polymorphisms in the candidate gene and variation
in the trait of interest. Final validation of candidate genes can be
performed through physiological analyses, genetic transformations,

and/or sexual complementation.

The relationship between SNPs (Single Nucleotide Polymorphisms)
and GWAS (Genome-Wide Association Studies) is crucial in modern
genetics, particularly for identifying genetic loci associated with
complex traits such as B-glucan content. As previously mentioned,
SNPs are genetic variations at the single nucleotide level, widely
distributed across the genome and commonly present in all populations.
These variants serve as molecular markers in GWAS to map traits of

interest.

SNPs have high genomic density and relatively low cost compared to
other markers, such as microsatellites (SSRs), and are particularly
advantageous for conducting large-scale association studies with
hundreds of thousands of markers, enabling comprehensive genome
coverage (McCharty 2008). In a GWAS, SNP genotyping is correlated
with phenotypic traits using statistical methods such as linear regression

or mixed linear models (MLM), with the goal of identifying genetic loci
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that are significantly associated with phenotypic variability, thereby
enhancing our understanding of the genetic basis of diseases,

agronomic traits, or other biological characteristics (Visscher 2017).

GWAS, through the use of SNPs, has facilitated significant
advancements in the field of complex trait genetics. Several studies
have reported loci associated with quantitative traits (QTLs) through
GWAS analysis, such as protein content (Zhang N., 2015), yield
(Marathi 2012), and fiber content (Shu & Rasmussen 2014).

Candidate genes for p-glucan

The biosynthesis of B-glucan in cereal crops has garnered significant
research interest, particularly concerning the functions of associated
genes and enzymes, and the effects of mutations on pB-glucan content
across various grains. -glucan synthesis in grasses is catalyzed by
members of glycosyltransferase family 2 that use uridine diphosphate
glucose (UDP-Glc) for the synthesis process (Bain 2020). The genes
responsible for B-glucan synthesis share sequence homology with
cellulose synthases (CesAs) and belong to the Cellulose synthase-like
(Csl) sub-families F, H, and J (Burton 2006; Doblin 2009; Farrokhi
2006; Little 2019). Notably, the CslF and Cs/H groups were found
exclusive to monocotyledons and are believed to either directly or
indirectly regulate the accumulation and fine structure of B-glucan in

the grain and other parts of the plant (Burton 2011; Farrokhi 2006)
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(Figure 5). Mutations of CslF6 in barley, rice, and wheat were found
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Figure 5 Phylogenetic tree of the CesA superfamily in higher plants (Fincher et al., 2009).
associated with reductions in B-glucan content, but these reductions
generally had only moderate effects on vegetative growth and were
well-tolerated (Cory 2012; Hu 2014; Nemeth 2010; Taketa 2012;
Tonooka 2009; Wong 2015). In wheat, it was observed that targeted
RNA knockdowns of Cs/F'6, driven by an endosperm-specific promoter,
resulted in an 30-53% decrease in B-glucan content in whole grain flour
(Nemeth 2010). In another study, knockout mutants of Cs/F6 in rice
exhibited a 97% reduction in MLG levels in coleoptiles, with
undetectable levels in other tissues (Vega-Sanchez 2012). Compared to
other cereal species, limited data on biosynthetic pathway of B-glucan

is available for durum wheat, its wild relatives, and their hybrid.
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Studies have highlighted the probability that several genomic regions
associated with p-glucan accumulation in wheat seeds are
predominantly located within chromosomes 2 and 7. Similarly, a
significant QTL on chromosome 7H of barley, responsible for 39% of
the variation in B-glucan content in barley seeds (Li 2008), further
supports the influence of chromosome 7 on B-glucan content in wheat
seeds. This was evident when chromosome 7H from barley was
introduced into the wheat genome, resulting in a substantial increase in
B-glucan content in wheat seeds (Colasuonno 2020). Furthermore,
(Manickavelu 2011) identified QTLs for B-glucan content on
chromosomes 3A, 1B, 5B, and 6D in wheat through RILs derived from
a cross between Chinese Spring and spelt wheat. Similarly, (Marcotuli
2016) used a 230-genotype array of tetraploid wheat to predict QTL for
B-glucan content. These results revealed QTL on chromosomes 1A, 2A,
2B, 5B, and 7A, also identifying a subgroup of putative genes that exert
direct or indirect influences on B-glucan content in seeds. This focus on
chromosomes 2 and 7 reinforces their crucial role in [B-glucan

accumulation, consistent with previous research.

Among the wide range of cereal crops, wheat (Triticum aestivum L.)
plays a crucial role as a global staple, significantly contributing to daily
caloric and protein intake (FAO 2020). However, the content of soluble
B-glucans in wheat grains is relatively low, especially when compared
to the higher concentrations found in oat and barley grains (Beresford
& Stone 1983, Havrlentova & Kraic 2006, Collins 2010). Despite

concerted efforts, the primary and secondary gene pools of bread wheat
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have demonstrated limited genetic diversity that is conducive to the

expression of high B-glucan content (Pritchard 2011, Marcotuli 2017).

Furthermore, neither bread wheat (T. aestivum L. 2n = 6x = 42) nor its
closest relatives exhibit genetic diversity for high B-glucan levels in the
grains (Friebe 1996). This lack of genetic diversity extends to both the
primary and secondary gene pools, restricting the feasibility of
establishing a breeding program aimed at increasing the [B-glucan
content in cultivated wheat varieties. This conclusion is based on
comprehensive studies involving over 500 wheat germplasms of
diverse origins, including primitive, elite, and synthetic lines of
hexaploid, tetraploid, and diploid wheat, as well as related species

(Pritchard 2011, Marcotuli 2019).

To improve the quality of wheat grains, a potential strategy involves
incorporating genes from more distantly related relatives, which may
belong to the tertiary wheat gene pool and include both wild and
cultivated species. This can be achieved through chromosome
engineering and interspecific hybridization (Cseh 2011, 2013, Rakszegi
2017, Danilova 2018, Tiirkési 2018). Among the members of the
tertiary gene pool, barley exhibits the highest B-glucan concentration
(up to 11%), making it a promising candidate for interspecific
hybridization. Notably, certain species of Aegilops, which are also part
of the wheat tertiary gene pool, display significant B-glucan contents
(up to 7.1%) in their grains. These species include diploid types such as
Ae. Umbellulata (Zhuk.), as well as various tetraploid species

containing U and C genomes (Rakszegi 2017, Marcotuli 2019). In

36



contrast, most bread wheat (7. aestivum L.) cultivars and durum wheat
(Triticum turgidum L. ssp. durum) exhibit lower levels of B-glucan in

their grains (Marcotuli 2016, Mohebbi 2018).

The practice of utilizing genetic traits from distantly related species to
enhance the genetic robustness and resilience of wheat has been
previously demonstrated, particularly in the context of conferring
resistance to various biotic stresses (Friebe 1996, 2000, Marais 2005,

Q1 2007, Kuraparthy 2007a, b, Schneider 2008).
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Exploring Aegilops caudata: A Comprehensive
Study of the CslF6 Gene and B-Glucan
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BACKGROUND: The search for sustainable, nutrient food has led to increased
interest in ancient grains and wild relatives of cultivated cereals. Aegilops caudata,
a wild wheatgrass species, holds significant genetic potential for crop improvement

and offers promising nutritional benefits.

AIM: This study focused on analyzing the CslF'6 gene sequence and its protein
structure in Ae. caudata using comparative genomic methods with other grass
species, to identify genetic variations that could influence B-glucan biosynthesis.
The Csl/F6 gene in Ae. caudata was the isolate and characterize, defining
thegenomic sequence, predicting the protein structure, and carrying out the
comparative genomics to identify evolutionary relationships and pinpointed amino

acid variations in the Cs/F'6 enzyme.

RESULTS: Comparative genomic analysis indicates that the Cs/F'6 gene sequence
of Ae. caudata shared high sequence identity with wheat genomes, confirming a
close evolutionary relationship with other monocots. Key amino acid motifs within
the Cs/F6 enzyme, especially near catalytic regions, exhibited variability across
monocots, which likely impacts B-glucan biosynthesis and the DP3:DP4 ratio.
These findings suggest genetic divergence or unique functional adaptations in Ae.
caudata. The study highlighted the importance of specific amino acid residues in
modulating enzymatic activity and influencing polysaccharide structure, offering

deeper insights into B-glucan biosynthesis.
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Abstract: In the quest for sustainable and nutritious food sources, exploration of ancient grains and
wild relatives of cultivated cereals has gained attention. Aegilops caudata, a wild wheatgrass species,
stands out as a promising genetic resource due to its potential for crop enhancement and intriguing
nutritional properties. This manuscript investigates the CsIF6 gene sequence and protein structure
of Aegilops caudata, employing comparative analysis with other grass species to identify potential
differences impacting 3-glucan content. The study involves comprehensive isolation and charac-
terization of the CsIF6 gene in Ae. caudata, utilizing genomic sequence analysis, protein structure
prediction, and comparative genomics. Comparisons with sequences from diverse monocots reveal
evolutionary relationships, highlighting high identities with wheat genomes. Specific amino acid
motifs in the CslF6 enzyme sequence, particularly those proximal to key catalytic motifs, exhibit
variations among monocot species. These differences likely contribute to alterations in 3-glucan
composition, notably impacting the DP3:DP4 ratio, which is crucial for understanding and modu-
lating the final B-glucan content. The study positions Ae. caudata uniquely within the evolutionary
landscape of CsIF6 among monocots, suggesting potential genetic divergence or unique functional
adaptations within this species. Overall, this investigation enriches our understanding of 3-glucan
biosynthesis, shedding light on the role of specific amino acid residues in modulating enzymatic
activity and polysaccharide composition.

Keywords: Aegilops caudata; CsIF6 gene; comparative genomics; 3-glucan biosynthesis

1. Introduction

In the pursuit of sustainable and nutritious food sources, researchers have turned
their attention to ancient grains and wild relatives of cultivated cereals [1]. Among these,
Ae. caudata, a wild wheatgrass species, has gained prominence due to its potential as a
valuable genetic resource for crop improvement and its intriguing nutritional properties. In
particular, the seeds of Ae. caudata have been a subject of increasing interest for their unique
nutrient content and their association with genes responsible for 3-glucan biosynthesis [2].

Ae. caudata belongs to the genus Aegilops within the grass family Poaceae. It is native to
regions of the Middle East and is closely related to cultivated wheat species (Triticum spp.).
Unlike cultivated wheat, Ae. caudata has not undergone extensive domestication, making
it a valuable genetic resource for breeding programs aimed at improving the resilience,
disease resistance, and nutritional content of wheat and related cereals. Its genetic diversity
and adaptation to various environmental conditions make it an intriguing subject for
research in the context of sustainable agriculture [3,4].

Ae. caudata seeds have garnered attention for their unique nutrient composition. These
seeds are a rich source of essential nutrients, including proteins, vitamins, minerals, and
dietary fiber. The protein content of Ae. caudata seeds is of particular interest, as it contains
a balanced amino acid profile, including essential amino acids. Furthermore, these seeds
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are known to be rich in micronutrients such as iron, zinc, and folate, which are critical for
human health. The dietary fiber content, including 3-glucans, in Ae. caudata seeds further
adds to their nutritional appeal [5,6].

B-glucans are a group of polysaccharides found in the cell walls of various cereal grains,
including wheat, oats, and barley [7-9]. They are known for their potential health benefits,
particularly lowering cholesterol levels and supporting digestive health [10-12]. The
molecular structure of 3-glucan dictates its function. According to current understanding,
-1,3/1,4 glycosidic bonds link cereal 3-glucans. In the structure of cereal 3-glucan, the
(3-1,4-linked glucose chain is interspersed with 3-1,3 linkages. While trimers and tetramers
are the most common consecutive (3-1,4 segments, longer cellulose-like segments are also
present in 3-glucan molecules [13]. Significantly, two primary oligomer units, DP3 and DP4,
account for over 90% of cereal [3-glucan structures, varying among species and between
genotypes [14].

Understanding the genetic basis of 3-glucan biosynthesis is crucial for crop improve-
ment and the development of cereal varieties with enhanced 3-glucan content [7].

In recent years, significant progress has been made in identifying and characterizing
the genes involved in (3-glucan biosynthesis in various cereal species [7,10,15,16]. In the
case of Ae. caudata, research efforts have focused on elucidating the genetic mechanisms
responsible for the synthesis of 3-glucans in its seeds. These insights can potentially lead
to the development of wheat varieties with improved (3-glucan content through breeding
or genetic modification techniques [6].

B-glucans exhibit diverse physiological and nutritional functions in plants. They are
vital components of cell walls, where they contribute to structural integrity and resistance
against environmental stresses [17,18]. Moreover, 3-glucans function as storage polysac-
charides in various plant organs, such as seeds, grains, and tubers, serving as an energy
reserve during germination and growth [19,20].

Our knowledge regarding how and where (3-glucans are produced remains largely
incomplete, as well as which genes are involved, their functions, and interactions, and
the specific activities of the enzymes. A group of genes, forming a superfamily, plays a
significant role in the synthesis of these polysaccharides. This superfamily comprises the
cellulose synthase (Ces) [21-23] and cellulose-synthase-like (Csl) [24] families.

The Csl superfamily is responsible for synthesizing several plant cell wall polysac-
charides, organized into subfamilies labeled A to H, each of which consists of multiple
genes [25]. For instance, in rice (Oryza sativa L.), there are a total of 37 Csl genes [26],
whereas Arabidopsis has 30 [27]. Notably, not all Cs! subfamilies are represented in all
higher plant groups. The CsIB and Cs/G subfamilies are exclusive to dicotyledons and gym-
nosperms, while the CsIF and Cs/H groups are only found in monocotyledons [28]. These
subfamilies directly or indirectly regulate the abundance and fine structure of 3-glucans in
both grain and other parts of the plant [29-31].

Research conducted by Burton et al. [32] revealed that over-expressing a CsIF gene,
under the control of an endosperm-specific promoter, led to an increase in 3-glucan content
and a significant reduction in starch in transgenic grains. Given that the (3-glucan and starch
pathways compete for the initial substrate—glucose—used in their synthesis, Brachypodium
distachyon, with over 40% of its grain weight as -glucan and only about 6% starch, further
supports a regulatory connection between starch and [3-glucan synthesis [29]. Additionally,
when Arabidopsis was transformed with the OsCslF6 gene, it produced mixed-linkage
glucan in the cell wall, indicating the capability of CsIF6 to synthesize (3-glucan [33]. In
barley, four corresponding CslF genes were mapped to chromosome 2H (HvCslF3, HuCslF4,
HuvCsIF8, HuCsIF10), with two other genes on chromosomes 1H (HvCsIF9) and 7H (HvCsIF6),
corresponding to quantitative trait loci (QTL) for grain 3-glucan content [34,35].

In rice, knockout mutants of OsCsIF6 synthesize minimal 3-glucan content. Nemeth
et al. [36] identified the CsIF6 gene in wheat and demonstrated that transgenic manipulation
through iRNA could modify the amounts and properties of 3-glucan in wheat. Other
studies showed that the addition of barley chromosome 7H (where HvCsIF6 is located) to
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the wheat genome increases f3-glucan production [37]. The wheat-barley addition lines,
obtained through hybridization, contain a genetic background of common wheat, allowing
the genetic analysis of a single barley chromosome affecting the final phenotype. They
have been used for several trait studies as the production of bioactive compounds [38-40].

In this scenario, Ae. caudata stands as a promising genetic resource with unique
nutrient content and the potential to contribute to the enhancement of cereal crops. The
investigation of genes involved in -glucan biosynthesis in this species not only offers
insights into its nutritional properties but also flags the way for improving the health-
promoting aspects of cultivated wheat. This paper investigates the cellulose synthase F6
gene sequence and protein structure of Ae. caudata and carries out a comparative analysis
with other grasses to identify possible differences among species and correlate them with
the final 3-glucan content.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

The Aegilops caudata genotype from the GenBank of the Department of Soil, Plant
and Food Sciences (University of Bari, Italy) was used to characterize the CsIF6 gene. The
genotype was grown in Valenzano (Bari, Department of Soil, Plant and Food Science,
University of Bari Aldo Moro), and leaves were harvested at tillering time. Genomic
DNA was extracted from fresh leaves using the technique outlined in Sharp et al. [41] and
subsequently underwent purification through phenol-chloroform extraction. The quality
and concentration of the DNA were assessed via spectrophotometric analysis using the
NanoDrop2000 (Thermo Scientific™, Thermo Fisher Scientific, Waltham, MA, USA 02451)
at 260 and 280 nm, with an A260/A280 ratio falling within the range of 1.6 to 1.8, and
checked by agarose gel-electrophoresis.

For fragment sequencing, DNA amplifications were conducted in 25 mL reaction
mixtures, with each mixture containing 25 ng of template DNA, 2 mM of each primer,
200 mM of each ANTP, 2.5 mM of MgClI2, 1X PCR buffer (10 mM TRIS-HCI, pH 8.3, 10 mM
KCl), and 0.5 units of Tag DNA polymerase. The PCR protocol used in a Perkin Elmer
DNA Thermal Cycler (Norwalk, CT, USA) was as follows: initial denaturation at 95 °C for
5 min, followed by 35 cycles of denaturation at 95 °C for 1 min, annealing at 55 °C/65 °C
for 2 min, and extension at 72 °C for 1 min, with a final extension step at 72 °C for 15 min.
The PCR products were visualized through 1.5% agarose gel electrophoresis.

2.2. Cellulose Synthase Gene (CsIF6) Isolation and Characterization

To isolate the complete sequences of the Ae. caudata CsIF6 gene, we used the sequences
of durum wheat, previously isolated by our lab [42] as an initial query probe to blast the
Persephone® multi-genome browser (https:/ /web.persephonesoft.com/?data=genomes/
TA1851, accessed on 8 November 2023), which contain the Ae. umbellulata genome as-
semblies. From the Persephone® browser the sequence with 99% of similarity located on
chromosome 7U (chr7U_TA1851) was used as a probe for the primer design.

In order to obtain the entire gene sequences, a complete set of genome specific primer
pairs were designed by using ‘Primer3 Input’ (version 0.4.0)" software. Single PCR frag-
ments were directly purified with an EuroGold Cycle Pure Kit and sequenced in both frame
direction (5'->3' and 3'->5') using BigDye chemistry (Applied Biosystems) in a 96 capil-
lary automatic sequencer ABI PRISM 3500. Gaps and uncertain sequence were resolved
by primer walking. Regions of less coverage or ambiguous reads were rechecked with
additional primers. Sequence assembly was obtained with ‘Codone Code Aligner” (version
11.0.2 ) and ‘Geneious’ (version 2023.2.1) assembly programs.

Gene prediction was conducted with the FGENESH program (http://linux1.softberry.
com/berry.phtml?topic=fgeneshandgroup=programsandsubgroup=gfind, accessed on 27
September 2023). Consensus exon/introns boundaries were confirmed using grass ex-
pressed sequence tag sequences aligned to the genomic sequence.
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2.3. Aegilops caudata CsIF6 Protein Sequence and Structure

To predict the protein sequence and structure based on the genomic sequence, Geneious
software (version 2023.2.1) was employed for the sequence translation and prediction of
transmembrane regions, coiled coil regions, conserved regions between wheat and barley
proteins. Additionally, the Ae. caudata CslF6 protein newly obtained was aligned with the
corresponding sequences from the alignment of the CslF6 from Oryza sativa, Setaria italica,
Sorghum bicolor, Zea mays, Brachypodium, Avena sativa, Hordeum vulgare, wheat (A, B and D
genomes), Aegilops strangulata, Trititucm dicoccoides and Trititcum urartu. Protein sequences
were additionally employed in the phylogenetic examination using the neighbor joining
method (NJ), and its topology was evaluated using 1000 bootstrap replicates implemented
in ‘Geneious’. Differences in the residues of the principal motif of the proteins were in-
vestigated to elucidate the potential impact of particular amino acid variations and their
spatial arrangements near the active site on the intricate structure of the (1,3;1,4)-3-glucan
synthesized. Homology models with cellulose synthases of bacteria (BCSA) were also
implemented using the sequences from rice, maize, sorgo and Setaria, Triticum subspecies,
Brachypodium, oat, and barley.

2.4. Promoter Cis-Acting Element Distribution Analysis

The 2000 -bp sequences upstream of the start codon of Ae. caudata CsIF6 gene was
extracted as the promoter region and submitted to the PlantCARE database (https://
bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 11 January 2024) for
prediction of the cis-acting elements.

3. Results
3.1. Isolation and Characterization of Cellulose Synthase-like F6 Gene (CslF6) in Ae. caudata

The sequence corresponding to the CsIF6 gene from the durum wheat genomic se-
quences, previously isolated by our group [42], was used as a query blast to the Ae.
umbellulata assembly deposit in the Persephone® multi-genome browser to design spe-
cific primer pairs for the isolation of the CsIF6 full gene sequence in Ae. caudata. All the
amplification analyses were carried out on DNA extracted from leaves of the Ae. caudata
genotype grown in Valenzano (Bari, Italy). Through the genotype used for the analysis,
the C genome sequence of CsIF6 was isolated with the corresponding cDNA. The genomic
sequence was 5357 bp, including an mRNA of 2829 bp and a protein of 942 aa (Figure 1).
Fgenesh++ (version 2.1) software was used for gene prediction to define the intron/exon
structure, predicting a gene structure composed of three exons and two introns (Figure 1).
Using Phytozome (version 13) software, a comparison between wheat and barley sequences
was carried out through blast analysis. Considering the Ae. caudata CsIF6 with the wheat
genome sequences, the identities detected were 96.8% with the A genome, 97.1% with the B
genome, and 98.9% with the D genome, while considering the cDNA, the similarities were
97.4% with the A genome, 97.6% with the B genome, and 99.2% with the D genome.

Using the newly obtained sequence, we were able to localize the CsIF6 gene on the
Ae. umbellulata genome through the Persephone® multi-genome browser page (https:
/ /web.persephonesoft.com/?data=genomes/TA1851, accessed on 08/11/2023). The gene
was localized on chromosome chr7U_TA1851 at the physical position from 204.549.972
to 204.555.410 bp. Comparing the position of the gene with other species, the CslF6
was located on: chromosome 7H for barley (HORVU7Hr1G070010); chromosome group
7 for wheat (TraesCS7A02G298600, TraesCS7B02G188400, and TraesCS7D02G294300 for bread
wheat; TRITD7Av1G149750 and TRITD7Bv1G108090 for durum wheat) and T. dicoccoides
(TRIDC7AG041550 and TRIDC7BG030910); chromosome 7 for Sorghum (SORBI_3007G050600);
chromosome group 7 for oat (AVESA.00001b.r3.7Ag0002427, AVESA.00001b.r3.7Cg0002511,
AVESA.00001b.r3.7Dg0001419); chromosome 7 for urartu (LOC125522276); chromosome 7D
for Ae. strangulata (LOC109773098); chromosome 6 for S. italica (XM_004972717); chromosome
10 for maize (GRMZM2G110145); chromosome Bd3 for Brachypodium (BRADI_3g16307v3);
chromosome 8 for rice (LOC_0Os08506380) (Table 1).


https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://web.persephonesoft.com/?data=genomes/TA1851
https://web.persephonesoft.com/?data=genomes/TA1851
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D genome_70_CsiFs [Iii—————(I———

(944 aa) 320 745 ” 1770

1628 9200
320 745

(942 aa) 1764

Figure 1. Comparison of gene structures between Ae. caudata and Triticum genome sequences (A, B
and D) based on colored boxes, highlighting conserved exons. Intron and exon sizes are shown, as
well as the whole gene (in brackets). The CsIF6 genes, in the genomes reported, are composed of
three exons of conserved sizes and two introns.

Table 1. Chromosome location of CslF6 gene in a set of monocotyledons used for the analysis. For
each species, the accession number relative to the sequence was reported.

Species Chromosome Location Accession Number
H. vulgare 7H HORVU7Hr1G070010
T. turgidum ssp. Durum 7A TRITD7 Av1G149750
7B TRITD7Bv1G108090
T. aestivum 7A TraesCS7A02G298600
7B TraesCS7B02G188400
7D TraesCS7D02G294300
T. dicoccoides 7A TRIDC7AG041550
7B TRIDC7BG030910
S. bicolor 7 SORBI_3007G050600
A. sativa 7A AVESA.00001b.r3.7Ag0002427
7C AVESA.00001b.r3.7Cg0002511
7D AVESA.00001b.r3.7Dg0001419
T. urartu 7A LOC125522276
A. strangulata 7D LOC109773098
S. italica 6 XM_004972717
Z. mays 10 GRMZM2G110145
Brachypodium Bd3 BRADI_3g16307v3
O. sativa 8 LOC_0Os08g06380

The newly obtained sequence was used for the determination of the amino acid
sequence through Geneious (version 2023.2.1) software (Figure 2).
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t» CIFS Oryza sativa APAVAGGGGRS APACYC GF P VCAC) DMD | VA~ - - - * AGQIGAVND E SWVAVDL S DSDDAP AAG-DVQGAL DDRP VERTEK | KGVL LHPYRVL | FVRL IAFTLEV IWR | EHKNPOAMNLWYTS | AGE FWE GF SWLLDQLP.
e CaIF6 Setaria talica MAPGGGDGRRNNGEQ: - ANGNNRHGCVC GF P VCAC DMDRVVAVAAT E GRIGAVNDE SWVAVDL S ODL SGDGG-~DDGVA | EDRPVERTEK | KGVL LHPYRVL | FVRL IAFTLFV IWR | SHRNPDAGWLWVTS | AGE FWF GF SWLLDQLP.
s CaFG Sorghum biclr MAPGGGDGRRNGEG SNAKAKHGCVC GF P DMDRVA -AAGTE GRIGAVNDE SWIAVDL S DDL SGDGGGADPGVA | EDRPVERTEK [KGIL LHPYRVL | TAETLEVIWR S I AGE FWF GF SWL LDOLP
* Ci A ~VAATECRIGAUNDE SYiIAVDL SODGLS ~ADGADPGVAL EDR? VERTE K | KGYLLHPYRVL | FVRL IAFTLEV IWR | SHRNPORLWLINVTS | AGE FWE GF SWL LDt
e Cal APAVA-- - - - GGSSRGAGCKC GF AAVASA QAAPVDGE SWVGV EL GPDGVE - -~ TDE SGAGVDDRP VEKTEK | KGVL S | CGE FWF GF SWL LDQLP
cv Ca IABAVAGGGRVR SNEAPARS A~ FQVCACTGTAAVASARS SVOMD I TGRIIG! --TDESG K IKAVLLYPYRVL | FVRL IAFTLEV IWR | SHKNPDAMNLWVTS | CGE FWF GF SWL LDQLP
v o A o1 IND E SWV -~ -~TDE SGAAVDDRP VFRTEK [KGVL LHPYRVL | FVR v S | CGE FWF GF SWL LDQLP
e Ci A VCAC: - AMGQTGAVNDEE SV EDG-E - - - TDE SGAAVDDRP VERTEK | KGVL LHPYRVL S | CGE FWF GF SWL LDQLP
v Ci A o= DRPVFRTEK | KGVLLHPYRVL | EVRL | S | CGE FWF GF SWL LDQLP
e Cl A - - -~ TDE SGAAVDDRP VERTEK | KGVL LHPYRVL | FVRL IAFTLFV IV S 1 CGE FWF GF SWLLDQLP
v Co A VCAC -~~~ TDE SGAAVDD! IKGVL LHPYRVL [ FVRL IAETLEV I Wi S | CGE FWF GF SWL LDQLP
e Cal IAPAVAGGGR: AAVASA VELGEDG-E - -~ TDE SGVAVDDRPVFRTEK | KGVL LHPYRVL | FVRL | S | CGE FWF GF SWL LDQLP
o Ca AP AVAGGGR! VCACTGSAAVASA QUIGAVNDE SWVGV EL GEDG-E - -~ TDE SGAAVDORP VERTEK | KGVL LHPYRVL | FVI S | CGE FWF GF SWL LDQLP
- AP AVACCCR VR SNEP ARRAR- AC A CRTGAVND F SWVGVE L QDG - IKGYL LHPYRVL | FVRL IAFTLFV Wi S | CGE FWF GF SWLLDQLP
e CaIF6 Oryza so INRVPDLAVLRRRFDHAD = LAADYPVORNTCYL SDDSGMLETYEAMAEAAK EATLWVP FCRKHA | K SHP YMGRAGE E FVNDRRRVRKEY DD F KAR INGLEHD | KQRSDSYNAAAG-VKDGEP
e CoIF6 Setaria talica u TANS I LS | LAADYPVEKNTC YL SDDSGMLETYEAMVEAAK FATVWVP F CRKHG | K SHP YMGRSQED FVNDRRRVRKEY DE FK AR INGL EHD | KQRSDAYNAARG-LKDGEP
v Care Soghumbicoor KL TANS I LS | LAADYPVERNTC YL SDDSGMLET! AK EATVWVP FCRKHG | K SHP YMGRSQE D F VI RKEYDEF KAR | NGL EHI ENAARG- LKDGEP
cw CLIFS. Zea me U TANSVLS | LAADYPVERNTC YL SDDSGMLETYEAMAE AAK FATVWVP F CRKHG | K SHP YMGRSQE D FVNDRRRVRKDY DE FKAR INGL DHD | KQRSDAYNAARG-LKDGEP
> Core achypedium KL TANSVLS | LAADYPVDRNTCY | SDDSGM| AKFATLWVP FCRKHG | K SHP YMGRAHDE FVNDRRRVRKEY DD FKAK INSLETD LHNAAVP QNGDG [P
e C2IF6 Avena sativa KU TANSVLS | LAADYPVORNTC YVSDDSGMLETYEALAEASK FATLWVP F CRKHG | K SHP YMGRAGDE FVNDRRRVRKEY DE FKAR INSLDHD | RQRND A-HREGEP
e CalFe YVSDDSGMLETYEALAESSKFATL KHG | K SHP YMGRAQDE FNORRRVRKEYDE F KAR |NSLEHD | KQRNDGYNAA I A-HSQGV1
o Cafe SDDSGMLLTYEALAESSKFATLWVPFCRKHG | KSHP YV FVNDR| DEFKA | KQRNDGYNAANA -HR E GEP
e CalF6 s YVSDDSGMLETYEALAESSKFATLWVPECRKHG | K SHP YMGRAGDE FVNDRRRVRKEY DE FKAR INSLEHD | KQRNDGYNAANA-HREGEP
e a6 SDDSGMLETYEALAE S SKFATUWNVP F CRKHG | K SHP YMG| FVNDRRRVRKEYDEFKAR INSLEHD | KORNDGYNAANA -HREGEP
cw CLIFS YVSDDSGMLLTYEALAESSK FATI KHG | K SHP YMGRAQDE FVNDRRRVRKEY DE FKAR INSLEHD | KQRNDGYNAANA-HR EGEP
> et YVSDDSGMLETYEALAESSKFATLWVPFCRKHG | K SHP YVCRATOE FVNORRRVRXEY DEF KAR | N5 END | KGRNDGYNAANA -HRECED
e Ci YVSDDSGMLLTYEALAE S SKFATLWVPFCRKHG | K SHP YMGRAGDE FVNDR RRVRKEY DE F KAR INS L E NDGYN:

> Core Acghons coviara LTYEALAESSKF, 1 KSHP YMGR nsrmnmsnsum GRNDGYNAANA-HR EGEP
v o CNHOK KA | LNLDCDHY INNSQALRAG | CFMLGRDSDTV PTDLYANHNR | £ FDGTLRALDGLOK
0 a6 | UNLDCDHY | NNSQAL RAG | CFML GRD: VOPTDL YANHNR | F DGTLRALDGMO

o a6 1 LNLDCDHY INNS PTOLYANHNR | £ FDGTLRALDGMQ
cw CLIFS. | LNLDCDHY INNS VOPTDL YANHNR I F F DGTLRALDGHQ
e CaIF6 Brachypodium 1 LNLDCDHY INNS: FPGRF EGVDPTDLYANHNR I F FDGTLRALDGHO!
e CoIF6-Avena sativa | LNLDCDHY INNS: VAFVQFPQR F EGVDPTOL YANHNR | FFOGS LRALDGMQ
ce CalF6 1 LNLDCDHY INNS LYANHNR | £ FDGTLRALDGI

o CoIF6_asp.durum 7A | LNLDCDHY INNS LYANHNR | FFDGTLRALDGMQ
tw CLIFS 22p. durum 78 F1LNLDCOHY INNS v YANHNR | F FDGTLRALDG

e CaIF6 T 1 LNLDCDHY INNS FVQFPQRF EGVDPTDL YANHNR | £ F DGTLRALDGHO
e C:i 1 LNLDCDHY INN: RF EGVDPTOL YANHNR | F FDGTLRALDGHO!
e Cal 1 LNLDCDHY INNSQALRAG | CFMVGRD: F VDPTDL YANHNR | £ FDGTLRALDGHO

e Ci TWMAD GTOWQGTWVDAS ENHRI VSR £ KRP GHDHGK KAGAMNAL TRASALESNSP F | LNLDCDHY INNSQALRAG | CEMVGRDS DTVAF VQF PR F EGVDPTOL YANHNR | F FDGTLRALDGHIQ!
te Gl RPTWMADGTQWE AsENNanDHAmv VLB ARP - - PRATCRP ASAONEL DS GVOVRLPMLVYVSR EKRPGHOHAX KACAVNALTRASALLSNSP F | LNL DG HY INNSGALRAG | CFMVGRD LYANHNR | FFDGTLRALDGHO

e Clf6 LERRITLYGE EP PR INVGGRCEP AL GGHEAKNRYQK PGFETKPGAKPVAPP BARTVAKGKHGF LPMPKKAY GRSDAFADT VAABERATAE AVMUTARAY EKKTGNGS DI € RMH | KGWRSRYCS | YPHAF | GT
o CalF6 ‘GCLFRRVTLYGFDPPR |NVGGQCFP S L GGMF AKTKYEK PGLEMSTAKG- -~ - -AATA! FLPEPKKSYGKS EAFVDS ANATG-DACY! TOEATISEAVAVITAAY EKKTONGSNT r IKGURSRYCS | YPHAE 1T
e a6 MERRITL PR INVGGRCF P SLGGMF AKTKYEK P - LPEPKKSYGKSDAFVDT SADE -AAA | VADEAMITEAVEVCTAAY EKKTGWGS DI RMH | KGHRS RY, T
Ch CLIFS. Zea ‘GCEFRRITLYGFDP PR |NVGGRCF P AL GGMF AKAKYEK P DEATIAE AVAVCARAY EKKTGHGS Ol R 1 KGVRSRYCS | YPHAF | GT
te C1IF6 Brachypodium GCu INVGGBCF P AL GGL FAKTKYEK P LPKKTYGKSDKFVDT AAEG IR~ ~VVDS GAETLAE AVKVEGSAF EQKTGWGS £ RMH | KGWRSRYC S | YPHAF 1 GT
e CAIFG Avena sativa CLFRRITVYAFDP PR INVGGRCF P M KTKYQK! PLPKKTYGKSDAFVDS | PLASHP SPYVAAYNTAEG | VTDEATMAE AVNVIARAF EKKTGWGK E RMH | KGWRSRYC S | YPHAF | GT
cw CLIFS CLFRRE INVGGRCF PRLAGL F AKTKYEK Pl PEPKKTYGKSDAFVDT AR - ~~AEG | VADEATIVE AVNVTARAF EKKTGHGK E RMH | KGWRSRYC S | YPHAF 1 GT
e CoIFG_ssp.durum 7A ' FRRI PR INVGGRCFPRLAGL FAKTKYEKP: PLPKKTYGKSDAFVDS EG | VADEATIVE AVNVIARAF EKKTGWGK £ RMH | KGHRS RY: HAF | GT
tw CLIFG <2p. durum 78 ' FRRITVYGFDP PR INVGGRCF P Ri PLPKKTYGKSDAFVDS -~ AEG | VADEATIVE AVNVTARAF EKKTGHGK ET G RMH | KGWRSRYCS | YPHAF 1 GT
e CaIF6 Trtcum acstivum 7D | YV FRRITVYGFDP PR INVGGPCFPRLA uurmaxpmmmum KHGF LPEPKKTY GKSDAFVDS VADEATIVE AVNVTARAF EKKTGHGK EGWVYDTVTEDVVTGYRMH | KGWRSRYCS | YPHAF | GT
o CaIF6 stp. strangulata 1 YV FRRITVYGFDP PR |NVGGRCF P RLAGL F AKTKYES MTMAKAKAR KHGF LPLPKKTYGKSDAFVDS -~ ~AEG | VADEATIV E AVNVTARAF EKKTGWGK EIG MH | KGWRSRYC S | YPHAF 1 GT
e G Tricum doccondes | YV RITVYGEDP PR INVGGRCF PRLAI Luwnxx»mmmxu&, PLPKKTYGKSDAFVDS DEATIVEAVNVIARAFEKKTGHCKE R KGR SRYCS | YPMAF 1T
e CAIF6 Tritcum ura | YVGTGCLF RRITVYGFDP PR |NVGGRCFPRLAGL FAKTKYEK PGLEMTMAKAKAA - - - PV~ PLPKKTYG s VADEATIVE AVNVIARAF EKK TGWGK EGWVYDTVT TGYRMH | KGWRSRYCS | YPHAF | GT
e ColFe Aciops coiota | VVCTGCEF RRETVVGFBP PR |NVCCPCE P RLAGL F AKTKYEX pGLEMIMAKAKAR - PLPKKTYGKSDAFVDS VABEATIVE AVNVIARAF EKKTONGK €110 R | KOWR SRYCS 1 YPHAF 1 6T
e G Onzasathe AP INLTERLEQVLRWS TGS LE | FF SRNNPLEGSTELHPLQRVAY INI TTYPETALFL| EYTTVPALSEVTGHE IVORPTTMEYVY LA | VLGTLLILAVL EVKWAGVTVF EWERNGQFWMTASESAYLAAVLOVVTKVVERRD | SEK LTSKLPAGDEKKDP YADLYVVRWTWLM
e Ca AP INUTERLYQVLRWSTGS LE | FESKNNPLFGSTELHPLQRVAY INITTYPFTALFL | FYTTVPALSFVTGHF [VQRPTTME YVY LA I VLGTL L ILAVL EVKWAGVTV FEWFRNGQFWMTASCSAY LA RRD | SFK LTSKQPAGDEKKDP YADLYVVRWTWLM
v Ca Sovghumb\(c\ov AP INUTERLYQVLRWSTGS LE | FESRNNPLFGSTELHPLGRVAY INITTYPFTALFL | FYTTVPALSFVTGHE [VORPTTME YVY LA I VLGTL L ILAVL EVKWAGVTVF EWFRNGQFWMTASESAY L AAVEQVEVKVVFRRD | SFK LT YADLYVVRWTWLM
e CoIF6. Zeam: AP INUTERLEQVLRWSTGS LE | FESRNNPLFGSTELHPLQRVAY INITTYPFTAIFL I FYTTVPALSFVTGHF [VQRPTTME YVY LA I VLGTLL ILAVL EVKWAGVTV F EWFRNGQFWMTASGSAY L AAVEQVEVKVVFRRD | KDP YADLYVVRWTWLM
cv CaIFS B AP INUTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGRVAY INITTYPFTAIFL | FYTTVPALSFVTGHE VQRPTTME YVYLG I VLATL L | | AVLEVKWAGYTV F EWFRNGQFWMTASCSAYLAAVEQVETKY | FRRD | SFK LTSKLPAGDEKKDP YADLYVVRWTP LM
e CSIF6 Avena sativa AP INLTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGR IAY INITTYPETAIFL I FYTTVPALSFVTGHF IVQRPTTME YVY LG I VLATLL I | AVLEVKWAGVTV F EWFRNGQFWMTASMSAYLQAVEQVL | KV | FQKD | SFKLTSKLPAGDEKKDP YADLYVVRWTP LM
Cw CaIF6 Hordeum wilgare AP INLTERLEQVLRWS TGS LE | FF SKNNPLFGSTYLHPLGRVAY INITTYPETAIF LI FYTTVPALSFVTGHE | VORPTTMEYVY LG I VLSTLLVIAVL EVKWAGVTV FEWFRNGQFWMTASESAYLAAVEQVETKY | FRRD | SEKLTSKLPSGOEKKDP YADLYVVRWTP LM
ce CslFS sp. durum 77 AP INLTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGRVAY INITTYPFTAIFL I FYTTVPALSEVIGHE [VORPTTME YVYLG I VLS TLLVIAVL EVKWAGVTV F EWFRNGQFWMTASGSAYLAAVEQVETKY | FRRD | SEKLTSKLPSGDEKKDP YADLYVVRWTP LM
e CLIFS 2p. durum 78 AP INUTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLQRVAY INITTYPFTAIF LI FYTTVPALSFVTGHE [VQRPTTME YVYLG I VLSTLLVIAVL EVKWAGVTV F EWFRNGQFWMTASCSAYLAAVEQVETKY | FRRD | SFKLTSKLPSGDEKKDP YADLYVVRWTP LM
cw CLIFS Triicum aestvum 7D AP INLTERLEQVLRWS | EFSKNNPLEGSTYLHPLQRVAY INITTYPETAI FL | FYTTVPALSFVTGHF I VQRPTTMEYVYLG | VLSTLLVIAVL EVKWAGVTV FEWFRNGQFWMTASCSAYLAAVEQVLTKY | FRRD I SFK LTSKLPSGDEKKDP YADLYVVRWTP LM
e Colf6 asp.sirangulata AP INUTERLEQVLRWSTGS LE | FFSKNNPLEGSTYLHPLQRWAY INITTYPFTAI FL I FYTTVPALSFVTGHF IVARPTTME YVY LG I VLSTLLVIAVLE VFEWFRNGQFWMTASC SAYLAAVEQVETKY | FRRD | SEK LTSKLPSGDEKKOP YADLYVVRWTP LM
e CaIF6 Triicum dicoccoides AP INUTERLEQVLRWSTGS LE | FFSKNNPLEGSTYLHPLQRVAY INITTYPETAIEL I FYTTVPALS FVTGHF | VORPTTME YVY LG IVLSTLLVI WA EWFRNGQFWMTASGSAYLAAVEQVETKV | FRRD | SEKLTSKLPSGDEKKDP YADL YVVRWTPLM
G CaIF6 Tritcum urartu AP INLTERLEQVLRWSTGS LE | FESKNNPLFGSTYLHPLGRVAY INITTYPFTAIFL I EYTTVPALSFVIGHE [VORPTTME YVYLG I VLS TLLVIAVL EVKWAGYTV F EWFRNGQFWMTASGSAYLAAVEQVETKY | FRRD | SFKLTSKLPSGDEKKDP YADLYVVRWTP LM
. AP INLTERLEQVLRWSTGS LE | FF SKNNPLFGS TYLHPLORVAY INI TTYPFTAI FLIFYTTVPALSFVTGHF IVARPTTME YVY LG VLSTLLV I AVL EVKWAGYTVFEWFRNGQF WMTASG SAYLAAVEQVETK | FRRD I SFK LTSKLP SGOEKKOP YAD LYVVRWTPLI
oo LVN1 1 GSAVAFAKVLDGEWTHWL FHLYP FAKGILGK VWIAETEV ITVVLY IN 1 PH I HGP GRHGAA HGHHS AHGTKK Y =

v VN | CSAVAEAKVE DEEWTHNL KVACCYFFNEWVLEH LYD EAKGTLGRHCK TPV VYLVIAF TEV | TRVLY 1N 1 P11 HCP COIMGH GGALGKHAN - CHHAGSKEGYS - £ VY OWE:

v LYN 1| GSAVAEAKVLOGETHWLKVACGVEENEWY LEHLYP FAKGLLGRHGK TPVVVL WAUAE TEV ITAVLY IN [PH HGP GGKHG “GA | GKNGAA- “HHGKK EDLONL S YN

- LVN | 1 GSAVAFAKVLDGEWTHWL P EAKGHLGRHGK VANAE TEV ITAVLY 1N PH 1 HGP GGKHG- ~GA | GRHGGOANHHGKK DG~ Y

4 FUN || GSAVAEAKVL DGEWTHWL KVAGGVEENFVLEHLYP FAKGLLGRHGK VWWAFTEV ITAVLY IN | PH I HGGGGKHSVGH HGK “avviwe

v FVN | 1 GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLF HLYP FAKGE L GKHGKTPVVV I

e FVN | 1 GSAVAEAKVLDGEWTHWLKVAGGYFFNEWVLEHLYP FAKGE L GRHGK GHHGKK LV-DTGLYGWL i

. FVN 1 | GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLFHLYP FAKGT L GRHGK

. VN | GSAVAFAKVLDGEWTHWL P FAKGI L GRHGK

4 FVN | 1 GSAVAFAKVLDGEWTHWLKVAGGVFFNEWVLEHLYP FAKGE LGKHGK TP

- FVN | 1 GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLFHLYP FAKGIL

. VN1 1 GSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLEHLYP FAKGE L P

v FVN 1 1 GSAVAFAKVLDGEWTHWLKVAGGY FFNFWVLEHLYP FAKGE L GRHGK TP

- FVN1 1 GSAVAFAKVLDGEWTHWL FHLYP FAKGHLGKHGK

Figure 2. Plant CslF6 amino acid sequences for the mature protein are aligned with Clustal V: Ae.
caudata (present report), wheat (A, B and D genomes), T. urartu (XP_048543309.1), T. dicoccoides
(XP_037457806.1), Brachypodium (XP_003573454.1), rice (AKJ66179.1), maize (AKJ66177.1), Setaria
(XP_004972774.1), Sorghum (XP_002445102.1), Avena (AKJ66176.1), barley (ABZ01578.1), Ae. Stranguata
(XP_020187382.1).

3.2. Comparison of Amino Acid Sequences from Other Species

Once the Ae. caudata CsIF6 gene sequence was isolated, a protein structure prediction
was performed to define the differences among a selection of monocot sequences available
in public databases and relate them to the final 3-glucan content and DP3/DP4 ratio in
the different species. The DP3 and DP4 represent two major oligomer units obtained from
the enzymatic digestion of the (3-glucan, which explain more than 90% of cereal 3-glucan
structures and are strongly correlated to the degree of solubility of the polysaccharide [43].

The closest match was found with wheat genome D and Aegilops taushii ssp. stran-
gulata (98%), followed by the other Triticum subspecies (~98%) and barley (97%). The
more divergent sequences were the CslF6 from Sorghum and Setaria, at 81.4% and 81.6%,
respectively. The amino acid length for each species differed, with some of them being of
identical length. In order to investigate the evolutionary distances, the UPGMA tree was
implemented in Geneious (version 2023.2.1) software. The tree showed two main clusters,
one including the CslF6 protein sequences from rice, maize, sorghum, and Sefaria, and a
second one with all the other monocot species considered. Among the second group, the
Triticum subspecies clustered all together, while Brachypodium, oat, and barley grouped
independently. In the evolutionary tree, the Ae. caudata gene represents the outline of the
Triticum cluster (Figure 3).
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Figure 3. Phylogenetic relationships among the CslF6 polypeptide from Ae. caudata (green text),

@ CslF6_Aegilops caudata

P

wheat (A, B and D genomes), T. urartu, T. dicoccoides, Brachypodium, rice, maize, Setaria, Sorghum,
avena, barley, Ae. Stranguata.

3.3. Amino Acid Sequence, (1,3;1,4)-B-Glucan Amounts and DP3:DP4 Ratios

The amino acid sequences of the monocot sequences considered are highly conserved,
and their 3D structures are likely to exhibit similarities (Figure 4). Considering that the
amino acid sequence is of fundamental importance for the protein structure and 3-glucan
biosynthesis, a comparative analysis was carried out on the principal motifs using the
homology model based on the Rhodobacter sphaeroides BCSA cellulose synthase subunit
crystal structure [44].

As shown in Figure 4, the Ae. caudata protein sequence, the similarity in amino acid
sequences between CslF6 enzymes from Brachypodium, barley, wheat, T. dicoccoides, T. urartu
and Ae. strangulata suggests resemblances in their 3D structures.

Figure 4 showed that the G/D residue sits just before the anticipated “finger helix,” ad-
jacent to the TED motif believed to interact with the nascent polysaccharide’s acceptor end.

Additionally, two other residues are reported on Figure 4, the W residue in the con-
served QxxRW motif highlighting the catalytic pocket at the membrane distal side, which
coordinates the translocation and elongation of the glucosidic units in the 3-glucan biosyn-
thesis, and the Y/F residue near the core QxxRW catalytic motif that interacts with CslF6’s
putative gating loop, housing an FxLTxK motif (Figure 4).

Both the differences highlighted in the residues close to the TED and QxxRW motif
have an effect on contributing to the difference in the DP3:DP4 ratio [31].
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£ Cslf6_Aegilops caudata FHBID |'S EKLTSKLPSGDEKKDPYADLYVVRWTP LM 1P

FVNI IGSAVAFAKVLDGEWTHWLKVAGGVFFNFWVLFHLYPFAKGILGKHGKTPVVVLVWWAFTFV ITAVLY INIPHMHSSGGKHTTV --=----

W= 9-9-¥

Figure 4. Comparison of CslF6 protein sequences from a selection of plants with colored residues
highlighting sequence discrepancies. White boxes indicate a similarity of 100%, green boxes a
similarity from 80% to 100%, yellow boxes a similarity from 60 to 80%, and purple boxes a similarity
less than 60%. Shown are important predicted trans-membrane helices (TM5 and TM6), the FxLTxK
motif, and the TED and QxxRW motifs. The cytoplasmic amphipathic helix (IF3) is also shown.

3.4. Analysis of Cis-Acting Elements in CsIF6 Promoter Region of Ae. caudata Gene

The gene expression pattern primarily relies on cis-acting elements found within
the regulatory regions of a promoter. Prediction of cis-acting elements of the Cs/F6 gene
promoter of Ae. caudata revealed a total of 18 variations (depicted in Figure 5). These
elements encompassed a diverse range, including light-responsive (G-box, TCCC-motif and
ATC-motif), defense and stress-related (ARE-element), phytohormone-responsive (ABRE),
and growth and development-associated elements (CAT-box, GCN4-motif, MSA-like, O2-
site and RY-element). Notably, G-box, ARE-element, TGACG-motif, and CGTCA-motif
were prevalent, suggesting their pivotal role in stress resilience, growth, and development.
Additionally, the gene appeared to be significantly regulated by cis-regulatory elements
found to be involved in plant hormone responsiveness, including gibberellins, salicylic
acid responsiveness and jasmonic acid.
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Figure 5. Cis-acting regulatory element detected in the promoter sequence of the CsIF6 gene in

Ae. caudata.

4. Discussion

The isolation and characterization of the cellulose synthase-like F6 gene (CsIF6) in Ae.
caudata have unveiled significant insights into the molecular architecture and functional
implications of this gene within the species. Our study employed a multifaceted approach,
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integrating genomic sequence analysis, protein structure prediction, and comparative
genomics to elucidate the distinct attributes of CsIF6 in Ae. caudata.

One key aspect, unveiled through this study, is the structural and functional conserva-
tion observed across related species. The high sequence identities between the CslF6 gene
of A. caudata and wheat genomes (A, B, and D) underscore evolutionary links among these
species. The conservation of intron/exon structures across monocots like durum wheat,
maize, and oat, echoing that of Aegilops caudata, signifies an underlying genetic coherence
in 3-glucan biosynthesis among these cereals, useful for new breeding programs

We obtained the complete sequence of the CsIF6 gene in Ae. caudata, and we compared
our data with CslF6 sequences from other species. The gene had the same intron/exon
structure as durum wheat, maize, and oats, including three exons and two introns [42,45,46].

Comparative analyses, particularly in the context of genomic and cDNA similarities
with wheat genomes, underscored high identities between the Ae. caudata CsIF6 and the A,
B, and D genomes of wheat, signifying evolutionary relationships and conservation across
these species. Furthermore, protein structure predictions and comparative assessments
with a spectrum of monocot sequences elucidated pivotal similarities and divergences.
Notably, the closest matches were identified with the D wheat genome and Ae. tauschii ssp.
strangulata, implying a close evolutionary association among these genomes. The results
are strongly correlated to the genome’s evolution; in fact, the ancestor of the bread wheat
D genome is Ae. tauschii (Coss.) [47]. Additionally, we located the gene on chromosome
7C of the Ae. caudata genome, and we made a comparison with the location in other
monocots. The synteny observed in the map locations suggested that these genes were
highly conserved, as already reported by previous authors [48].

The investigation into amino acid sequences from various monocot species revealed
significant conservation, suggesting analogous 3D structures among these CslF6 enzymes.
Crucially, specific motifs within the amino acid sequences were pinpointed, notably the
monocots used for the comparative analysis, which showed differences in the residue
near the ‘finger helix’ (G/D) and the residue (Y/F) adjacent to the core QxxRW catalytic
motif. No differences were underlined in the W residue within the conserved QxxRW
motif. These residues are implicated in critical interactions in (-glucan biosynthesis,
particularly influencing the DP3:DP4 ratio, thereby potentially affecting the final 3-glucan
content [31,44].

The observed variations in these residues, specifically those proximal to the TED and
QxxRW motifs, are likely contributors to differences in the DP3:DP4 ratio, aligning with
existing literature [31,44] and demonstrating their impact on 3-glucan composition. This
highlights the functional relevance of specific amino acid residues in shaping the enzymatic
activity and structural features of CslF6, ultimately influencing the 3-glucan synthesis
pathway [33,44].

Moreover, the placement of Ae. caudata within an evolutionary tree, particularly as
an outlier within the Triticum cluster, underscores its distinctiveness within the context of
CslF6 evolution among monocots, signifying potential unique functional adaptations or
genetic divergence within this species as previously reported in literature [49].

The analysis of the cis-acting elements in the promotor region of the CsIF6 gene in the
Ae. caudata genome highlighted the presence of many motifs associated with plant growth
and development, stress response, and hormone regulation. These results suggested that
the CslF6 gene family may participate in plant growth and development as well as stress
tolerance, and the family members are regulated by plant hormones as already reported in
other species [50-52].

The potential applications of these findings extend to breeding strategies aimed at
enhancing cereal varieties’ nutritional content and resilience. Harnessing the genetic
resources within Ae. caudata for targeted breeding or employing genetic modification
techniques holds promise for developing cereals with improved {3-glucan content, balanced
amino acid profiles, and enhanced micronutrient richness. Moreover, this knowledge aids
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in creating crops resilient to environmental stresses, thereby contributing to sustainable
agricultural practices.

Furthermore, the detailed characterization of the CsIF6 gene and its protein structure in
Ae. caudata provides a foundational framework for future studies. Exploring the regulatory
mechanisms underlying 3-glucan biosynthesis, investigating additional genetic factors in-
fluencing cereal nutritional content, and conducting functional validations of specific amino
acid residues could offer deeper insights into refining cereal traits for human consumption.

5. Conclusions

The present work focuses on the cellulose synthase-like F6 gene (CslF6) in the Ae.
caudata genome, providing valuable insights into the molecular processes of 3-glucan
biosynthesis and their potential impact on cereal nutrition. Utilizing genomic analysis,
protein structure prediction, and comparative genomics, the research uncovers unique
characteristics of CslF6 in Ae. caudata.

Comparative analysis of CslF6 amino acid sequences across monocot species reveals
significant conservation, suggesting similar 3D structures. However, crucial motifs near the
'finger helix' and the QxxRW catalytic motif exhibit variations among species, influencing
the DP3:DP4 ratio and, consequently, 3-glucan content in cereals. These variations empha-
size the role of specific residues in shaping CslF6 enzymatic activity and structural features.

The placement of Ae. caudata as an outlier in the evolutionary tree within the Triticum
cluster signifies its distinctiveness in CslF6 evolution among monocots, hinting at potential
unique functional adaptations or genetic divergence.

Exploring the promoter region of the CslF6 gene in the Ae. caudata genome reveals
cis-acting elements associated with essential processes like plant growth, stress response,
and hormone regulation. This implies multifaceted functions for the CslF6 gene family. The
observed regulation by plant hormones aligns with known mechanisms in other species,
highlighting evolutionary conservation.

In conclusion, this research deepens our understanding of (3-glucan biosynthesis and
suggests leveraging Ae. caudata’s genetic resources for improving cereal nutrition through
breeding or genetic modification. The study’s insights pave the way for further exploration
and exploitation of these genetic resources in crop improvement programs focused on
sustainable and nutritious food production.
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ATC-motif, conserved DNA module involved in light responsiveness; ARE-element, adenylate-
uridylate-rich elements; ABRE, ABA response elements; CAT-box, element related to meristem
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expression; GCN4-motif, ‘leucine-zipper’ recognition; MSA-like, mitosis-specific activator; O2-site,
cis-acting regulatory element involved in zein metabolism regulation; RY-element, element involved
in seed-specific regulation.
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Is the CsiF6 gene involved in the
accumulation of (1,3;1,4)-B-D-glucan in

wheats, their wild relatives and their hybrids?
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Background: Mixed linkage (1,3;1,4)-B-D-glucan (MLG) is a well-recognized
bioactive carbohydrate and dietary fibre with expanding applications in the food
industry. MLG are small components of the cell wall of vegetative tissues of cereals,
synthesized by members of the Cellulose Synthase-Like genes (Csl). Within this
gene family, Cs/F6 has been the major contributor in wheat. Enhancing (1,3;1,4)-
B-D-glucan content in wheat, a staple grain with naturally low (1,3;1,4)--D-glucan

levels, has significant health and economic benefits.

AIM: This study investigated the role of the Cs/F6 gene in (1,3;1,4)-B-D-glucan
synthesis and analyzed total (1,3;1,4)-B-D-glucan contents, cell wall
monosaccharide composition, glycosidic linkage profiles, and the major
oligosaccharides comprising (1,3;1,4)-B-D-glucan in various wheat genotypes, their
wild relatives (degilops caudata and Dasypyrum villosum), and hybrids between
them. The aim was to assess the relationship between CslF'6 gene expression and

(1,3;1,4)-B-D-glucan accumulation across different wheat lines.

Results: The study observed a clear relationship between CslF'6 gene expression
and (1,3;1,4)-B-D-glucan accumulation in the different wheat lines. While Aegilops
caudata and Dasypyrum villosum exhibited higher (1,3;1,4)-B-D-glucan content
compared to other genotypes, hybrid breeding resulted in a significant increase in
(1,3;1,4)-B-D-glucan content: 24.4% in durum wheat and 43.3% in 7. aestivum.
Additionally, variations were found in the ratios of major oligosaccharides released
from (1,3;1,4)-B-D-glucan by lichenase treatment, as well as in the composition of
cell wall monosaccharides and glycosidic linkages. This study demonstrates that
HPAEC-PAD and GC-MS-based glycomics were invaluable tools for breeders in
selecting high (1,3;1,4)-B-D-glucan lines.
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Wh'_eat expanding applications in food industry. The MLG are small components of the cell wall of vegetative tissues of
Acgilops m”d;m cereals synthetized by members of the Cellulose Synthase-Like genes (Csl). Within the family, the CsIF6 has been
Dmyrf‘ m vitosum the major contributor in wheat. It is of significant health and economic benefits to enhance MLG content in
Mixed-linkage glucan . . . . : :

CslF6 gene wheat, a staple grain with naturally low MLG levels. This study investigated the role of CslF6 gene in MLG
Glycomics synthesis and analysed total MLG contents, cell wall monosaccharide, glycosidic linkage composition, and profile

of major comprising oligosaccharides of MLG in various wheat genotypes, their wild relatives (Aegilops caudata
and Dasypyrum villosum), and hybrids between them. We observed a relationship between CslF6 gene expression
and MLG accumulation across the different wheat lines. While Aegilops caudata and Dasypyrum villosum exhibited
higher MLG content than other genotypes, hybrid breeding led to an increase in MLG content by 24.4% in durum
wheat and 43.3% in T. aestivum. Variations in the ratios of major oligosaccharides released from MLG by
lichenase treatment and in the compositions of cell wall monosaccharides and glycosidic linkages were also
found. This study demonstrates that HPAEC-PAD and GC-MS-based glycomics are invaluable tools to assist

breeders in selecting high MLG lines.

1. Introduction

Durum wheat (Triticum turgidum L. subsp. durum) is a widely culti-
vated cereal crop that plays a pivotal role in meeting daily caloric re-
quirements in many countries and regions (Beres et al., 2020). Ranking
as the 10th most important cereal globally, it accounts for 5 % of total
wheat production and spans a planting area of 16 million hectares
worldwide. Durum wheat is a rich source of proteins, starch and non-
starch polysaccharides, vitamins, minerals, and other phytochemicals
in the human diet (Grant, Cubadda, Carcea, Pogna, & Gazza, 2012;
Marcotuli, Colasuonno, Hsieh, Fincher, & Gadaleta, 2020; Marcotuli,
Soriano, & Gadaleta, 2022). Durum semolina, the product resulting from
the milling of the hard-textured durum wheat kernel, is predominantly
used in pasta production and also serves as a key ingredient in dishes like
couscous and bulgur (Beres et al., 2020). Notably, in countries like Italy,
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regulatory standards mandate that pasta be made of 100 % durum
semolina (Sopiwnyk, 2018).

Mixed linkage (1,3;1,4)-p-p-glucan (MLG), a non-starch poly-
saccharide characterized by a linear chain of 1,3- and 1,4-linked B-p-
glucopyranosyl residues, is predominantly found in the kernels of cereal
grains. MLG has demonstrated efficacy in reducing the risks of colorectal
cancer, cardiovascular disease, and diabetes, the leading causes of
morbidity and mortality in industrialized nations, offering both societal
and individual benefits (Bhoite, Satyavrat, & Premasudha Sadananda).
Globally recognized regulatory bodies, such as US Food and Drug
Administration (FDA), Health Canada, and the European Commission
have approved health claims highlighting its role in cholesterol man-
agement and associated cardiovascular complications (Mathews, Kamil,
& Chu, 2020). These endorsements have enhanced the reputation of
MLG, prompting its widespread incorporation in various functional food
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and nutraceutical formulas. Besides, MLG has been increasingly used as
functional additives (e.g., emulsion stabilizer, thickening agent, fat
substitute) in food industry due to its water solubility, viscosity-
enhancing properties, and gel-forming abilities (Maheshwari, Sowrir-
ajan, & Joseph, 2017; Sun et al., 2021; Sushytskyi et al., 2023).

The biosynthesis of MLG in cereal crops has garnered significant
research interest, particularly concerning the functions of associated
genes and enzymes, and the effects of mutations on MLG content across
various grains. MLG synthesis in grasses is catalyzed by members of
Glycosyltransferase Family 2 that use uridine diphosphate glucose
(UDP-Glc) for the synthesis process (Bain, van de Meene, Costa, &
Doblin). The genes responsible for MLG synthesis share sequence ho-
mology with cellulose synthases (CesAs) and belong to the Cellulose syn-
thase-like (Csl) sub-families F, H, and J (Burton et al., 2006; Doblin et al.,
2009; Farrokhi et al., 2006; Little et al., 2019). Notably, the CsIF and
CslH groups were found exclusive to monocotyledons and are believed
to either directly or indirectly regulate the accumulation and fine
structure of MLG in the grain and other parts of the plant (Burton et al.,
2011; Farrokhi et al., 2006). Additionally, it has been demonstrated that
the barley CslF6 is responsible for synthesis of §-1,4-linkage, but also as a
conserved “switch motif” at the entrance of the enzyme’s trans-
membrane channel, which is critical to generate (1,3)-linkages
(Purushotham et al. 2022).

In Brachypodium distachyon, CslF6 mutants showed altered carbon
metabolism in MLG deficient grain (Bain, van de Meene, Costa, &
Doblin, 2020). Mutations of CslF6 in barley, rice, and wheat were found
associated with reductions in MLG content, but these reductions
generally had only moderate effects on vegetative growth and were well-
tolerated (Cory, Baga, Anyia, Rossnagel, & Chibbar, 2012; Hu, Burton,
Hong, & Jackson, 2014; Nemeth et al., 2010; Taketa et al., 2012;
Tonooka, Aoki, Yoshioka, & Taketa, 2009; Wong et al., 2015). In wheat,
it was observed that targeted RNA knockdowns of CslF6, driven by an
endosperm-specific promoter, resulted in a 30-53 % decrease in MLG
content in whole grain flour (Nemeth et al., 2010). In another study,
knockout mutants of CslF6 in rice exhibited a 97 % reduction in MLG
levels in coleoptiles, with undetectable levels in other tissues (Vega-
Sanchez et al., 2012). Compared to other cereal species, limited data on
biosynthetic pathway of MLG is available for durum wheat, its wild
relatives, and their hybrids.

Wheat naturally provides a low amount of MLG. For instance, barley
and oat bran have MLG contents of 7 % and 5 %, respectively, whereas
the MLG content of wheat bran is less than 1 % (Tiefenbacher, 2017). To
introduce wheat-based products with naturally high MLG content to the
market, innovative breeding strategies are needed to develop new wheat
lines. Due to the limited genetic diversity within the wheat gene pool,
incorporating wheat wild relatives into breeding programs is a prom-
ising strategy, achievable by introgressing small segments of their
genome that carry desirable traits into wheat (Feuillet, Langridge, &
Waugh, 2008). Aegilops caudata L. [syn. Ae. markgrafii (Greuter)
Hammer], a diploid wild relative (2n = 2x = 14, CC) of hexaploid wheat,
has been shown to harbor numerous resistance genes for both biotic and
abiotic stresses and established as a valuable source of genetic variation
for improving quality traits of wheat (Grewal et al., 2020; Ivanizs et al.,
2022). There have been reports of the development of several wheats-
Aegilops interspecific hybrids, addition lines, and translocation lines
with many agronomically beneficial traits successfully integrated into
the wheat gene pool from Aegilops (Schneider, Molnar, & Molnar-Lang,
2008). MLG was found to be an important cell wall component of
Aegilops genus (Kishii, 2019). By incorporating chromosome 5U or group
7 chromosomes from the U and M genomes of Aegilops geniculata and
Aegilops biuncialis species, the MLG content of T. aestivum significantly
increased under various growth conditions (Rakszegi et al., 2017). For
Dasypyrum villosum, another wild relative of wheat, there was only one
MLG-related report that the incorporation of genes from the V chro-
mosomes into durum wheat genomes improved both grain yield and
grain quality; however, the durum wheat with the gene introgression
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exhibited MLG content similar to that of the wheat parental control (De
Pace et al., 2014).

The current study was aimed at investigating and comparing the
transcription levels of CslF6 in the endosperm at various developmental
stages across a range of genotypes, including Aegilops caudata, Dasypy-
rum villosum, durum wheat, T. aestivum, and amphyploid lines. We
conducted enzymatic-colorimetric MLG assay, GC-MS-based mono-
saccharide and glycosidic linkage analyses, and HPAEC-PAD-based
oligosaccharide profiling to examine the variations in content and
structural features of MLG across samples. This study sought to establish
a workflow for MLG-specific glycomics, assisting breeders, growers, and
processors in selecting MLG-rich cereal products.

2. Materials and methods
2.1. Wheat materials

A set of six genotypes, described in Table 1, were grown in an
experimental field in Valenzano, Bari, Italy. The seeds included the
durum variety Creso, the D. villosum genotype, the durum-villosum
amphyploid genotype (from now named as Amphyploid 1), the
T. aestivum variety Alcedo, the Ae. Caudata genotype and the T. aestivum-
caudata Amphyploid (from now named as Amphyploid 2). Seeds from
these genotypes were germinated and, during the growing season, 10 g
of nitrogen per m? was applied at the beginning of planting following
standard cultivation practices. Single plants were hand-harvested at
maturity, and the grain was stored at 4 °C. The grain was ground using a
1093 Cyclotec Sample Mill (Tecator Foss, Hillersd, Denmark) and
passed through a 1-um sieve. Endosperm samples from each genotype
were collected at five developmental stages (6, 12, 18, 24, and 32 days
post anthesis) and stored at —80 °C for subsequent RNA extraction and
analysis.

2.2. Determination of MLG content using enzymatic colorimetric assay

The total content of MLG was determined in wholegrain flour ob-
tained from mature kernels and in immature endosperm sampled at each
developmental stage previously described using the commercially
available Mixed-Linkage f-p-glucan Assay Kit (Megazyme International
Ireland Ltd., Wicklow, Ireland), following the methodology described by
the literature (McCleary & Codd, 1991). Barley material with known
MLG content of 4.1 % (w/w) was included in the kit as a reference for
the analysis. Three biological replicates, each with two technical repli-
cates, were performed for each genotype.

2.3. Oligosaccharide profile of lichenase digest by high performance anion
exchange chromatography coupled to amperometric detection (HPAEC-
PAD)

HPAEC-PAD analysis was used to profile the oligosaccharides enzy-
matically released from MLG from kernels with different genotypes, as
described in our previous report (Chang et al., 2023). This involved
subjecting the oligosaccharides released by lichenase digestion in the
Megazyme assay to solid phase extraction using Varian Bond Elut

Table 1
Genome, whole grain MLG content, and MLG major oligosaccharide ratios (DP3/
DP4) for wheats, wild relatives, and their hybrid lines.

Line Genome MLG (w St. DP3/ St.
%) dev. DP4 dev.
T. durum AABB 0.45 0.02 2.5 0.09
D. villosum \'A% 4.36 0.04 1.8 0.09
Amphyploid1 ~ AABBVV 0.56 0.05 1.8 0.02
T. aestivum AABBDD 0.90 0.01 1.8 0.04
Ae. caudata CC 4.15 0.19 1.9 0.09
Amphyploid2  AABBDDCC  1.29 0.03 1.8 0.03
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Carbon columns (Agilent Technologies Inc., USA) with a concentration
of 50 mg/mL. Elution was performed with 55 % (v/v) acetonitrile on a
Dionex ICS-5000 HPAEC-PAD system (Thermo Fisher Scientific Inc.,
USA). The ratio of the trisaccharide G4G3G to the tetrasaccharide
G4G4G3G was calculated and denoted as DP3/DP4.

2.4. Cell wall preparation

The whole cell walls of the durum wheats were prepared as de-
starched alcohol insoluble residues (AIRs) following the published
procedure (Wood et al., 2018), except that the hexane and ethyl acetate
soaking steps were omitted, only thermostable amylase digestion was
performed (replacing the combined use of amylase and amyloglucosi-
dase), and the de-starched samples were dialyzed with a molecular
weight cut off of 6,000-8,000 Da instead of 3,500 Da (Klassen et al.,
2023). The dry pellets of AIRs were finely powdered by ball-milling in
preparation for subsequent monosaccharide and linkage analyses.

2.5. Monosaccharide analysis

Monosaccharides were released from around 10 mg of dry AIR
powder by heating in 2 mL of 1.25 M anhydrous methanolic hydro-
chloric acid at 80 °C for 16 h with gentle magnetic stirring, followed by
evaporation under nitrogen until dryness and additional two rounds of
evaporation to dryness in 2 mL of anhydrous methanol (Casillo, D’An-
gelo, Parrilli, Tutino, & Corsaro, 2022; Gottstein et al., 2021; Smith,
O’Neill, Backe, York, Pena, & Urbanowicz, 2020). The samples were
then magnetically stirred in 2 mL of deionized water containing 10 mg/
mL of sodium borodeuteride at 4 °C for 24 h to carboxyl reduce uronic
acid methyl esters to their C-6 dideuterated neutral sugar counterparts
(Bacic, Moody, & Clarke, 1986; Badhan et al., 2022; Low et al., 2020).
Excess reductant was quenched by glacial acetic acid, the reaction
mixture was evaporated to dryness under nitrogen, and then the product
was acetylated by heating in a mixture of 0.5 mL of trifluoroacetic acid
and 2.5 mL of acetic anhydride at 60 °C for 1 h min (Chang et al., 2023;
Jones et al., 2020; Robb et al., 2022; Voiges, Adden, Rinken, & Mis-
chnick, 2012). After evaporation to dryness under nitrogen, the product
were redissolved in 3 mL of dichloromethane followed by partition with
3 mL of saturated sodium bicarbonate deionized water one time then 3
mL of deionized water three times, passing the final lower phase through
a glass wool plugged Pasteur pipette loaded with anhydrous sodium
sulfate, and evaporation to dryness by nitrogen (Robb et al., 2022;
Voiges et al., 2012; Yu et al., 2017). The resulting acetylated methyl
glycosides were converted to alditol acetates by 2 M trifluoroacetic acid
hydrolysis (100 °C, 2 h), reduction with sodium borodeuteride, and
acetylation in heated mixture of trifluoroacetic acid and acetic anhy-
dride (1:5, v/v) (Chang et al., 2023; Jones et al., 2020; Robb et al., 2022;
Voiges et al., 2012). The derivatives were then cleaned up using parti-
tion and sodium sulfate column as described above, redissolved in ethyl
acetate, and tested on a 6890 N GC-FID system (Agilent, United States)
installed with an Supelco SP-2380 column (30 m x 0.25 mm x 0.20
pm, Sigma-Aldrich, United States) with oven temperature to start at
180 °C (hold 1 min) followed by increasing at 3 °C/min to 250 °C (hold
20 min). The same sample was also tested on a 7890B-5977B GC-MS
system (Agilent, United States) installed with an Supelco SP-2380 col-
umn (100 m x 0.25 mm x 0.20 pm, Sigma-Aldrich, United States) with
oven temperature to start at 220 °C followed by increasing at 1 °C/min
to 250 °C (hold 30 min). Both systems had the same settings of inlet
temperature (250 °C) and constant column helium flow of 0.8 mL/min.
Splitless injection and split injection (10:1 ratio) were used for the GC-
FID and GC-MS, respectively. The relative composition of alditol ace-
tates was quantified using FID response factors obtained from standards,
and the C-6 deuterated alditol acetates of uronic acids and alditol ace-
tates generated from corresponding neutral monosaccharides were
distinguished and determined based on GC-MS data, as described in the
literature (Pettolino, Walsh, Fincher, & Bacic, 2012). Two separate
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experiments were conducted for each sample.
2.6. Glycosidic linkage analysis

Uronic acids in around 10 mg of dry AIR powder were carboxyl
reduced to 6,6-dideuterated neutral sugars by sodium borodeuteride
reduction of their methyl esters generated by weak methanolysis (0.5 M
methanolic HCI, 80 °C, 20 min) (Chong, Cleary, Dokoozlian, Ford, &
Fincher, 2019; Hosain, Ghosh, Bryant, Arivett, Farone, & Kline, 2019;
Muhidinov et al., 2020). After quenching excess reductant with acetic
acid and removal of borate by repeated evaporation to dryness in
mixture of acetic acid and methanol (1:10, v/v) then in anhydrous
methanol, the sample was methylated in a mixture of 1.2 mL of methyl
iodide and 2 mL of DMSO with 100 mg of dry sodium hydroxide powder
(Badhan et al., 2022; Jones et al., 2020; Low et al., 2020). The
methylation product was cleaned up by partition between 3 mL of
dichloromethane and 6 mL of 10 % acetic acids over ice two times then
with 6 mL of deionized water two times. The lower phase was evapo-
rated to dryness, and the methylation process was repeated one more
time. For the first round of methylation, the sample was magnetically
stirred in DMSO at 60 °C overnight, with the tube headspace filled with
Ny, prior to the methylation reaction. Before the second round of
methylation, the same process of stirring in DMSO was conducted
overnight but at room temperature, instead of 60 °C. The methylated
samples were then converted to partially methylated alditol acetates
(PMAAG5) by first underwent 2 M trifluoracetic acid hydrolysis (120 °C, 2
h). The hydrolysis product was then reduced by sodium borodeuteride
before all free hydroxyl groups were acetylated under a mixture of tri-
fluoroacetic acid and acetic anhydride (1:5, v/v) (Chang et al., 2023;
Robb et al., 2022; Voiges et al., 2012). The PMAAs were redissolved in
ethyl acetate and tested on the Agilent 7890B-5977B GC-MS system
with the same 100 m Supelco SP-2380 column as described above for
monosaccharide analysis, except that the oven temperature was pro-
grammed to start at 100 °C followed by increasing at 1.5 °C/min to
220 °C then at 1.25 °C/min to 250 °C (hold 20 min). The EI-MS spectra
of the PMAAs were interpreted by comparing them with those of
reference derivatives and by referring to the literature (Carpita & Shea,
1989). The glycosidic linkage composition (mol%) was calculated
following the published protocol (Pettolino et al., 2012).

2.7. RNA extraction and cDNA synthesis

The expression analysis of the gene in the endosperm of the two
wheat varieties, Ae. caudata, D. villosum, and amphyploid genotypes was
conducted using the primer pairs described in our previous report (1.
Marcotuli, P. Colasuonno, A. Blanco, & A. Gadaleta, 2018). To analyze
the expression level of CslF6, total RNA was extracted from the endo-
sperm of each genotype using the RNeasy Plant Mini Kit (Qiagen,
Valencia, USA) and assessed on a 1.5 % denaturing agarose gel. All RNA
samples were adjusted to the same concentration (1 pg/mL) and reverse-
transcribed into double-stranded cDNA with the QuantiTect Reverse
Transcriptase Kit (Qiagen, Valencia, USA). Data were normalized using
three reference genes: Cell Division Control AAA-Superfamily of ATPases
(CDC), ADP-Ribosylation Factor (ADP-RF), and RNase L Inhibitor-like
protein (RLI). These genes had a stability value of approximately 0.035
when evaluated with NormFinder software (Andersen, Jensen, &
@rntoft, 2004).

2.8. qPCR for cellulose synthase gene

Quantitative real-time PCR (qQRT-PCR) was performed using Cyber®
GREEN on a CFX96TM Real-Time PCR Systems (Bio-Rad Laboratories,
Hercules, USA), adhering to the amplification procedure described in
our previous report (Marcotuli et al., 2018). The specificity of the
amplicons was validated through several means: by observing a single
band of the expected size for each primer pair on a 2 % (w/v) agarose



1. Marcotuli et al.

gel, by noting a singular peak in the melting curves of the PCR products,
and by sequencing the amplified fragments using a 3500 Genetic
Analyzer (Applied Biosystems, Waltham, USA). qRT-PCR data were
derived from the mean values of three independent amplification re-
actions conducted on five distinct plants harvested at the same pheno-
typic stage (biological replicates). All calculations and analyses were
conducted using the ACt method with the CFX Manager 2.1 software
(Bio-Rad Laboratories, Hercules, USA). Standard deviations were uti-
lized to normalize values for the highest or lowest individual expression
levels as per the CFX Manager 2.1 software user manual. ANOVA and the
LSD test were employed to evaluate significant differences in the
expression of the CslF6 gene between genotypes.

3. Results and discussion

The health and economic benefits associated with MLG have led to a
search for wild alleles that can increase the level of MLG in wheat,
primarily focusing on species within the genus Triticum (Marcotuli et al.,
2015; Marcotuli et al., 2016). Wild relatives of wheat from the genus
Aegilops and Dasypyrum, which showed MLG content around 4 % and are
critical sources of new genes and alleles for wheat breeding, have been
largely overlooked in breeding efforts aimed at developing high MLG
wheat. The current study investigated the role of the CslF6 gene in MLG
accumulation in wheat, its wild relatives Aegilops caudata and Dasypy-
rum villosum, and their hybrids, and also aimed to enhance the efficiency
and accuracy of identifying high MLG lines using MLG-specific
glycomics.

3.1. CslF6 expression in mature kernels and endosperm at different
developmental stages

The transcript levels of CsIF6 mRNA were determined in the endo-
sperm of bread and durum wheats, Ae. caudata, D. villosum, and the two
corresponding amphyploid during various developmental stages, span-
ning from 6 to 32 days post anthesis (DPA) (Fig. 1). For T. durum, the
normalized expression of CslF6 mRNA remained relatively low during
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the initial days, peaking significantly at 18 DPA with a value of 9.0, then
declining in subsequent measurements. D. villosum displayed a drastic
surge at 24 DPA, reaching the highest expression level of 18.5 before
descending to 10.7 at 32 DPA. The hybrid of T. durum and D. villosum
(Amphyploid 1) exhibited a steady increase in expression up to 32 DPA,
reaching a peak value of 16.7. T. aestivum showed a notable spike at 24
DPA with a value of 11.0. It seems that Ae. Caudata reached peak ex-
pressions similar to that of D. villosum at 24 DPA.. The hybrid of
T. aestivum and Ae. caudata demonstrated high expression levels at 18
DPA (7.5), followed by a dramatic drop to 0.2 by 32 DPA. In comparison,
both T. durum and Ae. caudata reached peak expressions around the
middle of the developmental stages, while D. villosum and T. aestivum
presented higher expressions slightly later, around 24 DPA. Amphyploid
1 showed a sharp increase at 18DPA rather than consistent increase.
Amphyploid, while the Amphyploid 2 demonstrated a severe decline
post its peak. Such variances in expression patterns could be indicative
of the genetic and regulatory influences that each species or hybrid in-
herits and how these influences affect the expression of the CsIF6 gene
during endosperm development. These results were in good agreement
with previous studies on the expression patterns of CslF6 in developing
endosperm of durum wheat. For instance, similar trends of low CslF6
expression were previously reported in the early stages of endosperm
development, followed by a significant increase in expression during the
mid to late stages (Ilaria Marcotuli, Pasqualina Colasuonno, Antonio
Blanco, & Agata Gadaleta, 2018). These findings suggested a conserved
regulatory mechanism governing CslF6 expression during endosperm
development across different genotypes. The observed increase in CslF6
expression at 18 DPA was in good agreement with the previous report
that a set of genes in Brachypodium, including CslF6, exhibited peak
expression levels during this stage of endosperm development (Francin-
Allami et al., 2023). The upregulation of CslF6 at 18 DPA might indicate
its involvement in specific developmental processes, such as cell division
or cell wall synthesis, crucial for endosperm development during this
period. A distinct expression pattern of CslF6 in Triticum aestivum,
showing a gradual increase in CslF6 expression throughout develop-
ment, was previously reported (Nemeth et al., 2010). It is worth noting

CsIF6 expression

25.0

%

Relative normalized expressio

D. villosum

Amphiploid 1

A ~N
~N ~

Amphiploid 2

T. aestivum Ae. Caudata

Fig. 1. Normalized expression levels for CslF6 gene in the developing endosperm at various times (days) following the initiation of maturation at 6, 12, 18, 24, and
32 days post anthesis (DPA) analysed in durum wheat (T. durum), T. aestivum, Ae. Caudata, D. villosum, and amphyploid lines. Amphyploid 1 refers to the hybrid
between T. durum and D. villosum. Amphyploid 2 denotes the hybrid between T. aestivum and Ae. caudata. The height of each bar represents the mean value, with the
standard deviation denoted by error bars labelled at the top. Asterisks indicate genotypes significantly different within the developmental stages (** P < 0.01; * P

< 0.05).
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that while our study focused on the expression levels of CslF6 mRNA
during endosperm development, the functional implications of CsIF6 in
this context should not be overlooked. A previous study demonstrated
that down-regulation of CslF6 expression resulted in altered cell wall
composition and reduced grain filling in transgenic lines (Nemeth et al.,
2010). This suggested that CsIF6 plays a critical role in endosperm
development, particularly in the biosynthesis and organization of cell
wall components. The current study sheds light on the role of CslF6 in
endosperm development, but further research is needed to pinpoint its
precise functions, its contribution in various genotypes, and its interplay
with genes involved in cell wall biosynthesis and grain filling.

3.2. Total MLG content determined by enzymatic colorimetric assay

The total MLG amount in mature grains was tested using a well-
established enzymatic and colorimetric method with commercial kit
from Megazyme (McCleary et al., 1991). The amount of MLG was
expressed as weight percentage (w%) based on the dry weight of the
kernel. Results showed that the whole grain MLG values ranged from
0.45 % (durum wheat) to 4.15 % (Ae. caudata), with significant differ-
ences (p < 0.01) between the genotypes (Table 1). The T. aestivum-
caudata amphyploidamphyploid genotype displayed a much lower
whole grain MLG content (1.29 %) than the caudata line (4.15 %).
Similarly, the durum wheat-villosum amphyploidamphyploid genotype
had a low whole grain MLG content of 0.56 %. Highest value was shown
from D. villosum (4.36 %). Both amphyploidamphyploid lines exhibited
low MLG amounts similar to those of the parental lines. The results were
in good agreement with previous reports that bread and durum wheats
were not significant sources of MLG because of their low content in the
grain, typically less than 1 % on a dry weight basis (Collins, Burton,
Topping, Liao, Bacic, & Fincher, 2010; Marcotuli et al., 2016). However,
it is worth noting that higher MLG values, up to 2.3 %, have been re-
ported in T. aestivum (Fincher & Stone, 2004). The relatively high
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concentration of MLG in wheat grain was mainly found in the sub-
aleurone layer, with lower amounts present in the rest of the endo-
sperm (Beresford & Stone, 1983).

In the developing endosperm (6, 12, 18, 24, and 32 DPA), the MLG
contents across the different species showed distinct patterns (Fig. 2).
T. durum started with an MLG content of 0.50 % at 6 DPA, saw a slight
decline by 18 DPA to 0.27 %, and then gradually rebounded to 0.35 % by
32 DPA, suggesting relative stability in its low MLG levels over time.
D. villosum, with an initial value of 0.98 % at 6 DPA, consistently
increased, reaching its highest value of 3.54 % by 32 DPA. The hybrid of
T. durum and D. villosum maintained a relatively stable trend, initiating
at 0.25 % and increasing slowly to 0.54 % over the 32 days. T. aestivum
exhibited a narrow range of fluctuation, starting at 0.60 % and showing
a minor peak of 0.77 % at 32 DPA. Ae. caudata, with its onset at 0.74 %,
saw a significant increase in its MLG content, reaching 4.06 % by 24
DPA, and preserved this level until 32 DPA. The hybrid lineage of
T. aestivum and Ae. caudata had a relatively high value of 1.27 % at 6
DPA, but then stabilized around 1.0 %, concluding at a slightly reduced
value of 0.82 % by 32 DPA. These results demonstrated the dynamic
changes in MLG content during kernel development across different
varieties. The variations observed in MLG content among the develop-
mental stages and varieties suggested the potential influence of genetic
factors and developmental processes on MLG accumulation in kernels. A
noticeable rise in the content of MLG from 4 to 28 DPA during
T. aestivum grain development was observed in previous study (Palmer,
Cornuault, Marcus, Knox, Shewry, & Tosi, 2015). That study also
revealed that the most pronounced increase occurred during the early
stages of development (4-12 DPA), after which the growth rate decel-
erated as it approached maturity.
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Fig. 2. MLG content detected in the developing endosperm at various times (days) following the initiation of maturation at 6, 12, 18, 24, and 32 days post anthesis
(DPA) analysed in durum wheat (T. durum), T. aestivum, Ae. Caudata, D. villosum, and amphyploid lines. Amphyploid 1 refers to the hybrid between T. durum and
D. villosum. Amphyploid 2 denotes the hybrid between T. aestivum and Ae. caudata. The height of each bar represents the mean value, with the standard deviation
denoted by error bars labelled at the top. Asterisks indicate genotypes significantly different within the developmental stages (** P < 0.01; * P < 0.05).



1. Marcotuli et al.

3.3. HPAEC-PAD analysis of oligosaccharides released from kernels by
lichanase treatment

The molecular traits of MLG are typically derived from HPAEC-PAD
analysis of oligosaccharides generated by lichenase with a 3-linked
reducing end, while all other residues are 4-linked (Chang et al.,
2023). Variations exist within the same cereal species due to factors such
as genotype and environmental conditions (Jiang & Vasanthan, 2000;
Miller, Vincent, Weisz, & Fulcher, 1993; Storsley, Izydorczyk, You,
Biliaderis, & Rossnagel, 2003). Chromosome 5U was found to contribute
to a reduction in the DP3/DP4 ratio of MLG (Rakszegi et al., 2017). The
DP3/DP4 ratio has been used to profile MLG from different sources of
cereals because, among all oligosaccharides detectable by HPAEC-PAD,
trisaccharide and tetrasaccharide units make up 90-95 % of total oli-
gosaccharides, with longer chains accounting for only 5-10 % (Lante,
Canazza, & Tessari, 2023). Barley, wheat, oat, and rice were reported to
have DP3/DP4 ratio ranges of 2.3-3.4, 1.5-2.3, 3.0-4.5, and 2.4-2.7,
respectively (Lante et al., 2023). In the current study, the DP3/DP4 ra-
tios were determined to be 1.8 for villosum, wheat-villosum amphyploid,
T. aestivum, and T. aestivum-caudata amphyploid genotypes, 1.9 for the
caudata line, and 2.5 for the durum wheat line (Table 1).

3.4. Monosaccharide and linkage analysis by GC-MS/FID

Whole cell wall polysaccharides of the durum wheat kernel were
prepared as de-starched AIR using a well-established procedure that has
been proven effective on many higher plant samples (e.g., chickpea
kernel, canola meals) (Badhan et al., 2022; Klassen et al., 2023; Li et al.,
2022; Lietal., 2019; Low et al., 2020; Wood et al., 2018). DMSO soaking
was employed to solubilize all starches, including resistant starches
(Sowinski, Gilbert, Lam, & Carpita, 2019). These can be hydrolysed to
monosaccharides and oligosaccharides and then further removed by
dialysis. It is commonly known that higher plant cell wall poly-
saccharides consist mainly of hemicellulose, cellulose, and pectins
(Pettolino et al., 2012). Cellulose and MLG are both p-p-glucans with
linear chains of glucopyranosyl residues, with the distinction that the
glucopyranosyl residues are 4-linked only in the former but a mixture of
3- and 4-linked in the latter. The homo-linkage nature of cellulose results
in it forming a highly crystalline structure in the cell wall by strong
hydrogen bonding formed between neighbouring polysaccharide
chains, even though a minor amount of amorphous cellulose also exits
naturally in higher plant cell walls. In contrast, the mixed-linkage
structural nature of MLG does not form strong crystalline regions
because 3-linked residues introduce a kink that prevents the formation
of strong interchain hydrogen bonding and thus crystalline region. It is
also well-known that weak acid-catalysed hydrolysis methods, such as
TFA and methanolysis, cannot break the crystalline structures of cellu-
lose but can hydrolyse non-crystalline cell polysaccharides such as
pectins (e.g., homogalacturonan and rhamnogalacturonans) and hemi-
celluloses (e.g., arabinoxylan, heteroxylan, heteromannans, and MLG)
(Bertaud, Sundberg, & Holmbom, 2002; Biswal et al., 2022; Foster,
Martin, & Pauly, 2010; Schafer, Hale, Hoffmann, & Bunzel, 2020;
Tingley, Low, Xing, & Abbott, 2021; Willfor et al., 2009; Wilson, Deli-
gey, Wang, & Cosgrove, 2021). In the current study, methanolysis (1.25
M HCI in methanol, 80 °C, 16 h) was used to release monosaccharides
from non-crystalline cell wall polysaccharides of durum wheat kernels.
Results showed that the relative compositions of glucose in the AIRs of
D. villosum (45.1 %) and Ae. caudata (40.1 %) were much higher than
those in the T. durum (9.7 %), Amphyploid 1 (14.5 %), T. aestivum (14.3
%), and Amphyploid 2 (13.5 %) (Table 2, Fig. 3). This finding could be
due to the presence of other genes responsible for MLG synthesis in
wheats, the quantitative nature of the trait and the polygenic control by
genes with additive effects (Marcotuli et al. 2016; Houston et al. 2014).
Given that crystalline cellulose and MLG are the two major glucose-
containing non-starch polysaccharides in the kernel and that the
glucose in crystalline cellulose cannot be released by acid methanolysis,
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Table 2
Monosaccharide composition (mol%) of non-crystalline cell wall poly-
saccharides of kernels of wheats, wild relatives, and their hybrid lines.

Monosaccharide D DY Al TA AC A2

Ara 43.2 19.2 37.0 38.3 21.6 41.4
Gal 6.1 5.4 7.4 7.7 5.5 6.3
GalA 1.6 1.2 1.2 1.2 1.2 1.3
Gle 9.7 45.1 14.5 14.3 40.1 13.5
GlcA 1.7 0.9 1.8 2.1 0.9 1.9
Man 1.8 2.1 3.7 3.8 1.9 3.1
Xyl 35.9 26.1 34.4 32.5 28.7 32.4

Note: Each experiment was conducted in duplicate to generate a mean. TD:
T. durum; DV: D. villosum; A1: Amphyploid 1; TA: T. aestivum; AC: Ae. caudata;
A2: Amphyploid 2.

the detected glucose was mainly from MLG. Therefore, the result indi-
cated that the relative MLG composition in the cell walls of DV and AC
kernels were much higher than in the other samples.

Crystalline cellulose in insoluble cell wall samples can be depoly-
merized by hydrolysis using water solution of strong acid (e.g., sulphuric
acid); however, the hydrolysis condition is so harsh that degradation of
released monosaccharides can occur, resulting in a reduced level of
detected monosaccharides (Black, Heiss, & Azadi, 2019). Per-O-
methylation of polysaccharide by methyl iodide in DMSO in the pres-
ence of dry sodium hydroxide powder (the Ciucanu Method) has been
proved to be effective in completely decrystallising and methylating
crystalline cellulose structure (Black et al., 2019; Ciucanu, 2006). The
per-O-methylated decrystalised cellulose can be depolymerized by
relatively weak TFA hydrolysis, and the released methylated mono-
saccharides can be converted to their partially methylated alditol ace-
tate (PMAA) derivatives for analysis of glycosidic linkage composition
using GC-MS/FID (Pettolino et al., 2012). This methylation analysis
procedure has been successfully conducted to many whole cell wall
samples (Badhan et al., 2022; Klassen et al., 2021; Low et al., 2020;
Pham, Kyriacou, et al., 2019; Pham, Schwerdt, et al., 2019; Wood et al.,
2018). For the determination of pectin, carboxyl reduction of uronic
acids to their corresponding C-6 dideuterium labelled neutral sugar is
required before the methylation step by sodium borodeuteride reduction
of uronic acid esters generated by carbodiimide activation (Kim &
Carpita, 1992) or weak methanolysis treatment (0.5 M methanolic HCI,
80°C, 20 min) (Chong et al., 2019; Hosain et al., 2019; Muhidinov et al.,
2020). In the current study, the latter carboxy reduction method was
used for the whole kernel cell walls, followed by methylation-GC-MS/
FID analysis of the carboxyl reduced samples. Results showed that the
D. villosum and T. aestivum cell walls contained much higher levels of 3-
linked glucopyranoses than the others (Table 2, Fig. 4). The levels of 3-
linked glucopyranoses were very similar among T. durum, Amphyploid
1, T. aestivum, and Amphyploid 2. The results of 3-linked glucopyranoses
were in good agreement with the results of total MLG contents. As ex-
pected, abundant 4-linked glucopyranoses were detected, originating
from the 4-linked residues of MLG and cellulose that were fully
decrystallised by methylation. EI-MS spectra of PMAAs from 3-linked
glucopyranose and 4-linked glucopyranose from D. villosum kernel are
shown in Fig. 5.

In addition to the linkages from MLG and cellulose, we also found in
the samples many other linkages (Table 2) from various cell wall poly-
saccharide structures such as arabinoxylan, arabinan, heteroxylan,
heteromannan, arabinogalactan, and homogalacturonan according to
previous studies on linkage assignment of higher plant cell walls
(Badhan et al., 2022; Li et al., 2022; Li et al., 2019; Low et al., 2020;
Pettolino et al., 2012; Wood et al., 2018). The weak metanalysis (0.5 M
methanolic HCl, 80 C, 20 min)-sodium borodeuteride method is a
quicker, less expensive carboxyl reduction method that allows larger
sample amount (e.g., 10 mg of AIR) and larger throughput compared to
the conventional carbodiimide activation-sodium borodeuteride
method. This metanalysis-based method has been recently used for
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Fig. 3. Total ion current (TIC) chromatograms of alditol acetate derivatives of the six kernel cell wall samples. TD: T. durum; DV: D. villosum; A1: Amphyploid 1; TA:
T. aestivum; AC: Ae. caudata; A2: Amphyploid 2. Amphyploid 1 refers to the hybrid between T. durum and D. villosum. Amphyploid 2 denotes the hybrid between

T. aestivum and Ae. caudata.

linkage analysis of some cell wall polysaccharide mixtures and purified
fractions containing uronic acids (Chang et al., 2023; Robb et al., 2022;
Voiges et al., 2012). This was the first instance of the method being used
for carboxyl reduction of kernel cell walls of wheat and its wild relatives.
This technique allowed the detection of galacturonic acid linkages in our
samples. However, we noted that the method resulted in significant
debranching of arabinoxylans. This was evident from the diminished
intensity of various arabinofuranose linkages, a reduced presence of
branching xylopyranosyl residues, and a pronounced peak of 4-linked
xylopyranose residues (the building unit of the debranched xylan
backbone). It was apparent that the methyl glycosides of arabinose,
resulting from the debranching of arabinoxylan by weak methanolysis,
were transformed into highly volatile permethylated methyl glycosides

that were lost by repeated evaporation-to-dryness during methylation
analysis. Given the minimal amounts of pectins in wheat and its wild
relatives, we recommend bypassing the carboxyl reduction for kernel
cell walls in future studies unless the primary objective is to extract
pectin linkage information. If linkage details for both pectins and ara-
binoxylans are crucial for future studies, the traditional carbodiimide
activation-sodium borodeuteride reduction method should be
employed.
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Fig. 4. Total ion current (TIC) chromatograms of partially methylated alditol acetate (PMAA) derivatives of the kernel cell walls of (A) T. durum, (B) D. villosum, (C)
Amphyploid 1, (D) T. aestivum; (E) Ae. Caudata, and (F) Amphyploid 2. Amphyploid 1 refers to the hybrid between T. durum and D. villosum. Amphyploid 2 denotes

the hybrid between T. aestivum and Ae. caudata.

3.5. Correlation between CslF6 expression and MLG accumulation and
the significance of kernel MLG content enhancement achieved through
hybrid breeding

The synthesis of MLG in barley grains is influenced by the expression
of CslF6, as demonstrated by the significant enhancement in MLG con-
tent resulting from endosperm-specific gene overexpression (Burton

et al. in 2011). Similar trends have been observed in wheat and rice,
where CslF6 orthologs play analogous roles (Nemeth et al., 2010). We
analyzed the correlation between gene expression and MLG accumula-
tion in our genetic material. We found that the correlation between
CslF6 gene expression and MLG accumulation in amphyploid lines was
slightly positive but not remarkable (p = 0.08, Pearson test). The
expression level of CslF6 in the endosperm (32 DPA) of the durum wheat
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Fig. 5. EI-MS fragmentation patterns of the partially methylated alditol acetates from (A) 1,3-linked glucopyranose and (B) 1,4-linked glucopyranose.

amphyploid was 3 times that of the durum wheat parent line (Fig. 1),
while the kernel MLG content was moderately increased from 0.45 % in
the parental line to 0.56 % in the hybrid, an enhancement of 24.4 %
(Table 1). The kernel MLG content in the hybrid line of T. aestivum was
43.3 % higher than in the parent line (Table 1). In contrast, the CslF6
expression levels in the endosperm harvested at 24 and 32 DPA of the
T. aestivum parental lines were 5.7 and 31.9 times those of the hybrid
lines, respectively, indicating a strong negative correlation between the
endosperm CslF6 expression and kernel MLG content. These observa-
tions could be attributed to the presence of a degradation complex,
formed as a result of past breeding programs primarily aimed at
enhancing wheat productivity. The final products of this complex serve
as precursors for the biosynthesis and accumulation of starch in the
kernel. This was supported by a previous report of a strong and inverse
relationship between MLG and starch biosynthesis (Burton et al., 2008).
It was also reported that MLG and amylose levels are controlled by
numerous genes interconnected through expression networks, all
contributing to the regulation of MLG and amylose metabolism and
biosynthesis (Islamovic et al., 2013). The presence of a conserved
*switch motif’ at the entrance of the enzyme’s transmembrane channel
plays a crucial role in the production of 1,3-linked p-p-glucopyranoses,
and within this region, a single-point mutation can significantly impact
formation of the 1,3-linkage, leading to increased synthesis of cellulosic
polysaccharides (Purushotham, Ho, Yu, Fincher, Bulone, & Zimmer,
2022). Therefore, further investigation is needed to clarify the genetic
mechanism and to study protein accumulation and structure. See
(Table 3).

In the current study, disproving the existence of a remarkable posi-
tive correlation between CslF6 gene expression and MLG content in
kernel does not diminish the significance of the MLG content enhance-
ment by 24.4 % for durum wheat and 43.3 % for T. aestivum achieved
through hybrid breeding. Wheat naturally contain less MLG than oat and
barley (Tiefenbacher, 2017). However, people consume wheat products
more than those of oat or barley. The inherent properties of MLG as a
bioactive polysaccharide and dietary fiber and the omnipresence nature
of wheat mean that even a slight increase in MLG content in wheat can
significantly enhance the nutritional quality of the human diet.
Enhancing MLG synthesis in wheat through innovative breeding tech-
niques could lead to the production of wheat flour with the higher

Table 3

Glycosidic linkage composition (mol%) of different kernel cell walls with pre-
treatment of weak methanolysis (0.5 M methanolic HCI, 80 °C, 20 min)-sodium
borodeuteride reduction.

Linkage TD DY Al TA AC A2

t-Arap 1.5 0.6 1.0 2.0 0.6 3.0
t-Araf 1.1 0.3 0.6 0.8 0.4 1.0
2-Araf 0.8 0.2 0.4 0.4 0.3 0.6
3-Araf 0.1 0.1 0.1 0.1 0.1 0.2
5-Araf 1.0 0.4 0.8 0.9 0.5 2.0
t-GalAp 0.1 0.1 0.1 0.1 0.1 0.1
4-GalAp 1.1 0.7 0.7 0.8 0.6 1.0
t-Galp 0.9 0.8 1.1 1.2 0.8 0.5
3-Galp 1.3 0.2 1.7 1.7 0.2 0.1
4-Galp 0.5 0.3 0.4 0.5 0.3 0.6
6-Galp 0.8 0.5 0.6 0.7 0.6 0.4
3,6-Galp 0.2 0.2 0.5 0.6 0.2 0.5
t-GlcAp 2.3 1.0 1.8 2.0 1.0 1.9
t-Glep 1.5 3.7 2.5 2.0 3.4 1.7
3-Glep 2.2 12.8 3.1 3.6 10.4 2.4
4-Glcp 40.5 45.6 42.0 42.0 45.9 40.1
6-Glcp 0.4 0.2 0.3 0.4 0.3 0.3
2,4-Glep 0.3 0.3 0.4 0.3 0.3 0.3
3,4-Glcp 0.3 0.3 0.6 0.3 0.4 0.2
3,6-Glep 0.1 0.3 0.4 0.2 0.3 0.2
4,6-Glcp 0.5 0.2 0.6 0.4 0.2 0.5
t-Manp 0.3 0.2 0.5 0.4 0.3 0.4
4-Manp 1.0 1.7 1.8 1.9 1.4 3.7
t-Xylp 4.1 2.3 4.1 4.4 2.9 4.9
2-Xylp 2.5 1.3 2.2 2.5 1.5 2.8
4-Xylp 30.8 23.5 28.4 26.6 249 26.4
2,4-Xylp 1.7 0.6 1.3 1.2 0.6 1.6
3,4-Xylp 0.7 0.3 0.8 0.5 0.4 0.8
2,3,4-Xylp 1.5 1.1 1.3 1.6 1.1 1.6

Note: Each experiment was conducted in duplicate to generate a mean. TD:
T. durum; DV: D. villosum; A1: Amphyploid 1; TA: T. aestivum; AC: Ae. caudata;
A2: Amphyploid 2.

nutritional and functional quality that food processor seeks. This
advancement would also elevate the potential of wheat bran, a
byproduct of the milling process of wheat grain, as a material for the
extraction and production of high-quality purified MLG, a value-added
food additive in the industry (Maheshwari et al., 2017).
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4. Conclusions

The results presented in this study shed light on the complex rela-
tionship between gene expression and MLG accumulation in wheat and
its related species at various developmental stages and among different
genotypes. While the expression of CslF6 has been previously associated
with MLG content in grains, our findings suggested a relationship be-
tween CslF6 gene expression and MLG accumulation across different
lines. Although the correlation was not strongly pronounced in
amphyploid lines, the noteworthy increase in MLG content by 24.4 % in
durum wheat and 43.3 % in T. aestivum through hybrid breeding pre-
sents promising opportunities for enhancing the nutritional profile of
these staple grains. Given the global prominence of wheat in human
diets, even slight increases in MLG content can lead to significant ad-
vancements in dietary quality. Our research paints an optimistic picture
for the future of high MLG wheat breeding by introducing genes from
wheat wild relatives. Moreover, the study offers insights into the
composition and structural features of MLG and other non-starch cell
wall polysaccharides in the kernels of wheats, their wild relatives, and
hybrid lines between them, providing valuable data for upcoming
research in this domain. The study also demonstrated that HPAEC-PAD
and GC-MS-based glycomics can be potent tools for plant breeders to
enhance the efficiency and accuracy of selecting high MLG wheat rela-
tives and hybrid lines.
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Background: Grain protein content (GPC) and yellow index (YI) are critical
quality traits for assessing the quality of tetraploid wheat. The evaluation of these
traits is essential for the development of wheat varieties with improved quality.
Recent genetic advancements have opened new possibilities, with the identification
of genes that regulate nitrogen uptake and amino acid metabolism, which are critical
for nitrogen transfer to the grain. Genes and enzymes such as nitrate reductase and
glutamine synthetase have been linked to QTLs for GPC, while other regulatory
genes contribute to nitrogen remobilization, enhancing the nutritional efficiency in
plants. The carotenoid biosynthesis in wheat begins with phytoene synthase (PSY)
and involves enzymes such as phytoene desaturase (PDS) and zeta-carotene
desaturase (ZDS), leading to the production of lycopene, which can be converted
into a-carotene, B-carotene, and xanthophylls. These carotenoids are crucial for
plant growth, stress responses, and the coloration of wheat-derived products, while

also serving as precursors of vitamin A and antioxidants.

AIM: The primary objective of this study was to characterize GPC and YI across
the 144 tetraploid wheat accessions, aiming to identify novel superior alleles that
could be useful for wheat improvement. A total of 3,924 SNP markers suitable for

a genome-wide association study (GWAS) were employed.

Results: The GWAS, conducted using the Mixed Linear Model (Q+K), identified
22 significant marker-trait associations for both GPC and Y1, corresponding to 10
and 12 genomic regions associated with these traits, respectively. QTL for GPC
were detected on chromosomes 2A, 3A, 5A, and 7A, while QTL for YI were
localized on chromosomes 1B, 2B, 3A, 4B, 6A, 6B, and 7A, reflecting the complex
genetic architecture of both traits. The phenotypic variation (R?) explained ranged
from 8.1% to 8.6% for GPC and from 8.2% to 11.6% for YI. Additionally, two
candidate genes were identified: glutamine synthetase 2 (GS2) on chromosome 2A,
involved in nitrogen metabolism, and phytoene synthase 1 (Psy-AI) on
chromosome 7A, the key gene involved in carotenoid pigment synthesis. The
identification of novel haplotypes enhances the understanding of the genetic
mechanisms governing protein and color traits in tetraploid wheat and facilitates

the future development of superior wheat varieties.
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Abstract

Grain protein content (GPC) and yellow index (YI) are the most important quality traits to measure
the quality of tetraploid wheats that benefit the pasta consumers. The main objective of this study was
to characterize GPC and YI using 144 different accessions of tetraploid wheats (7riticum turgidum
L., 2n = 4x = 28; AABB genome) constituted by several subspecies and evaluated in southern Italy
for 2 years (2019 and 2022) and in central Chile during 2021 in order to identify new useful superior
alleles. SNPs marker, suitable for genome-wide association study (GWAS) were 3,924. GWAS was
carried out using the Mixed Linear Model (Q+K) which identified 22 marker-trait associations for
both traits analyzed, representing 10 and 12 regions associated with grain protein content and yellow
index, respectively. QTL linked to GPC were detected on chromosomes 2A, 3A, 5A, and 7A, while
QTL for YI were localized on chromosomes 1B, 2B, 3A, 4B, 6A, 6B, 7A, reflecting their complex
genetic nature. The phenotypic variation (R?) explained, ranking from 8.1 to 8.6% for GPC and from
8.2 to 11.6% for YI content. In addition, one gene involved in nitrogen metabolism, the glutamine
synthetase 2 (GS2) on chromosome 2A, and the main gene involved in the synthesis of carotenoid
pigments, the phytoene synthase 1 (Psy-AI) on chromosome 7A were identified as key candidate
genes regulating these two quality traits. Finally, the identification of new haplotypes improves our
understanding of the genetic mechanisms controlling protein and color traits in tetraploid wheat and
facilitate the development of superior wheat varieties in the future.
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1 Introduction

Wheat is a staple crop of global significance, providing essential nutrients and energy to a substantial
portion of the world's population. Among wheat species, tetraploid wheat (Triticum turgidum) hold a
crucial place due to their large genetic diversity and agronomic importance, as well as by the
nutritional properties of their kernels. Grain protein content (GPC) is a central trait in both bread
(Triticum aestivum L.) and durum wheat (Triticum turgidum L. ssp. durum), influencing their
nutritional value, baking quality, and pasta-making properties. Compared to grain legumes, mature
wheat grains have a relatively low storage protein content, generally between 8 and 15 % (Shewry,
2009). Other more ancient tetraploid wheat species, such as emmer (77iticum turgidum ssp. dicoccon
Thell) and wild emmer wheat (Triticum turgidum ssp. dicoccoides), exhibit variations in GPC ranging
from 11% to 24% (Biradar et al., 2022; Cabas-Lithmann et al., 2023). Over the 20th century, it has
been observed that newer wheat cultivars tend to have lower GPC compared to older ones, primarily
due to breeding techniques that have focused on increasing yields, a trait that is negatively correlated
with GPC (Subira et al., 2014). As a result, the development of new wheat varieties with higher GPC
has become a breeding priority, often involving the consideration of alternative wheat species.

Quantitative trait loci (QTLs) associated with GPC have been successfully introgressed into modern
wheat cultivars, with some located on the chromosomes of ancient tetraploid wheat species (Cabas-
Liihmann et al., 2023). Among these, the most well-known is Gpc-B1 on chromosome 6B in wild
emmer wheat lines ‘FA-15-3 and ‘F-28-8-3” from Israel (Joppa and Cantrel, 1990). This QTL was
shown to significantly increase GPC compared to the recurrent durum wheat parent ‘Langdon’ [LDN]
(Joppa et al., 1991, 1997; Olmos et al., 2003). Gpc-B1 encodes for a NAC transcription factor that
accelerates leaf senescence and enhances nutrient remobilization from leaves to developing grains,
thereby increasing the final GPC (Uauy et al., 2006; Avni et al., 2014). Additionally, other GPC-
related QTLs located on chromosomes 1A, 2A, 3A, 4A, 4B, 5A, 6B, and 7B of wild emmer line
‘Y12-3’ explained between 0.6% and 24.4% of the phenotypic variation in GPC (Fatiukha et al.,
2020).

Over the past 30 years, increases in GPC have mainly been achieved by increasing nitrogen (N)
fertilization.Recent advances in genetics have opened new possibilities for improving GPC. A key
strategy to reach this aim is the identification of genes involved in N uptake and those that control
enzymes responsible for amino acid metabolism, which are crucial for transferring N to the grain
(Wang et al., 2024). Nitrogen metabolism is a complex process that includes nitrate uptake, reduction,
assimilation into amino acids, and translocation throughout the plant (Fortunato et al., 2023). Various
genes and transcription factors are involved in these processes (Balyan et al., 2016). Nitrate
transporters, particularly the NRT2 family, play a central role in nitrate uptake, acting as high-affinity
transporters in roots to efficiently use soil nitrate even when it is scarce, as reported in the literature
in Arabidopsis (Garnett et al., 2009). Nitrate absorbed by the plant is first reduced by cytosolic nitrate
reductase (NR) to nitrite, which is then transported into the chloroplast and further reduced by nitrite
reductase (NIR) to ammonium. This ammonium is incorporated into organic molecules via the
glutamine synthetase (GS) and glutamate synthetase (GOGAT) pathways (Lea and Azevedo 2007;
Fortunato et al. 2023). Studies have linked these genes to GPC QTL in durum wheat (Gadaleta et al.,
2011, 2014; Nigro et al., 2013, 2014, 2016; Arriagada et al., 2022).

Beyond these key enzymes, others involved in N utilization include glutamate dehydrogenase, alanine
aminotransferase, and asparagine synthetase, which are all part of amino acid metabolism. Glutamate
dehydrogenase (GDH) facilitates the interconversion between glutamate and 2-oxoglutarate (Habash
etal., 2007; Quarrie et al., 2005; Fontaine et al., 2009; Xu et al., 2014), while alanine aminotransferase
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(AlaAT) is involved in the synthesis and degradation of alanine (Shrawat et al., 2008; Lu et al., 2016).
Asparagine synthetase (ASN) catalyzes the formation of asparagine (Asn) and glutamate from
glutamine (Gln) and aspartate (Lu et al.,, 2016). Several ASN genes have been identified in durum
wheat, with ASN1 being upregulated in response to certain mineral deficiencies (Gao et al., 2016).
Besides these genes directly involved in nitrogen metabolism, other genes act as regulatory and
signaling factors under specific conditions (Xu et al., 2012). For instance, NIN-like protein (NLP7)
is a transcription factor crucial for nitrate assimilation and signaling in higher plants (Castaings et al.
2009). Genes related to nitrogen remobilization also play a significant role in determining N content
and final yield. Overexpression of the cytosolic pyruvate orthophosphate dikinase (PPDK) gene has
increased seed weight in Arabidopsis by accelerating N remobilization from leaves, thereby boosting
growth rate, seed weight, and N content (Taylor et al., 2010). These genes and enzyme activities
represent potential targets for improving nitrogen use efficiency (NUE) in crop plants that are highly
valuable for wheat breeding programs.

A second important quality trait is the carotenoid content, which is the organic pigment found widely
in plants, photosynthetic algae, and some fungi and bacteria (Hirschberg et al., 2001). These pigments
are commonly associated with the thylakoid membranes of chloroplasts, and they are responsible for
the yellow, orange, and red colors observed in many flowers, fruits, and roots (Cazzonelli et al., 2010).
In plants, carotenoids play a crucial role in photosynthesis and photo-oxidative protection, and they
are also precursors for apocarotenoid hormones like abscisic acid and strigolactones (Seo et al., 2002;
Xie et al., 2010). The relationship between carotenoids and human health has been extensively
studied, with evidence suggesting that they help to protect against conditions mediated by reactive
oxygen species (ROS), including cardiovascular diseases, certain cancers, and various neurological
and eye-related disorders (Fiedor et al., 2014).

Carotenoids are categorized into two main types: carotenes, which are hydrocarbons, and
xanthophylls, which contain oxygen (Moise et al., 2014). The biosynthesis of carotenoids, primarily
studied in Arabidopsis thaliana, rice, maize, and some ornamental plants, begins with the enzyme
phytoene synthase (PSY) catalyzing the formation of phytoene from geranylgeranyl diphosphate.
This phytoene undergoes a series of desaturation reactions involving enzymes like phytoene
desaturase (PDS) and zeta-carotene desaturase (ZDS), eventually producing lycopene. Lycopene can
then be converted into a-carotene or B-carotene, which are further modified into various xanthophylls.
These processes lead to the production of abscisic acid and strigolactones, which are essential for
plant growth and stress responses (Moise et al., 2014; Ruiz-Sola et al., 2012).

Carotenoids in wheat not only serve as antioxidants and vitamin A precursors but also influence the
color of wheat products (Lap et al., 2021). Consumers generally prefer white bread from common
wheat and yellow pasta from durum wheat. The yellow color in durum wheat is primarily attributed
to lutein, a type of carotenoid (xanthophyll) that constitutes approximately 80% of the grain's
endosperm pigments (Ramachandran et al., 2010). The total yellow pigment content (YPC) is
typically quantified using the AACCI Approved Method 14-50.01 (AACC International, 2010).
However, this method is time-consuming due to the extended period required for pigment extraction
with butyl alcohol (Sandmann, 2001). A faster and more convenient alternative is measuring the
yellow index (YI), which is based on the CIE 5* color determination using light reflectance through
chromatography. This method provides a quick assessment of yellow color in durum wheat (Sissons
et al., 2020). Among the tools available for this purpose, the Minolta colorimeter (Konica Minolta
Pty Ltd, Macquarie Park, NSW) is the most commonly used instrument for obtaining these
measurements. High Y1 is a desirable trait for pasta production and an objective in durum breeding
programs (Pozniak et al. 2007; Zhang and Dubcovsky 2008) because of the general demand of the



126
127
128

129
130
131
132
133
134
135
136
137
138
139

140
141

142
143
144
145
146
147

148
149
150
151
152
153

154
155
156
157
158
159
160

161

162

163
164
165
166
167

industry for pasta to be bright yellow (Fu et al. 2011). However, the final color can be affected by
storage and processing, where carotenoid degradation occurs due to enzymes like polyphenol oxidase
and lipoxygenase (Mares et al., 2001).

The color of wheat flour and semolina is a quantitative trait controlled by multiple genes and
influenced by environmental factors (Clarke et al., 2008; Schulthess et al. 2013). Studies mapping
yellow pigment content (YPC) and yellow index (YI) in wheat have identified QTL on all
chromosomes, with a major QTL on chromosome 7A linked to variations in the phytoene synthase
(Psy-A1) gene (He et al., 2008; He et al., 2009; Zhang and Dubcovsky 2008; Patil et al. 2018). Minor
QTLs have been reported in chromosomes 2A and 6A in durum wheat. These QTLs explain 2.3 to
15% of the YPC varietions and 5 to 21 % Y1 varietions across different populations, respectively (see
review Colasuonno et al., 2019). Despite advances in understanding carotenoid regulation, only a few
carotenoids biosynthetic genes have been identified and cloned in wheat, such as phytoene synthase
(PSY) (He et al., 2008; Pozniak et al., 2007; Dibari et al., 2012), lycopene e-cyclase (LYCE) (Howitt
et al., 2009), and carotene desaturase (PDS) (Cong et al., 2010).

Quantitative studies offer a robust approach to dissect the genetic architecture of complex traits by
leveraging natural genetic variation within a diverse collection of genotypes (Rufo et al., 2021).

Additionally, the enhancement of quality traits in modern wheat cultivars through the introgression
of genes from diverse collections has been significantly advanced by marker-assisted selection
(MAS) and other molecular breeding tools (Subedi et al., 2023). These approaches leverage genomic
resources to predict quality attributes with high accuracy and efficiency, accelerating crop
improvement and cultivar development by enabling the selection of genotypes with superior end-use
quality traits (Subedi et al., 2023).

The creation of core marker sets has been instrumental in effective genomic-assisted breeding. For
wheat, a set of markers distributed across the genome has been developed, facilitating the detection
of genetic variations associated with quality traits (Ishikawa et al., 2022). This resource enhances the
precision of selection in breeding programs and facilitate the efficient incorporation of beneficial
genes from diverse genetic resources, leading to wheat varieties with enhanced end-use quality
(Ishikawa et al., 2022).

In this study, we performed GWAS on a diverse tetraploid wheat collection to identify genomic
regions associated with protein content and yellow index. Additionally, we employed Quantitative
Trait Loci (QTL) mapping in a collection of tetraploid wheats through GWAS analysis to pinpoint
specific loci that significantly contribute to the phenotypic variation observed in these traits. The
identification of these loci will enhance our understanding of the genetic mechanisms governing
protein and color traits in tetraploid wheat active in different environment condition and facilitate the
development of superior wheat varieties through marker-assisted selection.

2 Material and methods
2.1 Plant material and field trial

A total of 144 accessions of tetraploid wheats (7riticum turgidum L., 2n = 4x = 28; AABB genome)
were grown in southern Italy at the experimental fields at Valenzano (41°01'13.1"N, 16°54'12.9"W)
for 2 years (2019 and 2022). The rainfall during the growing season in Italy (2019/2020 —
November/June) was 43 mm with a minimum average temperature of 0.7 °C and maximum average
temperature of 30 °C and (2021/2022 — November/June) 63 mm with a minimum average temperature
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of 16 °C and maximum average temperature of 34 °C (data from
https://www.visualcrossing.com/weather-data). In central Chile the experimental field station was
located in Pirque (33°40°00°°S, 70° 35°00°’W - 654 m above the sea level) during 2021. The rainfall
during the growing season in Chile (2021- August/December) was 56 mm with average maximum
temperature of 22.7 °C during December and a minimum average temperature of 3.6 °C in August
(data from the climatological station at Pirque experimental station). The collection included the
accessions of several 7. turgidum subspecies: dicoccum (125 accessions), paleocolchicum (2),
polonicum (8), and turanicum (9) (Supplementary Table 1). A randomized complete block design
with three replications was employed in the three field experiments. Each plot consisted of 1-meter
rows spaced 30 cm apart, with 80 germinating seeds per plot. In Italy, fertilizers were applied at the
following rates before sowing: 68 kg N/ha and 46 kg P>Os/ha. Additionally, 32 kg N/ha was applied
during stem elongation. The plots were irrigated only when there was no rain during the
developmental stages (emergency irrigation). When the kernels were in waxy stage, the irrigation
stop even if it’s drought. Plots were hand-harvested at maturity. In Chile, fertilizers were applied at
the following rates before sowing: 51 kg N/ha, 69 kg P»Os/ha, and 53 kg K>O/ha. Additionally, 184
kg N/ha was applied during the tillering stage. The plots were irrigated to prevent drought stress, and
weeds were controlled using chemical methods. At maturity, plots were hand-harvested and threshed.

2.2 Grain Composition and statistical analysis

Grain samples (40 g) were milled into whole wheat meal using a UDY cyclone sample mill (UDY
Corp., Fort Collin). Yellow index was determined by Minolta CR410 colorimeter (Konica Minolta,
Ramsey, NJ, USA) configured to measure Commission Internationale d’Eclairage (CIE)
L*(brightness), a* (redness), and b*(yellowness) color values. The ground samples were placed in a
black cell that was 1 cm deep and covered with a quartz glass. The grain protein content was measured
using the Grain Analyser Infratec™ NOVA (FOSS).

Each environment (location-year) included 144 genotypes. Genotypes were considered fixed effects,
while blocks were treated as random within each environment. All collected data were subjected to
analysis of variance (ANOVA) at a 95% confidence level (F tests: P < 0.05) using the PROC GLM
procedure of SAS® (SAS Institute Inc., Cary, NC, USA). The least square means were calculated
using the “LSmeans” procedure in SAS and separated by Fisher’s-protected LSD at P=0.05. This
method was chosen to compare group means, particularly because some of the data were unbalanced.
By using this approach, the best-fit means for the statistical model were obtained, allowing for the
evaluation of statistical differences between the groups. Broad-sense heritability (H?) was estimated
as the proportion of genetic variance (c°g) to phenotypic variance using the Rstudio® package
variability. Heritability values were categorized as follows: <0.5 indicating low, 0.5 to 0.75 indicating
moderate, 0.75 to 0.9 indicating high, and >0.9 indicating very high broad-sense heritability.

2.3 QTL and Candidate Gene Detection

The 7K iSelect array, developed by Illumina CSPro® (San Diego, CA, USA) (Wang et al., 2014),
was employed to analyze 6,731 SNP sequences across the collection. Genotyping was conducted on
1 pg of genomic DNA at TraitGenetics GmbH (Gatersleben, Germany), following the manufacturer's
protocols as outlined by Akhunov et al. (2009). These genotyping assays were executed using the
[llumina iScan reader and processed with GenomeStudio software v2011.1 (Illumina CSPro®).
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Prior to conducting the genome-wide association study (GWAS), markers with a minor allele
frequency below 10% and those with over 5% missing data were excluded from the dataset using
GenAlEx software. This filtering process yielded 3,942 SNPs for the population structure analysis.

To analyze the population structure, three methods were employed: principal coordinate analysis
(PCoA) using GenAlEx, Bayesian clustering with STRUCTURE version 2.3.4, and an unrooted
Bayesian tree generated with TASSEL 5.2.70. The STRUCTURE analysis utilized an admixture
model with correlated allele frequencies, testing subpopulation numbers (K) from 1 to 10, with a
burn-in period of 10,000 iterations followed by 10,000 Markov chain Monte Carlo (MCMC)
iterations. The GAPIT software packages from R facilitated the identification of significant
associations with grain quality traits.

The GWAS was conducted using two methods (MLM and BLINK) (Huang et al., 2019) to evaluate
the trait-SNP association for protein a yellow pigment traits using the Genomic Association and
Prediction Integrated Tool (GAPIT) (version 3) (Wang et al., 2021), incorporating both the Q matrix
and the kinship matrix (K). These models assessed the correlation coefficient (R?) and marker effect
of each SNP in relation to protein content and yellow index. The optimal —Log10(p-value) threshold
was determined from the F-test for testing HO: No association between the SNP and trait. The QTL
identified with the MLM and BLINK models provided important information for understanding the
genetic architecture of protein and color traits.

Using the SNP sequences available on CerealDB website
(https://www.cerealsdb.uk.net/cerealgenomics/CerealsDB/indexNEW.php) and SVEVO genome
sequence available on GrainGenes database (https://wheat.pw.usda.gov/GG3/), a bioinformatics
analysis was conducted to identify genes involved in the biosynthesis of protein and yellow pigments
through BLAST analysis. In details, SNPs located on the QTL regions were used as a query for the
databanks and gene sequences with the higher homology were picked.

3 Results

3.1  Protein content and yellow index in tetraploid wheats

A wide and significant variability for GPC was observed in the collection, confirming the quantitative
nature of the traits (Figure 1), the multi-environment ANOVA determined that the genotype x
environment interaction for GPC and YI was statistically significant (P < 0.00]) (Supplementary
Table 2). Table 1 summarizes the mean, standard deviation (SD), median, range, and broad-sense
heritability (k%) for GPC and YI per environment (n = 144). Grain protein content ranged from 10.6
% to 27.4 % with an average of 16.0 %. In particular, the environment “Bari19” exhibited the highest
GPC, averaging about 2% higher than the other two environments. Baril9 also had a range of about
14% difference between the lowest and highest values, followed by Chile21 with a 12% difference,
and Bari22 with a 10% difference. Across all the environments, the genotype with the lowest GPC
was PI1387744 with 13.8%, while the genotype with the highest GPC was P1352350 with 18.7%; both
were Triticum dicoccum (Supplementary Table 3).

The YI values ranged from 8.21 to 16.37 with an average of 12.01 (Figure 1). In Baril9, YI values
ranged from 8.21 to 13.54, with a median of 9.78, followed by Chile21, which ranged from 10.80 to
16.60, and Bari22, which ranged from 10.73 to 16.37. Averaged across Baril9 and Chile21, the
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genotype with the lowest Y1 was P1349050 (Triticum turgidum subsp. paleocolchicum) with 10.15,
while the genotype with the highest YI was P1211691 (Triticum turgidum subsp. turanicum) with
13.76 (Supplementary Table 3).

Broad-sense heritability (H?) was estimated as the proportion of variance attributed to the genotype,
considering the interaction between genotype and environment. Traits with higher H? values are more
responsive to genotype and thus highly heritable (>0.75). For GPC, H? ranged from low (0.44 in
Chile21) to very high (0.90 in Bari22) with an overall of 0.74. For Y1, 4? ranged from low (0.40 in
Chile21) to high (0.88 in Bari19) with an overall of 0.65.

3.2 Molecular data and population structure

A total of 3,924 SNPs (58.6% of the original Wheat 7K iSelect array), obtained after removing the
markers with a minor allele frequency below 10% and those with over 5% missing data, were
informative for a genome-wide association study. The high-resolution consensus linkage map of
durum wheat (Maccaferri et al., 2014) was used in the current study as reference map for SNP
markers, while the axiom markers, which are not yet mapped into the durum wheat consensus map,
but recently added to the SGS SNP array, were located based on the reference Chinese Spring genome
assembly (IWGSC RefSeq v2.1).

All the SNPs that failed to amplify, monomorphic, located on chromosome D and/or did not meet the
criteria for missing data and allele frequency outlined in the methods section, were removed. The B
genome contained the highest number of SNPs 2,028, in contrast to the A genome, which had 1,896
SNPs.

Principal coordinate analysis (PCoA) (Figure 2A) was conducted on a dataset consisting of 144
genotypes and 3,942 markers to uncover the genetic structure. The first three coordinates explained
22.86%, 10.55% and 9.83% of the variation, respectively, accounting for a total of 43.24%. An
unrooted Bayesian tree, constructed using the Neighbor joining method, grouped accessions into
clades based on the genetic distances from the 7K iSelect markers. This phylogenetic approach
validated the subgroup divisions observed in the PCoA (Figure 2B).

To classify individuals into subpopulations based on genetic similarity, a Bayesian approach was used
implemented in STRUCTURE. Following the methodology described by Evanno et al. (2005), AK
values were plotted against the number of sub-groups (K). Adhering to the procedure outlined in
Evanno et al. (2005), AK against the K values of the sub-groups were plotted (Supplementary file 1).
Based on the STRUCTURE results, the most probable number of subpopulations was 2.
Consequently, with K set to 2, the collection was divided into two sub-groups (group 1 and group 2)
comprising each 72 accessions, based on SNP data (Figure 2C). Specifically, the dicoccum genotypes
were assigned both to cluster 1 and cluster 2, with a mean Q1 membership of 0.93, anda mean Q2
membership of 0.73, respectively. In detail, the Q1 cluster was composed by the 67 dicoccum
genotypes, 2 paleocolchicum, 2 turanicum and 1 polonicum, while the Q2 cluster by 58 dicoccum
genotypes, 7 turanicum and 7 polonicum.

3.3  QTL detection and validation through marker-trait associations analysis

The GWAS carried out using the MLM (Q+K), which integrated both the PCA and relatedness
matrices to minimize the false-positive rate and the BLINK model (Q+K), which employs the
Bayesian Information Criterion within a fixed-effect framework to approximate maximum likelihood,
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thereby reducing computational complexity. Specifically, were identified 22 marker-trait associations
for both the traits analyzed representing 10 and 12 regions associated with grain protein content and
yellow index, respectively (Table 2). Specifically, ten genomic regions were associated with GPC,
located on chromosomes 1B, 2A, 3A (two QTL), 3B, 4B, 5A, 6B and 7A (two QTL), respectively.
For Y1, 12 regions were identified on chromosomes 1B, 2A, 2B, 3A, 4A, 4B (two QTL), 5A, 6A, 6B,
7A (two QTL). A QTL was considered significant when one or more markers were associated with
the traits at —Log10(p-value)>3 (LOD>3) and — log10(p-value)>5 for MLM analysis in Chile 2021
for both the traits protein contend and yellow index (Akond et al. 2019).

QTL linked to grain protein content in grain were found on chromosomes 1B, 2A, 3A (two QTL),
3B, 4B, 5A, 6B and 7A (two QTL) (Figure 3, Supplementary Figures 2 and 3), while QTL for
yellow index were identified on chromosomes 1B, 2A, 2B, 3A, 4A, 4B (two QTL), 5A, 6A, 6B, 7A
(Figure 4, Supplementary Figures 4 and 5). Some of the QTL were detected only using the BLINK
method while some other only with the MLM method. The QTL identified with both methods were
QYL bc. 1B, QYLbc.2B, QYL.bc.4B.1, QYl.bc.6A, QYI.bc.6B.1, QYL.bc.74.2 (Table 2). Additionally,
many QTL were identified in more than one environment such as QGpc.bc.1B, QGpc.bc.5A,
QYLbc.24, QYLbc.2B, QYI.bc.3A4 and QYIL.bc.7A4.2. The phenotypic variation (R?) explained by each
of these markers varied from 8.1 to 12.5% for protein content and from 8.2 to 15.5% for yellow index
content. The estimated allelic effects for each marker ranged from —4.39 to 4.26 units for protein
content, and from -0.74 to 3.58 for yellow color (Table 2).

3.4  Candidate genes search

Using the annotated gene sequences and the SNP sequence available we conducted a bioinformatic
analysis in order to find genes involved in protein and pigment synthesis and degradation. The
analysis allowed the identification of one of the gene involved in nitrogen metabolism, the glutamine
synthetase 2 (GS2) on chromosome 2A, and the main gene involved in the synthesis of carotenoid
pigments, the phytoene synthase 1 (Psy-A1) on chromosome 7A (Table 2).

4 Discussion

Nitrogen metabolism involves a multifaceted pathway that includes nitrogen (N) uptake, reduction,
assimilation, and translocation, posing significant challenges for researchers and breeders due to its
complexity and the influence of both genetic and environmental factors on Nitrogen Use Efficiency
(NUE) and Grain Protein Content (GPC) (Ortiz-Monasterio et al., 1997; Foulkes et al., 2009).
Traditionally, improving GPC has been difficult due to its negative correlation with grain yield (GY)
in wheat grown under the same N availability conditions (Bogard et al., 2010). Physiological reasons
for this process include the dilution effect of grain nitrogen by carbohydrate compounds and the
bioenergetic requirements for synthesizing carbohydrates and proteins (Kastori and Petrovic, 2004).

Several studies have investigated the effects of introgressing the Gpc-B1 gene on wheat yield and
grain protein content (GPC), with mixed outcomes. Vishwakarma et al. (2014) reported that the
introgression of Gpc-BI improved GPC without a yield penalty in certain wheat lines as well as
Tabbita et al. (2017), which summarized the effects of Gpc-B1 on yield and quality traits across 25
studies, noting that while Gpc-B1 can enhance GPC, its impact on yield varies depending on genetic
background and environmental conditions. Conversely, a negative correlation between grain yield
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and GPC was observed in Near-isogenic lines (NILs, indicating that the inclusion of the Gpc-B1 allele
significantly decreased grain yield potential (Kuhn et al. 2016).

However, there have been successful cases of selecting wheat lines that exhibit increases in both GY
and GPC, suggesting the possibility of simultaneous improvement when appropriate genetic sources
are utilized (Brevis and Dubcovsky, 2010).

The study of genes involved in carotenoid biosynthesis, such as PSY1, PSY2, and others, has revealed
their importance in determining yellow pigment content in wheat, which is crucial for the nutritional
quality of wheat products (Campos et al., 2016). Manipulating these genes could potentially enhance
the carotenoid content in wheat, improving its nutritional value, particularly in terms of provitamin
A content (Richaud et al., 2018).

Here we report the phenotypic variation in GPC and YT contents in a collection of 144 tetraploid
wheat lines. In this study, the broad-sense heritability (H2) values from the Italian environments
indicate that most of the variability in GPC and YI can be attributed to genetic factors, which is
reflected in the high heritability values (Table 1), suggesting that these traits are largely determined
by genotype in these settings. In contrast, the medium-low heritability values observed in the Chilean
environment for both traits suggest that environmental factors have a more significant impact there.
Despite the strong genetic influence on Y1, environmental conditions can still affect the final trait
expression, as reported by Schulthess et al. (2013).

Grain protein content is a critical trait for product manufacturing in Triticum durum and Triticum
aestivum.

Grain protein content is a critical trait for product manufacturing in Triticum durum and Triticum
aestivum. For high-quality pasta production, a GPC exceeding 13% is desirable, as levels below 11%
result in poor-quality pasta regardless of drying conditions during processing (Delcour and Hoseney,
2010). Among the genotypes analyzed, the tetraploid species Triticum dicoccon (emmer) showed
both the lowest and highest GPC values. Previous studies have reported that emmer typically has a
higher GPC than durum wheat, with values reaching up to 22% (Biradar et al., 2022; Cabas-Lithmann
et al., 2023) compared to 15% in durum wheat (Shewry, 2009). These findings are consistent with
the results of this study, where average GPC values for emmer genotypes ranged from 13.8% to
18.7%.

In species like durum wheat, a high yellow color is desirable because it is crucial to meeting the needs of
stakeholders, from consumers to pasta manufacturers, due to its association with high antioxidant capacity
(Troccoli et al., 2000; Alzuwaid et al., 2021). In this study, the YI values ranged from low to medium,
averaging 10.15 to 13.76 across different environments. Among the species studied, Triticum turgidum subsp.
paleocolchicum had the lowest Y1, while Triticum turgidum subsp. turanicum had the highest. The YI values
observed in this study are below those typically reported for durum wheat. For example, in a study by Digesu
et al. (2009) comparing the YI of old tetraploid wheat species with durum wheat released before and after 20
years, it was found that newer durum wheat cultivars had a mean YI of 17, compared to 16.1 for older cultivars.
The mean Y1 for subsp. turanicum was 15.5 (ranging from 14.1 to 18.7 in 2006), while for emmer, it was 13.3
(ranging from 11.5 to 15.0 in 2007), similar to old durum varieties released before the 1970s. This suggests
that selection for yellow color has improved over the last two decades (Ficco et al., 2014).

The dense genotyping platform used to gather genotypic data for our analysis, along with the growing
availability of annotated genomes (Wang et al., 2014), enhance the prediction of candidate genes
associated with the trait of interest through association analysis. In our study, the initial set of single
nucleotide polymorphisms (SNPs) was filtered to ensure data quality and relevance, resulting in a
subset of 3,924 SNPs suitable for genome-wide association study (GWAS). This curation achieved
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an average marker density of 6 SNPs per centimorgan (cM), with a notable disparity in SNP
distribution between the B genome (2,028 SNPs) and the A genome (1,896 SNPs). This imbalance
may reflect underlying differences in genetic diversity or historical selection pressures within these
genomic regions (Leigh et al., 2022).

The principal coordinate analysis (PCoA) of 144 genotypes using 3,942 markers revealed significant
genetic structuring within the population further point to a non-random distribution of genetic
diversity, likely influenced by both historical events and selection pressures. Similar data were
already found in a tetraploid wheat collection composed by 230 accessions of different Triticum
subspecies (Marcotuli et al., 2016). The first three principal coordinates accounted for 43.24% of the
total genetic variation, indicating a genetic architecture in the population of study. The subsequent
construction of an unrooted Bayesian tree using the Neighbor joining method further corroborated
the genetic clustering observed in the PCoA, suggesting distinct genetic clades within the dataset.

The principal coordinate analysis (PCoA) and the Bayesian tree (Figures 2A and 2B) revealed
significant genetic structuring within the population, which may be attributed to the shared ancestry
or geographic and ecological differentiation among the genotypes. The clustering of genotypes into
distinct clades suggests the presence of subpopulations with unique evolutionary trajectories
(Marcotuli et al., 2016; Liu et al., 2024).

To refine our understanding of the population structure, a Bayesian approach via the STRUCTURE
software was employed. The Evanno method indicated that the optimal number of subpopulations
(K) was two, as shown in the K plot (Supplementary file 1), and resulting in two distinct sub-groups
with equal representation (72 accessions each). The clustering revealed by STRUCTURE analysis
reflected the PCoA distribution considering the Coordinate 2 . This clear delineation of
subpopulations based on genetic similarity highlights the utility of STRUCTURE analysis in
identifying and validating genetic subgroups within a diverse germplasm collection.

The observed genotypic similarities and distinctions in our study highlight the complex interplay of
evolutionary history, natural selection, and human-driven selection in shaping genetic diversity
within the population. The origin of the different genotypes within the population may stem from a
combination of ancestral divergence and adaptive evolution. The clustering observed in both PCoA
and the Bayesian tree suggests that these genotypes could have originated from geographically
distinct populations or breeding programs that introduced novel alleles justifying the structuring of
the collection. The genetic structuring also hints at historical isolation or selective breeding for
specific traits, which may have contributed to the divergence among clades.

The GWAS identified 22 significant marker-trait associations for the traits under study: grain protein
content (GPC) and yellow index (YI). These findings underscore the polygenic nature of both traits
and the involvement of multiple chromosomal regions in their expression (Blanco et al., 2002; Parada
et al., 2020).

The identification of QTL associated with GPC is aligned with previous studies that have highlighted
the importance of nitrogen uptake and assimilation in determining protein content in wheat grains
(Zhao et al., 2023). The presence of QTL on chromosome 1B as well as on chromosomes 2A, 3A has
already been reported in the literature (Marcotuli et al., 2022; Nigro et al., 2019), underscoring their
potential in breeding programs aimed at improving GPC while maintaining NUE (Habash et al.,
2007). Additionally, we confirmed the presence of the glutamine synthetase gene (GS2) associated

10
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with the QTL on chromosome 2A, as previously reported by other researchers (Nigro et al., 2020;
Fortunato et al., 2023). Recent genome-wide association studies (GWAS) have identified novel
marker-trait associations (MTAs) linked to grain protein content (GPC) across various wheat
chromosomes (Shahi et al., 2024). For instance, a meta-analysis consolidated 459 GPC-related
quantitative trait loci (QTLs) from 48 studies, pinpointing 57 meta-QTLs and seven QTL hotspots
distributed across all wheat chromosomes except 1D and 4D (Saini et al., 2022). Additionally, a
GWAS involving 266 soft red winter wheat genotypes uncovered 80 significant MTAs for ten end-
use quality traits, including kernel and flour protein content. Among these, 13 major-effect QTLs
explained over 10% of phenotypic variance, with 12 considered novel (Subedi et al., 2024). These
findings underscore the complex genetic architecture of GPC and highlight the potential for utilizing
diverse genomic regions in breeding programs aimed at enhancing wheat protein content without
compromising yield.

The GWAS analysis allowed also the identification of a QTL on chromosome 3B, which was already
detected by Nigro et al. 2019. In the same region the NADH-dependent glutamate synthase (NADH-
GOGAT) gene was identified and previously reported in literature (Nigro et al. 2019; Fortunato et al.,
2023). Another QTL already present in literature was found on chromosome 4B, with a slight
difference in the chromosome position. Our QTL was found at 62.9 cM, while the previous one on
70.4 cM and we could not find the association with the glutathione reductase 1 (gsrl) gene as reported
in literature (Nigro et al., 2019). Others QTL were detected on chromosomes 5A, 6B and two on 7A
confirming data on literature (Blanco et al. 2012; Cabas-Liihmann et al, 2024).

From literature, YP content is primarily influenced by genes located on homoeologous group 7
chromosomes. Parker et al. (1998), used a collection of 150 SSD lines from Schomburgk/Yarralinka,
to identify two significant QTLs on chromosomes 7A and 3A, which accounted for 60% and 13% of
the phenotypic variance, respectively. In a Sunco/Tasman mapping population, two QTL were
detected on chromosomes 7A and 3B that explained 27% and 20% of the phenotypic variance,
respectively (Mares and Campbell 2001), while a major QTL for flour yellowness b* was mapped on
chromosome 7B, accounting for 48% and 61% of the phenotypic variance in different growing
seasons (Kuchel et al., 2006). Zhang et al. (2006) identified a major QTL on chromosome 7A that
influenced kernel YP content and flour yellowness b*, explaining between 12.9% and 37.6% of the
phenotypic variance across five environments. Additional QTL for YP content were detected on
homoeologous group 1 chromosomes (Ma et al., 1999), and on chromosomes 4A and 5A (Hessler et
al. 2002), 2D and 4D (Zhang et al., 2006), and 2A, 4B, and 6B (Pozniak et al., 2007). Similarly, in
durum wheat, major QTL for YP content were found on chromosomes 7A and 7B (Elouafi et al.,
2001; Pozniak et al., 2007). This indicates that YP content in wheat grain is controlled by multiple
genes, in addition to the primary genes on homoeologous group 7 chromosomes.

Our study allowed the identification of QTL associated with YPC highlight the genetic control of
carotenoid biosynthesis in wheat. The significant QTL identified on chromosomes 1B, 2A, 2B, 3A,
4A, 4B (two QTL), 5A, 6A, 6B, and 7A (two QTL) were already reported in literature and suggested
the involvement of biosynthetic genes in determining YPC, providing targets for enhancing the
nutritional quality of durum wheat (Colasuonno et al. 2017; He et al., 2008; Pozniak et al., 2007;
Dibari et al., 2012, N’Diaye et al., 2018).

The QTL reported on chromosome 2B was already reported by Colasuonno et al. (2017), which was
co-located with the violaxanthin de-epoxidase gene; parallelly, the QTL on chromosome 4B on 69.3
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cM was identified at 83.1 cM and co-segregant with the phytoene desaturase gene (Colasuonno et
al., 2017). Finally, the QTL QYI.bc.6B.1 was reported already by N’Diaye et al. (2018), confirming
the presence of a locus controlling the yellow color of the semolina on chromosome 6B.

In our report, we identified the phytoene synthase 1 (Psy-Al) gene associated with the QTL on
chromosome 7A as reported in literature repeatedly and responsible for the regulation of the yellow
color of semolina and pasta (Elouafi et al., 2001; Pozniak et al., 2007; Patil et al., 2018). Notably, we
identified a key gene implicated in the synthesis of carotenoid pigments in durum wheat, which
regulate the yellow coloration of semolina and pasta. This gene is crucial targets for breeding
programs aimed at enhancing the nutritional and aesthetic qualities of wheat products. The
involvement of the Psy/ gene in carotenoid accumulation is reported also in other species, such as
Zea mays and Oryza sativa, and its localization to chromosome 6 in maize and rice, which share
synteny with wheat group 7 chromosomes, underscores its potential role in wheat YP content. There
is evidence that Psy! is significant associated with endosperm yellowness in maize (Palaisa et al.,
2003) and correlated with carotenoid content in maize endosperm (Gallagher et al. 2004), highlighting
its importance in the carotenoid biosynthetic pathway. This connection suggests that the genes
responsible for kernel YP content on wheat homoeologous group 7 chromosomes are likely Psyl.
Supporting this hypothesis, several researchers (Colasuonno et al., 2014; Pozniak et al., 2007)
mapped Psy] to the linkage group 7 chromosomes in durum wheat.

In this study, we identified key genomic regions associated with traits of interest, which can be
converted into KASP markers. The identified SNPs were selected based on their strong association
with the target traits, ensuring their relevance in marker-assisted selection (MAS). Before
implementation, selected SNPs would need to be validated for their polymorphism and robustness in
a diverse germplasm panel. The development process would involve optimizing allele-specific primer
design to ensure high genotyping efficiency and minimal amplification errors.

If successfully developed, these KASP markers could provide breeders with a reliable tool for rapid
screening of desirable alleles, thus improving selection accuracy and accelerating genetic gain.
Additionally, testing the markers across different genetic backgrounds would be essential to confirm
their transferability and practical utility in breeding programs.

Future research should focus on further validating these potential markers in breeding populations,
assessing their effectiveness in genomic selection models, and exploring their application in marker-
assisted backcrossing for the introgression of favorable alleles into elite cultivars. The integration of
KASP markers into breeding pipelines could ultimately enhance selection efficiency and contribute
to the rapid development of improved varieties.

5 Conclusion

The genetic improvement of GPC and carotenoid content in wheat is crucial for enhancing both the
nutritional quality and marketability of wheat products. Advances in genetic and genomic tools,
coupled with a deeper understanding of the biochemical pathways involved in N metabolism and
carotenoid biosynthesis, offer promising strategies for developing wheat varieties that meet the dual
challenges of high yield and quality under sustainable agricultural practices. To the best of our
knowledge, this is the first study that evaluates both GPC and GY using a diverse population of
tetraploid wheats, which confers scientific novelty to this work. Future research should focus on
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validating these QTL in diverse genetic backgrounds and under varying environmental conditions to
ensure their stability and effectiveness in breeding programs. Additionally, the functional
characterization of the identified genes through gene editing and transcriptomic analyses could
provide deeper insights into the molecular mechanisms governing GPC and Y1, covering the way for
more precise genetic interventions, which could in turn benefit the farmers and the consumers.

Overall, this study underscores the potential of genomic tools and approaches in advancing wheat
breeding, ultimately contributing to improved crop quality and sustainability in wheat production
systems.
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Tables

Table 1. Descriptive statistics for 144 tetraploid wheat genotypes for GPC and YT averaged per environment.

Trait Statistics Bari2019 Bari2022 Chile2021
GPC (%) Mean 17.24 15.67 15.01
SD (%) 1.60 1.87 1.62
Median 17.10 15.47 14.78
Min 13.29 11.6 10.59
Max 27.35 21.7 22.68
h? 0.88 0.90 0.44
Y1 (CIE b*) Mean 9.92 13.06 13.05
SD (£) 0.88 0.88 0.87
Median 9.78 13.15 12.99
Min 8.21 10.73 10.80
Max 13.54 16.37 16.60
h? 0.88 0.66 0.40

**%P <0.0001; ni, the significance of the environment was not included because of the amount of missing data for the traits in Bari 22.

Table 2. SNP markers significantly associated (LOD>3) with protein content and yellow index identified by GWAS in the whole tetraploid wheat
collection evaluated in three environments (Chile2021, Bari2019 and Bari2022) and the associated genes. Green font indicates the QTL identified
with the MLM model, red font the ones with the BLINK model, black font the QTL detected with both the methodology. The cM position is referred
to the consensus map by Maccaferri et al. (2014), while the bp position is based on the reference Chinese Spring genome assembly (IWGSC RefSeq

v2.1)).
Environments
- SNP Position Chile2021 Bari2019 Bari2022 Mean -

Traits QTL Closest marker alleles Chr cM (bp) 1ie arl arl Candidate gene
, marker , marker , marker , marker
LOD R effect LOD R effect LOD R effect LOD R effect
OGpc.be. 1B AX-158606326 C/T 1B - 653,263,986 3.26 0.10 -0.42 - - - 298 0.09 -040 3.53 0.11 -0.41

ore OGpe.be.24*  BobWhite ¢3833_815 G/T 2A 1459 692,850,242 3.04 0.08 1.12 glutamine
pe.oe - - ’ e o : : synthetase (GS2)
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Figure 1. Frequency distribution plots of phenotypic values for grain protein content (GPC) and yellow index
(YD) in 144 Triticum turgidum accessions grown in Bari 2019, Bari 2022 and Chile 2021.
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CONCLUSION

The studies presented here highlight the growing importance of genetic
improvement in wheat cultivation, with a particular focus on wild relatives and their
potential impact on cereal nutritional quality. The Cs/F6 gene from Aegilops
caudata, as explored in the first study, reveals significant variations in amino acid
sequences that modulate enzymatic activity and B-glucan biosynthesis, a crucial
polysaccharide for human health. The observed variations in the DP3:DP4 ratio
indicate how such genetic differences may influence the final B-glucan content in
crops, paving the way for applications in crop improvement programs aimed at
optimizing the nutritional value of cereals. The second study, focusing on B-glucan
accumulation and Cs/F6 gene expression, demonstrated that increased B-glucan
content in wheat varieties through hybridization with wild relatives can
significantly enhance the nutritional profile, suggesting that even small increases in
B-glucan content can have a substantial impact on dietary quality. The use of
advanced plant glycomics tools, such as HPAEC-PAD and GC-MS, emerges as a
powerful approach to enhance the efficiency of selecting high B-glucan wheat
relatives and hybrid lines. Finally, the third study underscores the importance of
genomic tools in improving both grain protein content (GPC) and grain yield (GY)
in wheat, opening new avenues for developing high-performance varieties that
address both nutritional and market needs. The integration of genomic knowledge
and the characterization of genes involved in biochemical pathways is critical to

addressing the challenges of sustainable agriculture and wheat nutritional quality.

In summary, the combination of genomic approaches, comparative genomics, and
traditional breeding holds great promise for revolutionizing crop improvement
programs, offering innovative solutions for more sustainable and nutritionally

enriched agricultural production.
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