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Abstract 

Wheat is one of the most important cereal crops worldwide, ranking first for global harvested area, 

and second for global production. It represents a fundamental source of calories and proteins for the 

human population, and an essential source of income for millions of farmers.  

The productivity of this key cereal for global food security, is alarmingly threatened by climate 

change, by the increase in extreme weather events and abiotic stresses (floods, drought spells and 

heat waves), leading to the exasperation of yield losses. It has been predicted that a 2.0°C rise in 

average temperature could lead to a 20% - 40% reduction in cereal grain production. 

The most widespread wheat species is bread wheat (Triticum aestivum L.), occupying more than 

90% of total wheat-cropping area, used for bread and biscuits. Durum wheat (Triticum turgidum ssp. 

durum (Desf.) Husn.), the tetraploid wheat species, despite representing just the 8% of global wheat 

production, is a fundamental staple food in the countries of the Mediterranean Basin, being the raw 

material for the production of traditional foods such as pasta, flat breads, couscous and bulgur. 

Together, bread and durum wheat cropping ranks first among cereals for harvested area in this 

region, where wheat represents a major source of calories. In particular, about 60% of global durum 

wheat is cultivated in this area, mainly as a rainfed crop, thus relying on the availability of precipitation 

water.  

The Mediterranean Basin has been recognized as a hotspot for climate change. In the last century, 

Mediterranean countries experienced a trend of increasing temperature, with more frequent heat 

waves, accompanied by a reduction in annual precipitation, thus being already prone to low and 

erratic precipitation profiles, threatening wheat grain yield. Moreover, the latest climatic projections 

foresee a rise in temperatures and a simultaneous reduction in precipitation for this region, with 

important yield losses expected. Temperature increase, accompanied by a decrease in water 

availability, makes drought the main abiotic stress hampering wheat productivity in the area.  

Drought resistance is a complex and quantitative trait, resulting from numerous mechanisms adopted 

by plants to cope with water scarcity, comprising a broad spectrum of morphological, physiological, 

biochemical and molecular processes activated at different phenological stages. The highly 

significant genotype x environment interactions consistently reduce its heritability, making genetic 

improvement very challenging for breeders. Differences in drought occurrence along the wheat life 

cycle, in terms of time of appearance, duration, frequency and severity, are highly significant among 

different environments. Moreover, in rainfed conditions, weather fluctuations in terms of temperature 

and precipitation distribution in the cropping season produce a consistent genotype × year 

interaction, further complicating the scenario, as well as the concomitancy with other abiotic stresses. 

Hence, desirable traits for one environment, may be inappropriate for another. 



 

Assessing and quantifying the alterations in wheat life cycle caused by climate change is thus a key 

goal in this region, as well as understating the underlying mechanisms of drought resistance. 

The first part of this PhD thesis is focused on these main topics. 

First of all, a precise quantification of climate change effects on wheat in this area was performed 

through a case study in the North of Italy in chapter 1, both in terms of life cycle perturbation and its 

consequences on rheological quality, providing very rigorous data, characterizing the area under 

examination in detail, coupling phenological, meteorological and grain quality data collected in the 

same site, and on the same varieties, before and after climate change.  

Then, accurate and detailed literature search was performed, reviewing the main controversies 

regarding the reliability of various phenological, morphological, and functional traits to be used as 

effective breeding tools for improving bread and durum wheat drought stress resistance in chapter 

2. An insight into the reasons for these controversies was offered, providing an interpretation of how 

selection criteria should be combined in different target environments, characterized by different 

drought scenarios, including the Mediterranean Basin.  

Considering its strategic importance for the Mediterranean region from an agricultural, alimentary, 

economic, social and even cultural point of view, I focused on durum wheat in the next parts. 

Modern durum wheat cultivars are the result of breeding programs included in the context of the so-

called Green Revolution, that took place from around the 1940s. In this process, tremendous 

increase in wheat yield was obtained thanks to the introduction of very specific traits; first of all: the 

reduction of plant height. Reduction in plant size led in fact to new varieties less prone to lodging, 

with a boosted resource portioning directed to the spike, thus maximizing the harvest index, 

producing huge yield increase. This high yield potential was augmented by the concomitant spread 

of new fertilizers, herbicide and pesticides, which in those years led to a revolution in the agronomic 

management. The high genetic uniformity of this new varieties perfectly matched with this new 

organization of the agro-ecosystem, maximizing the expression of their yield potential in a high input 

management scheme. However, this process of intense selection for new varieties, led to a notable 

genetic erosion, losing many alleles of interest, related to tolerance to abiotic stresses. A source of 

allelic repertoire of drought resistance is represented by wheat landraces (i.e. traditional local 

varieties, evolved from the spontaneous interaction with the pedoclimatic environment, and from the 

recurring mass selection carried out by the farmers) and wild ancestors, left behind by the bottleneck 

produced by twentieth century breeding. 

The second part of this PhD thesis is focused in identifying interesting genetic material to improve 

durum wheat drought stress resistance in the Mediterranean Basin, analyzing drought response on 

a panel of tetraploid wheat accessions in vitro and in vivo (chapter 1) as well as in open field trials 

(chapter 2), chosen in the attempt to represent as much as possible the biodiversity of tetraploid 



 

wheat, with the aim of evaluating the degree of genetic variability to be exploited for breeding 

purposes, and to find promising genotypes for Mediterranean drought contexts. The chosen 

accessions comprise durum wheat modern cultivars, landraces and ancestors such as durum emmer 

and wild emmer wheat.  

Indication of the most suitable phenotypic traits to select for in Mediterranean type climatic zones 

has been experimentally verified, both in controlled and open field conditions (chapter 1 and 2). 

Along with yield-related traits, during modern breeding, priority was given to specific technological 

quality traits, mainly involving starch and protein components, functional to quantitative yield and 

pasta-making process. Thus, also metabolite profiling can be exploited as a molecular phenotyping 

approach, and the analysis of metabolite composition might be of interest for nutritional and 

nutraceutical quality.  

The third part of this PhD thesis highlights differences in technological, nutritional and nutraceutical 

quality between modern wheat cultivars, landraces and ecotypes, focusing on lipids (chapter 1), 

primary metabolites and bioactive compounds (chapter 2).  

In fact, wheat adaptation to climate change does not only mean to guarantee satisfactory yields in 

adverse conditions, ensuring food security. It also means to provide millions of consumers with a 

diet-base food crop, with an improved nutraceutical and nutritional quality. Therefore, investigation 

and selection process for abiotic stress resistance and for improved quality has to go hand in hand. 
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Introduction 

 

Wheat origin, classification and domestication process 

The term wheats refers to different species of the Triticum genus, belonging to the Triticeae tribe in 

the Poaceae family. Barley and rye, important cereals cultivated since ancient time, belong to the 

same tribe. The Triticum genus contains species with different ploidy forms. Polyploidy is a 

duplication of the entire genome, either by doubling the genome of one species (autopolyploidy) or 

through hybridization of two related species and chromosome doubling (allopolyploidy). In the 

Triticum genus we have diploid (2n = 2x = 14), tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 

42) forms, corresponding to AA, AABB and AABBDD chromosome sets, respectively (thus not 

considering S and G genome, which did not take part in the evolution of bread and durum wheat).  

Wild diploids wheats (genomic formula AA) comprise T. urartu and T. boeoticum, distributed all-

around todayôs Turkey and the South-East part of it, respectively (Lupton, 2014). Based on 

isoenzymes and storage proteins analysis, the first cultivated diploid einkorn T. monococcum 

(genome AA) originated from T. boeoticum (Lupton, 2014). Its cultivation in the area of the so-called 

Fertile Crescent, i.e., the geographic area comprising modern Israel, Jordan, Lebanon, Syria, 

Southern Turkey, Iraq and Iran, along Tigris and Euphrates rivers, marked the birth of agriculture 

(Figure 1).  

 

Figure 1. Fertile Crescent geographical area (highlighted in green). Red circle corresponds to the ñcore areaò 

of the birth of agriculture. Source: Plant Cell Physiol, Volume 52, Issue 5, May 2011, Pages 750ï764, 

https://doi.org/10.1093/pcp/pcr018 

 

https://doi.org/10.1093/pcp/pcr018


 

2 
 

Specifically, several archeological, archeo-botanical, phytogeographical, molecular and genetic 

evidence points out that the ócore areaô representing the cradle of agriculture is located in 

southeastern Turkey and northern Syria, as reported in Peleg et al. (2011). The first event of wheat 

cultivation around 10,000 B.C., led to a profound transformation in human society, passing from 

hunting and gathering to settled agriculture, thus being called the ñNeolithic Revolutionò. Other than 

T. monococcum, Neolithic Revolution was also based on the cultivation of tetraploid emmer (genome 

AABB) T. turgidum ssp. dicoccum. This derived from the wild emmer T. turgidum ssp. dicoccoides, 

which originated from a hybridization event that occurred between 0.5 and 3 million years ago 

between T. urartu, donor of the A genome, and another unknown species of the section Sitopsis 

(close to Ae. speltoides), donor of the B genome (Chantret et al., 2005). From cultivated emmer 

directly derives modern durum wheat (Triticum turgidum ssp. durum (Desf.) Husn.). Cultivated 

einkorn and emmer spread in the Fertile Crescent, and another hybridization event originated the 

hexaploid T.aestivum around 9.000 years ago: cultivated emmer was A and B genome tetraploid 

donor, while D genome diploid donor was  Aegilops tauschii, an unrelated wild grass (Riley & 

Chapman, 1960). Hexaploid wheat was probably selected by farmers for its superior properties, thus 

arising in cultivation context, not having wild forms (Lupton, 2014). A schematic representation of 

wheat species phylogenetic history in presented in Figure 2. From the Fertile Crescent, as 

summarized by Shewry (2009), cultivated wheats spread into Europe, reaching Greece (8,000 B.C.), 

Danube, Italy, France and Spain (7,000 B.C.) as well as to Africa via Egypt and to Asia via Iran 

(3,000 B.C.).  

During the domestication process (9,500 ï 7,500 B.C.), farmers induced major morpho-physiological 

and adaptive changes, selecting spontaneous genetic traits that separated cultivated wheats from 

their wild relatives. The first is the loss of shattering of the spike at maturity. In fact, in wheat 

ancestors, the spike becomes brittle at maturity, falling apart, allowing seeds dispersal as an 

essential mechanism of propagation, which results in yield loss at harvesting. However, non-

shattering spontaneous mutants emerged, carrying mutations at the Br (brittle rachis) locus. This 

recessive allele conferred robustness to the spike axis, preventing ripened seeds from falling down. 

This trait was very beneficial for farmers, as it allowed them to harvest complete spikes at ripening. 

So, they gradually increased the proportion of non-brittle rachis harvested, unconsciously favoring 

the suppression of the brittle rachis in domesticated wheats, and the fixation of non-brittle rachis trait 

(Figure 3) (Pourkheirandish et al., 2018).  
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Figure 2. wheat evolutionary history. Source: Plant Cell, Volume 17, Issue 4, April 2005, Pages 1033ï1045, 

https://doi.org/10.1105/tpc.104.029181  

 

Figure 3. Brittle rachis of wild einkorn (Left) and non-brittle rachis of domesticated einkorn (Right). Source: 

Front. Plant Sci., 04 January 2018 Sec. Plant Genetics and Genomics Volume 8 - 2017 

https://doi.org/10.3389/fpls.2017.02031  

https://doi.org/10.1105/tpc.104.029181
https://doi.org/10.3389/fpls.2017.02031
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A second important domestication trait was the change from hulled forms (in which the glumes 

adhere tightly to the grain) to free-threshing naked forms. Two of the major Quantitative Trait Loci 

(QTLs) controlling this trait, each accounting for 25% of the phenotypic variation, correspond to the 

previously known threshability loci, Tg (tenacious glume), and Q (Matsuoka, 2011). Thus, hulled 

tetraploid T. turgidum ssp. dicoccum and hexaploid T.aestivum ssp. spelta were progressively 

replaced by free-threshing durum wheat and bread wheat, respectively (Chantret et al., 2005).  

The two aforementioned traits were at the very base of the domestication process, along with those 

that allowed the simplification of agronomic management in the agro-ecosystem (such as loss of 

dormancy or photoperiod sensitivity), guaranteeing uniform and rapid seed germination (Rojo et al., 

2017), and yield-related traits, such as augmented kernel size and carbohydrate content (Peleg et 

al., 2011).  

 

Domestication syndrome and 20th century Green Revolution 

The domestication process carried out by Neolithic farmers led to the selection of genetic traits that 

separated cultivated wheat forms from their wild relatives, representing a form of ancestral plant 

breeding, based on the massive recurrent selection of individuals showing favourable traits, e.g. non-

brittle rachis, free-threshing spike, increased kernel size, etc. Domestication involved few individuals, 

consequently leading to reduced genetic diversity of cultivated wheat species as compared with their 

wild relatives, and to the selection and spreading of specific genes and alleles controling traits of 

agronomic importance (Shewry, 2009). This phenomenon is commonly referred to as ñdomestication 

syndromeò, that represented the first genetic bottleneck in the history of cereal agriculture (Peleg et 

al., 2011).   

Even if domesticated wheats represented a genetic bottleneck compared to wild ancestors, 

numerous landraces diversified and evolved under local cropping conditions across Eurasia, 

resulting in the establishment of a wide diversity of local landraces and subspecies, specifically 

adapted to different agro-ecological zones (Matsuoka, 2011). For example, Triticum turgidum 

diversified several subspecies other than subs. durum, such as subs. turanicum and subs. 

carthlicum. The first is commonly referred to as ñoriental wheatò or ñKhorassan wheatò, identified for 

the first time in the Persian province of Khorasan (Percival, 1921), even if Western Anatolia was 

successively proposed as the centre of origin (Gökgöl, 1961). Khorassan wheat has been cropped 

only on a limited area, comprising Near and Central Asia and northern Africa (Gökgöl, 1961; Vavilov, 

1951). Triticum turgidum ssp carthlicum is commonly referred to as ñPersian wheatò, endemic in 

Georgia (Akhalkatsi et al., 2012). 
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Landraces are thus the result of a selection process deriving from the spontaneous interaction with 

the pedoclimatic environment, and from the recurring mass selection carried out by the farmers. 

These dynamic populations with distinct identities, showing local adaptation and associaton with 

traditional farming systems, are considered to be genetically more diverse than currently cultivated 

varieties (Villa et al., 2006).   

In fact, after the domestication process, which lasted for thousands of years, a new severe bottleneck 

in wheats biodiversity arose from modern breeding, during the so-called Green Revolution, in the 

20th century, when pioneer breeders started selecting within landrace populations individuals with 

the most favourable characteristics in terms of phenological adaptation and yield-related traits, in 

order to produce superior pure-lines. This kind of selection did not imply the constitution of new 

genotypes, as it only consisted in identifying and isolating the best lines already existing within the 

original population. An example of this method is the release in Italy of the durum wheat cultivar 

óSenatore Cappelliô, by Nazareno Strampelli (Rojo et al., 2017).  

During the 1940s, modern breeding programs started the Green Revolution, that represented a 

milestone in agriculture history, allowing to ensure food security to a rapidly expanding human 

population. The core of this phenomenon was represented by the work of Norman Ernest Borlaug 

conducted at the International Maize and Wheat Improvement Center (CIMMYT), who used 

germplasm from different origins to perform crosses. Using the Japanese variety Norin 10 as a 

parental, he obtained semi-dwarf wheats, that yielded tremendously better than the taller traditional 

varieties grown in most parts of the world at that time. Bourlag's work has in fact taken over previous 

ones by the Italian Strampelli, who performed crosses of the Italian Rieti with the Dutch Wilhelmina 

variety, top-crossing the F1 to the short-strawed Japanese variety Akagomughi. This crosses 

combined Rietiôs disease resistance and grain-quality, Wilhelminaôs yielding capacity and 

Akagomughiôs earliness and straw strength, giving rise to the varieties Ardito and Mentana, which 

resulted to extremely important in subsequent wheat breeding (Lupton, 2014). 

Semi-dwarf trait resulted in a reduction in plant height and lodging, and in a greater allocation of 

resources portioning to the grains, maximizing the harvest index. The identification in Norin 10  of 

precise dwarfing alleles Rht-B1b  and Rht-D1b greatly accelerated the selection process, so that 

already in 1990s 70% of the varieties on the market all over the world contained at least one dwarfing 

allele, with an inevitable parallel abandonment of traditional local landraces (Hedden, 2003; 

Rebetzke et al., 2011). The high yield potential of new cultivars was augmented by the concomitant 

spread of new fertilizers, herbicide and pesticides, which in those years led to a revolution in the 

agronomic management. The high genetic uniformity of this new varieties perfectly matched with the 

new mechanized organization of the agro-ecosystem, maximizing the expression of their yield 

potential in a high input management scheme. Specifically, Evenson & Gollin (2003), assessing the 

impact of the Green Revolution, estimated for developing countries a yield growth rate of 2.502 for 
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the period 1961-1980 (Early Green Revolution), and of 1.805 for the period 1981-2000 (Late Green 

Revolution); modern cultivars accounted for 21% and 50% yield increase in the two periods, while 

the rest of yield growth contribution was due to other inputs (fertilizers, herbicides, pesticides etc.). 

Fischer et al. (2022) elegantly reported an analysis of 60 years of wheat yield increase in the Yaqui 

Valley of Mexico, where CIMMYT developed modern varieties at the very core of the Green 

Revolution. Still today, this valley represents a very important site in global wheat cropping, with 

around 140,000 ha of irrigated wheat every year. In the valley, wheat yield passed from 2 to 7 t/ha 

between 1960 and 2019, and in the same period world wheat yield passed from 1 to 3 t/ha (Figure 

4).  

 

 

 

Figure 4. wheat yield increase in Yaqui Valley (orange) and world (blue) between 1960 and 2020. Source: 

Field Crops Research, Volume 283, 1 July 2022, 108528, https://doi.org/10.1016/j.fcr.2022.108528  

Fischer et al. (2022) investigated in detail the yield increase, correcting it for both the influence of 

inter-annual variation in January to March minimum temperature and CO2 rise, measuring the 

remaining linear increase. This was further divided in ñbreeding componentò (related to the release 

of new varieties) and ñagronomy+ componentò (comprising the net effect of improved crop 

management plus that of off-farm changes). Dividing the interval 1960-2019 into three 20-year 

periods, the breeding component rose at 0.97%, 0.49%, and 0.71% relative to the period average, 

respectively, while respectively remaining yield change were 3.16, ī 0.02% and 0.87%. Major 

changes in the agronomy component were due to a large increase in nitrogen fertilizers use in the 

first period; in the second period, to a switch to planting on raised beds and a decline in rotational 

diversity; and in the last 20-year period, to consolidation of operational crop units and more skillful 

https://doi.org/10.1016/j.fcr.2022.108528
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and timely management. From these data clearly emerges the invaluable importance of 20th Century 

breeding for yield increase, and thus for global food security, in an expanding human population.  

 

Wheat relevance for the Mediterranean Basin and climate 

change threat  

Wheat (Triticum spp.) is the most diffused cereal crop worldwide, with a global harvested area of 

220 Mha in 2021 (FAOSTAT). This makes wheat the main staple food, providing 18% of total calories 

and 20% of proteins daily intake for mankind (Rojo et al., 2017). Other than representing a key cereal 

for global food security, wheat is also the main source of income for millions of farmers all around 

the globe, being cropped from the equator to temperate lands (Peña-Bautista et al., 2017). In fact, 

this crop can widely adapt to very different growing conditions, from irrigated or high-rain-fall to dry 

areas, from temperate or warm to cold environments, from the sea level to more than 4,000 m amsl 

(Tadesse et al., 2016). Bread wheat occupies more than 90% of the total wheat cropping areas and 

this holds a dominant role in the diet for many populations all around the world. Durum wheat, despite 

representing just the 8% of global wheat production, is particularly relevant for the area of the 

Mediterranean Basin, comprising countries of Southern Europe, North Africa, and the Middle East, 

where it is used for traditional foods such as pasta, flat breads, couscous and bulgur. Here, wheat 

cropping occupies about 30% of total arable land, and 60% of global durum wheat is cultivated in 

this region (Giraldo et al., 2016; Rojo et al., 2017). Hence, wheat-based foods, mainly bread, pasta 

and couscous,  represent the base of the pyramid in the Mediterranean diet, largely recognized to 

be related to health benefits and prevention of cardiovascular diseases (Estruch et al., 2013). In 

particular, wheat-based foods contribute in body-weight maintenance, providing balanced nutrients 

intake, especially when they are whole grain, having higher levels of dietary fibers, minerals, vitamins 

and bioactive compounds (Peña-Bautista et al., 2017), besides being reported to eliminate chances 

of type II diabetes, cancer, obesity (Boukid et al., 2018).   

In the Mediterranean Basin, wheat is mainly cultivated as a rainfed crop, thus relying on the 

availability of precipitation water. In general, most rain falls during autumn and winter, and water 

deficit appears in spring, resulting in moderate drought stress for wheat around anthesis,  increasing 

its severity throughout the grain-filling period (Garcēa del Moral et al., 2003).  

The productivity of this key cereal for global food security, is alarmingly threatened by climate 

change, leading to a substantial increase in extreme weather events and abiotic stresses (floods, 

drought spells and heat waves), causing the exasperation of yield losses (Anderson e al., 2020). 

The Mediterranean Basin has been recognized as a hotspot for climate change and in the last 

century the region has experienced a trend of increasing temperature, with more frequent heat 
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waves, accompanied by a reduction in annual precipitation, thus being already prone to low and 

erratic precipitation profiles (Kovats et al., 2014), threatening wheat successful cropping.  

Moreover, recent climatic projections foresee a further rise in temperatures and a simultaneous 

reduction in precipitation for this region, with important yield losses expected (Flato et al., 2014). 

In general, it has been predicted that a 2.0 °C rise in average temperature can lead to a more than 

20 to 40% reduction in cereal grain production (Fatima et al., 2020). Climate change-induced 

warming in Mediterranean Europe has already caused a reduction in wheat yield of about 5%, with 

particular severity in Italy, where temperature increase is accompanied by a decrease in water 

availability (Moore & Lobell, 2015). Cramer et al. (2020) provided a very detailed analysis of current 

situation and future risks, highlighting that anthropogenic climate change in the Mediterranean Basin 

has already been observed for several weather variables, as well as that this region will be among 

the most affected by climate change in the next future, especially in terms of hydrological cycles and 

precipitation. 

Specifically, annual mean temperature is already above 1.54 °C if compared to the 30-years climatic 

reference period for the pre-industrial era (1860-1890), 0.4 °C above the global average increase, 

giving evidence that this region is a hotspot for climate change. Authors combined multi-model 

simulations, concluding that warming in the Mediterranean Basin will continue throughout 21st 

Century, exceeding global mean value by 20% (with peaks of 50% during the summer). The 

magnitude of the phenomenon will depend on the emissive scenario (intensity with which anthropic 

activities will continue to emit greenhouse gases into the atmosphere). Warming, accompanied by 

increase in heat waves duration and intensity, will be in the range of 0.9 ï 1.5 °C or 3.7-5.6 °C in 

case of low and high emissive scenarios, respectively.  

A for precipitation, a decreasing trend has been observed in central and southern parts of the Basin 

in the second half of 20th Century, and models forecast a significant decrease in the April-September 

period for the entire area in 21st Century (4% decrease for each degree of warming), leading to more 

frequent and longer dry spells, especially during summer and in the Southern portions of the Basin.  

Wheat adaptation to climate change is a fundamental challenge for agronomists, scientists and 

breeders, with the aim of guaranteeing satisfactory yields in adverse conditions, ensuring food 

security for the Mediterranean Basin.  

As a consequence, it clearly emerges that assessing and quantifying the alterations in wheat life 

cycle caused by climate change is a key goal in this region, as well as understating the underlying 

mechanisms of abiotic stress resistance, and finding promising sources of genetic variability to 

improve it. 
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Wheat landraces and wild relatives: a source of genetic 

variability to improve resistance to abiotic stresses and grain 

quality 

While the homogeneity of the new varieties released after the Green Revolution resulted to be very 

convenient for industrial and commercial aims and allowing to obtain wheat grains with similar quality 

in different environments, the decline in cultivar genetic diversity led to a notable genetic erosion, 

losing many alleles of interest, related to tolerance to biotic and abiotic stresses, as well as to 

nutritional and nutraceutical grain quality traits. Landraces, locally cultivated for hundreds of years, 

progressively disappeared, as the exploitable genetic diversity that they represented. This 

phenomenon interested also the Mediterranean Basin, where the reservoir of a great genetic 

variability, i.e. wild relatives and landraces, was displaced by modern homogenous varieties (Rojo 

et al., 2017).  

The great success of the Green Revolution in terms of yield improvement, was dependent on very 

specific conditions, in which modern cultivars needed to be grown to express their potential, i.e. well-

watered conditions and application of high levels of nitrogen fertilizers primarily. Nowadays, in the 

climate change scenario, the question arises on how these modern cultivars perform in a hot and 

water-limited environment. Jatayev et al. (2020) exhaustively addressed this issue, highlighting that 

modern semi-dwarf cultivars óstumbleô in drought stressed conditions, which are increasingly more 

common in changing climate, failing to produce higher grain yield compared to ancient local varieties.  

Different authors thus sustain the need to recover the genetic variability provided by landraces and 

wild relatives, freely evolved along the centuries in very diverse environments, including extreme 

and non-favorable conditions in terms of temperature and water availability, as climate change is 

projected to have a significant impact on temperature and precipitation profiles in many wheat 

cropping areas.  

For example, Budak et al. (2013) discuss how wild emmer germplasm exhibits a high level of genetic 

diversity, offering a rich allelic repertoire to be exploited for resistance to various abiotic stresses, 

included drought, as  wild emmer wheat accessions are known to perform better under water-limited 

conditions compared to both durum and bread wheat modern cultivars. 

Similarly, Giraldo et al. (2016) sustain how wheat landrace collections, representing an intermediate 

stage in domestication between wild wheats and modern cultivars, contain wider genetic diversity 

than most breeding programs, as the allelic variation of genes originally found in wild relatives, then 

gradually lost through domestication and breeding, can be recovered recurring to landraces. 
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Lopes et al. (2015), considering that landraces, with their wide allelic variation, possess a precious 

source of stress-adaptive traits, reviewed on possible strategies to exploit this genetic diversity for 

breeding purposes. An essential first step is to form core collections, where genetic diversity is 

maximized with minimum repetition. Then, assessing the phenotypic variation and the related 

genetic association for traits of interest through large-scale and precision phenotyping, coupled with 

Genome Wide Association Study (GWAS) for the identification of new markers, is needed. Briefly, 

to perform GWAS, the phenotypic variability for a trait of interest is examined on a large number of 

genotypes; then genotype-phenotype association is determined through a high number of molecular 

markers (usually SNP, Single Nucleotide Polymorphisms) distributed throughout the entire genome, 

with the aim of identify a signal of association between a given allele at SNP markers and a given 

phenotype (Korte and Farlow, 2013). This way, it can be performed the so-called ñallele miningò, i.e. 

searching for alleles of interest for enriching the genetic diversity in modern cultivars. Thus, the 

recovery of traditional local varieties is valuable not only in order to identify promising accessions to 

be used directly in productive contexts subjected to abiotic stresses, but also for genotyping 

purposes, aimed at identifying genetic loci involved in the control of these traits.  

In fact, modern Marker Assisted Selection (MAS) strategies represent a solution to improve stress 

tolerance in harsh conditions, without renouncing to high yield potential in favorable ones, as MAS 

can be used to transfer from wild relatives to modern cultivars QTLs conferring tolerance to several 

stresses (Merchuk-Ovnat et al., 2016). Molero et al. (2022) performed a GWAS on 149 spring wheat 

lines, identifying promising exotic alleles for heat stress tolerance in Aegilops tauschii. Merchuk-

Ovnat et al. (2016) used a recombinant inbred line population derived from a cross between durum 

wheat and wild emmer, to map QTLs conferring drought tolerance. Thus, breeding programs based 

on the introgression of QTL alleles from wheat wild progenitors and landraces represent a valuable 

strategy to obtain high yielding modern wheat cultivars, resistant to the effects of abiotic stresses 

(including drought), but at the same time with no yield penalties under favorable conditions. In this 

scenario, Mediterranean durum landraces seem to play an important role, as they represent a 

particularly important group of genetic resources because of their extensive genetic variability 

(Giraldo et al., 2016; Lopes et al., 2015). In fact, Soriano et al. (2018) identified 23 marker alleles in 

a panel of landraces from the Mediterranean Basin, affecting important agronomic traits for durum 

wheat adaptation to climate change, such as improved grain filling duration and reduced cycle length. 

Pascual et al. (2020), using 10k SNPs markers distributed with relatively well-balanced genome-

wide coverage, observed broader genetic diversity in a collection of 380 Spanish landraces 

compared to a reference set of commercial varieties, also identifying genomic regions whose 

patterns of variation were markedly different in the two groups.  

In the definition of wheat rheological quality, the main characteristics to consider are protein content 

and gluten strength. Wheat grain protein are divided in albumins, globulins and gluten, with the last 
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one formed by gliadins and glutenins. Gliadins confer to the dough viscosity and extensibility, while 

glutenins confer elasticity and strength (Shewry, 2019). Glutenins are further classified into high 

molecular weight glutenin subunits and low molecular weight glutenin subunits (Shewry, 2009), with 

the allelic polymorphism of gluten proteins accounting for 38% of the genetic variability of dough 

strength, defined as the ability to form a satisfactory viscoelastic matrix for food-making process 

(Mefleh, 2021). The range of allelic diversity for glutenin loci has been reported to be higher in 

landraces than modern cultivars (Visioli et al., 2021) , as well as landraces are reported to exhibit 

wide variability for protein content (Ruisi et al., 2021). 

In fact, even if domestication didnôt cause significant losses of genetic diversity in terms of grain 

quality, modern breeding for elite and high-yielding cultivars caused genetic erosion, as breeding for 

a stronger gluten reduced considerably the genetic variability of gluten characteristics (Mefleh, 

2021). Moreover, modern varieties are characterized by a lower protein content compared to old 

varieties, as the increase in grain number per unit area led to  a grain dilution effect (Giunta et al., 

2007). However, the lower grain protein content was counterbalanced by an improvement in the 

gluten strength, through the incorporation of improved gliadin and glutenin alleles present on the 

gene locus Glu-A1, Glu-B1 and Glu-B3. As a result, modern varieties have a higher gluten index, 

used to assess gluten strength (Mefleh, 2021). However, breeding of new genotypes with improved 

quality traits demand the exploration of ancient and old wheats germplasm collections, as a source 

for the introduction of the favorable traits into the modern elite germplasm (Blum et al., 1987; Roselló 

et al., 2018). Royo et al. (2022), assessing 11 grain quality traits on a collection of 153 bread wheat 

landraces, genotyping with 13177 SNP markers, found great phenotypic variability. For example, 

landraces from Bosnia-Herzegovina, Bulgaria and Romania had high gluten strength, loaf volume, 

mixing time and grain hardness, while opposite attributes were found in accessions from Jordan, 

Lebanon and Cyprus. Nazco et al. (2012), analyzing a collection of 154 durum landraces from 20 

Mediterranean countries and 18 modern cultivars, concluded that Mediterranean landraces can be 

very useful in breeding programs to improve not only stress tolerance-related traits, such as grain 

filling rate, but also gluten strength.  

Given the high importance of gluten strength and protein content in determining wheat grain price 

for milling and baking industries, less focus was given towards components related to nutritional and 

nutraceutical qualities, such as phytochemicals (phenolic compounds, vitamins and minerals) or lipid 

composition, associated with specific health benefits. Lipid contribution toward the nutritional value 

of wheat-based food is an important aspect that needs to be better elucidated; moreover, storage 

stability of flour as well as dough functionality are influenced by lipids, by interacting with gluten 

proteins and starch (Pareyt et al., 2011). Interesting information about lipid profile and its relationship 

with the domestication process are starting to emerge: fingerprint in fatty acids profile has been 

identified as an evolutionary signature among tetraploid wheats, as divergence among wild emmer, 
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emmer and wheat was detected. The domestication process impacted the fatty acids metabolism, 

and thus the health and nutritional quality of the grain (Beleggia et al., 2016). Additionally, as reported 

by Adhikari et al. (2022), traditional cultivars have a high variability for nutraceutical properties 

including minerals content (such as Cu, Fe, Mg, Mn, P, Se, Zn), lacking in modern cultivars, as well 

as contain in general a significantly higher proportion of carotenoids and tocols, resulting to be useful 

for biofortification of modern high yielding cultivars, i.e. development of aromatic and flavored wheat 

varieties.  

Data sharing from such investigations among agronomists, scientists and breeders can enormously 

benefit wheat adaptation to climate change in the Mediterranean Basin. In fact, rheological, 

nutraceutical and nutritional quality traits are greatly affected by environmental conditions 

(Johansson et al., 2013; Mefleh, 2021; Poggi et al., 2022), becoming more and more challenging in 

the climate change scenario. Thus, it is essential to investigate the genetic variability that makes a 

specific genotype to fit in a given environment, enabling to ensure high quality products in a changing 

climate, as well as to mining for genetic resources for resistance to abiotic stresses, in the attempt 

to keep guaranteeing food security for the threatened area of the Mediterranean Basin.  
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Chapter 1 

Climate change effects on bread wheat 

phenology and grain quality: A case 

study in the north of Italy  

 
This chapter is based on: 

Poggi, G. M., Aloisi, I., Corneti, S., Esposito, E., Naldi, M., Fiori, J., Piana, S., Ventura, F. (2022). Climate 

change effects on bread wheat phenology and grain quality: A case study in the north of Italy. Frontiers in 

Plant Science, 13, 936991. https://doi.org/10.3389/fpls.2022.936991  

 

Abstract 

Increasing temperatures, heat waves, and reduction of annual precipitation are all the expressions 

of climate change (CC), strongly affecting bread wheat (Triticum aestivum L.) grain yield in Southern 

Europe. Being temperature the major driving force of plantsô phenological development, these 

variations also have effects on wheat phenology, with possible consequences on grain quality, and 

gluten protein accumulation. Here, through a case study in the Bolognese Plain (North of Italy), we 

assessed the effects of CC in the area, the impacts on bread wheat phenological development, and 

the consequences on grain gluten quality. The increasing trend in mean annual air temperature in 

the area since 1952 was significant, with a breakpoint identified in 1989, rising from 12.7 to 14.1°C, 

accompanied by the signals of increasing aridity, i.e., increase in water table depth. Bread wheat 

phenological development was compared in two 15-year periods before and after the breakpoint, 

i.e., 1952ï1966 (past period), and 2006ï2020 (present period), the latest characterized by aridity 

and increased temperatures. A significant shortening of the chronological time necessary to reach 

the main phenological phases was observed for the present period compared to the past period, 

finally shortening the whole life cycle. This reduction, as well as the higher temperature regime, 

affected gluten accumulation during the grain-filling process, as emerged analyzing gluten 

composition in grain samples of the same variety harvested in the area both before and after the 

breakpoint in temperature. In particular, the proportion of gluten polymers (i.e., gliadins, high and low 

molecular weight glutenins, and their ratio) showed a strong and significant correlation with 

cumulative growing degree days (CGDDs) accumulated during the grain filling. Higher CGDD values 

during the period, typical of CC in Southern Europe, accounting for higher temperature and faster 

grain filling, correlated with gliadins, high molecular weight glutenins, and their proportion with low 

https://doi.org/10.3389/fpls.2022.936991
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molecular weight glutenins. In summary, herein reported data might contribute to assessing the 

effects of CC on wheat phenology and quality, representing a tool for both predictive purposes and 

decision supporting systems for farmers, as well as can guide future breeding choices for varietal 

innovation. 

 

Introduction 

Bread wheat (Triticum aestivum L.) is one of the most important cereals worldwide, representing a 

fundamental staple food. In Southern Europe, bread and durum wheat cropping ranks first among 

cereals for the harvested area (4.98 Mha) and second for production quantity (20.74 Mtonnes), 

behind maize (FAOSTAT, 2022, visited on 05/01/2022). 

This productivity is strongly hampered by climate change (CC), which is threatening food security by 

the increase in extreme weather events and abiotic stresses (floods, drought, and heat stress), 

leading to the exasperation of agricultural production losses (Anderson et al., 2020). In general, it 

has been predicted that a 2.0°C rise in average temperature can lead to a more than 20 to 40% 

reduction in cereal grain production (Fatima et al., 2020). Specifically, Southern Europe 

(Mediterranean Europe) experienced a trend of increasing temperature in the last century, with more 

frequent heat waves and fewer frost days, accompanied by a reduction in annual precipitation 

(Kovats et al., 2014). The latest projections show that an exacerbation of this trend is expected in 

the next future, accompanied by more frequent dry spells (Kovats et al., 2014). Climate change-

induced warming in Southern Europe has caused a reduction in wheat yield of about 5%, with 

particular severity in Italy, where temperature increase is accompanied by a decrease in water 

availability (Moore and Lobell, 2015). Recently, high-resolution impacts of CC on the yield of durum 

wheat, bread wheat and maize in Italy were predicted, suggesting different scenarios for those crops 

relevant to the Italian agricultural economy. In particular, maize and bread wheat will be the most 

affected crops under the climate change projections, with drastic reductions in yield, estimated 

between 20 and 43% in maize and 25 and 50% in bread wheat, according to the latitude and to 

different pedological and crop management features (Mereu et al., 2021). 

The identification of threshold temperatures is a very important aspect of CC risk assessment; hence, 

they have been calculated for the most important crops and recently reviewed, together with the 

extreme threshold temperatures for the major cereal crops (Luo, 2011; Ramirez-Villegas et al., 2013; 

Fatima et al., 2020). Moreover, besides threshold temperatures, the impact of temperature variations 

on plant phenology is to take into account when it comes up to crop yield. In fact, variations in 

temperature trends have huge consequences on plantsô phenology ï defined as the study of the 

periodically recurring events in plantsô development along with their life cycle (Lieth, 1974, according 
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to Piao et al., 2019) ï as the temperature is known to be the major driving force of plantsô 

phenological development (Chuine and Régnière, 2017). The link between temperature and 

phenology is expressed in growing degree days (GDDs), calculated starting from air temperature. A 

growing degree day is a measure of heat accumulated above a specific base temperature (specific 

for each plant species) during a day (24-period) (Herms, 2004). One degree day is accumulated for 

each degree that the temperature remains above the threshold typical of the selected plant species, 

during 24 h; the crop can thus accumulate several GDDs in a day. In fact, plantôs development only 

occurs between an upper and a lower threshold temperature. Development stops when the 

temperature drops below the lower threshold (the base temperature for calculating GDDs) and starts 

again when it rises above it. In addition, plantôs development stops when the temperature exceeds 

the upper threshold (Herms, 2004). Years of phenological studies on agricultural crops have made 

it possible to identify optimum, maximum, and minimum threshold temperatures, as well as how 

many GDDs need to be accumulated for reaching the various phenological stages, expressed as 

cumulative growing degree days (CGDDs), even if genotype variations exist (Porter and Gawith, 

1999). Climate change has greatly shifted the timing of major phenological events (Piao et al., 2019), 

and these shifts have been recently predicted in two CC scenarios for Italy, where the spatial 

distribution of projected changes in the length of the growing cycle for bread wheat indicated earlier 

maturity for this crop, with a progressively reduced number of days needed to reach the crop maturity 

moving toward the end of the century (Mereu et al., 2021). 

However, the comprehensive analysis of how CC already influenced wheat phenology in this area, 

and its consequences in terms of grain quality, are still missing. In fact, significant phenological 

changes can have not only deep impacts on agricultural management and crops performances 

(Richardson et al., 2013; Piao et al., 2017, 2019), but also alter crop quality in terms of protein, 

sugars, fiber, and secondary metabolites content (Dusenge et al., 2019; Leisner, 2020). Specifically, 

grain-filling period, i.e., the developing stage during which nutrients are accumulated as storage 

molecules in the kernel, going from watery ripe to hard dough, is the most sensitive for wheat grain 

technological quality (Moldestad et al., 2011; Naeem et al., 2012; Koga et al., 2015). This depends 

on the fact that gluten proteins, which confer the physical and chemical properties to wheat dough, 

are accumulated starting from 10 days after anthesis throughout grain filling until the maturation 

phase at the end of seed development (Shewry, 2019). 

Gluten proteins are classified into two groups: the monomeric gliadins, which confer viscosity, and 

the polymeric glutenins, which contribute to elasticity (Shewry, 2019). Gliadins are further classified 

into Ŭ-, ɔ-, and ɤ-gliadins whereas the glutenin polymers consist of two groups, i.e., high molecular 

weight glutenin subunits (HMW-GSs) and low molecular weight glutenin subunits (LMW-GSs). LMW-

GSs have one or two cysteine residues that form inter-molecular disulfide bonds either with HMW-
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GS or with gliadins, finally forming large three-dimensional networks stabilized by non-covalent 

forces, particularly hydrogen bonds (Shewry et al., 2009). 

Several pieces of evidence demonstrate that gluten composition, quality, and general kernel protein 

composition, in general, can be severely influenced by growth conditions (Altenbach et al., 2002; 

Johansson et al., 2013). However, environmental effects on the gluten net and thus final bread-

making quality are still not fully understood (Koga et al., 2015). Temperature during grain filling is 

one of the most important factors that affect gluten quality, which has been known since the early 

1990s (Blumenthal et al., 1991, 1993). Since large areas of wheat cultivation experience rising 

temperatures during the growing season, the effects on wheat quality are well documented and, in 

general, high temperatures during grain filling are associated with the changes in the composition of 

gluten proteins (Spiertz et al., 2006; Vida et al., 2014; Koga et al., 2016; Labuschagne et al., 2016 

and reviewed in Altenbach, 2012; Wang and Liu, 2021). Often, a decrease in the glutenin to gliadin 

ratio (Dupont et al., 2006) and an increase in the proportion of large glutenin polymers (HMW-

GS/LMW-GS ratio) occur, finally affecting dough strength (Moldestad et al., 2011; Hurkman et al., 

2013); however, a strong genotype × environment interaction has been reported, not allowing to 

state general trends (Vida et al., 2014). These effects are related to the consequences of high 

temperatures on shortening the grain-filling period, reducing the duration of dry matter accumulation 

in the seeds, and finally reducing kernel weight (Dupont et al., 2006). 

The aim of this study was to assess and quantify the alteration in bread wheat phenological 

development caused by CC in a key area for its cultivation, such as Southern Europe, and its 

consequences on grain gluten quality, through a case study in the North of Italy. A precise evaluation 

of CC impacts in the experimental site was performed, providing punctual meteorological data since 

1952. To uncover phenological alterations, bread wheat phenological development in the area in two 

periods, before and after the breakpoint in temperature increase, was compared, thanks to historical 

data collections. Moreover, thanks to the availability of modern and ancient grain samples of the 

same wheat variety, derived from experimental and certification activities carried out in the past, we 

aimed at verifying in a historical seed collection whether phenological perturbation and higher 

temperatures regimes caused by CC also produced alterations in gluten composition, which is 

essential for bread wheat grain quality. 
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Materials and methods 

Experimental site 

Phenological, meteorological, and grain quality data were analyzed in the Bolognese Plain, located 

in Emilia-Romagna. Emilia-Romagna is a region in the North of Italy characterized by a subhumid 

climate with an average annual air temperature equal to 12.8°C and a mean annual precipitation 

amount of 924 mm (Antolini et al., 2017). CC effects have become evident in the region. In particular, 

an increasing trend in mean maximum and minimum air temperatures has been observed, 

accompanied by an increase in heat waves duration and a reduction in winter frost days in the whole 

region, both in plain and in hill areas (Tomozeiu et al., 2006), in the full manifestation of CC trends 

for Southern Europe. In particular, the ñClimate change mitigation and adaptation strategy for the 

Emilia-Romagna Regionò summary document (Regione Emilia-Romagna, 2018) states that, in the 

1991ï2016 reference period, the maximum annual temperature recorded an average increase of 

about 1.5°C compared to the 1961ï1990 period (17.8°C compared to 16.3°C). At a seasonal level, 

there is a greater recorded increase during the summer, with a trend of 0.6°C per decade for 

maximum temperatures and of 0.3°C per decade for minimum temperatures. The chosen 

experimental site for phenological and meteorological data evaluated in this study is the locality of 

Cadriano (44Á 33ǋ 03ǌ N, 11Á 24ǋ 36ǌ E), where is located the main agrometeorological station of the 

Department of Agricultural and Food Sciences (DISTAL) of the University of Bologna, as well as the 

agro-phenological station of the Department. When it was first installed, the agrometeorological 

station of the Department was located in Corticella (Lat 44Á 32ǋ 58ǌ N, 11Á 21ǋ 15ǌ E) and then moved 

to Cadriano in 1971. Corticella and Cadriano sites are located in a similar morphological area of the 

Bolognese Plain, at a distance of 4 km from each other. 

 

Phenological data  

To evaluate CC effects on bread wheat phenology in the Emilia-Romagna region, two 15-year 

periods have been compared: the first period includes the 15 growing seasons from 1951ï1952 to 

1965ï1966 (past period), and the second one includes 15 growing seasons going from 2005ï2006 

to 2019ï2020 (present period). Phenological data for the past period on four wheat varieties, i.e., 

San Giorgio, San Pastore, Mara, and Fortunato, were obtained from a bibliography evaluating the 

performances of these varieties in long-lasting agronomic surveys. The surveys were carried out in 

open field plots at the experimental farm of the Istituto di Agronomia Generale e Coltivazioni Erbacee 

of the University of Bologna, that, at that time, was sited in Corticella (BO) (Lat 44Á 32ǋ 58ǌ N, 11Á 21ǋ 

15ǌ E) (Quagliotti, 1957; Antoniani, 1960, 1971). These experiments were very detailed and 
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accurate, but only lasted for 15 years. This bibliography represents the only available source of 

information providing phenological data continuously collected on the same varieties in the 

experimental area in the past. Therefore, for the pre-climate change period, we focused on these 15 

years of phenological data, collected on the aforementioned four varieties, making a comparison 

with the latest present. To have homogeneity in the data, we used the same time span of 15 years 

for the present data. Background information on these four wheat varieties (e.g., frost, rust, and 

lodging resistance, productivity, thousand kernel weight, hectoliter weight, constitutor name, and 

pedigree), extensively cropped in the Bolognese Plain in the 20th century, is available in the study 

by Baldoni (1952). 

The same phenological data were obtained for the present period from the phenological bulletin, 

released weekly by the Department of Agricultural and Food Sciences (DISTAL), University of 

Bologna. The bulletin publishes the data of the phenological surveys carried out on the cultivar Mieti, 

in accordance with the Phenagri protocol (Pasquini et al., 2006), at the agro-phenological station 

experimental plots sited in Cadriano (BO) (44Á 33ǋ 03ǌô N, 11Á 24ǋ 36ǌ E). Mieti is currently used for 

the bulletin, being well representative of the most varieties used in the area. Phenology was analyzed 

according to the internationally recognized BBCH scale (Biologische Bundesanstalt, 

Bundessortenamt, and CHemical industry). The BBCH scale encodes plantsô development stages 

using a double-digit code, which goes from sowing (00) to harvest (99), thus consisting of 10 principal 

stages (0ï9), with 10 secondary stages (0ï9) for each principal one (Meier, 1997). For each variety 

in each agronomic season, the chronological time, expressed as days after sowing (DAS), and the 

CGDDs necessary to reach several BBCH stages were calculated. In particular, CGDDs necessary 

to reach stages 31 (beginning of stem elongation), 40ï49 (booting), 50ï59 (heading), 61 (beginning 

of anthesis), and 89 (full ripening) were calculated, using the single-triangle method (Snyder et al., 

1999), with a base temperature of 0°C (Steduto et al., 2012). 

 

Meteorological data  

For GDD calculation, to be coupled to phenological data, weather data (daily maximum, minimum, 

and mean temperature ï Tmax, Tmin, and Tmean) were provided by DISTAL agrometeorological station, 

nowadays sited in Cadriano, nearby the agro-phenological station where Mieti phenological data are 

collected for the weekly bulletin. The original position of the station was in Corticella, near the 

experimental plots of the agronomic surveys on Fortunato, Mara, San Giorgio, and San Pastore, 

relating to the period 1951/1952ï1965/1966, and was then transferred to Cadriano in 1971. Taken 

together, Corticella and Cadriano daily weather data represent a mechanical historical series that 

goes from 1 January 1952 to the present. These mechanically measured weather data were used, 

representing a continuous and uniform historical series from 1952 to today, measured near the plots 
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where the phenological data for both periods were collected. A homogeneity test (KruskalïWallis 

test) was carried out on Corticella and Cadriano data, before and after the station was moved. The 

test showed homogeneity for both mean temperature and precipitation, as previously reported 

(Ventura et al., 2002; Matzneller et al., 2010). Hence, the two stationsô data series can be considered 

as a single, uniform, and homogeneous series. The same weather data for the last quarter of 1951, 

when Corticella station was not yet installed (necessary to calculate GDDs from the sowing date), 

were kindly provided by ARPAE Emilia-Romagna and refer to the Bologna IdroGrafico station. Other 

than Tmean, precipitation data from the same time series and water table depth (measured in Cadriano 

agrometeorological station every 10 days since 1975) were analyzed to assess the impact of CC in 

the area where wheat phenological and quality traits were assessed. Past and present 15-year 

periods were characterized using the Bagnouls and Gaussen climate index (Bagnouls and Gaussen, 

1957), coupling temperature and precipitation data, to verify that the two periods considered 

significantly differ from a climatic point of view. As the definition of Bagnouls ï Gaussen climatic 

index states, the so-called aridity period is identified when the two times-monthly precipitation curve 

lies below the monthly average temperature curve. 

 

Grain material for quality assessment 

The second aim of this work was to verify whether life cycle shortening and CC caused an alteration 

in wheat gluten quality. Wheat grains of San Pastore produced in the area of the Emilia-Romagna 

plain, both before and after the recognized breakpoint in temperature, were analyzed. 

We chose to focus on San Pastore, since this is the only one of the four past period varieties that is 

still currently cropped in the region, for which it was therefore possible to find modern seed samples 

in the area. Grain samples for the period before the breakpoint have been kindly provided by Laras 

(Seed Research and Analysis Laboratory of the Department of Agricultural and Food Sciences, 

University of Bologna, Italy). Laras is an International Seed Testing Association (ISTA) accredited 

laboratory, where samples of many grain varieties harvested in the last century are still preserved. 

Local farmers and seed companies have provided modern San Pastore grain samples. Table 1 lists 

past and modern San Pastore grain samples that we were able to collect for this study and subjected 

to the analysis. All samples were 5-g weight and stored in proper standard condition by both Laras 

accredited Laboratory and local farmers and seed companies, with no damaged material. 
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Table 1. San Pastore grain samples of pre- and post- temperature breakpoint period used in this study.  

Sample 

number 

Year Provided By Cultivation site Temperature 

breakpoint  

1 1951 Laras Bolognese Plain pre 

2 1955 Laras Bolognese Plain pre 

3 1955 Laras Bolognese Plain pre 

4 1955 Laras Bolognese Plain pre 

5 1961 Laras Bolognese Plain pre 

6 1973 Laras Bolognese Plain pre 

7 2016 SIS s.p.a. Bolognese Plain post 

8 2020 Casa Vecchia farm Correggio (Emilia-Romagna Plain) post 

9 2020 Zanarini farm Bolognese Plain post 

 

 

Grain genetic homogeneity 

To assess grain genetic homogeneity, all the San Pastore samples collected were subjected to 

molecular analysis using simple sequence repeat (SSR) markers. Specifically, 19 Xgwm SSR 

markers were probed, chosen among those developed on the Chinese Spring variety (Röder et al., 

1998). SSR markers used were chosen randomly across the entire genome and are freely available 

in the GrainGenes database. Genomic DNA was extracted from seeds using the CTAB method 

(Murray and Thompson, 1980), and polymerase chain reaction (PCR) (according to amplification 

conditions specified in GrainGenes marker report) and subsequent gel electrophoresis in 2% 

agarose gel were performed. 

 

 

 

 

 

 

 

 



 

25 
 

Gluten fraction extraction, sodium dodecyl sulfateï

polyacrylamide gel electrophoresis, and analysis by liquid 

chromatography ï high-resolution mass spectrometry 

 

Chemicals and reagents 

Chymotrypsin, hydrochloric acid, dithiothreitol (DTT), iodoacetamide (IAA), and ammonium 

bicarbonate were provided by Merck (Darmstadt, Germany). Ultrahigh-performance liquid 

chromatography-mass spectrometry (UHPLC-MS)-grade acetonitrile and water were provided by 

VWR chemicals (Radnor, PA, United States). LC-MS-grade formic acid (FA) was provided by Carlo 

Erba Reagents S.r.l. (Milan, Italy). RC membrane 0.2-ɛm 4-mm syringe filters were provided by 

Phenomenex (Torrance, CA, United States). 

 

Sample preparation 

Endosperm storage proteins were extracted according to the study by De Santis et al. (2020) with 

minor modifications. Briefly, 100 mg of flour was suspended in three times 0.4 ml of 0.1 M KCl buffer 

(pH 7.8) and centrifuged to remove soluble proteins which were discarded. The KCl-insoluble fraction 

was suspended in isopropanol solution (50% v/v) and centrifuged for 10 min at 4,500 g and gliadins 

were collected. Glutenins were extracted from the pellet by extraction solution (isopropanol 50% v/v, 

1% DTT), after centrifugation at 10,000 g for 10 min (room temperature). 

 

Sodium dodecyl sulfate ï polyacrylamide gel electrophoresis and gel 

staining 

Electrophoretic runs were performed according to the study by Ruiz et al. (2016) with minor 

modifications. Proteins (40 mg laneï1) were separated by sodium dodecyl sulfateïpolyacrylamide 

gel electrophoresis (SDS-PAGE) using The Mini Protean TETRA apparatus (Bio-Rad Laboratories, 

Italy). The molecular mass standard was the Neobiotech (Nanterre, France) Elite Prestained Protein 

Ladder (6.5ï270 kDa). Samples were dried (RapidVap Evaporator Labconco) under vacuum and 

resuspended in 30 ml MilliQ water, and thus, sample buffer was added [final concentrations 2% SDS, 

10% glycerol, 200 mM 2-mercaptoethanol, and 0.01 mg/ml bromophenol blue in 63 mM Tris-HCl (pH 

6.8)]. Samples were boiled for 5 min prior to loading. Gels were fixed at room temperature in 
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methanol/glacial acetic acid/water (50/5/45, v/v) for 20 min and then in 50% methanol for 10 min. 

After fixing, gels were stained with Bio-Safe Coomassie blue (Bio-Rad, Milan, Italy) as described in 

the instruction protocol. 

Gliadins were subdivided into two classes (ɤ- and Ŭ-, ɔ-) based on their molecular weight, whereas 

glutenins were subdivided into HMW-GS and LMW-GS (De Santis et al., 2017). Protein profiles were 

analyzed using the Azurespot Pro software (Azure Biosystems, Dublin, CA, United States). 

 

Liquid chromatographyïhigh-resolution mass spectrometry analysis 

Extracted protein samples were dried (RapidVap Evaporator Labconco) under vacuum and 

resuspended with an appropriate amount of 50 mM ammonium bicarbonate buffer pH 7.8 to obtain 

a final protein concentration of 1.3 mg/ml for all samples. About 85 ɛl of protein solution was 

incubated with 5 ɛl of DTT (100 mM in ammonium bicarbonate buffer 50 mM buffer pH 7.8) at 56ÁC 

for 30 min under gentle shaking. Afterward, 10 ɛl of IAA (55 mM in ammonium bicarbonate buffer 50 

mM, pH 7.8) was added. Samples were incubated for 45 min in the dark at room temperature under 

gentle shaking. About 2 ɛl of chymotrypsin (1 ɛg/ɛl in 2 mM HCl) was added to obtain the final 

enzyme/protein ratio of 1:55 and samples were digested overnight at 30°C under shaking. Digestion 

was stopped by adding 2 ɛl of a 10% aqueous solution of formic acid and samples were 10-folds 

diluted with 50 mM ammonium bicarbonate buffer pH 7.8. Samples were finally filtered with RC 

membrane 0.2-ɛm 4-mm syringe filters, and 5 ɛl of filtrate was injected for liquid chromatography ï 

high-resolution mass spectrometry (LC-HRMS) analysis. 

Liquid chromatographyïhigh-resolution mass spectrometry analysis was performed on an Eksigent 

M5 MicroLC system (Sciex, Concord, ON, Canada) coupled to a TripleTOF 6600 + mass 

spectrometer with OptiFlow Turbo V Ion Source (Sciex, Concord, ON, Canada). About 5 ɛl (5 ɛg of 

peptides) from each sample was loaded onto a Kinetex XB C18 (50 mm Ĭ 0.5 mm I.D., 2.6 ɛm 100 

Å) column thermostated at 35°C. Mobile phases A consisted of 0.1% FA in water and mobile phases 

B in 0.1% FA in acetonitrile. Chromatographic separation was achieved over a 25-min linear binary 

gradient with a constant flow rate of 20 ɛl/min developed as follows: 0ï15 min, 5ï40% eluent B; 15ï

18 min, 40ï65% eluent B; 18ï20 min, 65ï95% eluent B; 20ï23 min, 95% eluent B; 23ï23.5 min, 

95ï5% eluent B; 23.5ï25 min, 5% eluent B; equilibration time 3 min. The IonSpray voltage (ISV) 

was set at 5000 V. The curtain gas supply pressure (CUR) was set at 30 PSI; nebulizer and heater 

gas pressures were set at 30 and 40 PSI, respectively. The ion spray probe temperature was set at 

300°C. Declustering potential was 80 V. Analyses were carried out using rolling collision energy. 

Samples were analyzed in information-dependent acquisition (IDA) mode followed by a second run 

in data-independent acquisition mode (SWATH-MS: Sequential Window Acquisition of All 
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Theoretical Mass Spectra). Pepcal Mix (Sciex, Concord, ON, Canada) was used to assure steady 

MS calibration during the whole analysis time frame. 

Obtained data files were processed using PeakView, ProteinPilot, and MarkerView (Sciex, Concord, 

ON, Canada). LC-MS/MS data were analyzed by searching the ñTriticum Aestivumò UniProt 

database (2021-12-07) allowing only three missed cleavages. ñBiological modificationsò function was 

selected as fixed modification. Values of score, matches, and % coverage were retrieved from the 

obtained report and compared. Peak areas were automatically calculated in SWATH-MS MicroApp 

using PeakView to compare protein composition among samples and perform correlation analysis 

with meteorological parameters. 

 

Statistical analysis 

Statistical analysis was performed in R statistical environment (R version 4.0.3, open source). 

Specifically, R packages used were Kendall, strucchange, stats, lawstat, pgirmess, ggplot2, and 

ggpubr. 

To assess the impact of CC in the area, daily Tmean data were subjected to analysis for the 

identification of an increasing trend (Mann-Kendall test) as well as of breakpoints, to verify that the 

two 15-year periods considered belonged to two different climates in terms of temperature (Dawood, 

2017). To assess whether CC impact also includes aridity signals, i.e., an increase in water table 

depth, the data of the historical series were subjected to Mann-Kendall test, to verify the possible 

existence of a trend and its statistical significance (Dawood, 2017). 

To be sure that any differences found between the varieties for the achievement of BBCH stages 

31, 40ï49, 50ï59, 61, and 89, in terms of chronological time from sowing (DAS), were not due to a 

different precocity, the corresponding 15 years of CGDDs data for each variety were subjected to 

statistical comparison. Normal data distribution has been verified by the ShapiroïWilk test, and when 

not met, non-parametric KruskalïWallis test was used (data homoscedasticity verified by Leveneôs 

test before use), followed by the related post hoc to separate the means (Kruskal and Wallis, 1952; 

Levene, 1961; Shapiro and Wilk, 1965). 

To statistically verify the significance of the difference between past period and present period in 

terms of DAS for the achievement of the considered BBCH stage, the average values of the four 

varieties of past period over the 15 years were compared with the 15 years values of Mieti, using t-

test. Wilcoxon rank-sum test was performed when data did not satisfy normal data distribution, 

verified by ShapiroïWilk test (Bridge and Sawilowsky, 1999). 
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To assess the potential impact of CC on wheat gluten quality, grain quality traits investigated, 

obtained by LC-HRMS analysis, were tested for their correlation with CGDDs accumulated in the 

period 1 Mayï15 June, when wheat grain filling typically occurs in the area. CGDDs calculation was 

performed starting from Corticella and Cadriano daily data (representative of Bolognese Plain). In 

the 2 years, 1955 and 2020, we have more than one specimen (three and two, respectively): in both 

cases, the average year value was used. Pearsonôs r was applied when normal distribution was met 

(verified by the ShapiroïWilk test). When not met, Spearmanôs r was used (de Winter et al., 2016). 

 

Results 

Climate change in the Bolognese Plain 

Analyzing the time series of annual mean air temperature (Tmean, calculated from daily data) of 

Corticella and Cadriano agrometeorological stations (representative of the area of the Bolognese 

Plain) from 1952 to 2020, a significant increasing trend has emerged from the Mann-Kendall test (Ű 

= 0.538, p-value < 0.05), with a breakpoint found in 1989 (Figure 1). Specifically, mean temperature 

before and after the breakpoint was, respectively, 12.7 and 14.1°C (Figure 1), with an increase in 

mean temperature of 1.4°C. Matzneller et al. (2010) already performed this analysis for the period 

1952ï2007, finding a relevant increasing trend in the Tmean (of about 1.2°C), with a breakpoint in 

1987. Here, we extended that analysis to 2020. Therefore, the selected past period and present 

period resulted to belong to two different climatic periods for the Bolognese Plain. 
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Figure 1. University of Bologna agrometeorological station annual mean air temperature and its increasing 

trend (dashed blue line). The trend was significant with 95% confidence. A breakpoint in annual mean air 

temperature was found in 1989. The two labeled lines represent the average temperature for the periods before 

(Tmean = 12.7°C) and after (Tmean = 14.1°C) the breakpoint, respectively. 

 

Climatic characterization of past period (Figure 2A) and present period (Figure 2B) is reported, 

through the Bagnouls and Gaussen diagram. Diagrams represent 15 years of averaged data, 

obtained starting from the daily weather data of the aforementioned mechanical time series. As the 

definition of the Bagnouls and Gaussen climatic index states, the so-called aridity period is identified 

when the two times-monthly precipitation curve lies below the monthly average temperature curve. 

Present period showed an evident aridity period, which was completely absent in the past, during 

the months of June till August. In total, the average annual precipitation dropped from 834 mm in the 

past period to 701 mm in the present period, but the inter-annual variability is so pronounced as to 

mask any trend in annual rainfall (Pavan et al., 2019). Looking at the monthly data (Figure 3A) and 

comparing the past with the present period, it is clear that there is a change in the distribution of 

precipitation, with large decreases in water supplies in April (which was the wettest month) and 

December. The change in the aridity is also due to the increase in annual Tmean in the two 15-year 

periods, from 12.6 to 14.4°C. Changes in Tmax were recorded mostly during the months from January 

to April, as well as July and August (>2°C on average). January and February, as well as July and 

August, also showed the highest increases in Tmin (> 2°C on average) (Figure 3B). 



 

30 
 

 

Figure 2. Climatic characterization (BagnoulsïGaussen diagram) for past (A) and present (B) period: 

diagrams are both based on 15 years averaged data, gathered by Corticella-Cadriano continuous and uniform 

daily mechanical weather data historical series, representative of the Bolognese Plain. Please note that in the 

Bagnouls and Gaussen representation, the precipitation (P) axis doubles the temperature (T) axis. In this 

condition, the aridity period is defined as that during which the precipitation line is below the temperature line. 



 

31 
 

 

Figure 3. Average monthly precipitation (A) and mean monthly Tmax and Tmin (B) for past and present period. 

Figures are both based on 15 years averaged data, gathered by Corticella-Cadriano continuous and uniform 

daily mechanical weather data historical series, in the Experimental Farm of the University of Bologna. 

Boxplots for monthly temperatures data are presented: the box goes from first to the third quartile. The line 

through the box represents the median. The whiskers go from each quartile respectively to the minimum and 

maximum value. Individual points outside the ends of the whiskers are outliers. 

 

Analyzing the historical series of water table data, we observed a trend of progressive increase in its 

depth, significant to the Mann-Kendall test (Ű = 0.113, p-value < 0.05) (Figure 4). As an annual 

average, mean water table depth increased from about 130 cm in the 1970s to about 155 cm in the 

present time. 
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Figure 4. Water table depth in Cadriano from 1975 to 2020. The dashed line represents the increasing depth 

trend (significant to the Mann-Kendall test). 

 

Cumulative growing degree days and days after sowing  

Cumulative growing degree day values necessary to achieve BBCH stages 31, 40ï49, 50ï59, 61, 

and 89 in 15 agronomic seasons were calculated using the single-triangle method for five varieties: 

San Pastore, Mara, Fortunato, and San Giorgio for the period 1951/52ï1965/66 and Mieti for the 

period 2005/06ï2019/20. The KruskalïWallis test was applied to the data. The test showed a 

significant difference for phase 31 (p-value < 0.05), while it did not show any statistically significant 

difference for stages 40ï49, 50ï59, 61, and 89 (p-value > 0.05). Dunnôs post hoc rank-sum 

comparison was performed to separate means for the BBCH 31 stage. Post hoc test confirmed that 

Mieti showed a significantly higher mean thermal threshold for reaching stage 31 (971 ± 111 

CGDDs), compared to the other four varieties. All the five varieties considered, therefore, showed, 

starting from the booting phase, the same requirements in terms of thermal thresholds for reaching 

the phenophases, until the end of their cycle, as shown in Figure 5. 
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Figure 5. Cumulative growing degree days (CGDDs) necessary to reach the selected BBCH stages, for each 

variety. Dots represent the mean of 15 agronomic seasons, and upper and lower bars represent one standard 

deviation. San Pastore, Mara, Fortunato, and San Giorgio belong to the past period, Mieti to the present. 

 

To verify whether wheat life cycle has significantly shortened compared to the past, especially the 

generative period going from flowering to ripening, DAS between the average values of the four past 

period varieties and the values of the present period variety Mieti in 15 growing seasons were 

compared. For BBCH stage 31, a t-test was performed, and no significant difference emerged 

between the average of the four varieties of the past period and Mieti (present period) (p-value > 

0.05). As regards BBCH stages 40ï49, 50ï59, 61, and 89, on the other hand, the Wilcoxon rank-

sum test was applied, and a significant shortening of the chronological time necessary to reach the 

aforementioned phenophases from the sowing date was observed for the present period (p-value < 

0.05). The average life cycle length in the past period was 244 ± 6 days, compared to the average 

of 223 ± 22 days in the present period. Figure 6 shows the DAS necessary to reach 31, 40ï49, 50ï

59, 61, and 89 BBCH stage in past period (mean of four varieties) and present period (Mieti) (6A), 

as well as data for each variety (6B). 
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Figure 6. DAS necessary to reach 31, 40ï49, 50ï59, 61, and 89 BBCH stages in past period (mean of 4 

varieties) and present period (Mieti) (A). Data for each variety are also presented (B). Dots represent the mean 

of 15 agronomic seasons, and upper and lower bars represent one standard deviation. 

 

Seed storage protein composition 

Before protein extraction and analysis in LC-MS, seed samples were examined for genetic 

homogeneity by molecular analysis using SSR markers to assure that all the samples belonged to 

the San Pastore variety. All the samples examined were highly homogeneous for the profile of the 

used markers (Figure 7), excluding any genotype involvement in protein composition. 
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Figure 7. SSR markers profiling (i.e., Xgwm159.5D, Xgwm159.5B, Xgwm247, Xgwm191, Xgwm382, and 

Xgwm493) for all San Pastore grain samples under analysis. The number reported above corresponds to the 

sample number exposed in Table 1. 

 

Seed samples were homogenous in total protein content, which was on average 13.1 ± 1.2%, with 

maximum in the sample of 1955 (14.9%) and minimum in that one of 1973 (11.2%). The gliadin and 

glutenin fractions accounted together 82ï86% of the total protein amount, with maximum in the 

sample of 1955 (86.07%) and minimum in that one of 2020 (79.55%). Proteins in the gliadin and 

glutenin fractions were analyzed by LC-MS, identifying 41 gliadins and 22 glutenins. Gliadins 

generally accounted for between 66 and 75% in the analyzed samples, whereas glutenins between 

27 and 37%. The predominant proteins identified belonged to Ŭ-gliadin (23 peaks), followed by ɔ-

gliadins (12 peaks) and ɤ-gliadins (6 peaks). In total, eight identified sequences corresponded to 

HMW-GS and 14 to LMW-GS. HMW-GS accounted for between 8 and 18% of the gluten proteins 

whereas LMW-GS accounted for between 12 and 17% (Table 2). General trends were visible also 

in SDS-PAGE, e.g., an increase in crude protein and glutenin content, mostly HMW-GS, during the 

decades under examination. Differently, gliadins showed a decreasing trend (Supplementary Figure 

1). Protein fraction distribution was further investigated for correlation with the number of CGDDs 

accumulated in the period 1 Mayï15 June, during which wheat grain filling occurs in the region, for 

each year in analysis. Strong and significant (p-value < 0.05) Pearsonôs r correlation resulted 

between CGDDs and HMW-GS/LMW-GS ratio (r = 0.83) (Figure 8A), HMW-GS (%) (r = 0.9) (Figure 

8B), and gliadins (%) (r = ī0.82) (Figure 8C). These traits showed a significant correlation, despite 

the limited number of samples. 
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Table 2. Amount of crude protein (mg/g flour), protein distribution among fractions (%), and ratio between 

gliadins/glutenins and HMW-GS/LMW-GS in wheat flours derived from kernels harvested in different years. 

Pearsonôs or Spearmanôs r correlation value with 1st May - 15th June CGDDs are reported (for 1955 and 2020, 

average year values were used). * significant at 0.05 level. 

Year of seed 

sample 

Crude protein 

(mg/g flour) 

Monomeric 

(Gliadins) 

(%) 

Polymeric 

(Glutenins) 

(%) 

Monomeric/ 

polymeric 

Ŭ, ɔ-

gliadin 

(%) 

ɤ-gliadin 

(%) 

HMW

-GS 

(%) 

LMW-

GS 

(%) 

Ratio 

HMW-

GS/LM

W-GS 

1951 130 63.64 36.36 1.73 60.29 3.84 15.14 20.73 0.73 

1955 112.50 80.12 19.88 4.03 80.89 2.62 6.13 10.36 0.59 

1955 141.20 67.65 32.35 2.09 59.82 10.56 10.67 18.96 0.56 

1955 149.5 61.61 38.39 1.6 55.12 5.43 19.04 20.41 0.93 

1961 136.20 75.50 24.50 3.08 74.88 4.47 8.40 12.26 0.69 

1973 111.60 72.71 27.29 2.66 75.06 2.02 10.22 12.71 0.80 

2016 146.10 64.32 35.68 1.80 60.49 5.23 17.07 17.21 0.99 

2020 162.80 57.15 42.85 1.33 53.31 4.65 18.90 23.15 0.82 

2020 123.4 67.9 32,1 2.12 65.8 4.65 18.32 11.23 1.63 

Pearsonôs r 

with 1st May - 

15th June 

CGDDs 0.44 -0.82* 0.29 -0.5  0.28 0.9* 0.53 0.83* 

Spearmanôs r 

with 1st  May - 

15th June 

CGDDs     -0.77     
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Figure 8. 1 Mayï15 June CGDDs Pearsonôs r correlation with HMW-GS/LMW-GS ratio (A), HMW-GS (%) (B), 

and gliadins (%) (C). For 1955 and 2020, average year values are presented. *Means significant at p = 0.05 

level. 
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Discussion 

Temperatures have steadily increased since the 1950s in the area of the Bolognese Plain. This trend 

from 1 January 1952 up to today was significant to the Mann-Kendall test, with a breakpoint in 1989. 

Therefore, our analysis extended up to 31 December 2020 confirmed what Matzneller et al. found, 

up to 2007, about the presence of a clear and significant increasing trend in annual mean air 

temperature. Despite having added 13 years of data to what has already been analyzed (Matzneller 

et al., 2010), the breakpoint has moved only by 2 years, from 1987 to 1989, demonstrating 

appreciable robustness of the method used. The increase in mean annual temperature since 1952 

was 1.4°C (considering an annual mean temperature of 12.7 and 14.1°C, respectively, before and 

after the break point). It should be noted that this high value of temperature increase, caused by 

climate change, refers to a single site and therefore shows an understandable deviation from 

average regional data. Climate change in the area also affected the water table, which showed a 

trend of increasing depth since 1975, significant to Mann-Kendall test, demonstrating that the 

temperature increase was accompanied by the signals of increasing aridity in the area. 

This case study aimed to verify whether CC has produced considerable effects on bread wheat 

phenological development. The topic is of particular interest, given the efforts made to analyze and 

predict phenology in bread wheat by remote sensing (Wang et al., 2008; He et al., 2015; Wu et al., 

2019). This approach, however, has been recently called for paying more attention by authors who 

compared its reliability with that of phenological studies performed by field observation, highlighting 

significant discrepancies (Chen et al., 2020). Hence, even if the uneven spatial distribution of ground 

stations limits the potential to explore the spatial distribution of phenological responses to CC (Liu et 

al., 2017, Piao et al., 2019; Chen et al., 2020), field observation-based analysis remains the only 

suitable method for analyzing phenological data of the past, one of the goals of this research. 

Phenological data of two 15 growing seasons, selected before and after the temperature breakpoint, 

have been compared in terms of CGDDs and DAS necessary to reach BBCH stages 31, 40ï49, 50ï

59, 61, and 89. The climatic characterization of the past and present periods, through the Bagnoulsï

Gaussen diagram, confirmed that the two 15-year periods examined showed different climatic 

characteristics. As for CGDDs, the thermal threshold necessary for present period variety to reach 

phenophase 31 appeared significantly higher than the thresholds required by the varieties of past 

period. In the literature, there is evidence of a genetic variability relating to the appearance and 

duration of each stage of development, due to a different sensitivity of the varieties to vernalization 

and photoperiod, and to an intrinsic earliness (Whitechurch et al., 2007). It is, therefore, possible that 

in these terms, relative to the appearance of the stem elongation phase, Mieti presented a difference 

with respect to the varieties such as San Giorgio, Mara, San Pastore, and Fortunato.  
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As regards phenophases 40ï49, 50ï59, 61, and 89, no differences were observed for any of the 

varieties in the thermal thresholds necessary to reach them (p-value > 0.05). To summarize, 

differences between the two periods in chronological time (DAS) for achieving the phenological 

stages from booting forward were not due to a different precocity of the varieties but were the effect 

of the increase in temperatures produced by CC. 

Starting from booting, and up to full ripening, a clear and significant (p-value < 0.05) anticipation of 

the wheat life cycle emerged in the present period, compared to the past period, on average, 169 ± 

19 vs. 193 ± 8 days for booting, 174 ± 21 vs. 198 ± 7 days for heading, 178 ± 22 vs. 202 ± 7 days 

for beginning of anthesis, and 223 ± 22 vs. 244 ± 6 days for the achievement of stage 89. 

Furthermore, the high standard deviation in the present period compared to the past period from 

heading onward (about 3-folds) demonstrates the high inter-annual variability linked to CC. The 

phenological shortening due to CC rising temperatures is known to reduce both times for 

photosynthesis and assimilates translocation, hampering grain yield, as shown by the previous 

studies conducted in different parts of the world (Tao et al., 2008; Zacharias et al., 2010). This 

negative impact could be at least partially neutralized acting on crop calendar (e.g., sowing dates) 

and favoring crop cultivars with improved duration of delicate phenological stages, maximizing 

photosynthesis and translocation capacity, as also suggested by Fatima et al. (2020). However, this 

last point is controversial in the case of Mediterranean Europe, as bread wheat is traditionally 

cropped as a rainfed cereal in this area, typically experiencing drought stressing conditions from 

anthesis onward (Del Moral et al., 2003). So, short-cycle varieties have been widely selected in the 

area, to escape terminal drought (Shavrukov et al., 2017). A precise agronomic evaluation of the 

proper strategy to cope with the necessity of escaping terminal drought on one side, and of improving 

time for photosynthesis and resources allocation to the forming grain on the other, will be needed in 

the region. 

The acceleration of grain filling, and the presence of frequent heat stress conditions during this stage 

under rising temperatures scenarios produced by CC, is well documented. Consequences on yield 

and kernel weight are significant (Djanaguiraman et al., 2020), being early grain filling associated 

with photosynthesis (van Dongen et al., 2004) and late grain filling with the remobilization of stored 

assimilates from vegetative tissues to the grain (Plaut et al., 2004). In our study, however, no 

differences in total amount of proteins were detected in seed samples derived from different years 

or periods, and kernels resulted in a mean protein content of 13.1% of total weight, in accordance 

with the values found in the literature for the San Pastore cultivar, i.e., 12.7 and 11.6% (Hristov et 

al., 2010; Horvat et al., 2021). The grain-filling stage might be crucial for the accumulation of gluten 

proteins, a complex process involving a finely tuned spatial and temporal regulation; so, the above-

mentioned environmental changes might determine the changes also in gluten composition. The 

gluten fraction, i.e., gliadins and glutenins, constitutes the 80ï85% of total grain proteins and 
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contributes to rheological, pasting, and textural properties of dough (Shewry et al., 1995; Horvat et 

al., 2021). Hence, amount of protein, protein distribution among fractions, and the ratio between 

gliadins/glutenins and HMW-GS/LMW-GS in wheat flours derived from San Pastore kernels 

harvested in different years, from both before and after CC periods, were tested for correlation with 

CGDDs accumulated in the period 1 Mayï15 June, when wheat grain filling typically occurs in this 

area. This general period of time was chosen because the exact date of the beginning of the grain 

filling stage was not assessed for the years of the past period. Higher CGDDs accounted for both 

higher temperature in the period 1 Mayï15 June and fastened grain filling (typical consequence of 

CC in Southern Europe). 

The HMW-GS and HMW-GS/LMW-GS ratio showed strong and significant correlation with 1 Mayï

15 June CGDDs, suggesting that higher temperatures during the filling phase and its fastening lead 

to higher molecular weight glutenins. On the contrary, gliadins showed a significant negative 

correlation with CGDDs. Same trends have been recently reported for two bread wheat cultivars 

grown under moderate temperatures during grain filling (Koga et al., 2015). Koga et al. explored the 

effects of low to moderate temperatures on the proportions of gluten proteins and the assembly of 

glutenin polymers, using temperatures ranging from 13 to 23°C during the early period of grain filling. 

The authors thus did not subject plants to heat stress, which occurs with temperatures exceeding 

30°C (Koga et al., 2015). Anyway, similar to the results herein reported, authors noted that the 

duration of grain filling was longer at the lower temperatures, and that temperature, despite having 

less effect on the amount of protein accumulated per grain, significantly altered the proportion of 

gluten proteins. Notably, the proportions of different gluten proteins, i.e., gliadins, HMW-GS, and 

HMW-GS/LMW-GS ratio, correlated with CGDDs for the San Pastore cultivar in a similar manner 

the temperature did for both investigated cultivars analyzed by Koga et al. (2015). The effects of air 

temperature on the grain filling of wheat seem evident, as it is the main environmental factor 

regulating phenological development. However, only a few studies have focused on understanding 

how various genotypes and environmental factors interact in the creation of the protein polymer 

structure that determines bread-making quality. In general, the higher the temperature, the faster is 

the rate of development and, consequently, the shorter is the time to complete each life cycle stage 

(Slafer et al., 2009), providing that temperature does not exceed the upper threshold. The reduction 

of the chronological time available for the grain-filling stage is of high importance in determining 

gluten protein polymer structure, even more than the specific protein composition (Malik et al., 2013), 

as confirmed by our case study. 

Alterations in the composition of gluten may alter the properties of the dough, but the result remains 

speculative, as there are many factors involved in the formation of the protein network in the process 

of bread-making. In general, the good bread-making performance of a dough depends in fact on a 

delicate balance of elasticity and viscosity (He et al., 2005). 
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Summarizing, this case study assessed the impact of CC in the Bolognese Plain (North of Italy) and 

quantified its effect on bread wheat phenology, highlighting a significant shortening of the wheat life 

cycle. The new climate also accounted of a higher heat unit accumulation (CGDD) in the typical 

period of grain filling (1 May ï15 June), meaning that wheat is subjected to frequent heat stress 

during this delicate period of grain protein accumulation, and to a faster process, reducing the time 

available for a proper grain filling. Analyzing grain samples from before and after the CC periods, 

this phenomenon showed a significant correlation with gluten protein composition, consistently 

altering wheat grain quality. 

 

Conclusion and future perspectives 

Although it is well known that CC can cause a shift in cropsô phenological development, studies that 

exactly quantify this shift are few, due to the lack of long lasting phenological surveys, conducted in 

the same site and on the same varieties along an appreciable time span. 

In this scenario, this case study precisely quantifies CC effects in the experimental site, providing 

very rigorous data, characterizing the area under examination in detail, coupling phenological and 

meteorological data collected in the same site, and on the same varieties, for two long and 

continuous periods of time, before and after CC. 

In particular, this study precisely assesses the shortening of bread wheat phenological development, 

in a key area for its cultivation, such as Southern Europe. The acceleration of wheat life cycle in the 

CC scenario can have negative consequences on grain yield, due to the shortening of phenological 

phases, such as vegetative and grain-filling period, reducing the time available for both 

photosynthesis and assimilates translocation to the forming grains (Zacharias et al., 2010). At the 

same time, in the new conditions, the crop is more often subjected to heat stress in delicate phases, 

such as flowering, resulting in grain yield losses even higher than 50% (Nahar et al., 2010). 

Moreover, altering carbon balance and evapotranspiration demand can be handled only by means 

of smart management of the agro-ecosystem (Fatima et al., 2020). 

So, this case study represents an interesting source of information for modeling purposes, aimed at 

elaborating climate smart agriculture strategies, to mitigate the impact of rising temperatures on 

wheat yield and grain quality, such as the change in cropping calendar (e.g., sowing date), the 

breeding of new cultivars with improved duration of critical phenological phases, the optimization of 

management practices (e.g., fertilizers and irrigation water use efficiency). The exact definition of 

crop growth phase alterations also provides clear indications of CC influence on biological processes 

at agro-ecosystem level in the area, being phenology the most common feature of crop adaptation 

to the climate (Fatima et al., 2020). 



 

42 
 

Moreover, as far as we know, we report for the first time on how gluten composition mirrors 

phenological alterations in Mediterranean climate by analyzing a historical seed collection of the 

same variety, cropped in the same study area. More of these types of studies would be desirable, 

but they are often not possible, given the limited availability of historical seed collections for 

destructive analysis. Instead, it is important to use seeds coming from experimental and certification 

activities carried out in the past, like Laras laboratory. This kind of collection might be used to deepen 

the studies on seed quality alterations, in support of plant breeding from the perspective of CC. This 

case study highlights how technological grain quality (i.e., gluten composition) is threatened in an 

area of considerable importance for this cereal, on which global food security largely depends. In 

conclusion, the information included in this study represents a tool for modeling, for both predictive 

purposes and decision supporting systems for farmers, as well as can guide future breeding choices 

for varietal innovation. 

 

Supplementary materials 

 

Supplementary Figure 1. SDS-PAGE of Gliadins (A) and Glutenins (B). Samples were ordered according to 

the crop year (from left to right) according to Table 1. Molecular weghts are reported on the left. 
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Chapter 2 

Environment-oriented selection criteria to 

overcome controversies in breeding for 

drought resistance in wheat  

 
This chapter is based on: 

Poggi, G. M., Corneti, S., Aloisi, I., & Ventura, F. (2022). Environment-oriented selection criteria to overcome 

controversies in breeding for drought resistance in wheat. Journal of Plant Physiology, 153895. 

https://doi.org/10.1016/j.jplph.2022.153895  

 

Abstract 

Wheat is one of the most important cereal crops, representing a fundamental source of calories and 

protein for the global human population. Drought stress (DS) is a widespread phenomenon, already 

affecting large wheat-growing areas worldwide, and a major threat for cereal productivity, resulting 

in consistent losses in average grain yield (GY). Climate change is projected to exacerbate DS 

incidence and severity by increasing temperatures and changing rainfall patterns. Estimating that 

wheat production has to substantially increase to guarantee food security to a demographically 

expanding human population, the need for breeding programs focused on improving wheat drought 

resistance is manifest. Drought occurrence, in terms of time of appearance, duration, frequency, and 

severity, along the plantôs life cycle varies significantly among different environments and different 

agricultural years, making it difficult to identify reliable phenological, morphological, and functional 

traits to be used as effective breeding tools. The situation is further complicated by the presence of 

confounding factors, e.g., other concomitant abiotic stresses, in an open-field context. Consequently, 

the relationship between morpho-functional traits and GY under water deficit is often contradictory; 

moreover, controversies have emerged not only on which traits are to be preferred, but also on how 

one specific trait should be desired. In this review, we attempt to identify the possible causes of these 

disputes and propose the most suitable selection criteria in different target environments and, thus, 

the best trait combinations for breeders in different drought contexts. In fact, an environment-oriented 

approach could be a valuable solution to overcome controversies in identifying the proper selection 

criteria for improving wheat drought resistance. 

 

https://doi.org/10.1016/j.jplph.2022.153895
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Graphical abstract 

 

 

Wheat worldwide relevance and drought threat 

Wheat is one of the most important cereal crops worldwide. It ranks first for global harvested area 

(219 Mha in 2020), and second in terms of global production (761 Mt in 2020) behind corn (FAOSTAT 

dedicated website, visited 04/26/2022), thereby representing a fundamental agricultural source of 

calories and protein for the human population, and an essential source of income for millions of 

farmers (Pena-Bautista et al., 2017). Drought stress (DS) is one of the major and widespread threats 

for cereal productivity, resulting in consistent losses in average grain yield (GY), affecting large areas 

of Europe, Africa, Asia, Australia, South America, Central America, and North America (Daryanto et 

al., 2016; Hazaymeh and Hassan, 2016; Zampieri et al., 2017). Climate change is projected to 

exacerbate DS incidence and severity by increasing temperatures and changing rainfall patterns. 

Extreme meteorological events, e.g. heat waves and drought spells, which have already increased 

in many regions, are projected to intensify, both in intensity and duration, in most parts of the world, 

including many wheat-growing regions that are naturally prone to drought, such as Mediterranean 

climatic zones and semi-arid tropics (Berger et al., 2016; Jia et al., 2019). Estimating that wheat 
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production has to increase by about 70% by 2050 to guarantee food security to a demographically 

expanding human population (CIMMYT, 2014; Mylonas et al., 2020), the need for breeding programs 

which focus on the development of wheat cultivars with improved drought resistance is 

unquestionable (Merchuk-Ovnat et al., 2016). Increasing wheat drought resistance is thus a key goal 

and involves not only bread wheat (Triticum aestivum L.), but also durum wheat (Triticum turgidum 

L. ssp. durum). The latter, despite representing only 8% of total wheat production (Sukumaran et al., 

2018; Igrejas et al., 2020), is typically grown in semiarid countries of the Mediterranean basin 

(Southern Europe, North Africa, and the Middle East) (Del Moral et al., 2003), where it is a 

fundamental staple food. This area, where about 60% of global durum wheat is cultivated, mainly as 

a rainfed crop (Giraldo et al., 2016), is already prone to low and erratic precipitation profiles and is 

severely threatened by climate change, as climatic projections foresee a rise in temperatures and a 

simultaneous reduction in precipitation for this region, with important yield losses expected (Flato et 

al., 2014). 

 

Difficulties in breeding for drought resistance 

Drought resistance can be defined as the capacity of a crop to successfully produce a satisfactory 

yield in water shortage conditions (Luo, 2010). It is a complex quantitative trait, resulting from 

numerous mechanisms adopted by plants to cope with water scarcity, comprising a broad spectrum 

of morphological, physiological, biochemical and molecular processes activated at different 

phenological stages (Rampino et al., 2006; Nezhadahmadi et al., 2013). All these adaptations can 

confer drought resistance through drought escape (ability to complete the life cycle before stressful 

conditions appears), avoidance (ability to maintain a good water status in a drought context) or 

tolerance (ability to withstand dehydration) (Ludlow, 1989 ï cited by Kooyers, 2015). The highly 

significant Genotype x Environment (GxE) interactions consistently reduce yield heritability in 

drought contexts (Farooq et al., 2014), making genetic improvement very challenging for breeders. 

Differences in drought occurrence along the wheat life cycle, in terms of time of appearance, 

duration, frequency and severity, are highly significant among different environments (Reynolds et 

al., 2005). Moreover, in rainfed conditions, weather fluctuations in terms of temperature and 

precipitation distribution in the cropping season produce a consistent genotype × year interaction, 

further complicating the direct or indirect selection for yield in an open-field environment 

(Ahmadizadeh et al., 2012; Budak et al., 2013; Mohammadi et al., 2019). The concomitancy with 

other abiotic stresses must also be taken into consideration. In this review, we report first on the 

direct selection for yield and highlight strengths and weaknesses of this approach. Phenological, 

morphological, and functional traits associated with GY in drought conditions, commonly used in the 

indirect selection for yield, are then dissected, highlighting the controversies that have emerged 
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regarding their reliability as effective breeding tools. In fact, morpho-functional traits related to wheat 

drought resistance are well-known and documented, as reviewed by Khadka et al. (2020), but 

evidence is still contradictory regarding the reliability of such traits as indirect selection criteria for 

final GY. Disputes remain over which of these traits are most desirable (e.g., tall vs short genotypes), 

as a consequence of the high variability of drought scenarios in terms of duration, timing and severity. 

In an attempt to overcome these controversies, here we analyze the available literature, identify the 

possible causes of these disputes and, finally, offer a proposal for the most suitable selection criteria, 

and thus the best trait combinations, for breeders in different drought contexts. 

 

Direct selection for yield 

Despite all the above-mentioned difficulties, the selection for yield (commonly referred to as ñdirect 

selectionò) is still considered a valuable strategy, precisely because of the general lack of 

understanding of physiological and molecular processes underlying DS response in wheat (Dugasa 

et al., 2019; Patel et al., 2019). In an attempt to overcome the discrepancies arising from differences 

in drought frequency, duration, and/or severity, several researchers have suggested selection 

criteria based only on yield in non-stress conditions, where the low GxE interaction should permit 

the full expression of a genotypeôs yield potential (Rajaram and Van Ginkle, 2001 - cited by Patel et 

al., 2019). The main limitation of this approach is that genotypes with high potential yield under non-

stress conditions may not necessarily result in high yield under drought (Patel et al., 2019). Similarly, 

genotypes with satisfactory yield under stress conditions may not be the best choice in favorable 

agronomic years because of a low yield potential (Mohammadi et al., 2010). A possible solution is 

to prefer genotypes with high yield potential in mild-stress environments, and to prefer highly 

resistant ones with low yield potential in severe stress contexts (Voltas et al., 1999 ï cited by 

Mohammadi et al., 2010). Instead of this dichotomous selection, authors currently prefer a mid-point 

solution that considers yield in both stress and non-stress conditions, aiming to a more exhaustive, 

comprehensive and efficient selection, especially under unpredictable yearly drought scenarios in 

rainfed environments (Mohammadi et al., 2010; Patel et al., 2019). For this purpose, multiple indices 

have been proposed in the past (Fischer and Maurer, 1978; Rosielle and Hamblin, 1981; Bouslama 

and Schapaugh, 1984; Fernandez, 1992; Schneider et al., 1997; Gavuzzi et al., 1997), as reported 

in Table 1. 
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Table 1. Most common stress susceptibility/tolerance indices, considering yield in both stress and non-stress 

conditions. Index name and corresponding equations are reported, together with environment classification 

and citation reports. 

Index name Equation Reference 
author(s) 

Most 
suitable 
selection 
environment 

Web of 
Science 
citations 
(April 7th 2022) 

 Scholar 
citations 
(April 7th 2022) 

      

Stress 
susceptibility 
index (SSI) 

[1 ï (Ys / Yp) / 1 ï (ȑs 
/ ȑp)] 

Fischer and 
Maurer, 1978 
[33] 

A 
 

1145 3332 

Tolerance index 
(TOL) 

(Yp ï Ys) Rosielle and 
Hamblin, 1981 
[34] 

A 611 1870 

Yield Stability 
Index (YSI) 

Ys / Yp Bouslama and 
Schapaugh, 
1984 [35] 

A  345 1011 

Mean productivity 
(MP) 

(Ys + Yp) / 2 Rosielle and 
Hamblin, 1981 
[34] 

B 611 1870 

Harmonic mean 
(HARM) 

2 (Yp×Ys) / (Yp+Ys) Schneider et 
al., 1997 [37] 

B 129 460 

Geometric mean 
productivity 
(GMP) 

(Yp x Ys)½ Fernandez, 
1992 [36] 

B 94 2003 

Stress Tolerance 
index (STI) 

(Yp x Ys) / (ȑp)2 Fernandez, 
1992 [36] 

B 94 2003 

Yield Index (YI) Ys / ȑs Gavuzzi et al., 
1997 [38] 

B 172 602 

Note: in the above equations Yp and Ys are respectively the yields of a given genotype under optimum 
(potential) and stressed conditions; ȑp  and ȑs are respectively the mean yields of all genotypes under study 
under optimum and stressed conditions 
 

- A = to be adopted only in systematically drought stressed environment 
- B = to be adopted in yearly dependent drought interested environment  

 
(A or B classification has been implemented combining the results of Golabadi et al., 2006 ; Mohammadi et al., 
2010 ; Mohammadi et a., 2011 ; Ahmadizadeh et al., 2012 ; Patel et al., 2019) 
 
 

 

Several authors have conducted experiments to identify the most suitable indices for successful 

breeding (Golabadi et al., 2006; Mohammadi et al., 2010; Mohammadi et al., 2011; Ahmadizadeh et 

al., 2012; Patel et al., 2019). Based on their findings, it is advisable to conduct the selection process 

under mild stress conditions. This is due to the fact that severe stress causes massive yield reduction 

for most genotypes, thus reducing phenotypic variability. Moreover, different indices provide different 

information. SSI, TOL, and YSI allow identifying genotypes with satisfactory yield in stressful 

environments, but with low yield potential in favorable ones. On the contrary, STI, GMP, MP, YI, and 

HARM identify high-yielding genotypes both in stress and non-stress contexts. Therefore, the most 

suitable index for screening of drought-resistant genotypes mainly depends on the environment, in 
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particular by taking into account how frequently and severely drought years occur compared to 

favorable ones (Table 1). 

Direct selection, in general, allows breeders to bypass the understanding of the complex morpho-

functional and biochemical processes regulating the overall phenomenon of drought resistance. 

However, this approach is very expensive in terms of time and resources, and is largely affected by 

the inevitable fluctuation of agricultural years. 

Modern Marker Assisted Selection (MAS) strategies can represent a valid solution to improve the 

efficiency of direct selection. Wheat landraces and wild progenitors carry an interesting allelic 

repertoire for abiotic stresses resistance (Budak et al., 2013; Lopes et al., 2015). Typically, these 

genotypes are characterized by satisfactory stable yields in harsh environments, but low yields in 

high-input unstressed conditions. Differently, elite modern wheat cultivars are highly responsive in 

terms of GY in high-input management, but in case of stress occurrence and adverse conditions 

their yield benefit is not so obvious (Rebetzke et al., 2011). MAS can be used to transfer from wild 

relatives to modern cultivars genes/Quantitative Trait Loci (QTLs) conferring tolerance to several 

biotic and abiotic stresses (Merchuk-Ovnat et al., 2016). Molero et al. (2022) performed a Genome 

Wide Association Study (GWAS) on 149 spring wheat lines, identifying promising exotic alleles for 

heat stress (HS) tolerance in Aegilops tauschii (the ancestral donor of the D genome). Similarly, 

Merchuk-Ovnat et al. (2016), used a recombinant inbred line population derived from a cross 

between durum wheat and wild emmer, to map QTLs conferring drought resistance. These studies 

demonstrate that breeding programs based on the introgression of QTL alleles from wheat wild 

progenitors could represent a valuable strategy to produce high yielding modern wheat cultivars, 

resistant to the effects of abiotic stresses (including drought), but at the same time with no yield 

penalties under favorable conditions. 

 

Indirect selection for yield 

GY is the result of complex interactions with the environment and is determined not only by drought 

conditions, but also by a wide range of other biotic and abiotic factors (Reynolds et al., 2005). For 

this reason, a different approach is the so-called ñphysiological breedingò, meaning an indirect 

selection for yield, based on various traits associated with GY (Sukumaran et al., 2018). This 

comprehensive approach is still evolving in knowledge and its applicability is often hindered by 

contradictory information regarding several traits. For example, the relative importance of a given 

trait in determining GY is often unclear, making it difficult to identify the most desirable single trait 

associated with drought resistance. As a consequence, there is a lack of simple and reliable 
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combinations of selection criteria to be used as screening tools and the issue is still debated (Merah, 

2001; Habash et al., 2009; Sukumaran et al., 2018). 

 

In this review, we report on controversies that emerge from the literature regarding the main 

parameters used in screening methods, based on phenology, morphology, and physiology, so as to 

offer a state-of-the-art overview and to propose selection criteria combinations to be adopted in 

different target environments. 

 

Phenology 

DS during different plant phenophases impacts GY in different ways: in the early phases, going from 

germination to the double ridge stage, compromises correct crop establishment and Leaf Area Index 

(LAI); from double ridge to anthesis impacts negatively on spikelet number and number of kernels 

per spike; at anthesis, it reduces spikelet number and fertility; from anthesis to maturity, drought 

compromises Grain Filling (GF), thereby lowering Thousand Kernel Weight (TKW) (Giunta et al., 

1993; Acevedo et al., 2002; Del Moral et al., 2003). The relative importance of each of these phases 

in terms of final yield is not absolute, but depends strongly on the environment and, therefore, on 

when, how severely, and for how long the stress occurs. Consequently, conflicting information 

regarding the most sensitive phases to DS can be found in the literature. For example, with respect 

to GY, Del Moral et al. (2003), citing several authors, reports that the most sensitive period to drought 

in durum wheat goes from the double ridge stage to anthesis, as it has negative effects on spikelet 

number and kernels per spike. On the contrary, DS from anthesis to maturity might not have such 

negative effects on final yield, since the duration and rate of GF can be maintained relatively stable 

thanks to the remobilization of stored pre-flowering assimilates. On the contrary, Mohammadi et al. 

(2019), while recognizing the possible yield loss linked to early drought because of disturbance in 

spike development, states that durum wheat yield reduction during GF is typically more strongly 

affected, since most of wheat grain carbohydrates derive from post-anthesis photosynthesis. This 

apparent contradiction could be largely explained by the severity of the stress, other than obviously 

its timing in the target environment. In fact, it is widely understood that in case of severe stress, 

durum wheat yield reduction is mainly due to a drop in spikelet number and number of kernels per 

spike; conversely, in the case of mild stress, yield loss is mainly due to lower TKW (Giunta et al., 

1993). Phenology is a plastic and flexible trait, meaning that it can be hastened or slowed down (Van 

Andel and Jager, 1981). Fig. 1 summarizes phenological alterations due to drought observed in 

wheat. Simane et al. (1993) found that early DS (at tillering) increases the time necessary for durum 

wheat to reach both anthesis and maturity. They also found that mid (flowering) and late (GF) DS 
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did not affect time to flowering, but significantly shortened GF duration. Ihsan et al. (2016), studying 

drought effects on phenology in bread wheat, observed different results. Imposing the stress 

immediately after crop establishment (2 weeks after sowing), DS accelerated bread wheat 

phenological development already from tillering, pushing all the genotypes involved in the 

experimentation to early maturity. In particular, days to complete 50% heading and crop physiological 

maturity were the most reduced compared to the other phenological stages. So, they concluded that 

both booting and GF are significantly accelerated by early drought. Qaseem et al. (2019) found that 

also stress imposed from heading reduces bread wheat days to anthesis and days to maturity. 

 

 

Figure 1. Drought-induced alterations in wheat phenological development. Different growth stages of wheat 

on the BBCH -scale along with the associated visible growth events and traits related to drought response are 

reported according to bibliography. Image realized by Giulia Feduzi. 

 

The different genetic background of the cultivars examined might, at least in part, explain the 

apparently contradictory results. Different genotypes can in fact undertake different strategies to 

cope with water scarcity, either drought escape or drought avoidance (Shavrukov et al., 2017). It is 

quite well established that terminal drought reduces GF duration, as a consequence of accelerated 

leaf senescence, reduced photosynthesis, downregulation of enzyme activities, and sink limitation 

(Farooq et al., 2014; Ihsan et al., 2016; Pour-Aboughadareh et al., 2020a), with a negative impact 

on TKW. Terminal drought is typical in Mediterranean-climate regions, comprising the Mediterranean 

Basin (North Africa, southern Europe, and the Middle East), California, central Chile, the Cape region 
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in South Africa, and SW Australia, where hot and dry summers follow wet and temperate winters 

(Acevedo et al., 1999; Shavrukov et al., 2017; Del Pozo et al., 2019). In these areas, wheat is rainfed, 

so DS typically emerges in spring, around anthesis, and progressively increases throughout GF 

(Simane et al., 1993; del Moral et al., 2003; Mohammadi et al., 2019). The semi-arid tropics, where 

wheat cropping relies on stored soil moisture, also experience terminal drought, thereby limiting GY 

during the grain development stages (Berger et al., 2016). In contexts like these, early heading and 

early maturity genotypes are preferable, since they avoid exposure to terminal drought by escape 

strategies (Simane et al., 1993; Mohammadi et al., 2019; Yashavanthakumar et al., 2021). Early 

heading and maturity should be accompanied in resistant genotypes by a longer GF period, in the 

attempt to limit stress effects on grain starch accumulation (Yashavanthakumar et al., 2021; Ihsan 

et al., 2016; Simane et al., 1993). Therefore, in Mediterranean-type climate areas and in semi-arid 

tropical zones, genotypes characterized by early maturity, i.e. short pre-heading phase and 

increased GF duration, should be preferred. This combination of traits minimizes exposure to 

terminal drought, while assuring grain starch accumulation via prolonged photosynthesis (retarded 

leaf senescence) and remobilization of prestored assimilates (strategy 1 in Table 2). An alternative 

solution to preserve high GY by avoiding terminal drought is to prefer genotypes that can reach early 

maturity by combining a longer pre-heading phase, and a short (but highly efficient) GF period; this 

maximizes earlier-forming yield components (such as tiller number or spike number per plant) and 

photosynthetic production, while GF influences only TKW (Al-Karaki Ghazi, 2012; Singh et al., 2014). 

This solution (strategy 2 in Table 2) derives from evidence highlighting that a reduced pre-heading 

phase (and therefore early flowering) could reduce yield potential; it has, however, been 

experimentally demonstrated that it is possible to obtain genotypes with early flowering, yet having 

a high yield potential (Shavrukov et al., 2017). As flowering time has a strong genetic component, 

this trait has been widely exploited in the last century by breeders operating in terminal drought 

contexts. The predominant breeding strategy is, therefore, to allow wheat to escape terminal DS by 

selecting for ñshort-cycleò genotypes, with early flowering and early maturity, while favoring GF 

duration (Shavrukov et al., 2017; Mohammadi et al., 2019) (strategy 1 in Table 2). In such genotypes, 

drought escape requires that the crop completes its short life cycle before the stress appears by a 

rapid and active metabolism. Therefore, the ñshort cycleò trait does not per se imply that the genotype 

is sensitive or tolerant to drought. Hence, phenological traits which are desirable for one 

environment, may be inappropriate for another (Simane et al., 1993). 
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Table 2. Developmental stage trait selection to obtain early maturity for terminal drought escape based on two 

strategies. 

 STRATEGY 1 STRATEGY 2 

 Yashavanthakumar et al., 2021 ; 

Ihsan et al., 2016 ; Simane et al., 

1993 ; Shavrukov et al., 2017 ; 

Mohammadi et al, 2019. 

Al-Karaki 2012 ; Singh et 

al. 2014. 

DEVELOPMENTAL STAGE   

Pre-heading period (BBCH 1 ï 4) short long 

Heading (BBCH 5) early Not early  

Flowering (BBCH 6) early Not early 

Grain filling period (BBCH 7-8) long Short but high rate 

 

Morphological traits 

DS is known to cause morphological changes in wheat (Nezhadahmadi et al., 2013). The simplest, 

and most widely used morphological traits to phenotype wheat on a large scale, are plant height 

(PH), peduncle length (PL), and leaf rolling (LR). Reduction in PH and PL as a consequence of 

drought is well documented (Ihsan et al., 2016; Kamrani, 2015; Nezhadahmadi et al., 2013), mostly 

due to the dehydration of the protoplasm, leading to turgor loss and reduced cell expansion and 

division (Saleem, 2003). LR instead is caused by loss of turgor and poor osmotic adjustment in leaf 

tissues (Monneveux et al., 2004). The attention of breeders has focused on these traits in order to 

understand if, in addition to their simple application, they could represent a reliable screening 

strategy. Recent evidence and controversies regarding these morphological traits are reported. 

 

Plant height (PH) 

Reduction in wheat PH has been an essential trait for breeding in the last century, and contributed 

to the huge yield increase gained during the so-called Green Revolution. Reduction in plant size led 

in fact to new varieties less prone to lodging, and with a boosted resource portioning directed to the 

spike, thus maximizing the Harvest Index (HI) (Mathews et al., 2006; De Vita et al., 2007; Rebetzke 

et al., 2011; Monneveux et al., 2012). The selection of semi-dwarf high performing wheats was 

accelerated by the identification of specific dwarfing alleles (Rht-B1b and Rht-D1b), so that already 

at the end of the 1990s, about 70% of the varieties on the market contained at least one dwarfing 

allele (Hedden, 2003; Evans, 1998). This process of intense genetic selection has however led to a 
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notable genetic erosion in the new cultivated varieties, losing many alleles of interest, related also to 

tolerance to abiotic stresses. A source of allelic repertoire of drought resistance is represented by 

tall-size wheat landraces and wild emmer wheat, left behind by the bottleneck produced by twentieth 

century breeding (Budak et al., 2013; Lopes et al., 2015; Merchuk-Ovnat et al., 2016). In general, 

semi-dwarf modern wheats are considered to be highly performing in high-input well-managed 

environments, while in harsh environments, characterized by stress occurrence and low-input 

management, yield benefits are not so obvious, in comparison with tall-size landraces, which display 

better yield stability in adverse conditions (Rebetzke et al., 2011; Blum and Sullivan, 1997). There 

are, however, contradictory indications. If some authors indicate a positive relationship between PH 

and drought resistance (Acevedo et al., 2002; Gao et al., 2020), or a positive correlation between 

PH and yield parameters in drought contexts, such as fertile spikes and TKW (Bennani et al., 2016; 

El-Rawy and Hassan, 2014), other authors find opposite relationships, and recommend the selection 

of small-size plants as a breeding strategy for increasing drought resistance (Mohammadi et al., 

2019). Finally, some authors did not observe any correlation between PH and drought tolerance 

indices in rainfed conditions (Kamrani, 2015). Again, these controversies are ascribable to 

differences in DS intensity, duration, and moment of appearance in the different experimental 

conditions. Jatayev et al. (2020), summarizing many research results obtained all over the world in 

recent years, reports that in a context of strong and prolonged DS, such as in the very dry areas of 

Pakistan, China or Iran, breeders always found a positive correlation between yield and PH, favoring 

tall wheats with wild-haplotypes (i.e., Rht-B1a-RhtD1a). In the case of severe and lasting drought, 

stress appears already during crop establishment and vegetative growth stage, and then 

exacerbates during the season. In such conditions, semi-dwarf genotypes are clearly adversely 

affected. In fact, semi-dwarf Rht-B1b and Rht-D1b wheats have reduced coleoptile length and 

seedling vigor, requesting a shallow sowing, exposing young seedlings to higher risk of DS in case 

of low moisture of the very first centimeters of soil, resulting in poor early growth and seedling 

emergence (Rebetzke et al., 2001a; Rebetzke et al., 2011; Wang et al., 2015a). Moreover, early 

drought exacerbates the phenotype of semi-dwarf wheats, further reducing their size, resulting in 

smaller biomass and LAI as well as fewer tillers and spikes, ultimately causing reduced yield via 

shrunken and small grains (Jatayev et al., 2020). On the contrary, in these contexts, tall wheats can 

faster produce more biomass, LAI and tillers, passing favorably to the reproductive stage, and having 

more assimilates to be re-mobilized successively to the spike (Butler et al., 2005; Jatayev et al., 

2020). In the case of terminal drought, typical of the Mediterranean climate, with short exposure to 

stress, semi-dwarf wheats have an advantage over tall genotypes, being able to express their high 

yield potential without being thwarted by prolonged stress, especially if dwarfing alleles are 

accompanied by early heading and early maturity traits, enabling drought escape (Pour-

Aboughadareh et al., 2020a; Mohammadi et al., 2019; Jatayev et al., 2020). 
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In summary, traditional tall-size wheats show a productive advantage in case of early, severe and 

prolonged DS. On the contrary, semi-dwarf wheats are preferable in contexts of mild stress and/or 

terminal stress, which allows them to express their high yield potential. Several Rht genes responsive 

to gibberellic acid (GA) have been identified, different from Rht-B1b and Rht-D1b that are GA-

insensitive; these (e.g., Rht8 and Rht13) are responsible for greater coleoptile growth and seedling 

vigor, thus favoring crop establishment in water deficit conditions. In fact, greater coleoptile length 

and seedling vigor allow deeper sowing, assuring germinating seeds to reach soil moisture in deeper 

layers, without compromising a good emergence (Rebetzke et al., 2007). Furthermore, some Rht 

genotypes show a less pronounced reduction in stature (such as Rht-B1bE529K, Rht24 and Rht25). 

These Rht genes could pave the way towards new wheat ideotypes for drought contexts, combining 

the productive advantages of semi-dwarf genotypes in mild-stress and well-watered environments, 

and a lower susceptibility in case of early and severe stress (Rebetzke et al., 2011; Wang et al., 

2014; Wang et al., 2015a; Jatayev et al., 2020; Mo et al., 2018a; Mo et al., 2018b; Tian et al., 2017). 

 

Peduncle length (PL) 

Like PH, also PL, typically shortened by water deficiency, has received great attention. The peduncle 

is the last internode of the main stem, located immediately below the initial tip of the spike. The 

importance of the peduncle in supporting the GF process, via remobilization of pre-stored 

assimilates, especially in contexts of DS in which the contribution of late photosynthesis to GF is 

reduced, is well known (Yang and Zang, 2006; Vosoghi Rad et al., 2022). Some authors have 

suggested that the peduncle could also play an active non-negligible role in late photosynthesis by 

having anatomical and physiological advantages over the flag leaf, e.g., higher stomatal density 

(Kong et al., 2010). Nevertheless, the relationship between PL and yield under DS conditions 

remains controversial, and depends on the different environments in which the studies are 

conducted. Authors observing the highest PL reduction, and the highest positive correlation between 

PL and GY in drought conditions, impose water shortage quite early in the life cycle (Bogale et al., 

2011; Soares et al., 2020; Ahmad et al., 2020). When water shortage appears later, no significant 

correlation emerges between PL and GY (Villegas et al., 2007; Pour-Aboughadareh et al., 2020a; 

Vosoghi Rad et al., 2022), and significant PL reduction due to DS is not always observed, as the 

peduncle reaches its maximum length within 5ï10 days after anthesis (Vosoghi Rad et al., 2022). 

No significant correlation between PL and tolerance indexes emerges comparing neither rainfed nor 

irrigated wheat in Iran (Kamrani, 2015). Peduncle dry matter translocation to the spike, and its 

efficiency, under DS conditions, might not be related to PL, but to its specific weight (given by the 

ratio between peduncle weight and length). Furthermore, the lower internodes seem to provide the 

most significant contribution in terms of dry matter remobilization to the spike (Vosoghi Rad et al., 

2022).  
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While Vosoghi Rad et al. (2022) reported a positive correlation between peduncle specific weight 

and yield in drought conditions, Villegas et al. (2007) found the opposite relationship. They identified 

a positive correlation between peduncle weight and drought susceptibility index (DSI), suggesting 

that a lighter peduncle could be an indicator of drought resistance, insofar as a heavier peduncle 

would be characterized by a higher proportion of structural carbohydrates over water-soluble ones 

that can be translocated to the spike. A further complexity is given by the fact that PL reduction is 

also an effect of Rht genes (Rebetzke et al., 2011), and in general PL gives the highest contribution 

to PH (Vosoghi Rad et al., 2022), whose complicated relationship with yield in arid and semi-arid 

contexts has been treated above. 

 

Leaf rolling (LR) 

Another morphological trait, commonly taken into consideration in cereals for the selection of drought 

resistant genotypes, is LR, phenomenon that allows wheat to reduce the leaf surface exposed to 

solar radiation by about 41%ï48% (Clarke, 1986), consequently reducing leaf temperature and 

transpiration (E). Furthermore, rolling creates a microclimatic condition of greater humidity around 

the leaf surface, allowing the stomata to remain open, thus favoring photosynthesis (Kadioglu and 

Terzi, 2007), as well as enabling the interception of atmospheric water via foliar water uptake (Ali et 

al., 2022). While LR is recognized as an important drought avoidance mechanism (O'toole et al., 

1979; Clarke, 1986; Kadioglu and Terzi, 2007), its contribution to yield is not much investigated in 

wheat, and the results are not always univocal. Bogale et al. (2011) found a positive and significant 

correlation between LR and GY in durum wheat grown in pots under water deficit during anthesis. 

On the contrary, Monneveux et al. (2004) highlights no significant impact of LR on GY, when bread 

wheat in open-field experiments is subjected to mild long-lasting DS after anthesis. Moreover, 

several authors report that the degree of LR poorly correlates with leaf water potential and leaf water 

loss rate in both bread and durum wheat (Clarke, 1986; Yang et al., 1991), with LR starting only after 

consistent water loss, probably due to a good capacity for osmotic adjustment, which delays the 

phenomenon (Clarke, 1986; Schonfeld et al., 1988). The contradictory reliability of LR as an effective 

breeding tool is confirmed by genomic prediction analysis that produced an estimated breeding value 

of 0.16 for the trait, which is much lower, for example, compared to the estimated value obtained for 

PL (0.72) (Alemu et al., 2021). However, some genotypic variations in LR have been reported 

(Rebetzke et al., 2001b ï cited by Sirault et al., 2015), and QTLs are starting to emerge (Peleg et 

al., 2009; Alemu et al., 2021). LR is usually phenotyped with a visual score, which assigns to each 

leaf a value on a scale of 1ï3 or 1ï5 (Bogale et al., 2011; Olivares-Villegas et al., 2007). Therefore, 

the operatorôs subjectivity can strongly influence the assigned score, making objective phenotyping 

difficult; the task is further complicated by the possibility of a strong intra-genotypic variability in open-

field plots (Clarke, 1986).  
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Recently, new objective, quantitative, and repeatable protocols to compare genotypic differences in 

LR have been proposed (Sirault et al., 2015), based on computer vision analysis of transverse leaf 

sections. Up to date, LR, which occurs only after strong dehydration when other strategies have 

failed (e.g., osmotic adjustment), does not appear as a solid breeding tool when stress appears 

suddenly, and/or is mild and long-lasting (Chandrasekar et al., 2000). Nevertheless, LR could be an 

interesting selection criterion in case of severe progressive drought. Its genetic basis still remains to 

be investigated, but there is the possibility that the importance of this trait may grow in the future, 

given the opportunities supplied by new objective phenotyping approaches. 

 

Early vigor parameters 

Early drought is critical as it can jeopardize proper crop establishment, the first essential component 

in the expression of yield potential. Satisfactory seed germination and seedling growth, ensuring a 

successful crop establishment, define together the early vigor. Seed water absorption, germination 

percentage, seedling vigor index (calculated as the product of shoot length and germination 

percentage, divided by 100), root length, and coleoptile length are the main early vigor traits that can 

be inhibited under water deficit conditions (Acevedo et al., 2002; Almaghrabi, 2012; Ahmad et al., 

2018). All these parameters, which are quick, easy, and cheap to phenotype, have attracted the 

attention of breeders as tools for improving wheat drought resistance. Since the 1960s, selection for 

these traits is generally carried out in germinating seeds using polyethylene glycol (PEG) (Parmar 

and Moore, 1966). PEG simulates drought by inducing a uniform and controlled osmotic stress, with 

no direct physiological damage as it is inert, non-ionic, and impermeable to cell membranes, thus 

influencing osmotic potential without entering the apoplast (Hohl and Schopfer, 1991). In order for 

PEG to mimic drought without altering plant hydraulic properties (therefore without being directly 

absorbed by the plant) it is essential to use a high-molecular-weight (>6000) PEG (Kaufmann and 

Eckard, 1971). For these reasons, the use of PEG-6000 to simulate water deficit has been sustained 

by several authors (Almaghrabi, 2012; Van den Berg and Zeng, 2006; Tuberosa, 2012). Significant 

differences among wheat genotypes for the aforementioned traits emerged in different studies, 

suggesting the existence of genetic variability to be exploited for obtaining breeding gains (Pour-

Aboughadareh et al., 2020b; Almaghrabi, 2012; Moayedi et al., 2009; Dhanda et al., 2004). Despite 

representing an interesting tool for targeting early vigorous genotypes, the main drawback of many 

PEG-6000 screenings is that they stop at the seedling stage, without considering the rest of the life 

cycle. Consequently, promising genotypes identified as ñdrought resistantò, and recommended as 

suitable for cultivation under water deficit conditions, may not show such features if drought appears 

later in the life cycle. Even though some evidence of an interesting correlation between seedling 

growth under DS and adult plant drought resistance is starting to emerge (Dodig et al., 2015), future 
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research requires further validation of preliminary seedling screening results via pot or open-field 

experiments. At any rate, early vigor remains a trait of interest to ensure successful crop 

establishment and early drought resistance, and preserve final yield. In addition, regardless of early 

drought conditions, a quick canopy cover reduces water loss from the ground, thereby preserving 

soil water content for the future crop, i.e., improving water use efficiency in the crop cycle (Blum, 

2009; Rebetzke et al., 2011; Tuberosa, 2012). 

 

Number of tillers 

Early-season drought reduces the number of productive tillers (Acevedo et al., 2002; Sarto et al., 

2017), thus reducing the spike number and, ultimately, GY (Khadka et al., 2020). In the case of early 

drought, selecting for this trait is a valuable strategy, as it allows to preserve the above-mentioned 

early-forming yield components. However, to select for a high tiller number may not always be 

advantageous. In fact, this approach might not be advisable under terminal drought scenarios as the 

total number of non-productive tillers could be higher. This would increase crop water consumption 

before anthesis, limiting the amount of stored available water in the soil during terminal drought 

(Elhani et al., 2007; Ribot et al., 2012). Having fewer tillers is also a typical characteristic of semi-

dwarf high-yield genotypes (Jatayev et al., 2020), as limiting the number of tillers allows the plant to 

invest fewer resources on structural carbohydrates, maximizing the HI. As mentioned before, the 

high-yield potential of these genotypes is maintained in the event of mild drought, but is typically 

compromised in case of severe stress. In these scenarios of strong drought, taller genotypes with a 

higher number of tillers have an advantage, preserving the ability to successfully produce GY. In 

fact, Wasaya et al. (2021), evaluating 14 wheat genotypes, observed no correlation between PH and 

GY, and between tiller number and GY, in the case of mild drought; on the contrary, both these 

correlations were positive and highly significant under severe drought. Consequently, the number of 

tillers could represent a valuable breeding tool in early, long-lasting, and severe water deficit 

conditions. 

 

Physiological traits 

Functional and biochemical responses to DS are well documented in wheat and mainly involve 

stomata closure to prevent excessive water loss. As a consequence, internal CO2 concentration (Ci) 

drops causing net photosynthesis (Pn) inhibition and production of Reactive Oxygen Species (ROS) 

leading to oxidative damage, so that plant growth and productive performance are strongly 

compromised (Nezhadahmadi et al., 2013; Ahmad et al., 2018). A valuable breeding target is, 

therefore, to select for varieties able to maintain a good water status in drought contexts. 
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Relative Water Content (RWC) 

Different authors have proposed leaf Relative Water Content (RWC) as a better indicator of leaf 

water status compared to leaf water potential for wheat. RWC is easy to measure and calculate, by 

simply weighing fresh leaf tissue after excision (FW), at full turgor (TW) and after drying (DW), 

following the formula (Merah, 2001): 

RWC (%) = [(FW - DW)/(TW - DW)] x 100 

By closely reflecting the balance between leaf water supply and E rate, it highlights significant genetic 

variation with high heritability, and is informative at different stages of the plantôs life cycle. Moreover, 

it has proven to positively correlate with E and photosynthetic rate, HI, and GY in both durum and 

bread wheat (Merah, 2001; Moayedi et al., 2011; Mohammadi et al., 2019; Ahmad et al., 2018). 

RWC is considered a reliable tool for cereal breeding (Teulat et al., 2003; Rampino et al., 2006). In 

fact, as long as the crop can maintain a high leaf RWC, plant physiology is unaffected by stressful 

environmental conditions, allowing good productive performances (Beltrano et al., 2006). On the 

contrary, when leaf RWC drops, plant water balance is disrupted, affecting normal physiology and, 

ultimately, yield (Ahmad et al., 2018). If RWC drops, wheat implements a set of biochemical and 

functional responses; some of them are extensively treated in the literature, but their relative 

importance as breeding tools is still unclear. 

 

Osmotic adjustment 

Osmotic adjustment is a typical mechanism implemented by wheat under DS conditions, in the 

attempt to avoid dehydration effects (Nezhadahmadi et al., 2013). The amino acid proline is the main 

osmoregulator accumulated, especially in leaves (Ahmad et al., 2018). It stabilizes membranes, 

prevents enzyme inactivation and represents a source of rapidly available nitrogen after stress relief 

(Dib et al., 1994; Rampino et al., 2006; Ahmad et al., 2018). Thus, high proline levels are generally 

considered an indicator of drought tolerance (Nezhadahmadi et al., 2013). Nevertheless, the 

effective role of proline accumulation in enhancing DS resistance and its reliability as an effective 

screening tool in wheat breeding programs, is still unclear and controversial (Moayedi et al., 2011; 

Hong-Bo et al., 2006; Rampino et al., 2006). For example, imposing DS to 10-days-old Triticum 

durum and Aegilops seedlings, Rampino et al. (2006) concluded that increasing proline parallels 

RWC decrease, as a consequence of dehydration perception by the plant. Accordingly, proline 

accumulation was higher and faster in sensitive genotypes, which had lower RWC. On the contrary, 

several authors found a positive correlation between the ability of a genotype to maintain a high 

RWC and proline accumulation, both at seedling and later growth stages, concluding that osmotic 

adjustment mediated by proline has a key role in reducing cell water loss in drought conditions. 
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These data suggest that targeting high-proline drought-resistant genotypes is a valuable breeding 

tool (Hong-Bo et al., 2006; Bayoumi et al., 2008; Moayedi et al., 2011). Saeedipour (2013), 

comparing tolerant vs sensitive genotypes, imposed stress after anthesis and observed higher and 

faster proline accumulation in the tolerant ones, thus reaching opposite conclusions as compared to 

Rampino et al. (2006). Moreover, Chandrasekar et al. (2000), comparing durum and bread wheat 

genotypes, observed lower RWC reduction under DS in durum wheat, but higher proline 

accumulation in bread wheat, concluding that proline accumulation does not contribute to the higher 

level of drought tolerance of tetraploid relative to hexaploid wheat. Finally, if some authors indicate 

a significant positive correlation between proline accumulation and GY in stress conditions (Dib et 

al., 1994; Bayoumi et al., 2008), other authors find that this correlation is weak and non-significant 

(Mwadzingeni et al., 2016a). These contradictory indications are due to the fact that many studies 

on proline are carried out in early stages of the life cycle, without taking into consideration repeated 

measurements in the most critical phases of phenological development and often without taking into 

account final GY. Furthermore, there is a lack of comprehensive studies based on systematic 

screening of a large germplasm pool. As a result, information about prolineôs relationship with yield 

and other stress-related physiological parameters in critical growth stages is scarce and 

controversial. Mwadzingeni et al. (2016a) aimed to solve this problem by conducting a study on 96 

wheat genotypes, both in the greenhouse and open field, in two agronomic seasons and by imposing 

terminal DS (after 50% heading). They found that proline content had a non-significant correlation 

with GY, yield components (except for a negative correlation with TKW), and other agronomic traits. 

Thus, using proline content as a biochemical marker of breeding interest is not supported. However, 

while free proline accumulation does not represent a valuable breeding tool per se, its contribution 

to drought resistance ought to be considered in conjunction with other fundamental traits of functional 

adaptation, which could depend on the genotype, the presence of other stressing factors, and the 

phase of the life cycle. 

 

Stomatal conductance (gs), transpiration (E) and water use efficiency 

(WUE) 

Since the flag leaf is traditionally recognized as a main contributor to GY formation (Evans and 

Rawson, 1970; Sylvester-Bradley et al., 1990), water deficit effects on its physiology and 

biochemistry have aroused great interest over time, in the attempt to find reliable breeding tools. DS 

is known to cause stomata closure, leading to a drop in stomatal conductance (gs) thereby reducing 

both E and Pn (Subrahmanyam et al., 2006; Nezhadahmadi et al., 2013; Ahmad et al., 2018). The 

decline in gs limits leaf tissue water loss, but at the same time inhibits CO2 uptake, hence 

photosynthesis and eventually dry matter accumulation (Sallam et al., 2019). Thus, while reduced 
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gs helps to preserve leaf water status via reduced E (Farooq et al., 2009), on the other hand high gs 

positively correlates with GY (Bahar et al., 2009). Therefore, drought-resistant genotypes must be 

able to maintain high gs in drought conditions, while maintaining high Pn and, ultimately, yield (Saeidi 

and Abdoli, 2015; Wasaya et al., 2021). Once again, the solution to this dilemma relies on the 

environment. Stomatal closure is, in fact, a drought avoidance mechanism; as such, it is more closely 

linked to a plantôs ability to survive, than to produce, thus limiting yield potential. Li et al. (2021), 

conducting a meta-analysis on wheat drought adaptation mechanisms, concluded that in severely 

water stressed environments, drought avoidance mechanisms (such as stomatal closure) confer an 

advantage in terms of GY production, while avoidance strategies are not effective in the case of 

moderate or mild stress. Thus, gs inhibition may be a target trait in harsh environments to ensure 

plant survival and preserve GY, while genotypes able to maintain high gs may have higher yield 

potential in mildly stressful contexts. 

 

Also, gs is strictly connected to the concept of Water Use Efficiency (WUE), namely the ratio between 

plant total biomass and volume of consumed water. In fact, reduced gs means reduced E, hence 

lower water consumption by the plant. For decades, breeders have focused on improving WUE, 

considering it synonymous of high yield performance with lower water use in drought stressed 

environments (Blum, 2009). However, concerns about this strategy have emerged, mainly because 

WUE genotypic variability is driven more by differences in water consumption than biomass 

production (Blum, 2005, 2009). Consequently, excluding severe DS conditions in which stomatal 

closure is a necessary drought avoidance strategy for plant survival, selecting for genotypes with 

higher WUE means selecting for genotypes that are affected by low soil moisture level, leading to 

stomatal closure and reduced dry matter accumulation, rather than genotypes able to extract more 

water from the soil (Blum, 2009; Tuberosa, 2012). 

 

Further complexity derives from those plant water losses not linked to CO2 fixation, i.e., non-stomatal 

E and nocturnal gs. Non-stomatal E refers to water loss via evaporation through the leaf cuticle, 

which accounts for up to 30% of leaf water loss in stressful conditions (Hasanuzzaman et al., 2018). 

Nocturnal E is also not negligible, representing 14ï55% of daytime water losses for wheat 

(Schoppach et al., 2014, 2020; McAusland et al., 2021). In conclusion, gs is a trait of interest to 

improve wheat drought resistance. Selection should be oriented to genotypes with low gs only in a 

context of severe water shortage. In moderate to mild drought scenarios, genotypes able to extract 

more water from the soil and thus able to maintain high gs to sustain CO2 fixation and GY should be 

preferred. In parallel, attention should be shifted from WUE to the maximization of stomatal E while 

minimizing water losses not related to CO2 assimilation (non-stomatal E and nocturnal gs).  
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Non-stomatal water loss reduction can be achieved by increasing leaf epicuticular waxiness 

(Richards, 1996; Acevedo et al., 2002), and evidence of genotypic variation to exploit nocturnal 

stomatal E in wheat is starting to emerge (Schoppach et al., 2020; McAusland et al., 2021). 

 

Finally, the use of gs as a breeding tool in open-field or greenhouse conditions is complicated by the 

fact that environmental conditions interacting with stomatal opening/closure can change rapidly and 

several times during the day (depending on cloud cover, solar radiation, and relative humidity), 

making it difficult to measure this parameter reliably and, therefore, to perform unbiased comparisons 

on a large number of genotypes and in multiple replicate (Tuberosa, 2012; Monneveux et al., 2012). 

In fact, gs does not depend exclusively on drought but is regulated also in response to Vapor 

Pressure Deficit (VPD), defined as the difference between the saturation (i.e. the maximum amount 

of water vapor that the air can hold) and actual vapor pressure in the atmosphere (Grossiord et al., 

2020). Higher VPD determines a higher evapo-transpirative demand of the atmosphere, increasing 

E. So, as VPD increases, E increases till the plant is unable to satisfy the request, and closes the 

stomata (Franks and Farquhar, 1999). 

 

So, independently of water availability in the root zone, if leaf -to-air VPD increases too much (for 

example in case of high temperature or wind speed), plants respond by closing the stomata to 

prevent excessive water loss (limiting E). This happens when atmospheric evapotranspirative 

demand is too high and cannot be counterbalanced by water absorption and transport towards the 

leaf. This limit value varies from species to species, and depends mainly on the hydraulic conductivity 

characteristics of the xylem (Franks and Farquhar, 1999). There is no unanimous consensus on the 

specific mechanisms driving stomatal closure in response to changes in VPD. It could involve active 

sensing of the water status in the leaf or in the stomatal guard-cells, likely mediated by hormonal 

signals like abscisic acid (Grossiord et al., 2020). When there is no soil water shortage, but still the 

crop experiences stomatal closure in response to high VPD, decreased stomatal sensitivity to VPD 

has been proposed as a possible contributor to the relationship between gs and yield in grain crops 

(Richards, 2000). 

Schoppach and Sadok (2012) revealed significant phenotypic diversity across wheat genotypes for 

gs and E sensitivity to VPD. The researchers concluded that genotypes with early stomata closure 

in response to both atmospheric or edaphic induced water stress can store more water in the soil 

and utilize it more sparingly during drought episodes. On the contrary, the drought tolerance of gs 

insensitive genotypes to soil drying and/or increasing VPD may represent a different strategy, 

favoring CO2 fixations over water conservation. Those findings are consistent with the idea that 

drought resistance is highly dependent on drought scenarios, with conservative and insensitive 
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genotypes preferable in case of severe or mild-moderate stress, respectively. Therefore, as noted 

by Medrano et al. (2002), gs is responsive to all factors related to leaf water status, thus representing 

an integrative breeding trait for the overall effects of plant water stress. 

 

Flag leaf net photosynthesis (Pn) 

Flag leaf Pn is considered a major contributor to GY, mostly during the GF stage, when other leaves 

start to senesce (Evans and Rawson, 1970; Sylvester-Bradley et al., 1990; Loss and Siddique, 

1994). As drought causes a drop in RWC and gs, Pn is inhibited. Selection for genotypes able to 

maintain high Pn rates under water deficit is thus a clear target for wheat breeders, especially in 

post-anthesis (Inoue et al., 2004). If decreased Pn depended solely on decreased gs, selecting and 

phenotyping for both traits would be redundant. However, in several cases, no significant correlation 

was found between gs and Pn in drought-stressed wheat, and reduced gs was not considered the 

main cause of Pn decrease for both bread and durum wheat exposed to drought (Bogale et al., 2011; 

Siddique et al., 1999). Other authors instead indicate a strong correlation between Pn and gs drop 

in wheat under drought (Mu et al., 2021; Sikder et al., 2015; Wang et al., 2015b). This is due to the 

fact that in C3 plants drought can cause non-stomatal Pn limitations, related to impaired ATP 

synthesis and ribulose 1,5-bisphosphate (RuBP) regeneration, altered leaf photochemistry, 

decreased Rubisco activity, and permanent photoinhibition, as reported in Medrano et al. (2002) and 

Flexas and Medrano (2002). The prevalence of stomatal or non-stomatal limitations to Pn depend 

on stress severity and duration, as well as on the contextual presence of other stress sources. For 

example, in a Mediterranean climate, terminal drought is typically accompanied by HS (Li et al., 

2013). Terminal HS in wheat is known to inhibit Pn due to increased photorespiration, as Rubisco 

kinetics is affected (Farooq et al., 2011). Some studies suggest that Pn inhibition is mainly driven by 

stomatal closure in mild stress - even if impairment in ATP synthesis and RuBP regeneration have 

been demonstrated too - while photosynthetic limitation to Pn is predominant under severe drought 

(Ashraf and Harris, 2013; Athar and Ashraf, 2005; Flexas and Medrano, 2002). Regardless of 

stomatal or non-stomatal limitation, the fact that some authors find a significant correlation between 

flag leaf Pn and GY under drought, or between flag leaf Pn and stress resistance (Zheng et al., 2011; 

Inoue et al., 2004) while others do not (Bogale et al., 2011; Guóth et al., 2009) raises some doubts 

about the use of Pn as a breeding target. One must consider that GY, as well as Pn and other gas 

exchange parameters, are highly integrative traits, strongly dependent on micro-climatic conditions 

during sampling. Moreover, the contribution of flag leaf Pn to GY may vary among genotypes and 

during the life cycle, depending on other assimilates sources (e.g., remobilization from reserves, ear 

photosynthesis, etc.) (Asseng and Van Herwaarden, 2003; Li et al., 2017; Ding et al., 2018). 

Maintaining high photosynthetic capacity in the flag leaf is clearly an interesting and desirable trait 

to select for.  
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Nevertheless, it is not easy to phenotype (given the high plasticity of the trait during the day and/or 

over time) and should be selected in combination with other favorable traits to maximize the positive 

impact on GY. 

 

Chlorophyll performance parameters 

When Chlorophyll-a (Chl a) is excited to the singlet state (1Chl*) as a result of light absorption, under 

CO2-limiting conditions (e.g. stomata closure) the amount of harvested light energy and generated 

reducing power can easily exceed the rate of its consumption by the photosynthetic machinery. 

Therefore, the plant can employ several mechanisms to dissipate the excess of excitation energy, 

i.e. emission of fluorescence and heat. Both thermal dissipation and photochemistry mechanisms 

reduce the amount of emitted fluorescence, and non-photochemical processes that quench 

chlorophyll fluorescence are collectively called Non-Photochemical Quenching (NPQ). Otherwise, 

energy can be dissipated via the triplet state (3Chl*), a significant valve for excess excitation that 

can however generate ROS, extremely damaging to the photosynthetic apparatus (Müller et al., 

2001; Grieco et al., 2020). Altered leaf photochemistry and energy flow in Photosystem II (PSII), the 

most vulnerable part of the photosynthetic apparatus (Sherstneva et al., 2021), have received great 

attention, thanks to the possibility to easily assess the downregulation of photosynthesis in living 

plants, measuring chlorophyll fluorescence parameters by specialized equipment and easy-to-use 

instruments. In particular, Fv/Fm, i.e., maximum quantum efficiency PSII, is indicated by several 

authors as a selection criterion to improve wheat drought tolerance and/or GY in drought contexts 

(Flagella et al., 1995; Araus et al., 1998; Almeselmani et al., 2011; Farshadfar et al., 2014; 

Mohammadi et al., 2019). This is based on evidence that a decrease in Fv/Fm measured on dark-

adapted leaves is related to down-regulation of photosynthesis and photoinhibition (Maxwell and 

Johnson, 2000). Nevertheless, some authors argue that PSII primary photochemistry, and thus 

Fv/Fm, is quite insensitive to DS (Lu and Zhang, 1999; Subrahmanyam et al., 2006). This is 

supported by studies that do not find a significant correlation between chlorophyll fluorescence 

parameters and GY in drought-stressed wheat, concluding that these are not proper tools to 

phenotype wheat genotypes for drought resistance (Bogale et al., 2011; Pour-Aboughadareh et al., 

2020a). These contradictory conclusions may be explained by differences in stress severity and by 

the presence of other stressing factors that inhibit wheat PSII maximum quantum efficiency, e.g. HS 

and high radiation intensity (Sharma et al., 2012, 2015). In fact, Fv/Fm seems to be compromised 

by DS only in cases of severe dehydration (Ģivļ§k et al., 2008). Thus, when assessing its suitability 

as a screening tool for wheat drought tolerance, misleading results may be due to the concomitant 

presence of confounding factors, such as intense solar radiation and high temperature. On the 

otherhand, field conditions of terminal drought accompanied by high temperature and solar radiation 
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are typical of the Mediterranean climate, making Fv/Fm an interesting breeding tool for this type of 

context. 

Another widely used Chl a fluorescence metrics to measure PSII damage in case of HS, is the critical 

temperature (Tcrit) above which minimal Chl a fluorescence (F0) rises rapidly, indicating incipient 

damage to PSII (HŤve et al., 2011). Being Tcrit associated with increased thylakoid membrane 

fluidity and disruption of the light-harvesting antennae (Geange et al., 2021), it has been used to 

examine the vulnerability to HS across plant species (Sharma et al., 2020). So, as for Fv/Fm, Tcrit 

can represent an interesting breeding tool for wheat, in those contexts where drought is 

accompanied by high temperature and high solar radiation, leading to excessive leaf temperature. 

Posch et al. (2022) combining data from both field trials and controlled-environment, and meta-

analysis on previously published data, highlighted that leaf Tcrit varies widely among wheat species 

and genotypes (by up to 20 °C). Moreover, Tcrit also shows a significant genotype by phenology 

interaction, mainly due to an increasing trend in Tcrit as plants progressed from heading to anthesis 

and GF. Genotypes with enhanced thermal safety margins, thus increased Tcrit, could be particularly 

important in heat stressed water-limited environments, considering that the concomitant presence of 

both stresses highly limit gs and transpirational cooling, resulting in increased leaf temperature. 

Exploring more complex photosynthetic performance parameters than fluorescence alone, such as 

NPQ, may allow to better discriminate drought resistant wheat genotypes. However, most of the 

studies on NPQ variations in response to drought were carried out in controlled environments, on a 

small number of genotypes. According to the experimental conditions, i.e. phenological phase of 

stress onset and drought duration and severity, NPQ can increase (Subrahmanyam et al., 2006; 

Zlatev, 2009; Guóth et al., 2009; Zivcak et al., 2014; Yaghoubi Khanghahi et al., 2020; Zhu et al., 

2020; Grieco et al., 2020), decrease (Shangguan et al., 2000; Sherstneva et al., 2021) or not vary 

(Yudina et al., 2020), making it difficult at the state of the art to determine the potentiality of this trait 

for high-throughput screening. Moreover, NPQ might respond differently to DS and HS (Zhu et al., 

2020), complicating the analysis in those environments where drought is frequently accompanied by 

heat waves. Recently, Grieco et al. (2020) provided a base for developing wheat phenotyping for DS 

tolerance based on NPQ. This study represents a breakpoint, since the majority of previous studies 

emphasize photodamage as the only cause of the downregulation of photosynthesis in case of harsh 

DS conditions, while Grieco et al. (2020) monitored NPQ kinetics in slowly increasing levels of DS 

in wheat, as it usually occurs in the field. Authors noted that NPQ values started to increase 13ï17 

days after increasing drought imposition, when soil substrate reached 30% of field capacity, with no 

detectable change in Fv/Fm. Subsequently, after 18ï24 days of increasing DS (substrate at 20% of 

field capacity), NPQ maintained high level, while Fv/Fm decreased, indicating PSII damage. 

However, Grieco et al. (2020) limited their investigation on DS at early phenological stages (BBCH 
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23ï33), thus at the moment not giving information on NPQ suitability as a breeding tool in case of 

terminal drought. 

 

Combined heat and drought stress 

Several concomitant environmental factors may have a non-negligible role on the opportunity to use 

a specific indicator as a proxy to effectively address DS resistance. In the climate change scenario, 

HS is the main environmental constraint that typically affects wheat simultaneously with drought, 

especially during reproductive and GF stages (Barnab§s et al., 2008; Li et al., 2013; Hlav§ļov§ et 

al., 2018). GF is affected by short periods (few days) of temperatures higher than 34 ± 2 °C (the so-

called heat-shock), or by prolonged periods of daily maximum temperature up to 32 °C (chronic heat 

stress) (Al-Khatib and Paulsen, 1984; Yang et al., 2002; Farooq et al., 2011). So, heat shock 

conditions are those typically occurring during heat waves (3ï7 days), while chronic HS is produced 

by the general rise in temperatures during reproductive and GF stages. 

Heat and drought impacts on wheat physiology are largely overlapping. In fact, HS induces higher 

evapotranspiration, RWC decreases, and stomata closure, leading to reduced gs, E and Pn (Farooq 

et al., 2011). HS causes a reduction in Pn also as a consequence of increased Rubisco oxygenase 

activity at high temperatures (photorespiration). Moreover, Pn drop due to high temperatures is 

attributed also to NPQ, disruption in the structure of chloroplasts, and proteins/enzymes 

degradation/inactivation due to oxidative damages (Farooq et al., 2011). So, both HS and DS affect 

Pn directly (stomata closure) and indirectly (downregulation of photosynthetic metabolism), as well 

as both stress lead to oxidative damage, i.e. lipid peroxidation, membrane disruption, protein 

degradation and enzymes inactivation, reducing the functionality of leaves (Hlav§ļov§ et al., 2018). 

Studying the effects of single and combined DS and heat-shock on wheat physiology at anthesis, 

Wang et al. (2010) observed that the stress combination resulted in a greater decrease in Pn, gs and 

E of flag leaves than drought or heat-shock alone. Similarly, Hlav§ļov§ et al. (2018) observed that 

heat-shock during anthesis and GF significantly increased the negative impact of drought on CO2 

assimilation rate. Combined terminal drought and chronic HS resulted in more severe consequences 

on Pn and gs, considerably reducing growth and yield traits (Shah and Paulsen, 2003; Prasad et al., 

2011). 

Therefore, the aforementioned physiological parameters remain valid breeding tools for drought 

resistance even in case of concomitant HS. Indeed, in mild terminal drought conditions, genotypes 

able to extract more water from the soil, thus maintaining higher gs to sustain Pn, should be preferred 

also if drought is accompanied by HS, as this strategy would ensure more CO2 fixation, higher E 

(leading to tissue temperature regulation), less oxidative damage (linked to lower ROS formation), 
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thus limiting also the negative effects of HS. Similarly, the indications about phenological breeding 

strategies remain valid if DS is accompanied by HS, as they both increase ovule and pollen sterility, 

reduce spikelet number, accelerate plant senescence, and reduce GF duration, enhancing the 

reduction in TKW (Barnabás et al., 2008; Ji et al., 2010; Farooq et al., 2011; Prasad et al., 2011). 

So, in the context of terminal drought, even when accompanied by terminal HS, early heading and 

early maturity genotypes can be considered preferable, avoiding exposure to terminal stressful 

conditions by escape strategies. As exposed above, a short cycle could be obtained by the 

combination of a short pre-heading phase with an increased GF duration, or by a longer pre-heading 

phase, and a short (but highly efficient) GF period. 

On the contrary, proline accumulation and PSII inhibition could become more relevant breeding tools 

when drought is accompanied by HS, due to the synergic effect of DS and HS on proline 

accumulation and PSII inhibition via increased thylakoid membrane fluidity and loss of electron-

transport dependent integrity. Wang et al. (2010), studying the effects induced by drought, heat and 

their combination in wheat flag leaves, observed the sharpest increase in proline accumulation and 

osmotic adjustment in case of stress combination, while Prasad et al. (2011), observed a synergism 

of the combined stresses on chlorophyll content decline. Also Urban et al. (2018), imposing single 

and combined DS and HS for two weeks after anthesis, observed that Fv/Fm showed a significant 

interactions with temperature and water availability, resulting in an amplified decline of this parameter 

under the combined influence of drought and heat (temperature above 35 °C). So, chlorophyll 

fluorescence parameters and osmotic adjustment are indicators of HS tolerance in wheat, with strong 

correlation with GY (Ullah et al., 2022), thus representing a possible criterion for future breeding 

under combined HS and DS. 

In conclusion, breeding strategies based on improving drought resistance, could be useful also in 

case of simultaneous HS. However, despite it is known that a large number of physiological, 

biochemical and growth processes are affected by interactions between DS and HS, there is still a 

limited knowledge in terms of a precise quantification of the effects of these combined stresses on 

production parameters, that would be crucial for reliable predictions of climate change impacts on 

wheat (Barnab§s et al., 2008; Hlav§ļov§ et al., 2018), as it is known that climate change alters not 

only wheat GY, but also grain quality (Poggi et al., 2022). Acknowledging the complexity in 

understanding the contributions of each stress, especially under field conditions (Farooq et al., 2011; 

Prasad et al., 2011), precise information on combined heat and drought would be precious, not only 

for addressing successful breeding programs, but also for the improvement of crop models, 

assessing simultaneous stresses impacts on growth and yield (Hlav§ļov§ et al., 2018). 
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Concluding remarks 

Breeding improvements for drought resistance in both bread and durum wheat can be obtained via 

direct or indirect selection for yield. Direct selection for yield is hampered by its low heritability, GY 

being a highly integrative trait, dependent on a wide range of biotic and abiotic interactions. For this 

reason, physiological breeding, i.e., the selection of morpho-functional traits associated with yield 

performance in water-stressed environments, attracts most attention. The main obstacle to 

physiological breeding is deciding which traits should be preferred as a reliable set of selection 

criteria, given the broad spectrum of drought affected environments in which timing, duration, and 

severity of the stress vary greatly. In fact, literature shows many conflicting results regarding the 

correlation between various morpho-functional traits and GY under water-limiting conditions. In this 

review, we offer an insight into the reasons for these controversies, while discussing the ease of use 

of each trait. Moreover, we provide an interpretation of how selection criteria should be combined for 

selection in different target environments, characterized by different drought scenarios. Table 3 

summarizes our conclusions. Thus, this review does not intend to be an exhaustive treatment of all 

phenotypic traits associated with DS, nor of the modern high-throughput phenotyping strategies and 

genomic approaches available. For example, root architecture traits are extremely important for DS 

resistance (Manschadi et al., 2006), as well as imaging spectroscopy can be applied in remote 

sensing to evaluate numerous traits associated with abiotic stress tolerance (Jangra et al., 2021). 

New rising high-throughput phenotyping platforms, providing precise measurements of desired traits 

among thousands of field-grown plants, associated with genomic technologies, will accelerate 

breeding programs (Mwadzingeni et al., 2016b; Jangra et al., 2021). The purpose of this review is to 

highlight the contradictions found in the literature for different morpho-physiological and phenological 

traits, and to provide an environment-oriented perspective to overcome them. 

For example, in the Mediterranean climate type contexts, characterized by mild terminal drought, 

selection should be oriented to semi-dwarf early maturing genotypes, able to rapidly complete the 

life cycle, minimizing the temporal exposure to drought, expressing their high yield potential, with 

prompted gs and Pn, as to maximize assimilates accumulation, increasing the efficiency of GF 

process, hampered by the terminal stress. On the other hand, where DS appears early in the life 

cycle, and progressively increase its severity, early vigorous, tall genotypes, with high tillers number 

should be preferred, able to successfully germinate in stressful condition, quickly covering bare soil 

(reducing water loss from the ground) and producing more photosynthetic biomass, meaning more 

assimilates to be re-mobilized successively to the spike. Moreover, in contexts like these, drought 

avoidance features, such as LR, could be considered. 
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Table 3. Suitable trait combinations for different drought scenarios. 

Trait Early-season drought 

(pre-anthesis) 

Terminal drought (post-anthesis) 

Early vigor  X  

Peduncle Length X  

RWC X X 

LAI X  

High number of tillers X  

Low number of tillers  X 

Tall size  X  

Semi-dwarf  X 

Early flowering and maturity  X 

Prolonged - or short but high rate 
- grain filling  

 X 

Flag leaf Pn  X 

Fv/Fm - Tcrit  X 

   

Trait Mild-moderate drought Severe drought 

High gs X  

Reduced gs  X 

Epicuticular waxiness X X 

Reduced nocturnal stomatal 
transpiration  

X X 

High number of tillers  X 

Low number of tillers X  

Leaf rolling  X 

Flag leaf Pn X X 

Fv/Fm - Tcrit    X 

Reduced NPQ  X 

RWC X X 

Tall-size  X 

Semi-dwarf X  

 

In conclusion, climate change makes the risk of water stress more frequent, jeopardizing wheat 

yields more often in areas where it is grown in rainfed conditions. For this reason, it is essential to 

work on the selection of new varieties of wheat, both bread and durum, capable of giving good yields 

even in the presence of periods of drought. This is a rather complicated challenge, as wheat can be 

affected by drought at various stages of its life cycle. This makes the combination of phenology, 

water stress and physiological characteristics a complex system. It is therefore essential that the 

selection criteria are environment-oriented, in order to overcome controversies in breeding for 

drought resistance in wheat. 
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Abstract 

Durum wheat (Triticum durum Desf.) is a fundamental staple food for the countries of the 

Mediterranean basin. Climate change is predicted to cause a trend of increasing drought severity in 

this region in the near future, necessitating the improvement of durum wheat's resilience to drought 

stress (DS). Using polyethylene glycol (PEG) to simulate water scarcity, early vigor parameters in 

germinating seeds are quickly, easily and affordably assessed. Many PEG screenings, however, 

only consider the seedling stage; consequently, genotypes identified as promising for cultivation in 

drought scenarios, may not show such features if drought appears in later phenological phases, as 

happens in Mediterranean climatic areas, generally prone to terminal drought.  Correlation between 

DS resistance during the seedling stage (early vigor) and later stages in the life cycle is elusive due 

to the lack of scientific efforts. Seen the need to confirm the findings of preliminary seedling 

screening, here we used PEG screening to classify fifty-five tetraploid wheat accessions into three 

clusters (susceptible, medium resistant and highly resistant to DS), based on morpho-physiological 

traits. These accessions included durum wheat cultivars and landraces, as well as ancestors like 

durum emmer wheat and wild emmer wheat. The results of the PEG screenings were combined to 

subsequent pot experiment using nine randomly selected accessions (three from each cluster), 

imposing terminal drought, and evaluating their performance. Principal component analysis was 

performed on data for net photosynthesis, stomatal conductance, transpiration and grain yield. 

Notably, the genotypes that performed best in the pot experiments were also those that performed 

well in the PEG screening. Highly resistant candidates had in fact higher physiological and 

performance parameters than susceptible candidates. In summary, PEG screening of germinating 

seeds resulted to be suitable to predictively evaluate drought resistance in tetraploid wheat 

accessions under terminal drought conditions, typical of Mediterranean climate zones. The herein 
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reported data, thus evidence how this inexpensive and simple method might be efficiently applied 

for large-scale phenotyping.  

 

Introduction   

Although accounting for only 8% of the worldôs wheat production (approximately 36 Mt per year), 

durum wheat (Triticum durum Desf.) is a fundamental staple food for the Mediterranean basin, where 

60%ï75% of global durum wheat is grown (Giraldo et al., 2016; Igrejas et al., 2020; Sukumaran et 

al., 2018). The Mediterranean climate is characterized by low and unpredictable rainfall patterns, 

representing a primary source of uncertainty for wheat production, as it is typically cropped as a 

rainfed cereal (Ahmadizadeh et al., 2012).  In addition, a tendency of worsening droughts is expected 

in this region over the coming decades due to climate change (Cramer et al., 2020; Fatima et al., 

2020; Flato et al., 2014; Kovats et al., 2014). Hence, the need to improve durum wheat resistance 

to drought stress (DS)  (Igrejas et al., 2020; Mohammadi et al., 2019) and the need to delve the 

mechanisms regulating DS resistance for breeding purposes.  

Genetic improvement is extremely challenging, because DS resistance is a complex quantitative 

trait, with low heritability and high environmental interactions (Budak et al., 2013; Rampino et al., 

2006; Sukumaran et al., 2018). Moreover, DS varies in timing, severity, and duration, so genotypes 

suited to one environment may not be suited to another. For instance, it is not certain that genotypes 

that exhibit pronounced DS resistance early in development, would also exhibit this resistance in 

later stages.  

Early drought is critical as it compromises a successful crop establishment, through the alteration of 

the Seedling Water Content (SWC), Germination Percentage (GP), and Seedling Vigor Index (SVI) 

(Acevedo et al., 2002; Ahmad et al., 2018; Almaghrabi, 2012). These parameters are quickly, easily 

and inexpensively assessed in germinating seeds using high-molecular-weight (> 6000) 

polyethylene glycol (PEG) (Almaghrabi, 2012; Parmar & Moore, 1966; Zhang et al., 2019), which 

simulates drought by inducing a uniform and controlled osmotic stress, with no direct physiological 

damage as it is inert, non-ionic, and impermeable to cell membranes (Hohl & Schopfer, 1991). 

Hence, the use of PEG-6000 to simulate DS has been sustained by several authors (Almaghrabi, 

2012; Perġiĺ et al., 2022; Tuberosa, 2012) and significant differences among wheat genotypes 

emerged in different studies, suggesting the existence of genetic variability to be exploited for 

breeding purposes (Almaghrabi, 2012; Dhanda et al., 2004; Moayedi et al., 2009; Pour-

Aboughadareh, Etminan, et al., 2020). However, many PEG-6000 screenings consider just the 

seedling stage; consequently, genotypes identified as promising for cultivation in drought scenarios, 

may not show such features if drought occurs later in the life cycle.  
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While some information about the correlation between seedling growth parameters in DS conditions 

and adult plant drought resistance is starting to emerge for bread wheat (Triticum aestivum L.) (Dodig 

et al., 2015), validation of preliminary seedling screening results for durum wheat is required. In fact, 

in Mediterranean environments durum wheat is typically affected by the so-called terminal drought, 

as most precipitation is concentrated in temperate autumn and winter, followed by hot and dry 

summer, resulting in moderate DS around anthesis, progressively increasing throughout grain filling 

stage (Garcēa del Moral et al., 2003). Due to accelerated leaf senescence, reduced flag leaf 

photosynthesis (Pn) and downregulated enzyme activities, terminal drought has a negative impact 

on grain yield (GY), disrupting and shortening the grain filling process (Farooq et al., 2014; Ihsan et 

al., 2016; Pour-Aboughadareh, Mohammadi, et al., 2020). Genotypesô performance under terminal 

drought can be accurately assessed conducting pot experiments, measuring gas exchange 

parameters, e.g. flag leaf stomatal conductance (gs), transpiration (E),  Pn, and GY (Bogale et al., 

2011; Solomon et al., 2003).  

In this study, a screening for the abovementioned traits was conducted, using PEG-6000 to simulate 

DS on germinating seeds. Fifty-five tetraploid wheat accessions were analyzed, chosen in the 

attempt to represent as much as possible the biodiversity of durum wheat, with the aim of evaluating 

the degree of genetic variability for these phenotypic characteristics to be exploited for breeding 

purposes, and to find promising early vigorous genotypes for contexts of early drought. Moreover, 

considering that there is no evidence in the literature regarding the correlation between PEG 

germination tests and durum wheat DS resistance to terminal drought, main aim of this study was to 

couple results of PEG germination tests to subsequent pots experiment, imposing terminal drought, 

with the goal of verifying whether DS resistance at the early growth stages reflects drought resistance 

also later in the life cycle. 
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Materials and methods 

 

Early-stage DS screening with PEG-6000  

 

Plant material 

Fifty-five tetraploid wheat accessions were selected from the Tetraploid Core Collection, in order to 

create a subgroup that could represent the variability herein contained (Table 1). Tetraploid Core 

Collection represents 95% of Global Durum wheat Panel (Mazzucotelli et al., 2020) and Tetraploid 

wheat Germplasm Collection (Maccaferri et al., 2019) biodiversity (Marone et al., 2021). The chosen 

accessions comprise Durum Wheat Cultivars (DWC), Landraces (DWL), and ancestors such as 

Durum Emmer Wheat (DEW) and Wild Emmer Wheat (WEW).  
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Table 1. List of Tetraploid Wheat accessions used in this study. For each accession are indicated the category, the country 

of origin and the mega-environment. DWC = Durum Wheat Cultivar, DWL = Durum Wheat Landrace (including turanicum, 

carthlicum and aethiopicum exponents), DEW = Durum Emmer Wheat, WEW = Wild Emmer Wheat. 

 

 Name Category Country of origin Mega-environment 

1 Aureo DWC Italy Southern Europe 

2 Creso DWC Italy Southern Europe 

3 Daurur DWC France Western Europe 

4 Haby DWC ICARDA Western Asia 

5 Iride DWC Italy Southern Europe 

6 Kronos DWC DESERT Northern America 

7 Marco Aurelio DWC Italy Southern Europe 

8 Margherita DWC ICARDA Western Asia 

9 Mohawk DWC DESERT Northern America 

10 Monastir DWC France Southern Europe 

11 Neodur DWC Italy Southern Europe 

12 Nobilis DWC France Western Europe 

13 Odisseo DWC Italy Southern Europe 

14 Rascon/Tarro DWC CIMMYT Central America 

15 Saragolla DWC Italy Southern Europe 

16 Simeto DWC Italy Southern Europe 

17 Strongfield DWC Canada Northern America 

18 Svevo DWC Italy Southern Europe 

19 LD068-Beloturka DWL Russian Federation Eastern Europe 

20 LD093 DWL Greece Southern Europe 

21 LD186 DWL Morocco Northern Africa 

22 LD207 DWL Turkey Western Asia 

23 TDS219 WEW Fertile Crescent Western Asia 

24 TDS234 WEW Fertile Crescent Western Asia 

25 TDS235 WEW Israel Western Asia 

26 tetra-IPK251 DWL-aethiopicum Ethiopia Eastern Africa 

27 tetra-IPK814 DWL-turanicum Iraq Western Asia 

28 tetra-IPK815 DWL-turanicum Russian Federation Eastern Europe 

29 DIC-IPK420 DEW Turkey Western Asia 

30 EP_084 DWL Ethiopia Eastern Africa 

31 EP_115 DWC Ethiopia Eastern Africa 

31 EP_140 DWL Ethiopia Eastern Africa 

33 EP_193 DWL Ethiopia Eastern Africa 

34 Cappelli DWL Italy Southern Europe 

35 Haurani DWL Syria Western Asia 

36 Kubanka-LD127 DWL Kazakhstan Central Asia 

37 Russello_SG7 DWL Italy Southern Europe 

38 Trinakria DWL ICARDA West Asia, North Africa 

39 SSD-502 DWL NA NA 

40 TC4 DWL Daghestan Western Asia 

41 TC8 DWL Turkey Western Asia 

42 AG061 DWL Cyprus Western Asia 

43 AG189 DWL-carthlicum Georgia Western Asia 

44 Aus26423 DWL Greece Southern Europe 

45 Aus26460 DWL Egypt Northern Africa 

46 Aus26628 DWL Russian Federation Eastern Europe 

47 Molise Colli DEW Italy Southern Europe 

48 L28-Kyperunda DWL Cyprus Western Asia 

49 Dic-unibo-008 DEW Italy Southern Europe 

50 Dic-unibo-012 DEW Italy Southern Europe 

51 Dic-unibo-022 DEW UK Northern Europe 

52 Dic-unibo-080 DEW NA NA 

53 Dic-unibo-100 DEW Serbia Southern Europe 

54 Dic-unibo-110 DEW India Southern Asia 

55 Dic-unibo-126B DEW Iran Southern Asia 
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Drought simulation 

PEG-6000-induced osmotic stress, simulating DS conditions, was induced according to well-

established protocols (Almaghrabi, 2012; van den Berg & Zeng, 2006). Briefly, seeds were subjected 

to 0.0 g/L, 100 g/L, 200 g/L PEG-6000, respectively simulating stress absence, medium and severe 

DS. These treatments will hereafter be referred to as control, T10 (10% (w/v) PEG treatment) and 

T20 (20% (w/v) PEG treatment). PEG-6000 solutions were prepared by dissolving PEG-6000 in 

distilled water, for 16 h under shaking. Seeds were surface sterilized with 10% (w/v) sodium 

hypochlorite for 5 min, and then rinsed 5 times with distilled water. Thirty seeds for each treatment 

(control, T10, T20) were placed in a Petri dish (140 mm Ø) on two layers of filter paper and treated 

with 12 ml of the corresponding solution. Petri dishes were covered to prevent moisture loss, and 

placed in a growth chamber for 7 days in controlled conditions, i.e., 25°C, relative humidity 70%, with 

a photoperiod of 8 hours light/16 hours dark. Each treatment, for each accession, was conducted in 

three replicates. 

 

Germination and seedlings growth parameters 

For each Petri dish, GP, SVI, and SWC were calculated as follows: 

 

GP (%) = (number of normally germinated seeds/total seeds number) x 100 

(Ali & Idris, 2015; Caruso et al., 2018; Ilori et al., 2012) 

Seeds were counted as normally germinated when the radicle extrusion was at least 3 mm 

(Almaghrabi, 2012).  

 

SVI = (seedling shoot length (cm) x germination percentage)/100 

(Ali & Idris, 2015; Caruso et al., 2018) 

SWC (%) = [(fresh weight - dry weight)/fresh weight] x 100 

(Ge et al., 2016) 

For the determination of SWC, all germinated seedlings (shoots + roots) of the same accession were 

weighed together, after being taken from the Petri dish (fresh weight). After drying in oven at 70 ° C 

for 24h, seedlings were weighed again, for dry weight determination (Coskun et al., 2014; Ge et al., 

2016).  
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Performance assessment towards terminal drought conditions 
in pot experiment 

 

Plant material and cropping method 

For the validation of PEG-6000 screening results, three genotypes were randomly selected from 

each cluster to perform pot experiment (Table 2). Seeds were surfaced sterilized as described above 

and pre-germinated for ten days at 4°C in the dark. Seeds were thus sown in plastic pots (20 cm 

diameter and 20 cm length) filled with professional topsoil (Tappeti erbosi, Vigorplant Italia Srl) with 

64 % field capacity (FC) and 25% permanent wilting point. Plant phenological development was 

assessed according to the BBCH scale (Biologische Bundesanstalt, Bundessortenamt, and 

CHemicalindustry) (Meier, 1997). For each accession, six pots were assigned to the stress treatment 

(DS), and six pots to the well-watered control (Control), arranged in randomized complete block 

design. Twelve seeds per pot were planted, and then seedlings were thinned to six at 2 leaves stage 

(BBCH 12), so that all plants were uniform in size and vigor. Pots were positioned close together, in 

order to simulate as much as possible field conditions, forming a sort of a canopy. This way, 

measurements on individual plant traits can be considered as reliable, as individuals are evaluated 

inside ñcommunitiesò. Until the reaching of 50% heading (BBCH 55), all pots were kept at 100% FC. 

From BBCH 55 till full maturity (BBCH 89), control pots were kept at 100% FC, while DS pots were 

kept at 50% FC, thus imposing terminal DS. Potsô water content was assessed gravimetrically. Pots 

were fertilized at first tillering and first booting with 2 g of granular N:P:K (14%:8%:13%). Pots were 

kept in a greenhouse, with day/night temperature 24/15 °C (12 hours photoperiod). 

 

Table 2. Randomly selected accession to perform pot experiment. 

Accession Species Candidate 

Marco Aurelio DWC Susceptible 

Haurani DWL Susceptible 

Kubanka DWL Susceptible 

Odisseo DWC Medium resistant 

tetra-IPK814 DWL Medium resistant 

SSD 502 DWL Medium resistant 

Strongfield DWC Highly resistant 

AG 189 DWL Highly resistant 

EP 193 DWL Highly resistant 
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Measurements of gas exchange and grain yield parameters 

Gas exchange parameters were assessed at BBCH 73-83 (between milky ripe and soft dough, 

corresponding to the grain filling stage) using a Portable Photosynthesis System (Li-Cor 6400, LI-

COR Inc., Lincoln, NE, USA) on the flag leaf of nine randomly selected plants of each accession, 

under both control and stress condition. Specifically, Pn, gs and E were measured, imposing 500 

ɛmol Photosynthetically Active Radiation level and a constant 400 ppm CO2 flux. Measurements 

were performed between 10:00 a.m. and 14:00 p.m., when temperature, humidity and radiation level 

in the greenhouse were uniform. The selected plants were properly marked to perform on the same 

sample GY measurements at full maturity on the main spike.  

 

Statistical analysis 

Statistical analysis was performed in R (R Development Core Team, 2021). A widely used approach 

when dealing with data expressed as percentage, is to use the arcsine transformation, in order to 

normalize the data and use ANOVA and related post hoc tests (Gomez & Gomez, 1984). However, 

more recent literature highlights how arcsine transformation may often not be effectively able to solve 

the problems related to data normality and heteroskedasticity. In these cases, a better approach 

appears to be the use of Generalized Linear Models (GLM) for germination data (Sileshi, 2012). In 

our study, the efficacy of the arcsine transformation in guaranteeing the necessary assumptions for 

ANOVA was verified for all the data using Shapiro-Wilk and Levene test. Where these assumptions 

were not met, specific non-parametric tests or GLM were employed. Analysis of variance and pair 

wise comparison on GLM were conducted as described in Hastie & Pregibon (1992) and Hothorn et 

al. (2008). Furthermore, GP, SVI and SWC data taken together were used to perform cluster 

analysis, average method. The elbow method verified that three was the proper number of clusters 

to be adopted. Thus, cluster analysis was used to divide all fifty-five genotypes into susceptible, 

medium resistant and highly resistant to DS.  

To assess the effects of DS on the considered traits for the pot experiment, control and stressed 

plants were compared using t-test for each accession. ANOVA was used in order to verify if different 

accessions had significantly different values for physiological parameters and GY in control 

conditions. For both ANOVA and t-test, data normal distribution and homoscedasticity were verified 

before use, by Shapiro-Wilk and Levene test. Where these assumptions were not met, Kruskal-

Wallis and Wilcoxon rank Sum test were used. Principal Component Analysis (PCA) was performed 

on stressed individuals combining Pn, gs, E, GY data (expressed as percentage of the respective 

control). R packages used are reported as links: ade4, FactoMineR, factoextra, corrplot.  

 

 

https://cran.r-project.org/web/packages/ade4/index.html
file:///C:/Users/giovannimaria.poggi2/Desktop/Tesi%20PhD/FactoMineR
https://cran.r-project.org/web/packages/factoextra/index.html
https://cran.r-project.org/web/packages/corrplot/index.html
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Results  

 

Simulated water stress at early stages of germination and 

phenotypic variability  

Analysis of variance on GLM with logistic regression highlighted that PEG treatment had a significant 

effect on GP, as well as significant differences emerged among accessions (P < 0.05) (Figure 1). 

Pair wise comparison showed that GP was significantly reduced, in a dose-dependent way by PEG 

(P < 0.05). No difference among accessions in control conditions was highlighted (P > 0.05). T10 

treatment produced modest differences among accessions, which did not lead to a relevant 

distinction in terms of groups. T20 treatment, on the other hand, highlighted significant differences, 

allowing a distinction into susceptible, medium and highly resistant groups (P < 0.05).  

The highest values were observed in TDS 219 and TDS 234 as well as Dic-unibo-022 and Dic-unibo-

080 and LD093, maintaining 100% GP in severe stress conditions, and the lowest in Aureo and 

Creso, for which GP dropped to 32% and 34%, respectively. On average, in T20 conditions, DWC, 

DWL, WEW and DEW showed a GP of respectively 69.5% ± 20.2, 77.3% ± 17.4, 87.4% ± 21.8 and 

95.2% ± 4.7, all significantly different from each other when subjected to ANOVA (P < 0.05), giving 

indication of a better performance for local varieties and wild relatives compared to modern cultivars 

(Table 3). 
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Figure 1. Germination rate, expressed as percentage, of fifty-five wheat accessions, in control conditions 

(Cntr) and in the presence of PEG-6000 10% (T10) and PEG-6000 20% (T20) (w/v). Means derive from 30 

seeds/treatment and the experiment was repeated in triplicate. 

 

T20 treatment reduced the average shoot length to zero in most of the accessions. On the contrary, 

T10 highlighted significant differences among accessions, proving informative for phenotyping. In 

fact, for T10, SVI ranged from 1.75 to 11.1, showing a broad variability (Supplementary Figure 1). 

Non-parametric Kruskal-Wallis test showed that T10 treatment produced a significant reduction in 

SVI compared to control (P < 0.05). The same test highlighted significant differences in SVI among 

accessions in control conditions (P < 0.05). In order to compare different accessions with different 

shoot length in the control group, SVI at T10 and T20 were expressed as percentage with respect to 

the control. This parameter showed great variability and the lowest values were found for Creso and 

Marco Aurelio (25.6% and 27.6%, respectively), while tetra-IPK251 and TC8 showed the highest 

ones (78.3% and 78.6%, respectively) (Figure 2). By treating data expressed as a percentage, the 

arcsine transformation was applied. ANOVA highlighted a significant difference (P < 0.05), 

confirming that T10 was informative to discriminate accessions for SVI. Focusing on subspecies, 
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ANOVA revealed for DWC a significant lower value (47.5% ± 18.7) (P < 0.05) compared to DWL 

(54.5% ± 21.7), DEW (67% ± 21.3) and WEW (68% ± 18.6) (Table 3). 

 

 

Figure 2. Seedling Vigor Index (SVI), expressed as percentage of the relative untreated control, of fifty-five 

wheat accessions. Means derive from 30 seedling/treatment and the experiment was repeated in triplicate. 

PEG-6000 10% (T10) and PEG-6000 20% (T20) (w/v). 

 

Phenotyping was performed also considering SWC trait at T10. Being SWC data expressed as a 

percentage, the arcsine transformation was applied to cope with non-normal-distribution and 

heteroskedasticity. ANOVA showed a significant difference among accessions (P < 0.05), confirming 

that it was informative to analyze the accessionsô ability to extract water from the culture medium 

under stress conditions.  On average, SWC was 69.5% and the lowest values were observed in 

Creso and Marco Aurelio (59.5% and 60.4%, respectively), as well as in KubankaïLD127 and 

Haurani (60% and 60.9%, respectively). Highest SWC values were found in TDS 219 and TDS 234 

(78% and 78.2%, respectively), and TC8 (77.5%) (Figure3). ANOVA highlighted a significantly lower 

average value for DWC (65.7% ± 5.5) compared to DWL (69.9% ± 7), which in turn was significantly 

lower than DEW (74.3% ± 4.8) and WEW (75.8% ± 3.7) (Table 3). 
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Figure 3. PEG-6000 10% (w/v) Seedling Water Content (SWC), expressed as percentage of the relative 

untreated control, of fifty-five wheat accessions. Means derive from 30 seedling/treatment and the experiment 

was repeated in triplicate. 

 

SVI and SWC values at T10, and GP at T20 were significantly informative in discriminating the 

accessions under investigation for early DS resistance, and thus used to perform cluster analysis. 

Cluster analysis grouped accessions for similar susceptibility to early DS into three clusters: highly 

resistant, moderately resistant and susceptible. DWC were mostly represented in the susceptible 

cluster, while only one DWC was present in the highly resistant one (cv. Strongfield). DWL were 

ubiquitous in the three clusters, while DEW and WEW were mainly distributed in highly resistant 

cluster (Figure 4 and Table 3).  
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Figure 4. Cluster dendrogram for early Drought Stress (DS) resistance of the fifty-five accessions under 

investigation. Accessions that fell within the same cluster had an overall similar susceptibility to early DS: 

susceptible accessions (red cluster), highly resistant accessions (green cluster), and moderate resistant 

accessions (blue cluster). 

 

Table 3. Differences in tetraploid wheat subspecies for early vigor traits. DWC = Durum Wheat Cultivar, DWL 

= Durum Wheat Landrace (including turanicum, carthlicum and aethiopicum exponents), DEW = Durum 

Emmer Wheat, WEW = Wild Emmer Wheat. Different letters indicate significant differences (P < 0.05) between 

control and PEG-6000 10% (T10) and PEG-6000 20% (T20) (w/v) treatments. Distribution in the obtained three 

clusters is also reported. 

Species GP T20 (%) SVI T10 (%) SWC T10 (%) Highly 
resistant (n.) 

Moderately 
resistant (n.) 

Susceptible 
(n.) 

DWC 69.5% ± 20.2 
a 

47.5% ± 18.7 
a 

65.7% ± 5.5 
a 

1 8 10 

DWL 77.3% ± 17.4 
b 

54.5% ± 21.7 
b 

69.9% ± 7 
b 

8 9 7 

WEW 87.4% ± 21.8 
c 

68% ± 18.6 
c 

75.8% ± 3.7 
c 

7 2 0 

DEW 95.2% ± 4.7 
d 

67% ± 21.3 
c 

74.3% ± 4.8 
c 

2 1 0 
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Simulated water stress in early germination stages is a reliable 

predictor for assessing water stress resistance in terminal 

drought  

Terminal DS reduced all physiological parameters for all accessions under investigation, but the 

reduction was significant to t-test only for some of them (Figure 5). 

In detail, DS significantly reduced Pn for Marco Aurelio, Haurani and Odisseo (P < 0.05) and reduced 

also gs for all susceptible candidates, tetra-IPK814 and Strongfield (P < 0.05). Finally, DS 

significantly reduced E for all susceptible candidates, tetra-IPK814 and Odisseo. All other reductions 

were not significant. 

DS reduced GY for all accessions. The reduction was significant for all susceptible candidates (P < 

0.05). In terms of percentage yield loss, the three susceptible genotypes (Marco Aurelio, Haurani, 

Kubanka) showed values of 30.4%, 29.3%, and 16.7% respectively. Highly resistant candidates had 

the lowest GY reduction, ranging from 1.9% in Strongfield, to 2.9% in AG 189 (Figure 6).  
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Figure 5. Flag leaf physiological parameters, measured during grain filling in Control (Cntr) and Stressed pots 

(DS). Net Photosynthesis (Pn), Stomatal Conductance (gs) and Transpiration (E). Mean is highlighted as 

horizontal line. Bars marked with an asterisk indicate a significant difference between Cntr and DS pots for 

each accession (P < 0.05).   
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Figure 6. Average GY (Grain Yield, expressed in grams) per spike in control (Cntr, white bars) and stressed 

(DS, gray bars) conditions for each accession. Susceptible genotypes are highlighted in red, medium and 

highly resistant genotypes are highlighted in blue and green, respectively. Bars marked with an asterisk 

indicate a significant difference between Cntr and DS pots (P < 0.05). 

 

ANOVA showed that different accessions had significantly different Pn, gs, E and GY values in 

control conditions. Thus, in order to compare the stress response of different accessions, these 

data were expressed as percentage with respect to the untreated control to perform PCA. 

The top two principal components (PC1 and PC2) accounted for 92.6% of the total variation 

present in the dataset (76.1% and 16.5%, respectively). GY, Pn, gs and E showed a strong 

negative correlation with PC1, explaining most of the total variation in the dataset. Moreover, Pn, 

gs, E, and GY similarly contributed to the definition of PC1 (Figure 7).  

Observing the correlation values among these variables, globally, physiological parameters showed 

good positive correlation with each other, such as Pn and E (r = 0.69) or gs and E (r = 0.96) and GY 

showed a good positive correlation with Pn (r = 0.73).   

Considering the biplot from the PCA, it was possible to identify the performance of single individuals 

under DS. According to this analysis, superior resistant individuals should be selected based on low 

PC1 values. On average, highly resistant candidates showed lower PC1 values, corresponding to 

better physiological and performance parameters, thus distributing mainly in the two left quadrants. 

Susceptible individuals, on the contrary, were mainly distributed in the two right quadrants, indicating 
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altogether lower Pn, gs, E and GY. Medium resistant candidates uniformly distributed in left and right 

quadrants, indicating an intermediate overall performance (Figure 7). 

 

 

Figure 7. PCA biplot of individuals, and variables correlation circle in drought stress conditions. Net 

Photosynthesis (Pn), Stomatal Conductance (gs), Transpiration (E) and Grain Yield (GY). Axes represent the 

principal components: Dim1, explaining 76.1% of the variance, and Dim2, explaining 16.5% of the variance. 

Colors in the PCA indicate genotypes clustering together for early drought stress resistance. 

 

Discussion 

The use of PEG-6000 to mimic DS on germinating seedlings proved to be effective in phenotyping 

for DS resistance in early stages, highlighting significant differences among the selected fifty-five 

durum wheat accessions. High PEG concentrations resulted informative in discriminating genotypes 

based on GP, while lower concentrations in discriminating them based on SVI and SWC.  

Combining GP, SVI, and SWC data allowed to group the genotypes into three clusters according to 

drought tolerance, i.e., susceptible, moderately resistant and highly resistant to DS. 

The results herein reported suggest a remarkable degree of genetic variability in the Tetraploid Core 

Collection for these phenotypic traits, to be potentially exploited for breeding purposes, in order to 

develop new promising early vigorous cultivars for environmental contexts prone to early drought. In 

particular, some DWL, and the DEW and WEW resulted to be highly resistant candidates.  
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This evidence agrees with the so-called ógenetic bottleneckô that was imposed on wheat during 

domestication and modern breeding, which did not include traits regarding stress resistance 

(including drought), as seed and yield related traits were given priority. As result, modern DWC, 

usually characterized by being lodging resistant and highly responsive to nutrient inputs, are grown 

in all major wheat cropping environments and are characterized by a narrow genetic base (Lopes et 

al., 2015). Thus, DWL, DEW and WEW represent a source of allelic repertoire to be exploited to 

transfer drought resistance features to modern DWC (Giraldo et al., 2016; Merchuk-Ovnat et al., 

2016) as also suggested by our results. 

The literature currently provides limited support for the reliability of PEG screenings on germinating 

seeds as indicators of tetraploid wheat DS resistance under terminal drought conditions, which are 

typical of Mediterranean climate zones. Consequently, in order to establish if this correlation exists, 

it is necessary to validate the preliminary seedling screening results through pot experiments, hence 

the results of the PEG tests were coupled with pot experiments designed to mimic terminal drought 

conditions in the Mediterranean. At grain filling stage, all physiological parameters showed significant 

positive correlation with each other, and GY showed a significant positive correlation with Pn. 

Significant differences were observed for the physiological performance parameters of the flag leaf, 

whose major contribution to GY is well documented, mostly during the grain filling stage, when other 

leaves start to senesce (Loss & Siddique, 1994; Sylvester-Bradley et al., 1990), resulting informative 

in discriminating between drought susceptible and resistant genotypes. The positive correlation of 

Pn and GY demonstrates that in context of mild terminal drought, genotypes able to extract more 

water from the soil should be preferred, sustaining high gs and thus CO2 fixation, being finally 

beneficial for GY. Even if Licor measurements in pot experiments on wheat species are typically 

assessed on flag leaf of single individuals, all possible precaution has been implemented to scale 

up single plants results to open field. In fact, pots were positioned in order to simulate as much as 

possible a sort of a canopy. This way, individuals are evaluated inside ñcommunitiesò. The highly 

resistant candidates, identified through previous cluster analysis of PEG screening data, showed 

better performance if compared to susceptible ones, as supported by the PCA biplot. On average, 

supposed highly resistant individuals were characterized by lower PC1 values, corresponding to 

higher GY and better flag leaf physiological parameters. On the contrary, supposed susceptible 

individuals showed higher PC1 coordinates. Medium resistant ones resulted located in an 

intermediate position. 

In conclusion, the assessment of morpho-physiological parameters on tetraploid wheat seedlings in 

PEG-6000 induced DS proved to be effective in cluster wheat accessions for drought resistance not 

only for early, but also terminal drought.  
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Supplementary materials 

 

 

Supplementary Figure 1. Identified resistant (left) and susceptible (right) accessions to PEG-induced drought 

stress during germination and seedling growth stage. 
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Chapter 2 

Open field trial of tetraploid wheat 
accessions with putative different 
levels of drought stress tolerance 
 

Framework 

Grain Yield (GY) in open field is the result of complex interactions between the genotype and the 

environment (G x E). Drought conditions are a major factor that can affect GY, but a wide range of 

other biotic and abiotic actors also play a role. Being thus GY a highly integrative trait, results from 

pots experiment need to be confirmed in open field trials.  

IRTA (Institute of Agrifood Research and Technology) is a research institute of the government of 

Catalonia, whose mission is to improve competitiveness and sustainability of agriculture. Thanks to 

its equipment, facilities and expertise, IRTA allowed an open field trial. Hence, the accessions used 

in pot experiments were tested in open field trials, both in an irrigated (well-watered) site, and in a 

rainfed (drought stressed) site, in a randomized complete block design with three replications for 

each genotype in both sites. The accessions were compared with each other and with their 

respective well-watered control. 

 

Materials and methods  

Experimentation  

Through an open field trial during the 2022-2023 agronomic season, the same nine tetraploid wheat 

genotypes used in greenhouse pot experiment (Chapter 1) were cultivated in Catalonia region, under 

both irrigated (control) and rainfed (drought stressed) conditions, thanks to the equipment, facilities, 

and expertise of IRTA. The aim was to gather as much information as possible on the reliability of 

the selection process performed in a controlled environment for the discrimination of drought 

resistant and drought susceptible accessions, with the goal of improving the resilience of 

Mediterranean agroecosystems to climate change by providing new resources to farmers. 

Agronomical parameters such as phenological, morphological and crop vigor data, and yield 
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performance were assessed during the field trials. Accessions in drought stressed conditions have 

been compared with each other and with their respective well-watered control. Moreover, a detailed 

water balance was computed, in order to quantify the water deficit along the life cycle, thus assessing 

drought timing, severity and duration in drought stressed experimental site respect to the well-

watered site. 

 

Experimental sites  

The site chosen for the open field test was in the Catalonia region, in the Province of Lleida (North-

Eastern Spain). This is a typical harsh Mediterranean environment, where wheat is frequently 

subjected to drought stress when rainfed (Cossani et al., 2007). Thus, it was suitable to ensure the 

manifesting of stressing conditions in the rainfed site during the experimentation. In fact, in this area, 

analyzing long-term average climatic data, reference evapotranspiration (ET0) typically exceeds 

rainfall during the wheat growing season (from sowing to harvest), by 519 mm vs 414 mm, 

respectively (Royo et al. 2014). Well-watered plots as control were realized in the experimental site 

of Sucs (41Á 41ô 27ôô N , 0Á 25ô 25ôô E). Drought stressed plots were realized in the experimental site 

of Artesa de Segre (41Á 51ô 12.2ôô N , 1Á 04ô 07.9ôô E). Here, wheat plots could just count on 

precipitation water, without irrigation. In both sites, a randomized complete block design with three 

replications for each genotype was applied. Plots had a dimension of 1.2 x 5 m, with an inter-row of 

0.15 m. Fertilizer rate in Sucs was 167 kg K haī1 and 49 kg P haī1, applied before sowing, and 50 

kg N haī1, applied at stem elongation phase. In Artesa De Segre, fertilizer rate was 84 kg K haī1, 72 

kg P haī1, and 114 kg N haī1, applied before sowing, and additional 80 kg N haī1, applied at stem 

elongation phase. Planting date were November 18, 2022 and December 11, 2022 for Artesa De 

Segre and Sucs sites, respectively. Physical and chemical soil characteristics of both sites were 

assessed before sowing, and are listed in Table 1.  
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Table 1. Physical and chemical soil characteristics in the experimental sites. 

 Sucs Artesa De Segre 

pH 7.8 7.9 

Electric conductivity (dS/m) 0.76 0.33 

Organic matter (%) 2.97 3.59 

N-NO3 mg/kg 110 61 

P (Olsen) mg/kg 26 63 

K (ammonium acetate 

extract) mg/kg 

192 416 

Texture Loam Loamy clay 

 

Meteorological data and water balance 

As described in Allen et al. (1998), in Sucs experimental site irrigation was scheduled following daily 

reference evapotranspiration regime (ET0), adjusting it for crop coefficient (Kc) to guarantee optimal 

water availability conditions for the crop. This way, irrigation provided the crop with a sufficient 

amount of water to satisfy its maximum evapotranspiration requirement (ETc = ET0 x Kc). Daily ET0 

data were provided by the agrometeorological station sited in the experimental field. For Artesa de 

Segre, the nearest agrometeorological station (from the net of the Generalitat de Catalunya, which 

provided the principal meteorological variables) was located in Baldomar (41Á 55ô 18.2ôô N , 1Á 1ô 

44.4ôô E), approximately 8.3 km from the experimental site. Agrometeorological data in Artesa de 

Segre were used to perform a detailed water balance, following the procedure illustrated in Allen et 

al. (1998), in order to identify water deficit along the life cycle, thus assessing drought timing, severity 

and duration respect to Sucs well-watered site. Specifically, cumulative water deficit along the 

agronomic season was expressed as the sum of the daily difference between theoretical crop 

Evapotranspiration (ETc) and actual crop Evapotranspiration (ETc adj). The latter was expressed as 

ETc x Ks, where Ks is the stress coefficient, a dimensionless transpiration reduction factor 

dependent on available soil water, comprised between 0 and 1. The estimation of Ks requires a daily 

computation of the water content in the root zone. As the water content in the root zone decreases, 

moving from field capacity (FC) to permanent wilting point (PWP), the value of Ks progressively 

decreases, reducing the actual evapotranspiration that the crop can sustain. This is because the 
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crop's ability to effectively extract water from the soil is reduced as the root zone water content 

decreases. Water balance was computed from stem elongation phase (BBCH 30, when the crop 

reached maximum soil coverage) till physiological maturity (BBCH 89). At BBCH 30, water content 

in the root zone was measured by taking soil samples, from the weight difference between fresh 

weight and dry weight (post drying in oven at 105 °C for 24 h, conventional drying method (Haney & 

Haney, 2010)) and transformed in mm of water in the root zone. From that day, daily root zone water 

depletion, daily Ks and daily ETc adj were calculated as indicated in Allen et al. (1998). Moreover, 

daily average temperature during the growing season, as well as cumulative monthly precipitation 

were compared to the 15-year average (2007-2021) in the same site (Baldomar agrometeorological 

station data).  

For completeness, water balance, as well as comparison of daily average temperature and 

cumulative monthly precipitation during the growing season with the 15-year average, were 

assessed in Sucs site too. 15-year average data (2007-2021) for Sucs site were provided by 

Gimenells agrometeorological station (41° 39ô 40ôô N , 0° 23ô 39ôô E) (net of the Generalitat de 

Catalunya), approximately 4.3 km from Sucs experimental site.  

15-year periods were chosen to define the climatic average because time series corresponding to 

the optimal reference of 30 years (as defined by WMO ï World Meteorological Organization) were 

not available from those weather stations. 

 

Phenological data  

The phenology of the nine accessions being studied was strictly monitored in both sites. Daily 

maximum and minimum air temperature values were used to calculate Cumulative Growing Degree 

Days (CGDD) necessary to reach the subsequent phenological stages from the sowing date at a 

temperature threshold of 0 °C (Raes et al., 2018). CGDD were calculated using the single triangle 

method (Snyder et al., 1999), which is accurate and acceptable for comparison to hourly air 

temperature values. Phenology monitoring was performed to relate crop performance and resistance 

to water stress with the stages of the life cycle, as well as to identify possible phenological 

perturbation due to the stress by comparing the phenological development in the two sites. In 

particular, days to complete 50% Heading (DH) and the duration of the Grain Filling Period (GFP) in 

the two sites were compared, considering the great importance of these traits for drought stress 

resistance in Mediterranean environments (Poggi et al., 2023). Because the irrigated and rainfed 

plots were located in two different sites with consistently different sowing dates, DH and GFP were 

expressed in thermal time (heat units). So, genotypes were compared for CGDD necessary to reach 

BBCH 55 (50% heading). Similarly, GFP (BBCH 70 ï BBCH 87) was expressed in CGDD.  
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Morphological and physiological data 

To assess drought impact on wheat morphology, each accession in each site was evaluated for plant 

height at spike insertion (PH, at flowering, measured on three plants per plot) and peduncle length 

(PL, at maturity, measured on three plants per plot). Moreover, NDVI (Normalized Difference 

Vegetation Index) was assessed throughout the life cycle in both sites at 135, 160 and 185 Days 

After Sowing (DAS), considering that irrigated and rainfed sites had consistently different sowing 

dates (measured each time in each plot, each value given by the average of two separate measures), 

as an indirect indicator of crop vigor status, using a hand held GreenSeekerÊ (NTech Industries 

Inc., Ukiah, CA, USA). The sensor measured canopy reflectance at red region (656 nm) and near 

infrared (NIR) region (774 nm). NDVI is the most widely used vegetation index, providing effective 

information on the crop vigor status. It is calculated as the ratio between the difference and the sum 

of the radiation reflected in Near InfraRed (NIR) and red (RED), ranging from ī1 to +1: NDVI = (NIR 

ī RED)/(NIR + RED) (Carlson & Ripley, 1997). Values between ī1 and 0 indicate streams or 

anthropic areas, while values > 0 are typical of vegetation covered areas. Values closer to 1 indicate 

a crop with high vigor and field coverage. 

Yield  

GY for each plot was assessed in each site, and expressed as t/ha. Moreover, to fully understand 

the specific productive performance under drought stress and control conditions, each accession in 

each site was evaluated for the following yield parameters, assessed on a representative randomly 

selected linear meter in each plot (thus in three replicates for each genotype in each site): number 

of spikes / meter, number of grains / spike, Thousand Kernel Weight (TKW). 

Statistical analysis  

Statistical analysis was performed in R statistical environment (R Development Core Team, 2021). 

To assess the effect of drought stress on GY and yield components (TKW, number of spikes / meter 

and number of grains / spike), morphological traits (PH and PL), crop vigor along the life cycle (NDVI) 

thermal time necessary to reach heading (DH expressed as CGDD), thermal time of the grain filling 

period (GFP expressed as CGDD), irrigated and rainfed sites were compared using triplicate data 

for each accession. ANOVA model was used in order to verify if different accessions had significantly 

different values for the considered traits between the two sites, as well as to identify significant 

differences among genotypes. Linear correlation (Pearsonôs r) among GY, yield components, DH 

and GFP (expressed as chronological time ï Days) in the rainfed site was tested, in order to identify 

determining factors in yield performance in drought stressed conditions.  
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Results 

Meteorological data 

Average daily temperature (Figure 1A and 1D), monthly cumulated precipitation (Figure 1B and 1E) 

and maximum daily temperature (Figure 1C and 1F) during 2022-2023 season are reported for 

Artesa de Segre and Sucs sites, respectively, compared with their respective 15-years average. 

 

Figure 1. Meteorological data for Artesa de Segre (A-B-C) and Sucs (D-E-F) site during the 2022-2023 

agronomic season, compared, as reference, with the 15-years climatic data (2007-2021) measured at 

Baldomar and Gimenells station, respectively. Mean and maximum daily temperature and cumulative monthly 

precipitation are reported. 
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Water balance analysis for Artesa de Segre and Sucs site from BBCH 30 to physiological maturity 

(BBCH 89) are presented in Figure 2A and 2B, respectively. 

 

Figure 2. Water balance for Artesa de Segre (A) and Sucs (B) site during the 2022-2023 agronomic season, 

from BBCH 30 to BBCH 89. For Artesa de Segre, cumulative water deficit is reported. For Sucs, irrigation 

inputs are indicated.  

Focusing on the rainfed site of Artesa de Segre, where wheat could not take advantage of irrigation 

to cope with precipitation scarsity and anomalous temperatures, climatic precipitation during March 

and April is typically 43.3 mm and 78.4 mm, respectively, but in 2023 it was 0 mm and 1.4 mm 

(Figure 1B). Therefore, the 2023 season was characterized by a very harsh drought period during 

BBCH stages 20ï60, a key period for crop development and yield formation. During these 
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phenological phases, important yield components such as spikelet number and number of kernels 

per spike are determined (Poggi et al., 2023). In the same site, mean air temperature was on average 

2.5 °C above the climatic reference during the bimester between 15th March and 15th May (Figure 

1A). The same period was caractherized by daily maximum air temperature continuously exceeding 

the climatic reference for 65 days (from 6th March to 9th May) (Figure 1C). Specifically, the WMO 

defines a heat wave as five or more consecutive days during which the daily maximum temperature 

exceeds the average maximum temperature by 5 °C or more. Anomalous heat waves occurred in 

this period in Artesa de Segre, as reported in Figure 1C. For completeness, same data for Sucs site 

are presented in Figure 1F.  

The extremely dry and hot meteorological conditions in the spring subjected wheat to increasing 

severe drought stress in the rainfed site, as reported in Figure 2A. Water balance analysis for the 

Artesa de Segre site from BBCH 30 to physiological maturity (BBCH 89) showed that the crop 

accumulated more than 200 mm of water deficit relative to its ETc and that the water content in the 

root zone dropped almost to PWP during the month of May. In Sucs site, thanks to irrigation inputs, 

the crop did not experienced drought stress, as root zone water content never reached the stress 

threshold (Figure 2B).  

Phenological development 

DH and GFP were measured in both sites, to assess possible differences in phenological 

development among the nine genotypes under examination. Moreover, DH and GFP were compared 

in the two sites, to assess the impact of drought stress on these key phenological traits. Because 

the irrigated and rainfed plots were located in two different sites with consistently different sowing 

dates, DH and GFP were expressed in thermal time (heat units). Genotypes were compared for 

CGDD necessary to reach BBCH 55 (50% heading) and for CGDD cumulated in the GFP (BBCH 

70-87) (Figure 3). The nine considered genotypes revealed significant differences in terms of DH 

(Figure 3A). Specifically, Haurani and Marco Aurelio had significantly shorter thermal requirements 

to reach BBCH 55, while Strongfield and AG189 resulted to have the highest ones (p < 0.05). 

Drought significantly reduced CGDD necessary to reach BBCH  55 for all accessions (p < 0.05). 

Interestingly, the accessions with the lowest thermal requirements (Haurani and Marco Aurelio), also 

had the lowest CGDD reduction in drought conditions (22 and 29 CGDD, respectively). Drought 

stress significantly reduced GFP for all the accessions (p < 0.05), except EP193, for which the 

reduction was not significant. Comparing the accessions, Marco Aurelio, Haurani and Odisseo 

showed significantly higher thermal time for GFP, while AG 189 and EP193 resulted to have the 

lowest ones (p < 0.05) (Figure 3B). 
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Figure 3. CGDD necessary to reach BBCH 55 (A), and CGDD in the GFP (B) in irrigated and rainfed site. 

Different letters indicate significant differences among genotypes (considering conjunctly both sites). CGDD 

differences between irrigated and rainfed site were significant (p < 0.05) for all nine genotypes for both traits, 

except CGDD in the GFP for genotype EP193. 

 

Morphological and physiological data 

Drought stress significantly reduced PH and PL for all genotypes under analysis (p < 0.05), as 

reported in Table 2. The average percentage reduction for both traits was particularly severe. PH 

was reduced by an average of 46.6% compared to the untreated control. PL was reduced by an 

average of 82.2% compared to the untreated control. NDVI was assessed at 135, 160 and 185 DAS, 

to provide information on the vigor status of the accessions (Figure 4). At 135 DAS, there was no 

significant difference in NDVI between the two sites for any accession, with average NDVI values of 

0.64 ± 0.04 and 0.63 ± 0.04 in irrigated and rainfed site, respectively (p > 0.05). At 160 DAS, drought 

stress significantly reduced NDVI for all nine accessions under analysis (p < 0.05). In the irrigated 

site, average NDVI was 0.56 ± 0.09, while in the rainfed one was 0.33 ± 0.04. At 185 DAS, NDVI 

was significantly lower in drought conditions for all genotypes (p < 0.05), with an average value of 

0.22 ± 0.02 in Artesa De Segre.  
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Table 2. Morphological parameters assessed for the accessions under examination, in the two experimental 

sites. PH and PL are expressed in cm. Reduction (expressed in %) between the irrigated and the rainfed site 

is also reported. Different letters indicate significant differences between irrigated and rainfed site for each 

genotype (p < 0.05).  

Genotype PH PL 

Irrigated Rainfed Reduction 

(%) 

Irrigated rainfed Reduction 

(%) 

Haurani 84.4 ± 12.1 

(a) 

39.9 ± 5.3 

(b) 

52.8 26.6 ± 6.7 

(a) 

4.0 ± 2.5 

(b) 

84.9 

Marco 

Aurelio 

66.7 ± 6.2 

(a) 

35.0 ± 2.7 

(b) 

47.5 15.1 ± 1.4 

(a) 

1.7 ± 0.9 

(b) 

89.0 

Kubanka 104.6 ± 

12.0 (a) 

58.7 ± 8.8 

(b) 

43.9 33.1 ± 6.4 

(a) 

8.2 ± 4.7 

(b) 

75.2 

Odisseo 60.4 ± 5.1 

(a) 

35.1 ± 1.5 

(b) 

42.0 14.9 ± 5.7 

(a) 

2.8 ± 1.9 

(b) 

81.0 

SSD 502 102.7 ± 4.6 

(a) 

59.8 ± 8.0 

(b) 

41.8 33.6 ± 3.7 

(a) 

6.7 ± 4.0 

(b) 

80.1 

tetra-IPK814 76.1 ± 9.6 

(a) 

40.8 ± 4.5 

(b) 

46.4 19.3 ± 6.5 

(a) 

4.9 ± 2.5 

(b) 

74.7 

Strongfield 83.4 ± 6.4 

(a) 

44.3 ± 8.2 

(b) 

46.9 20.6 ± 5  

(a) 

4.0 ± 3.1 

(b) 

80.5 

EP193 72.8 ± 11.1 

(a) 

38.2 ± 9.5 

(b) 

47.5 18.3 ± 4.4 

(a) 

2.9 ± 1.5 

(b) 

84.2 

AG189 87.8 ± 8.9 

(a) 

42.9 ± 6.3 

(b) 

51.1 13.2 ± 5.1 

(a) 

1.3 ± 0.5 

(b) 

89.9 

Average   46.6   82.2 
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Figure 4. NDVI values in Sucs (irrigated) and Artesa de Segre (rainfed) site, at 135 (A), 160 (B), 185 (C) DAS. 

Between the two sites, NDVI differences resulted significant (p < 0.05) for all nine genotypes under analysis 

at 160 and 185 DAS. No differences emerged at 135 DAS (p > 0.05). 
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Yield and yield components 

Drought stress significantly impacted on GY for all genotypes (p < 0.05), with an average reduction 

of 75.6% in the rainfed site respect to the irrigated one, ranging from 68.1%, observed in the 

genotype Haurani, to 84.8%, observed in the genotype Strongfield (Table 3) 

 

Table 3. Grain Yield (GY) for each plot in the two experimental sites. Yield loss (%) in the rainfed site respect 

to the irrigated one is reported. Different letters indicate significant differences between irrigated and rainfed 

site for each genotype (p < 0.05). 

Genotype GY (t/ha)  

 Sucs (irrigated) Artesa (rainfed) Yield loss (%) 

EP193 2.89 ± 0.82 
(a) 

0.76 ± 0.37 
(b) 73.7 

Haurani 3.28 ± 0.54 
(a) 

1.05 ± 0.39 
(b) 68.1 

SSD 502 4.95 ± 0.49 
(a) 

1.50 ± 1.08 
(b) 69.7 

AG189 2.48 ± 0.21 
(a) 

0.49 ± 0.05 
(b) 80.1 

tetra-PK814 3.62 ± 0.88 
(a) 

0.72 ± 0.38 
(b) 80.0 

Kubanka 4.44 ± 0.76 
(a) 

1.30 ± 0.60 
(b) 70.8 

M. Aurelio 5.43 ± 1.36 
(a) 

1.42 ± 0.27 
(b) 73.9 

Odisseo 5.02 ± 1.44 
(a) 

1.04 ± 1.41 
(b) 79.2 

Strongfield 5.53 ± 0.48 
(a) 

0.84 ± 0.43 
(b) 84.8 

    

Average   75.6 

 

Drought stress significantly altered GY by impacting single yield components. In fact, it impacted on 

number of grains / spike and TKW for all genotypes (p < 0.05), with an average reduction of 

respectively 72.6% and 55.2% in the rainfed site respect to the irrigated one. Number of spikes / 

meter was lower in the rainfed site for all genotypes, with an average reduction of 38.9%, but this 

reduction was significant only for some of them (Table 4).  
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Table 4. Yield components for each plot in the two experimental sites. Loss (%) in the rainfed site respect to 

the irrigated one is reported. Different letters indicate significant differences between irrigated and rainfed 

site for each genotype (p < 0.05).  
 

Spikes / meter  
(n.) 

Loss 
(%) 

Grains / spike 
(n.) 

Loss  
(%) 

TKW (g) Loss 
(%) 

Genotype Sucs Artesa 
 

Sucs Artesa 
 

Sucs Artesa 
 

EP193 92 ± 20 
(a) 

59 ± 28  
(b) 

35.9 29 ± 5 
(a) 

11 ± 2 
(b) 

62.1 57 ± 6 
(a) 

24 ± 2 
(b) 

57.9 

Haurani 67 ± 5 
(a) 

42 ± 7 
(a) 

37.3 36 ± 4 
(a) 

10 ± 2 
(b) 

72.2 56 ± 3 
(a) 

25 ± 1 
(b) 

55.4 

SSD 502 57 ± 7 
(a) 

48 ± 8 
(a) 

15.8 36 ± 6 
(a) 

12 ± 4 
(b) 

66.7 70 ± 1 
(a) 

36 ± 3 
(b) 

48.6 

AG189 117 ± 37 
(a) 

23 ± 19 
(b) 

80.3 28 ± 2 
(a) 

4 ± 3 
(b) 

85.7 33 ± 4 
(a) 

16 ± 7 
(b) 

51.5 

tetra-IPK 
814 

53 ± 15 
(a) 

34 ± 18 
(a) 

35.8 33 ± 3 
(a) 

8 ± 2 
(b) 

75.8 73 ± 4 
(a) 

31 ± 1 
(b) 

57.5 

Kubanka 78 ± 9 
(a) 

50 ± 25 
(a) 

35.9 39 ± 5 
(a) 

12 ± 2 
(b) 

69.2 52 ± 2 
(a) 

24 ± 3 
(b) 

53.8 

Marco 
Aurelio 

49 ± 6 
(a) 

44 ± 4 
(a) 

10.2 48 ± 6 
(a) 

14 ± 3 
(b) 

70.8 65 ± 2 
(a) 

25 ± 2 
(b) 

61.5 

Odisseo 76 ± 13 
(a) 

44 ± 18 
(b) 

42.1 40 ± 5 
(a) 

9 ± 6 
(b) 

77.5 60 ± 4 
(a) 

25 ± 2 
(b) 

58.3 

Strongfield 102 ± 19 
(a) 

44 ± 26 
(b) 

56.9 45 ± 4 
(a) 

12 ± 5 
(b) 

73.3 54 ± 3 
(a) 

26 ± 3 
(b) 

51.9 

          

Average 
  

38.9 
  

72.6 
  

55.2 

 

Correlation study 

Linear correlation (Pearsonôs r) among GY, yield components, DH and GFP (expressed as 

chronological time ï Days) in the rainfed site was tested, in order to identify determining factors in 

yield performance in drought stressed conditions. GY showed positive linear correlation with GFP (r 

= 0.69) and negative linear correlation with DH (r = - 0.58). GFP showed positive linear correlation 

with TKW (r = 0.50), while DH showed negative linear correlation with the number of grains / spike 

and the number of spikes / meter (r = - 0.70 and r = - 0.63, respectively). Finally, DH and GFP 

showed strong negative correlation (r = - 0.94) (Figure 5). 
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Figure 5. Linear correlation (Pearsonôs r) among yield, yield components, days to heading (DH) and grain 

filling period (GFP) (expressed as chronological time ï Days) in the rainfed site. 

 

Discussion and conclusions 

GY is the result of multiple and complex interactions with the environment, especially in open field 

trials. Therefore, the accessions used in pot experiments were also tested in open field trials in the 

Catalonia region to assess the reliability of the selection process performed in a controlled 

environment for discriminating between drought resistant and drought susceptible accessions. The 

2023 spring was characterized by a very harsh drought, which is a key period for crop development 

and yield formation. Moreover, the drought conditions were exacerbated by anomalous heat waves, 

resulting in an extreme dry spell. Water balance and NDVI measurements provided more precise 

information about the timing and severity of drought stress during the life cycle in the rainfed site. On 

average, the nine accessions reached stem elongation phase around 3rd April, when the water 

content in the root zone was already below the stress threshold, due to the dry and hot month of 

March. However, NDVI measurements showed that at 135 DAS, all nine accessions were still 
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successfully coping with the stressful conditions, as no significant difference emerged for this crop 

vigor trait, compared to the irrigated site at the same DAS.  

Drought severity progressively exacerbated along April and May, until the water content in the root 

zone dropped almost to PWP, and the crop cumulated more than 200 mm evapotranspiration deficit. 

Therefore, the performance of the nine genotypes under evaluation was affected by drought from 

heading onward (typical terminal drought), with extremely severe stress conditions till the grain filling 

stage. This was supported by NDVI measurements, with NDVI values ranging from 0.28 to 0.36 at 

160 DAS and from 0.2 to 0.23 at 185 DAS. Thapa et al. (2019), characterized the response of winter 

wheat to water deficit by comparing NDVI values between irrigated and dryland conditions. Water 

deficit significantly lowered NDVI, and in extremely dry conditions, NDVI ranged from 0.36 to 0.45 

around anthesis, and remained similar until 15 days before physiological maturity (i.e., during the 

grin filling stage). Thus, the NDVI values in our case study proved that the 2022-2023 agronomic 

season was characterized by an extremely harsh dry spell. In fact, NDVI at 185 DAS was around 

0.2, typical of  a completely senescent wheat crop (Magney et al., 2016). Water shortage is known 

to accelerate the rate of senescence (Magney et al., 2016), thus it is likely that drought stress 

resulting from soil water depletion almost to PWP in the period contributed to expedit senescence 

rate.  

Drought stress compromised also crop morphology by significantly reducing PH and PL for all 

genotypes under analysis. Since PH and PL in general reach their maximum within 5-10 days after 

anthesis (Vosoghi Rad et al., 2022), the significant reduction of these traits confirmed that the crop 

was subjected to drought stress already before flowering, as evidenced by the computation of the 

water balance, and NDVI measurements. Zhang et al. (2018) performed a meta-analysis from 60 

studies conducted on wheat to quantitatively assess the effect of drought on the agronomic traits in 

combination with drought stress intensity. They concluded that under severe stress (Relative Soil 

Water Content < 35%), PH reduction for wheat ranges from 20% to 30%, and PL reduction ranges 

from 15% to 35%. In our study, PH and PL reduction were comprised between 41.8% and 52.8% 

and between 74.7% and 89.9%, respectively. These extreme values highlight the extreme 

meteorological conditions in Catalonia during the 2022-2023 agronomic season, which are fully 

consistent with the effects of climate change. Drought conditions were so severe that they had a 

significant impact on morphological traits and crop vigor for all accessions under analysis, preventing 

the identification of any genotypes with satisfactory values.  

Drought stress severity resulted evident also analyzing yield data, as average GY in the rainfed site 

was 75.6% lower than in the irrigated one. Specifically, the number of spikes / meter, number of 

grains / spike and TKW were reduced by 38.9%, 72.6%, and 55.2%, respectively. Therefore, there 

was no confirmation of the results of previous greenhouse pot experiment when considering 
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morphological, crop vigor, and yield data. For example, the average GY reduction for susceptible, 

medium resistant and highly resistant candidates was 70.9%, 76.3%, and 79.5%, respectively. 

Clearly, this is due to the very different experimental conditions, as in the greenhouse pot 

experiment, typical mid-terminal drought was simulated, while during the open field trial, long-lasting 

severe water deficit took place due to the extreme meteoclimatic conditions, accompanied by 

anomalous heat waves.  

Drought stress significantly impacted wheat phenology, reducing DH and GFP (expressed in thermal 

time) for all genotypes under analysis, except GFP for EP193.  The nine genotypes showed 

significant differences in precocity, with Haurani and Marco Aurelio having significantly lower DH, 

and Strongfield and AG189 having the highest DH. The high correlation value between DH and GFP 

in the rainfed site (r = - 0.94) confirmed that genotypes with anticipated heading were able to sustain 

longer GFP, before progressively severe water deficit in the root zone led to crop senescence. The 

positive impact of early heading (allowing longer GFP before crop senescence) was evident, as GY 

showed negative correlation with DH (r = -0.58) and positive correlation with GFP (r = 0.69). In 

addition, longer GFP positively correlated with TKW (r = 0.50). Finally, phenological precocity 

allowed heading before excessive soil dehydration occurred, preserving GY, ensuring higher number 

of spikes / meter (r = - 0.63) and number of grains / spike (r = - 0.70).  

Summarizing, the open field trial was characterized by long-lasting severe water deficit conditions, 

accompanied by heat waves, which exacerbated the effects of the abiotic stress on the crop. NDVI 

measurements throughout the season and the water balance calculation confirmed that stressful 

conditions led to an anticipated crop senescence, as root zone water content progressively 

approached to PWP. The extreme stress level reflected in major reduction of morphological and 

yield traits for all accessions under analysis between irrigated and rainfed site. Hence, no 

confirmation of the results of previous pot experiment conducted in mid-terminal drought conditions 

emerged. Even if no genotype showed appreciable morphological, crop vigor and yield data in this 

extreme agronomic season, correlation study among yield and phenological traits highlighted that in 

such a context, early heading genotypes are preferable, since they minimize the exposure to 

progressively severe water deficit by escape strategies, favoring the grain filling process before water 

availability in the root zone reaches unsustainable values, leading to irreversible crop senescence. 

Thus, conclusions exposed in Part I, Chapter 2, were confirmed by pot experiment in mid-terminal 

drought and in severe long-lasting water deficit conditions in open field trial. In the first scenario, 

selection should be oriented towards genotypes with prompted stomatal conductance and net 

photosynthesis, able to maximize assimilates accumulation and increasing the efficiency of grain 

filling process. On the contrary, drought escape strategies should be preferred in severe long-lasting 

water deficit conditions, as this strategy favors yield formation before excessively harsh conditions 

appear.          
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Chapter 1 

Lipids and fatty acid composition reveal 

differences between durum wheat 

landraces and modern cultivars  
 

Submitted for publication to: Journal of Food Composition and Analysis 

Mandrioli, M. & Poggi, G. M., Cai, G., Faleri, C., Maccaferri, M., Tuberosa, R., Corneti, S., Gallina 

Toschi, T., Aloisi, I. 

 

Abstract 

Background: Durum wheat (Triticum turgidum L. ssp. durum) landraces are traditional local varieties 

representing an intermediate stage in domestication between wild wheat and elite cultivars. They 

are gaining attention due to their high genetic variability and performance in challenging 

environments potentially transferable to modern cultivars. While yield traits and major kernel 

metabolites have been examined for many landraces, there is a scarcity of research on minor 

bioactive components like lipids. Furthermore, comprehensive lipidomic comparisons between 

landraces and elite cultivars, despite the nutritional and nutraceutical benefits associated with lipids, 

have been limited. 

 

Results: In this study, lipidomic analyses were carried out to determine differences in lipid amounts 

and composition in twenty-two tetraploid wheat accessions, comprising both elite cultivars and 

landraces. Fat content was found to be significantly higher in traditional compared to modern 

varieties (3.8% vs 3.2% respectively, p < 0.01). Tri- and di-acylglycerol were the major lipid 

components along with free fatty acids, and their relative contents varied among genotypes, with no 

significant difference between landraces and modern cultivars. However, landraces belonging to 

turanicum and carthlicum ecotypes differed significantly from all other accessions, both in total lipid 

and fatty acid profiles, as reflected by nutritional parameters.  

 

Conclusions: Changes in lipid content might be interpreted as a result of selection primarily for yield-

related traits, which led to the development of elite cultivars enriched in protein and starch. In this 

perspective, our findings provide evidence that landraces and exotic germplasm can be a genetically 

relevant source for lipid variability. 



 

126 
 

Introduction 

Wheat domestication began in the Fertile Crescent around 10,000 years ago, where tetraploid 

emmer was domesticated from wild emmer. Emmer spread to the Mediterranean basin, where free-

threshing tetraploid wheats (T. turgidum ssp. turgidum) later descended from emmer, and around 

7,000 years ago durum wheats emerged (T. turgidum ssp. durum) (1, 2). The evolution of tetraploid 

wheats consists of two domestication steps: primary, from wild to domesticated emmer, and 

secondary, from emmer to durum wheat (3). Modern breeding during the Green Revolution led to a 

new bottleneck in biodiversity as Durum Wheat Landraces (DWL) were progressively replaced by 

Durum Wheat Cultivars (DWC), specifically selected for traits like semi-dwarf stature, reduced 

lodging, and higher harvest index (4, 5). Yield-related traits were thus given priority, strongly 

contributing to the so-called domestication syndrome (6-9). Along the centuries also traits associated 

with nutritional value have been selected, supporting that metabolite profiling can be exploited to 

study crop domestication (8, 10). 

This is the case of proteins and carbohydrates, and their distribution in the three main components 

of the wheat kernel: the embryo, the endosperm, and outer layers. The comparison of DWL and 

DWC revealed that DWC grain protein content is commonly lower (1, 11, 12), due to a more 

developed starchy endosperm.  

Although lipids only make up around 2.5-3% of the total kernel, they play a crucial role in the 

nutritional value and storage stability of flour and wheat-based foods. Lipids interact with gluten 

proteins and starch, affecting dough functionality (13). Wheat grains contain a diverse array of lipids, 

including neutral (acylglycerols and free fatty acids-FFAs) and polar (glycolipids and phospholipids) 

components. The main storage lipids are triacylglycerols (TAGs), which are found in subcellular 

organelles called oil bodies. Loaf volume is positively correlated with free polar lipids in flour, but 

negatively associated with the ratio of free nonpolar to polar lipids, although this is debated (14). 

Moreover, the presence of nonpolar lipids is one of the important factors to consider for wheat flour 

storage, as TAGs can enzymatically be hydrolysed, yielding diacylglycerols (DAGs), 

monoacylglycerols (MAGs), and FFAs, finally leading to acid rancidity. Enzymatic oxidative 

conversion of FFAs can also reduce sensory acceptability (15, 16). 

Recently, fatty acids fingerprint has been identified as an evolutionary signature among tetraploid 

wheats. Strong divergence emerged between wild emmer and emmer, particularly for the 

unsaturated fatty acids (UFAs), i.e., mono- and poly- unsaturated fatty acids (MUFAs and PUFAs), 

significantly reducing the amount of UFAs, mainly gondoic, linoleic, and arachidic acids, which 

resulted in a decreasing unsaturated/saturated fatty acids ratio (UFA/SFA), impacting kernel health 

and nutritional quality (17, 18). During domestication, not all metabolic changes necessarily led to 

an improvement in nutritional quality. Yield-related traits were prioritized over nutritional quality, even 

though a high ratio of UFA/SFA in the human diet can help prevent cardiovascular diseases (8).  
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Numerous studies have been carried out to document lipid content and fatty acid composition in 

whole grains of different wheat species and varieties (8, 19). However, the bottleneck produced by 

the Green Revolution, which may have altered lipid composition, has been largely neglected.  

This study aimed to address this gap by using a lipidomic approach and multivariate data analysis 

to investigate variations in lipids amount and composition in the kernels of two durum wheat groups, 

DWL and DWC. The transition from DWL to DWC marks the breakpoint of the Green Revolution, 

and identifying differences in lipid composition could be valuable for improving wheat nutritional 

values and storage stability. 

 

Material and methods 

Plant material and field management  

Twenty-two durum wheat accessions from the UNIBO-Durum Panel were selected, representing the 

genetic diversity present in durum wheat (Table 1) (20). These included thirteen DWC and nine DWL, 

among which two members of Triticum turgidum ssp turanicum and one member of Triticum turgidum 

ssp carthlicum. The first is commonly referred to as ñoriental wheatò (21), and has been cropped only 

on a limited area, comprising Near and Central Asia and northern Africa (22, 23). The second is 

commonly referred to as ñPersian wheatò, endemic in Georgia (24), characterized by resistance to 

pests (25). 

Seed grains were produced in field trial, conducted in 2019/2020 cropping season, at the Agricultural 

Research Stations of the University of Bologna, Italy (44° 330 0300 N, 11° 240 3600 E). The site is 

characterized by a sub-humid climate with an average annual air temperature equal to 12.8°C and 

a mean annual precipitation amount of 924 mm. The site is characterized by a high level of uniformity, 

thereby minimizing the impact of environmental factors. Experimental layout was a randomized 

complete block design with three replications. Plot size was 1.5 m x 0.5 m, with a density of 22 

plants/m2. Fertilizer rate was 112 kg N haī1 and 56 kg P2O5 haī1, applied at planting. Disease and 

insect pest pressure were negligible throughout the crop cycle. The seeds were properly dried to 10 

to 12% seed moisture content soon after harvesting and stored in paper bags in a climate chamber 

at 12° C and 50% humidity. Each trait was evaluated in triplicate, ensuring the robustness of the 

resulting data. 
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Table 1. Accessions analysed. For each accession name, country of origin and mega-environment are 

reported. DWC=durum wheat cultivar; DWL=durum wheat landrace; DWL-TUR= durum wheat landrace spp 

turanicum; DWL-CAR= durum wheat landrace spp carthlicum. 

Category Accession Name Country of Origin Mega-environment 

DWC Svevo ITALY Southern Europe 

DWC Iride ITALY Southern Europe 

DWC Odisseo ITALY Southern Europe 

DWC Monastir FRANCE Western Europe 

DWC Marco Aurelio ITALY Southern Europe 

DWC Aureo ITALY Southern Europe 

DWC Saragolla ITALY Southern Europe 

DWC Daurur FRANCE Western Europe 

DWC Strongfield CANADA Northern America 

DWC Simeto ITALY Southern Europe 

DWC Neodur ITALY Southern Europe 

DWC Creso ITALY Southern Europe 

DWC Kronos US Northern America 

DWL Cappelli ITALY Southern Europe 

DWL Trinakria ITALY Southern Europe 

DWL Russello_SG7 ITALY Southern Europe 

DWL Haurani SYRIA Western Asia 

DWL Kyperunda Unknow Unknow 

DWL Kubanka-LD127 KAZAKISTAN Central Asia 

DWL-TUR tetra-IPK814 IRAQ Western Asia 

DWL-TUR tetra-IPK815 RUSSIA   Eastern Europe 

DWL-CAR AG189 GEORGIA Western Asia 

 

 

 

Reagent and solvents   

All solvents and reagents used were of analytical purity. Petroleum ether (40ï60) CAS No.  

64742-49-0, n-hexane CAS No.110-54-3, methanol CAS No.67-56-1, ethanol CAS No.64-17-5, 

sodium hydroxide CAS No.1310-73-2, hydrochloric acid CAS No.7647-01-0, diethyl ether CAS 

No.60-29-7, water CAS No.7732-18-5, anhydrous sodium sulphate CAS No.7757-82-6, and 

potassium hydroxide CAS No.1310-58-3 were purchased from Merck (Darmstadt, Germany). 

Reference standards used Trimyristin CAS No.555-45-3, tristearin CAS No.555-43-1, dipalmitin CAS 

No.502-52-3, distearin   CAS No.504-40-5, monostearin CAS No.123-94-4, monomyristin CAS 

No.589-68-4, cholesteryl oleate CAS No.303-43-5, 5-Ŭ-cholestane CAS No.481-21-0, ɓ-sitosterol 
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CAS No.83-46-5, stearic acid CAS No.57-11-4, tridecanoic acid CAS No.638-53-9 were purchased 

from SigmaïAldrich (St. Louis, MO, USA). The standard mixture of fatty acid methyl esters (GLC 

463) was purchased from Nu-Chek (Elysian, MN, USA). The methyl tridecanoate (> 97%) CAS 

No.1731-88-0 and Oil Red O CAS No. 1320-06-5 were purchased from SigmaïAldrich (St. Louis, 

MO, USA), while diazomethane CAS No.334-88-3 in diethyl ether was synthesized in our laboratory. 

 

Seed staining  

The seeds of varieties under examination were transversally cut with a razor blade and lipids were 

stained with Oil Red O (26). Oil Red O stock solution (0.5% w/v) in isopropanol was diluted in distilled 

water 1.7 times   to obtain the Oil Red O working solution. Seeds were stained with Oil Red O working 

solution for 10 min, thus rinsed three times in 70% ethanol. Images were acquired using a Zeiss 

stereo microscope under the same light and capture conditions.  

Fat extraction  

A Soxhlet glass apparatus was used for the extraction of fat from the analysed samples according 

to the reference method (27). Approximately 10 g of homogenized sample was weighed into an 

extraction thimble and extracted by petroleum ether for 8 h. Extraction by Soxhlet was performed in 

triplicate (n = 3) to produce a representative fat for use in subsequent lipidogram and fatty acid methyl 

ester (FAME) analysis. 

Determination of total fatty substances 

The determination of the total fatty substances was carried out by applying a gravimetric method as 

indicated in the Italian official methodology (28). Briefly, 2 ± 0.0001g of ground sample are subjected 

to acid hydrolysis by adding hydrochloric acid for 30 minutes at 70-80 °C. The total fatty substances 

are then extracted with equal volumes of diethylethere solvent and petroleum ether 40-60 °C, to then 

be quantitatively determined after evaporation of the solvent in a rotavapor and reaching the constant 

weight in an oven at 100 °C. Results are expressed as percentage on dry matter (% dry matter). 

Analysis of each sample was performed three times (n = 3). Results are expressed as percentage 

on dry matter. Analysis of each sample was performed three times.  
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Determination of main lipid classes 

The qualitative and semi-quantitative profile of the main lipid classes were determined according to 

bibliography (29) by Gas Chromatography Shimadzu GC-2010 Plus equipped with an autosampler 

AOC-20s and a Flame Ionization Detection (GC-FID) (Shimadzu Corp., Kyoto, Japan). Twenty 

milligrams of the lipid extract were dissolved in 1 mL of n-hexane and a quantity equal to 0.88 mg of 

5-alpha cholestane standard was added to have a reference on the chromatographic trace, and 1 

ɛL was injected in the GCīFID. A fused silica capillary column (Restek RTX-5, 10 m × 0.25 mm i.d. 

× 0.1 ɛm film thickness; Bellefonte, PA), coated with 95% dimethyl- and 5% diphenylpolysiloxane, 

was used. The temperature was programmed from 100 to 350°C at 6 °C/min. The injector and FID 

temperatures were set at 350 °C. The injection was performed in the split mode (1:50), and helium 

at a flow of 1 mL/min was used as the carrier gas. The different lipid classes were identified using 

diverse commercial standards. In particular, for identification the profile of the main lipid classes 

various mixtures of standards such as monomyristin, monostearin, dipalmitin, distearin, tristearin, 

trimiristin, beta-sitosterol, 5-alpha cholestane cholesteryl oleate, stearic acid, tridecanoic acid were 

injected. A typical profile of the distribution of lipid classes is reported in the chromatogram 

(Supplementary Figure 1). Analysis of each sample was performed three times (n = 3). The 

quantification was obtained by calculating the relative percentage of the areas. 

 

Determination of total fatty acids 

European official methods of analysis were used for the qualitative and quantitative determination of 

the total fatty acids (30, 31). 25 mg ± 0.0001 of fat was methylated with diazomethane in diethyl 

ether, then subsequently adding 1 mg of internal standard methyltridecanoate, hexane was added 

up to a total volume of 0.5 mL. Transmethylation was performed by adding 50 µL of 2N methanolic 

KOH, after 5 min of the reaction the sample was centrifuged and supernatant was injected into GC-

FID (Shimadzu GC 2010 PLUS, Kyoto, Japan) under the following conditions: helium carrier gas 

with constant flow of 1.08 mL/min, RT-2560 column (biscianopropyl-polysiloxane) 100 m x id 0.25 

mm film thickness 0.2 micron Restek with a programmed initial temperature of 100°C for 1 min, then 

increase of 3°C/min up to 180°C for 10 min then 3°C/min up to 240°C maintained for 20 min. Detector 

temperature 250°C, injector temperature 250°C, automatic injection 1 ɛL split/splitless with split ratio 

1:25. Reference standards 463 Nu-Chek Prep Inc were used. Chromatograms were processed with 

the Shimadzu Software LabSolution GC-Solution 2000-2004. Three independent replicates were 

performed, and the results are expressed as mg per 100 mg of fat. Representative fatty acid 

chromatogram is shown in Supplementary Figure 2. 
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Determination of free acidity 

Flour free acidity was determined in triplicate according to the analytical method of the Italian Istituto 

Superiore di Sanità, as modified by Acquistucci (32). Briefly 4 ± 0.0001g of ground sample was 

placed in a glass flask and added with 100 mL of ethyl alcohol at 50 °. After constant stirring for 3 

hours, the solution was filtered on a Schull 589/2 paper filter and 50 mL of filtrate are taken and 

titrated with a sodium hydroxide solution using phenolphthalein as indicator. Results calculated with 

the formula below are expressed as acidity degrees corresponding to millilitres of 1 N NaOH needed 

to titrate 100 g of flour on dry matter basis. 

═  
╥ ╥ ╬zᶻ

□
ᶻ

╤
 z  

Where: A= Degrees of acidity; V1= mL of sodium hydroxide required to titrate the sample; V0= mL of 

sodium hydroxide required to titrate the blank; c= Concentration of sodium hydroxide solution; m= 

Weight of the sample expressed in grams; U= % humidity of the sample. 

 

Lipid quality indices  

The atherogenicity (AI) and thrombogenicity (TI) indices (33) were calculated according to the 

formulas reported below: 

═╘
╒ ȡ ╒z ȡ ╒ ȡ
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Statistical analysis 

Statistical analysis was performed in R (34). To test the significance of the diversity among the 

twenty-two accessions for total lipid profile, FA profile and main nutritional parameters, One-Way 

ANOVA with Duncan post-hoc test was used. To test the significance of the diversity between DWC 

and DWL as well as to test the diversity among DWC, DWL, DWL-carthlicum and DWL-turanicum, 

total lipid content, total lipid profile and main nutritional parameters were tested using Wilcoxon rank 

sum test. Correlation analysis (using Pearsonôs r) was performed to test correlation between 1,000-

seed weight and lipid content, as well as correlation among the different classes of neutral lipids. 

Cluster analysis was performed for fatty acid profile (complete method). The proper number of 

clusters was determined according to the elbow method. PCA was performed combining lipidogram 

and free acidity, as well as combining the main nutritional parameters. 

 

Results 

Lipid content and lipid profiles differ among different 

accessions 

Free acidity ranged from 3.01 to 5.59 degrees of acidity, with the lowest values observed for Creso 

and Monastir (3.01 and 3.06 degrees of acidity, respectively) and the highest for Russello, followed 

by the two DWL-turanicum, i.e., tetra-IPK814 and tetra-IPK815 (4.9 and 5.41 degrees of acidity, 

respectively).  Mean free acidity of all samples was 4.3 ± 0.67 degrees of acidity, indicating a good 

state of preservation.  Mean moisture content was 11.24% ± 0.48, with the maximum (12.1%) and 

minimum (9.7%) values found in Saragolla and AG189 respectively (Table 2). 
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Table 2. Weights, total fat (% dry matter), free acidity (acidity degrees) and humidity (%) contents kernel of 

twenty-two wheat genotypes. Different letters indicate a significant difference to Tukeyôs post-hoc test. 

 

  1,000 kernel 

weight (g)  

Total fat 

(%)  

Free acidity  

(acidity 

degrees)  

Humidity  

(%)  

Svevo  45.14bcd 2.81a 4.44efghi 11.1  

Iride  43.18bcd 3.51bcdef 3.57abc 10.95  

Odisseo  43.39bcd 3.16abc 4.17cdefgh 11.2  

Monastir  46.67bcd 2.78a 3.06ab 11.45  

Marco Aurelio  48.31bcd 3.04ab 4.03cdefg 11.6  

Aureo  44.58bcd 3.23abcd 3.82bcdef 11.15  

Saragolla  48.00bcd 3.05ab 4.78ghij 12.1  

Daurur  49.18bcd 3.43abcde 4.22cdefghi 10.85  

Strongfield  48.68bcd 3.73cdefg 4.96ijk 11.4  

Simeto  51.44bcd 3.35abcde 4.72ghij 11.6  

Neodur  47.98bcd 3.85defg 3.63abcd 10.9  

Creso  45.73bcd 3.48bcdef 3.01a 11.05  

Kronos  56.36cd 3.20abcd 4.08cdefg 11.05  

          

DWC 47.59 ± 3.57 3.28 ± 0.32 4.04 ± 0.61  11.26 ± 0.36 

          

Senatore Cappelli  56.95d 3.33abcde 4.79ghij 11.3  

Trinakria  42.56abcd 3.78cdefg 4.66ghij 11.4  

Russello  35.70ab 3.76cdefg 5.59k 11.25  

Haurani  44.24bcd 4.65h 4.51efghi 11.25  

Kyperunda  35.23ab 3.84defg 4.35defghi 11.05  

Kubanka  38.62abc 4.34gh 3.78bcde 11.25  

tetra-IPK814  49.92bcd 2.97ab 5.41jk 11.7  

tetra-IPK815  49.06bcd 3.98efg 4.90hijk 12.05  

AG189  24.49a 4.10fgh 4.57fghi 9.7  

          

DWL 41.86 ± 9.65 3.84 ± 0.52 4.73 ± 0.54 11.22 ± 0.64 

 

All samples showed comparable humidity, and total fat data have been normalized for humidity. The 

quantitative determination of total fat in flours was evaluated according to the gravimetric total fat 

method, resulting in a mean fat content of 3.5%. In average, fat content was significantly higher in 

DWL compared to DWC, 3.8% vs 3.2% respectively (p < 0.01) (Figure 1). However, no significant 

negative correlation emerged between 1,000-seed weight and lipid content, nor between total fat 

and free acidity, nor between free acidity and moisture. 
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Figure 1. Total lipid content (% dry matter) in the wholemeal of the analysed accessions. Dots represent single 

accessions, clustered in DWC and DWL. Boxes report median (straight lines) and mean (dotted lines) values. 

Results are mean values for each sample analysed in triplicate. DWC and DWL were significantly different (p 

< 0.01). 

 

TAGs were the most abundant neutral lipid, accounting for 83%, followed by DAGs, FFAs, and MAGs 

in descending order. The ñminor lipidsò fraction, comprising hydrocarbons (HCs), tocopherols 

(TCPs), sterols (STs), and esters (ESs) represented between 4.57 and 7.52% of the total lipids 

across the fractions studied, having the lowest and highest contents respectively in Kronos and 

AG189 (4.57% vs 7.52%).  

TAGs negatively and significantly correlated with all the other classes, i.e., DAGs (r = -0.93, p < 

0.01), FFAs (r = -0.78, p < 0.01), and MAGs (r = -0.76, p < 0.01). DAGs significantly and positively 

correlated with MAGs (r = 0.78, p < 0.01) and FFAs (r = 0.71, p < 0.01), while MAGs significantly 

correlated with FFAs (r = 0.84, p < 0.01). 

As for major lipid classes TAGs, DAGs, and FFAs, no discrimination was found between DWC and 

DWL using Wilcoxon rank sum test (p > 0.05), if DWL sub-groups were not considered; however, 

significant differences were observed for DWL-carthlicum and DWL-turanicum. The content of TAGs 

was significantly lower, and the content of DAGs and MAGs was significantly higher, in DWL-
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carthlicum and DWL-turanicum when compared to DWC and DWL (p < 0.05), while their content of 

FFAs was significantly higher when compared to DWC (p < 0.05). Due to their high TAGs and minor 

component values, Kronos and Kubanka significantly differed from the other genotypes (Figure 2). 

 

 

 

Figure 2. Total lipid profile (% of total lipids) in flours of different wheat genotypes. Major classes of lipids are 

represented, including triacylglycerol (TAG), free fatty acids (FFA), diacylglycerol (DAG), and 

monoacylglycerol (MAG). Single DWC accessions are depicted with white bars; single DWL accessions are 

depicted with grey bars. Bars with the same letter are not significantly different. Mean values of the groups 

(DWL, DWC and DWL-ssp) are also reported. Means marked with asterisks are significantly different: * = p Ò 

0.05; ** = p Ò 0.01. 

 

PCA was performed to analyse the lipid composition of the genotypes. 72.5% of the total variability 

was given by differences related to PC1, explained for over 92% by differences in the lipidogram. In 

general, the prevalence in TAGs corresponded to a reduction in all other classes (FFAs, MAGs, and 

DAGs). PC2, explained for over 85% by free acidity, was responsible for 16.5% of the overall 

variability observed. No substantial differences were observed among the genotypes, except for 

accession belonging to DWL-turanicum, which were characterized by a higher concentration of 
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FFAs, MAGs and DAGs than the other genotypes. However, DWL showed an enhanced variability 

in terms of lipidogram, compared to DWC, which instead showed more variability related to PC2 

(Figure 3). 

 

 

Figure 3. Principal Component Analysis (PCA) of the lipidogram (TAGs, FFAs, MAGs, and DAGs) and free 

acidity of the wheat genotypes. Axes represent the principal components: Dim1, explaining 72.5% of the 

variance, and Dim2, explaining 16.5% of the variance. Colours in the PCA indicate variables clustering 

together. 

 

From seed cross sections stained with Oil Red O, which shows high affinity for neutral lipids in 

addition to sterol esters, lipids were mostly localized in the aleurone cells; however, some genotypes 

contained a significant lipid content also in the starchy endosperm. Cultivars characterized by higher 

total fat content exhibited more intense staining by Oil Red O, spread not only in the aleurone layer 

and outermost endosperm, but also diffuse in the innermost endosperm (Figure 4). No difference 

was highlighted in the embryo, which was in general highly enriched in lipids (Supplementary Figure 

3). 
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Figure 4. Cross-sections of wheat caryopses stained with Oil Red O. Representative images of the three 

wheat categories analysed are shown: durum wheat cultivar; durum wheat landrace; durum wheat landrace 

spp turanicum. (A) Neodur; (B) Monastir; (C) Haurani; (D) Cappelli; (E) tetra-IPK814; (F) tetra-IPK815. Arrows 

highlight particularly intense and diffuse colorations in the inner endosperm layers. 

 

Fatty acids profiles highlight differences in DWL accessions 

The most abundant FAs were linoleic (C18:2, cis, cis-9,12), oleic (C18:1, cis 9), palmitic (C16:0), Ŭ-

linolenic (C18:3, all cis-9,12,15) and stearic (C18:0) in decreasing order (Table 3 and Supplementary 

Table 1). The content of linoleic and oleic acids was discriminating in characterizing individual 

genotypes. Oleic acid ranged from 11.53 to 17.29 mg/100 mg of fat, with Kubanka and AG189 

showing the highest and the lowest oleic acid content respectively. Trinakria and Monastir had the 

lowest levels of linoleic acid (42.09 and 42.28 mg/100 mg of fat, respectively), while Kyperunda was 

the most enriched in linoleic acid (46.92 mg/100 mg of fat). In general, DWL-turanicum accessions 

had the lowest levels of oleic acid while having lower than average levels of linoleic acid (43.56 and 

43.35 mg/100 mg of fat for tetra-IPK814 and tetra-IPK815, respectively). 

Also, the content of palmitic acid (C16:0) varied significantly among accessions. Kronos and Simeto 

showed significant reduction in its content (12.34 and 12.35 mg/100 mg of fat respectively), while 

tetra-IPK814, tetra-IPK815 were significantly enriched (14.64 and 14.50 mg/100 mg of fat 

respectively) (p < 0.01). Accessions showed a reduced variability for the content of linoleic acid; 

however, significant differences were found for Trinakria and Monastir, in comparison to Kyperunda, 

Russello, Kronos and Haurani (p < 0.05). Kyperunda had higher Ŭ-linoleic content whereas both 

Odisseo and AG189 had lowest content (p < 0.01). 
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Table 3. Main fatty acids composition and concentration (mg/100mg of fat) in the kernel of the twenty-two wheat genotypes. Three technical replicate samples of each genotype were 
analysed. Maximum standard deviation (SDmax) for each fatty acid is also reported. Different letters indicate a significant difference to Duncan post-hoc test. 

 C12:0 C14:0 C15:0 C16:0 ễC16:1t C16:1 C17:0 C18:0 ễC18:1 
ễC18:2

t C18:2 C20:0 ễC20:1 C18:3 C20:2 C22:0 C22:1 C24:0 C24:1 C22:6 

SDmax 0.01 0.03 0.01 0.5 0.01 0.03 0.01 0.06 0.72 0.02 3.5 0.02 0.05 0.29 0.01 0.02 0.01 0.02 0.01 0.01 

Svevo 
0.02  
bc 

0.09 
 abc 

0.10 
 ef 

13.56 
bcdef 

0.10  
a 

0.16 
cd 

0.07  
b 

1.47  
a 

14.98 
cde 

0.13 
cde 

44.93 
abcd 

0.15 
bcde 

0.66  
ef 

4.08 
def 

0.08 
 gh 

0.13 
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A deepened comparison among the accessions was performed with cluster analysis for the complete 

fatty acid profile (complete method), which allowed to distinguish the accessions belonging to the 

DWL-turanicum and DWL-carthlicum species from the others, as shown by the cluster dendrogram 

(Figure 5).  

 

 

 

FIgure 5. Cluster dendrogram for fatty acid profile (complete method). Font colour identifies the wheat 

category: DWC in red; DWL in green; DWL-turanicum in blue; DWL- carthlicum in yellow. Accessions grouped 

in the same cluster box do not differ in the complete fatty acid profile.  

.  

 

Wheat accessions differ in terms of nutritional characteristics 

The main nutritional parameters, i.e., the ratio ɤ6/ɤ3, the PUFA/SFA ratio, SFA and UFA relative 

prevalence, as well as AI and TI indices were calculated for each accession. SFA content differed 

significantly between DWC and DWL (14.93 and 15.46 mg/100 mg fat, respectively) (p 0.01). On the 

contrary, no significant differences in PUFA and MUFA content were found between DWC and DWL. 

Furthermore, significant differences in PUFA/SFA ratio emerged between AG189, Neodur, Kubanka, 

and AG189 and DWL-turanicum accessions (p 0.01). Some DWL had PUFA content greater than 

50 mg/100 mg of fat (e.g., Russello, Haurani, and Kyperounda). Among DWL, DWL-turanicum 
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accessions resulted significantly enriched in SFA (p < 0.01), with a mean content of 16.58 mg/100 

mg of fat.  MUFA content was significantly lower in the DWL-turanicum and DWL-carthlicum 

accessions (p < 0.01), with a mean content of 13.08 mg/100 mg of fat. The DWL Kubanka showed 

the highest amount of MUFA (18.34 mg/100 mg of fat). DWL-turanicum showed a significantly lower 

UFA/SFA ratio compared to DWC and DWL (p < 0.01), due to a reduction in UFA content (60.96 

mg/100 mg of fat compared to 63.78 in DWC and 64.04 in DWL) and an increase in SFA content. 

The ɤ6/ɤ3 ratio was in the range of 9.21 to 16.20; the highest value was obtained for Kyperunda, 

followed by Neodur and Daurur. These genotypes were significantly different from the others (p < 

0.01). On the contrary, Odisseo, AG189, and DWL-turanicum were characterised by a significantly 

lower ɤ6/ɤ3 (p < 0.01). The TI in the twenty-two accessions ranged between 0.31 and 0.39. No 

significant differences emerged among accessions, nor between DWC and DWL, with the only 

exception of DWL-turanicum, characterised by a higher mean TI (0.38) (p < 0.01). The mean AI was 

0.22; the highest value was obtained for tetra-IPK814 and tetra-IPK815 (0.25), which significantly 

differed from both DWC (mean AI= 0.21) and DWL (mean AI=0.22) (p < 0.01) (Table 4 and 

Supplementary Table 2). 
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Table 4. Nutritional characteristics of the twenty-two wheat genotypes. Unsaturated (SFA), monounsaturated 

(MUFA) and polyunsaturated (PUFA) fatty acids are reported (mg/100 mg of fat). The ɤ6/ɤ3, UFA/SFA and 

PUFA/SFA ratios and the atherogenic (AI) and thrombogenic (TI) indices are reported. Different letters indicate 

a significant difference to Tukeyôs post-hoc test. 

 SFA  MUFA PUFA ɤ6/ɤ3 PUFA/SF

A 

UFA/SFA  AI TI 

Svevo 15.75a 16.03defg 49.27a 10.90cd 3.13ab 4.17cdefg  0.21bcdef 0.35bcdefg 

Iride 14.09a 16.47efg 49.97a 10.85cd 3.55b 4.74jk 0.19ab 0.31a 

Odisseo 14.09a 14.24abc 48.19a 9.21a 3.42b 4.45fghijk  0.20abcd 0.31a 

Monastir 16.07a 14.78bcd 46.32a 11.02cd 2.88ab 3.82abc 0.24hij 0.39g 

Marco Aurelio 14.57a 15.27cde 47.39a 13.23fg 3.25b 4.32defghi 0.21bcdef 0.35bcdefg 

Aureo 14.70a 15.34cdef 47.01a 10.60bcd 3.20ab 4.26defgh 0.21bcdef 0.34abcde 

Saragolla  15.83a 14.97cde 48.03a 10.85cd 3.03ab 4.00abcd 0.23ghi 0.36defg 

Daurur 14.16a 15.31cdef 46.34a 14.25gh 3.27b 4.37efghij 0.21bcdef 0.35bcdefg 

Strongfield 16.01a 14.11abc 49.38a 12.54ef 3.08ab 3.98abcd 0.23ghi 0.38efg 

Simeto 14.02a 14.09abc 49.97a 10.13abc 3.56b 4.59hijk  0.20abcd 0.31a 

Neodur 15.89a 17.13gh 48.33a 15.13hi 3.04a 4.14bcdef 0.22efg 0.38fg 

Creso 14.91a 15.72cdefg 48.44a 11.57de 3.25b 4.32defghi 0.21bcdef 0.34abcdef 

Kronos 14.06a 16.60efg 50.36a 13.11fg 3.58b 4.78k 0.19a 0.32ab 

Cappelli 15.73a 14.98cde 47.62a 11.19cd 3.03ab 4.00abcde 0.23ghi 0.37defg 

Trinakria 16.32a 15.32cdef 46.28a 10.59bcd 2.84ab 3.79ab 0.24hij 0.38g 

Russello 14.89a 16.95fgh 50.56a 12.56ef 3.40b 4.55ghijk  0.20abcd 0.33abcd 

Haurani 14.61a 17.07gh 50.26a 13.40fg 3.44b 4.63hijk 0.20abcd 0.33abcd 

Kyperounda 14.06a 15.61cdefg 50.04a 16.20i 3.56b 4.69ijk 0.20abc 0.34abcd 

Kubanka  15.56a 18.34h 48.26a 13.07fg 3.10ab 4.30defgh 0.21bcdef 0.36cdefg 

tetra-IPK814 16.72a 13.00a 48.15a 10.09abc 2.88ab 3.68a 0.25j 0.38g 

tetra-IPK815 16.43a 13.01a 47.75a 10.55bcd 2.91ab 3.72a 0.25j 0.38g 

AG189 14.82a 13.23ab 49.90a 9.39ab 3.37b 4.28defgh  0.22efg 0.32ab 
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Thus, the distribution of single accessions according to the nutritional parameters revealed 

interesting differences, as confirmed by the PCA for individuals.  

PCA also showed that the increase in SFAs positively correlated with AI and TI and negatively 

correlated with the PUFA/SFA ratio, while an increase in the content of MUFAs positively correlated 

with the ɤ6/ɤ3 ratio (Figure 6).  

 

 

Figure 6. Principal Component Analysis (PCA) of the main nutritional parameters of the twenty-two wheat 

genotypes. Axes represent the principal components: Dim1, explaining 63% of the variance, and Dim2, 

explaining 21.3% of the variance. Variables clustering together are marked with the same colour. 
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Discussion and conclusions 

Durum wheat flour's technological properties are mainly affected by starch and protein content. 

Nonetheless, lipids also significantly impact flour technological properties, contributing to its 

nutritional value and stability (35, 36).  

Fatty acid fingerprinting has been proposed as a pioneering method for identifying evolutionary 

signatures in tetraploid wheat (8, 17). However, previous research on lipid content in wheat has 

focused on domestication steps and elite cultivars (19, 37), leaving unexplored changes associated 

with selection for yield-related traits during the Green Revolution.  

To fill this gap, this study analysed lipid content and composition in two T. turgidum ssp. durum 

groups, representing the breakpoint of the Green Revolution: DWL and DWC. Additionally, two DWL 

sub-groups, DWL-carthlicum and DWL-turanicum, were included, representing two sub-groups 

cropped in restricted geographical areas. 

Lipid content was significantly higher in DWL compared to DWC, 3.8% vs 3.2%, respectively. These 

were mostly concentrated in the aleurone and cortical endosperm, in according to previous literature 

(38). Only accessions characterised by high lipid content showed appreciable lipid amounts also in 

the inner endosperm. Differences in lipid content between DWC and DWL might be partially 

explicable by the fact that breeding during the Green Revolution favoured an increase in kernel size, 

thus increasing starch and protein content at the expense of lipids. This argument is also supported 

by comparing DWL average total fat with Svevo, the durum wheat reference variety for transcriptome 

and quality (39), or by the data for accession AG189, characterized by reduced seed weight but high 

total lipid content. There is to highlight however how no significant negative correlation emerged 

between 1,000 seed weight and total lipid content. A trend of increasing 1,000 seed weight emerges, 

as total lipid decreases, but this is not significant (p > 0.01) and would benefit of further investigations.  

Lipidomic analysis showed a significant correlation between the different classes of neutral lipids. 

Specifically, TAG negatively and significantly correlated with all other classes. For the major lipid 

classes, significant differences emerged comparing DWL-carthlicum and DWL-turanicum with DWC 

and DWL. These accessions were different, mostly in terms of acidity and lipid composition, both 

important for kernel and flour shelf-life. Belonging to the same crop year and having the seeds been 

uniformly stored, since the samples show the same moisture degree, we might assume that these 

are constitutive differences. DWL-turanicum, together with DWL Trinakria, showed the lowest 

content of TAG, and a high amount of FFA compared to the other genotypes, interesting aspect 

considering the involvement of TAG hydrolysis in the onset of rancidity. The high content in FFA was 

presumably due to hydrolytic processes, given the low amounts of TAGs and concomitant high 

amounts of DAGs and MAGs. Being FFA content a typical indicator of the degree of hydrolytic 

rancidity of lipids (40), and showing these accessions the highest values for this parameter, it was 

evident that the DWL-carthlicum and DWL-turanicum accessions did not undergo a selection 
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process comparable to the other DWL (22-25). In general, free acidity was found to be below the 

maximum values of 6 for whole wheat semolina pasta imposed by Italian law (41). 

Up to now, these evaluations are a novelty, as previous investigations have been performed only 

among DWC and near isogenic lines (42). 

Despite high levels of diversity among all accessions, cluster analysis for all fatty acids discriminated 

indeed only accessions belonging to the DWL-carthlicum and DWL-turanicum sub-groups. 

Furthermore, for the most prevalent fatty acids (C16:0, C18:2, C18:3), our results agree with those 

described in Tavoletti et al. (19). For the two accessions in common, i.e., Svevo and Cappelli, the 

same fatty acid contents and cultivar-related variations occurred. The consistency of the data allows 

to state that even if seed samples for the present study derived from only one cropping season, our 

analysis properly highlighted constitutive variations among genotypes. Moreover, the high 

environmental uniformity of the experimental site, and the fact that every trait was evaluated in 

triplicate, assure consistency to the present work. 

The study found high variability in linoleic and oleic acid content among genotypes, which 

significantly influenced wheat flour shelf-life. Kubanka had the highest oleic acid content (17.29 

mg/100 mg of fat) and an average linoleic acid content (44.64 mg/100 mg of fat), making it particularly 

interesting from a technological and sustainable perspective. Trinakria demonstrated a good balance 

between the two fatty acids, with low levels of linoleic acid (42.09 mg/100 mg of fat) and high oleic 

acid content (14.34 mg/100 mg of fat), making it an interesting genotype for improved shelf-life. In 

contrast, DWL-turanicum accessions had the lowest levels of oleic acid and lower than average 

levels of linoleic acid (43.56 and 43.35 mg/100 mg of fat for tetra-IPK814 and tetra-IPK815, 

respectively). 

As for nutritional parameters, DWL-turanicum accessions showed high AI and TI, and high SFA 

content (even if not statistically significant, p > 0.05). In contrast, DWC showed in general higher 

PUFA/SFA ratio, and lower AI and TI (but not statistically significant, p > 0.05). AG189 showed a low 

ɤ6/ɤ3 ratio (p < 0.05). 

This study demonstrates that the breeding process during the Green Revolution resulted in a 

reduction in durum wheat grain total lipid content, likely in favor of starch and protein for higher yield 

and improved pasta-making process. Unique fatty acid profiles and nutritional qualities were found 

in turanicum and carthlicum subspecies, suggesting that lipid fingerprinting is an effective method 

for identifying evolutionary signatures in tetraploid wheat. As lipid concentration and composition 

affect flour nutritional value and shelf life, this analysis could be valuable for technological and 

nutraceutical purposes, as well as for setting appropriate quality criteria for wholegrain wheat flour 

products. The findings could also inform wheat breeding programs, using landrace genetic resources 

to transfer quality traits to modern cultivars and enriching nutrient databases like the USDA National 

Nutrient Database for Standard Reference Nutrient. 
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Supplementary materials 

 

 

Supplementary Figure 1. Representative example of a lipidogram. The retention times and the different 

classes of lipids are reported. Free fatty acids (FFAs), Monoacylglycerols (MAGs), Diacylglycerols (DAGs), 

Triacylglycerols (TAGs), Sterols (STs), Hydrocarbons (HCs), Tocopherols (TCPs), Esters (ESs). IS identifies 

the internal standards.  
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Supplementary Figure 2: Representative example of a fatty acid chromatogram. Retention times and the 

main fatty acids identified are reported. IS identifies the internal standards. 

 

Supplementary Figure 3. Longitudinal sections of wheat caryopses stained with Oil Red O. Representative 

images of the three wheat categories analysed are shown: durum wheat cultivar; durum wheat landrace; durum 

wheat landrace spp turanicum. (A) Neodur; (B) Monastir; (C) Haurani; (D) Cappelli; (E) tetra-IPK814; (F) tetra-

IPK815.
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Supplementary Table 1. Heat map of Table 3. Main fatty acids composition and concentration (mg/100mg flour) in the kernel of the 22 wheat genotypes. Three technical 
replicate samples of each genotype were analysed. Colour ranking within columns. 
 

 
C12:0 C14:0 C15:0 C16:0 ễC16:1t C16:1 C17:0 C18:0 ễC18:1 ễC18:2t C18:2 C20:0 ễC20:1 C18:3 C20:2 C22:0 C22:1 C24:0 C24:1 C22:6 

Svevo 0.02 0.09 0.10 13.56 0.10 0.16 0.07 1.47 14.98 0.13 44.93 0.15 0.66 4.08 0.08 0.13 0.08 0.16 0.06 0.04 

Iride 0.01 0.06 0.10 12.53 0.08 0.17 0.06 0.89 15.38 0.10 45.58 0.12 0.69 4.17 0.09 0.14 0.08 0.17 0.07 0.04 

Odisseo 0.01 0.06 0.09 12.44 0.08 0.14 0.06 1.00 13.29 0.12 43.28 0.12 0.59 4.67 0.09 0.14 0.07 0.17 0.06 0.04 

Monastir 0.01 0.07 0.09 14.41 0.07 0.14 0.06 1.03 13.75 0.11 42.28 0.11 0.67 3.81 0.09 0.12 0.08 0.16 0.07 0.04 

Marco 
Aurelio 0.01 0.06 0.09 13.14 0.07 0.16 0.06 0.82 14.16 0.11 43.86 0.12 0.71 3.28 0.10 0.12 0.09 0.14 0.07 0.05 

Aureo 0.01 0.06 0.09 13.02 0.07 0.16 0.06 1.02 14.22 0.11 42.77 0.14 0.73 4.00 0.09 0.15 0.10 0.17 0.07 0.04 

Saragolla 0.01 0.07 0.10 14.03 0.07 0.16 0.07 1.08 13.96 0.13 43.75 0.13 0.62 3.98 0.10 0.14 0.08 0.20 0.07 0.06 

Daurur 0.01 0.06 0.08 12.54 0.07 0.11 0.06 1.01 14.35 0.12 43.11 0.13 0.65 2.98 0.09 0.13 0.08 0.15 0.06 0.05 

Strongfield 0.01 0.07 0.09 14.16 0.08 0.15 0.07 1.13 13.05 0.12 45.52 0.15 0.69 3.59 0.10 0.15 0.08 0.18 0.06 0.05 

Simeto 0.01 0.07 0.11 12.35 0.08 0.17 0.07 0.95 13.00 0.13 45.24 0.14 0.68 4.44 0.12 0.15 0.09 0.19 0.08 0.04 

Neodur 0.01 0.07 0.08 14.26 0.06 0.15 0.06 0.99 16.07 0.11 45.15 0.13 0.70 2.96 0.09 0.13 0.08 0.16 0.07 0.03 

Creso 0.01 0.07 0.10 13.08 0.07 0.16 0.07 1.13 14.80 0.12 44.40 0.14 0.58 3.80 0.08 0.14 0.06 0.18 0.06 0.05 

Kronos 0.01 0.05 0.08 12.34 0.07 0.13 0.06 1.08 15.46 0.11 46.60 0.14 0.78 3.53 0.09 0.13 0.09 0.17 0.08 0.04 

Cappelli 0.03 0.09 0.11 13.86 0.08 0.18 0.07 1.12 13.91 0.14 43.51 0.13 0.65 3.83 0.08 0.14 0.08 0.19 0.07 0.07 

Trinakria 0.01 0.07 0.13 14.33 0.08 0.16 0.07 1.22 14.34 0.13 42.09 0.14 0.60 3.92 0.08 0.15 0.07 0.21 0.07 0.06 

Russello 0.01 0.07 0.07 13.47 0.06 0.18 0.06 0.82 15.81 0.12 46.63 0.12 0.73 3.69 0.09 0.12 0.09 0.14 0.07 0.03 

Haurani 0.01 0.07 0.10 13.06 0.07 0.19 0.06 0.91 15.99 0.12 46.55 0.13 0.67 3.45 0.11 0.13 0.09 0.15 0.06 0.03 

Kyperunda 0.01 0.07 0.08 12.51 0.07 0.11 0.07 0.92 14.57 0.13 46.92 0.13 0.68 2.86 0.09 0.13 0.09 0.15 0.08 0.04 

Kubanka 0.01 0.05 0.08 13.92 0.06 0.18 0.07 1.04 17.29 0.12 44.64 0.13 0.65 3.38 0.07 0.11 0.08 0.15 0.08 0.04 

tetra-
IPK814 0.02 0.10 0.12 14.64 0.09 0.18 0.09 1.06 11.83 0.16 43.56 0.16 0.73 4.28 0.11 0.26 0.09 0.29 0.08 0.05 

tetra-
IPK815 0.02 0.10 0.12 14.50 0.08 0.17 0.09 1.03 11.87 0.17 43.35 0.17 0.71 4.03 0.11 0.17 0.10 0.24 0.09 0.09 

AG189 0.01 0.08 0.09 13.30 0.09 0.14 0.07 0.75 11.53 0.14 44.84 0.15 1.08 4.74 0.13 0.18 0.26 0.19 0.14 0.04 
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Supplementary Table 2. Heat map of Table 4.  Nutritional characteristics of the 22 wheat genotypes. Unsaturated (SFA). 

monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids are reported (mg/100 mg of fat). The ɤ6/ɤ3. UFA/SFA and 

PUFA/SFA ratios and the atherogenic (AI) and thrombogenic (TI) indices are reported. Colour ranking within columns. 

 

SFA  
(mg/100 mg) 

MUFA 
(mg/100 mg) 

PUFA 
(mg/100 mg) ˖сκ˖о PUFA/SFA UFA/SFA AI TI 

Svevo 15.75 16.03 49.27 10.9 3.13 4.17 0.21 0.35 

Iride 14.09 16.47 49.97 10.85 3.55 4.74 0.19 0.31 

Odisseo 14.09 14.24 48.19 9.21 3.42 4.45 0.2 0.31 

Monastir 16.07 14.78 46.32 11.02 2.88 3.82 0.24 0.39 
Marco 
Aurelio 14.57 15.27 47.39 13.23 3.25 4.32 0.21 0.35 

Aureo 14.7 15.34 47.01 10.6 3.2 4.26 0.21 0.34 

Saragolla 15.83 14.97 48.03 10.85 3.03 4 0.23 0.36 

Daurur 14.16 15.31 46.34 14.25 3.27 4.37 0.21 0.35 

Strongfield 16.01 14.11 49.38 12.54 3.08 3.98 0.23 0.38 

Simeto 14.02 14.09 49.97 10.13 3.56 4.59 0.2 0.31 

Neodur 15.89 17.13 48.33 15.13 3.04 4.14 0.22 0.38 

Creso 14.91 15.72 48.44 11.57 3.25 4.32 0.21 0.34 

Kronos 14.06 16.6 50.36 13.11 3.58 4.78 0.19 0.32 

Cappelli 15.73 14.98 47.62 11.19 3.03 4 0.23 0.37 

Trinakria 16.32 15.32 46.28 10.59 2.84 3.79 0.24 0.38 

Russello 14.89 16.95 50.56 12.56 3.4 4.55 0.2 0.33 

Haurani 14.61 17.07 50.26 13.4 3.44 4.63 0.2 0.33 

Kyperounda 14.06 15.61 50.04 16.2 3.56 4.69 0.2 0.34 

Kubanka 15.56 18.34 48.26 13.07 3.1 4.3 0.21 0.36 
tetra-

IPK814 16.72 13 48.15 10.09 2.88 3.68 0.25 0.38 
tetra-

IPK815 16.43 13.01 47.75 10.55 2.91 3.72 0.25 0.38 

AG 189 14.82 13.23 49.9 9.39 3.37 4.28 0.22 0.32 
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Chapter 2 

Dissecting durum wheat seed: exploring 

primary storage metabolites, phenolic 

acids and minerals micronutrients in 

landraces and commercial varieties to 

uncover accession variability 

 

Abstract  

Durum wheat (Triticum turgidum ssp. durum (Desf.) Husn.) holds a pivotal position as the most 

crucial tetraploid wheat species, serving as a primary source of calories and proteins in the 

Mediterranean Basin. It is a key ingredient in the creation of typical foods, such as pasta, couscous, 

and flat breads, making it an emblem of the so-called Mediterranean diet. The protein content and 

the composition of starch fractions significantly influence the rheological properties of dough and the 

quality of pasta in terms of appearance, firmness, texture and mouthfeel. Moreover, enhancing the 

nutritional value of wheat through biofortification has garnered considerable interest due to its high 

consumption within the Mediterranean population. The intake of minerals, micronutrients, and 

phenolic acids through durum wheat consumption is associated with significant health benefits. 

Breeding cereal crops with both desirable rheological quality and increased minerals and phenolic 

acids concentration requires comprehensive knowledge of the variation among the available 

germplasm. The objective of the present study was to examine the variability in primary metabolites, 

specifically starch and proteins, as well as bioactive compounds, including minerals, micronutrients, 

and phenolic acids concentrations, within the grain of twenty-two wheat accessions. This sample 

encompassed both durum wheat cultivars (DWC) and landraces (DWL). Additionally, the study 

aimed to explore the interrelationships among various primary metabolites and bioactive compound 

concentrations. The investigation revealed intriguing ranges and correlations for primary 

metabolites, alongside notable disparities in mineral and phenolic acid concentrations among the 

twenty-two analyzed durum wheat accessions. These findings indicate the existence of exploitable 

genetic variations that hold potential for plant breeders seeking to develop improved durum wheat 

varieties. 
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Introduction 

Durum wheat (Triticum turgidum ssp. durum (Desf.) Husn.) holds a paramount position as the most 

significant tetraploid wheat species. It serves as a vital resource for calories and proteins in the 

Mediterranean Basin, making it an indispensable component of the region's diet. With its extensive 

usage in the production of distinctive culinary delights such as pasta, couscous, and flat breads, 

durum wheat has become an iconic representation of the renowned Mediterranean diet. (Peña-

Bautista et al., 2017).   

The wheat kernel is made up of three key edible parts, including the embryo, the endosperm, and 

outer layers, contain carbohydrates and proteins. Among these parts, the endosperm, which holds 

particular importance, constituting approximately 90% of the grain's dry weight. Its primary function 

is to serve as the primary storage compartment and is primarily composed of starch. Starch, a 

complex carbohydrate, represents the predominant carbohydrate stored in wheat. It accounts for 

around 60-75% of the grain and 70-80% of wheat flour. The endospermôs high starch content makes 

it a valuable energy source, contributing alone up to 18% of the total dietary calories globally 

(Erenstein et al., 2022). The digestion and absorption rate of starch in the human body vary based 

on its composition, and certain starches that digest slowly can help regulate blood glucose levels 

and provide sustained energy (Gondalia et al., 2022; Hughes et al., 2021; Kahraman et al., 2019). 

Additionally, starch is an essential substance in various industries such as food, paper, textile, 

chemical, and pharmaceutical, where it is utilized as a thickener, stabilizer, adhesive, gelling agent, 

water-retaining agent, and bulking agent (Shevkani et al., 2017). Given the paramount importance 

of wheat starch  for different purposes, its structure, function and analytical techniques remain a hot 

topic in many fields of research (Huang et al., 2022). Wheat starch is accumulated in the endosperm 

in highly organized spherical structures called óstarch granulesô, which contain minor amounts of 

lipids (0.8ï1.0%), proteins (0.2ï0.5%), and ash (0.2ï0.3%) (Sun et al., 2021). Protein and lipid 

content in wheat starch have profound effects on functionality and utilization (Huang et al., 2022; 

Shevkani et al., 2017). 

Proteins that are not contained within the starch grain are stored in the aleurone layer. From a 

botanical perspective, the aleurone layer, which constitutes approximately 5-8% of the wheat grain, 

is the outer portion of the starchy endosperm. However, during the milling process, it remains 

attached to the hyaline layer and is consequently separated from the endosperm along with the outer 

layers of the grain (Brouns et al., 2012). The wheat aleurone layer is composed of a single layer of 

living cells and its cells have a diameter range of 20ï75 ɛm in wheat (Stevens, 1973). The aleurone 

layer exhibits pronounced nutritive richness, characterized by substantial quantities of protein, 

minerals, phytates, B vitamins (such as niacin and folates), and lipidic compounds (including plant 

sterols). On average, the aleurone layer contributes approximately 15% of the total wheat protein 
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content, while also supplying approximately 30% of the total lysine content. Lysine, being the primary 

limiting essential amino acid in wheat, is particularly noteworthy in this regard (Brouns et al., 2012). 

Being a cereal, wheat protein can be classified into four different fractions according to Osborne  

(1924) classification, based on their solubility in water: albumins, globulins, gliadins, and glutenins. 

Together, gliadins and glutenins are referred to óglutenô (Scarnato et al., 2019). The higher protein 

content in wheat grain is essential for bread making, with the gluten fraction having a pivotal role in 

providing dough elasticity, rheological, and mechanical properties (Schopf et al., 2021). Like wheat 

starch, also proteins have many diverse applications for food uses and to a lesser extent industrial 

uses such as, in some building materials, plastics and pharmaceuticals (IñiguezȤmoreno et al., 2021; 

Zhang et al., 2023).  In general, protein content and composition are strongly influenced by the 

environment, but also strongly vary within and across species (Arzani & Ashraf, 2017; Poggi et al., 

2022; Taghouti et al., 2010). 

Apart from providing carbohydrates and proteins, referred in plant biology as óprimary metabolitesô, 

wheat can be seen as a source of bioactive compounds, linked with health benefits, such as phenolic 

acids and minerals micronutrients. As for minerals, wheat grain represents a source of selenium 

(Se), iron (Fe) and zinc (Zn). These are mainly located in the aleurone layer, and are associated with 

a consistent health value. For example, these minerals are connected to a normal cellular and 

metabolism function, as well as to a correct functionality of the immune system, protein synthesis 

and cell division, other than supporting normal growth during pregnancy, childhood, and adolescence 

(Hernandez-Espinosa et al., 2020).  

Considering that micronutrients malnutrition, including Fe, Zn and Se deficiency, is quite common, 

especially among women and children in developing countries, the enrichment in durum wheat 

nutritional value, called óbiofortificationô, is of great interest because of its high consumption in the 

Mediterranean population diet.  

Durum wheat biofortification is needed, as mineral concentration in wheat grain started to decrease 

significantly since the 1960s, when semi-dwarf high-yielding cultivars were introduced, suggesting a 

ñdilution effectò of starch on minerals, meaning that increased grain yield may resulted in a lower 

density of minerals in grain (Fan et al., 2008; Hernandez-Espinosa et al., 2020; Zhao et al., 2009).   

Several strategies can be adopted to increase mineral content in wheat-based foods. For example, 

the use of non- refined flour (considering that these are mainly located in the aleurone layer), or the 

application of specific fertilizers to increase the mineral content in the grain (Cakmak, 2008). 

However, exploit the genetic variability to breed new cultivars with enhanced minerals content 

(genetic biofortification) offers a sustainable, cost-effective alternative, providing more nutritive 

cultivars for the consumers (Velu et al., 2019).  
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Other than minerals, whole wheat grain represents a precious source of phenolic acids, the most 

common phenolic compounds. These are the most abundant metabolites in wheat grain, where they 

can occur in free form, or insoluble-bound form (the most abundant in wheat, representing more or 

less 80% of the total) (Tian et al., 2022). Phenolic acids are receiving great attention from a 

nutraceutical point of view, due to their antioxidant, anti-inflammatory and anti-carcinogenic 

properties, thus representing another important target, other than minerals, for wheat genetic 

biofortification (Hernandez-Espinosa et al., 2020).  

Breeding cereal crops with increased minerals and phenolic acids concentration requires knowledge 

of the variation among the available germplasm. So, the characterization of durum wheat accessions 

for these traits is important due its high consumption in the Mediterranean diet. For this reason, 

several studies have been conducted to analyze the variability in minerals and phenolic acids content 

across different wheat varieties (Heidari et al., 2016; Hernandez-Espinosa et al., 2020; Maryami et 

al., 2020; Rodríguez et al., 2011; Zhao et al., 2009). In particular, wheat landraces represent a 

significant genetic resource for the improvement of modern wheat varieties. Therefore, screenings 

that comprise both wheat landraces and modern cultivars for these traits are required to assess 

interesting phenotypic differences, and fully exploit the genetic potential for durum wheat nutritional 

quality improvement.  

Aim of the present study was to investigate the variability in primary metabolites, i.e., starch and 

proteins, as well as in bioactive compounds, i.e. minerals micronutrients and phenolic acids 

concentrations in wheat grain among twenty-two wheat accessions, comprising both durum wheat 

cultivars (DWC) and landraces (DWL), as well as exploring the relationships among different primary 

metabolites and bioactive compounds concentrations.  

  

 

Materials and methods  

Plant material 

The plant material included twenty-two durum wheat accessions from the UNIBO-Durum Panel 

association mapping population, representing a considerable portion of the genetic diversity present 

in durum wheat gene pools (Table 1), including thirteen DWC and nine DWL, among which two 

members of Triticum turgidum ssp turanicum and one of Triticum turgidum ssp carthlicum. The first 

is commonly referred to as ñoriental wheatò, identified for the first time in the Persian province of 

Khorasan (Percival, 1921). The second is commonly referred to as ñPersian wheatò, endemic in 

Georgia (Akhalkatsi et al., 2012). 
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Seed grains were produced in field trial, conducted in 2019/2020 agronomic season in the locality of 

Cadriano (44° 330 ó 0300 óô N, 11° 240 ó 3600 óô E), at the Agricultural Research Stations of the 

University of Bologna (Italy). The site is characterized by a sub-humid climate with an average annual 

air temperature equal to 12.8°C and a mean annual precipitation amount of 924 mm. Experimental 

layout was a randomized complete block design with three replications. Plot size was 1.5 m x 0.5 m, 

with a density of 22 plants/m2. Fertilizer rate was 112 kg N haī1 and 56 kg P2O5 haī1, applied at 

planting. Disease and insect pest pressure were negligible throughout the crop cycle, allowing not 

to be necessary to carry out weeding or phytosanitary interventions. The experimental site was 

characterized by a high level of uniformity, thereby minimizing the impact of environmental factors. 

Moreover, each trait was evaluated in triplicate, ensuring the robustness of the resulting data. 

 

Table 1. Accessions analyzed. DWC=durum wheat cultivar; DWL=durum wheat landrace; DWL-TUR= durum 

wheat landrace spp turanicum; DWL-CAR= durum wheat landrace spp carthlicum. 

Category Accession Name Country of Origin Mega-environment 

DWC Svevo ITALY Southern-Europe 

DWC Iride ITALY Southern-Europe 

DWC Odisseo ITALY Southern-Europe 

DWC Monastir FRANCE Western-Europe 

DWC Marco Aurelio ITALY Southern-Europe 

DWC Aureo ITALY Southern-Europe 

DWC Saragolla ITALY Southern-Europe 

DWC Daurur FRANCE Western-Europe 

DWC Strongfield CANADA Northern-America 

DWC Simeto ITALY Southern-Europe 

DWC Neodur ITALY Southern-Europe 

DWC Creso ITALY Southern-Europe 

DWC Kronos US Northern-America 

DWL Cappelli ITALY Southern-Europe 

DWL Trinakria ITALY Southern-Europe 

DWL Russello_SG7 ITALY Southern-Europe 

DWL Haurani SYRIA Western-Asia 

DWL Kyperounda Unknow Unknow 

DWL Kubanka-LD127 KAZAKISTAN Central-Asia 

DWL-TUR tetra-IPK814 IRAQ Western-Asia 

DWL-TUR tetra-IPK815 RUSSIA   Eastern-Europe 

DWL-CAR AG189 GEORGIA Western-Asia 
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Protein and gluten determination 

Protein and wet gluten content were assessed non-destructively via Near-Infrared spectroscopy 

(NIR) in three replicates. 

Nir Control Plus (Isoelectric Inc.) was used. Protein content has been expressed as % of grain dry 

weight, while wet gluten content has been expressed as %, referred to a reference 14% moisture 

basis (according to the approved AACC methods 38-12 (AACC, 2000).  

 

Starch quantification 

Total Starch (TS), Total Digestible Starch (TDS), Rapidly Digestible Starch (RDS), Slowly Digestible 

Starch (SDS) and amylase Resistant Starch (RS) (% of grain dry weight) were determined according 

to the AOAC Method 2017.16 (Mccleary, 2019), through the óDigestible and Resistant Starch Assay 

Kitô (Megazyme). 

The method employs a 4-hour as incubation time, chosen to approximate the average duration of 

food residence in the human small intestine. This timeframe is crucial for evaluating the digestibility 

of carbohydrates. Specifically, in the procedure for digestible carbohydrates, samples are removed 

at 20 min for determination of RDS and at 120 min SDS. The remaining starch after 4 h incubation 

is defined as RS. TDS represents starch which is hydrolyzed during 4 h incubation. Finally, TS is 

defined as the sum of TDS and RS. 

 

Minerals micronutrients  

Fe, Zn and Se are the most important mineral micronutrients in wheat grain in terms of genetic 

biofortification interest. However, wheat grain is a source of other minerals connected to health 

benefits, such as Cu and Mg. Moreover, 80% of P in wheat grain is in the form of phytate, stored in 

the aleurone cells, reducing the bioavailability of Zn and Fe (Fairweather-Tait, 2004). Thus, Fe, Zn, 

Se, Cu, Mg and P content was determined for the twenty-two durum wheat accessions. For each 

sample, 200 mg of flour were oven-dried, thus transferred in TFMÊ cartridges; 0.5 mL of electronic 

grade H2O2 30 %, and 6 mL suprapur HNO3 65 % were then added. The vessels were sealed and 

inserted in the microwave, set with the following working program for the oxidative digestion of the 

samples: 250 W, 2 min; 400 W, 2 min; no power, 1 min; 750 W, 2 min. The resulting solutions were 

transferred in 10 mL graduated flasks, brought to volume with water, filtered with paper filters and 

analyzed with the ICP-OES. 
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Phenolic acids  

For the analysis of phenolic acids, samples were subjected to an extraction process resulting in two 

fractions, one enriched in free phenolic acids (S), and the other one in insoluble-bound phenolics 

(IB). On both fractions, compounds of nutraceutical value were targeted and quantified by HPLC-

DAD analysis.  

 

Statistical analysis  

Statistical analysis was performed in R (R Development Core Team, 2021). Correlation analysis 

(using Pearsonôs r) was performed to test the correlation among primary metabolites, as well as 

among minerals, free and bound phenolic acids. Two Principal Component Analysis (PCA) were 

performed: one combining primary metabolites, and the other combining minerals and phenolic acids 

data, to test the significance of the diversity among the twenty-two accessions for grain main storage 

compounds and bioactive compounds, respectively. 

 

Results and discussion 

 

Main storage compounds in wheat seeds 

Grain protein content is one of the main parameters affecting the price of the grains and 

four/semolina, contributing the most (40%) into the EU Quality index for durum wheat (European 

Commission Regulation No. 2237/2003, December 23, 2003) (Mefleh, 2021). This is because protein 

content is notoriously known to have a major impact on dough rheological properties and pasta 

cooking quality. For example, increase in protein content is accompanied by a decrease in 

farinogram mixing time and by an increase in maximum consistency and tolerance index, improving 

cooking quality and tolerance to overcooking (Dexter & Matsuo, 1977; Sissons et al., 2007).  That is 

why breeders continue to select for high protein content in durum wheat grain. Thus, the assessment 

of protein content (% of dry grain weight) in the selected twenty-two durum wheat accessions was 

of particular importance. Average measured protein content was 16.83 ± 2.09 %, ranging from 

13.85% to 22.03%. Similarly, Maryami et al. (2020), analyzing 158 common wheat landraces, 

observed a mean protein content value of 15.7%, ranging from 13.4% to 18.9%. Moreover, available 

literature reports a variation range for wheat grains protein between 7-8 and 20-22% of total dry 

weight (Mefleh, 2021; Shewry, 2009). All accessions under analysis fell within the range, thus being 
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in accordance with previous investigations on wheat grains. Accessions tetra-IPK814, tetra-IPK815 

and AG189, belonging to turanicum and carthlicum subspecies, showed particularly interesting 

values, located at the upper threshold in the range (22.03%, 19.58% and 21.10%, respectively). 

These two subspecies have been traditionally cropped only on limited areas, and did not undergo a 

substantial selection process. The high protein content detected could be a confirmation of the 

known fact that old varieties are characterized by a higher protein content compared to modern ones, 

as the increase in grain number per unit area led to a grain dilution effect (Giunta et al., 2007). Gluten 

proteins are the major group of proteins stored in the grain, having a pivotal role in providing dough 

elasticity, rheological, and mechanical properties. Gluten is made of glutenin, responsible for dough 

elastic properties, and gliadin, responsible for dough extensibility. The relative proportions of these 

components affect dough rheological properties; for example, higher glutenin content determines 

greater ñgluten strengthò. Pasta made from strong gluten has better firmness and cooking stability, 

while pasta made with weak gluten is prone to deterioration and become soft with overcooking. 

Glutenins can be further divided in two subunits: high molecular weight (HMW-GS) and low 

molecular weight glutenin subunits (LMW-GS) (P. Shewry, 2019; Sissons et al., 2007). Numerous 

reports show associations between glutenin allelic composition and gluten strength in wheat (Wrigley 

et al., 2006).  Thus, it is well known that gluten fractions composition is a key factor in determining 

grain wheat rheological quality, as well as the identification of novel glutenin alleles and allelic 

combinations linked with superior quality is fundamental, as highlighted in Maryami et al. (2020). 

However, gluten content itself is still an important target in quality research projects. For example, 

positive effect on cooking quality of increasing gluten content has been observed both for weak and 

strong gluten, increasing pasta firmness (Cubadda et al., 2007). Average wet gluten content (%) in 

the twenty-two accessions was 33.04 ± 4.91 %, ranging from 20.04% to 42.55%. Samaan et al. 

(2006), investigating nine durum wheat Syrian genotypes, found an average grain wet gluten content 

of 26.67 ± 1.57 %, ranging from 24.41% to 29.37%. Ģiliĺ et al. (2011), analyzing 5 durum wheat 

genotypes, encountered an average wet gluten content of 26.96%, ranging from 20.00% to 32.20%. 

Although highly overlapping, data from our investigation show a much higher range of variation, 

indicating a possible greater variability for wet gluten among the accessions examined (despite it is 

evident that the greater number of genotypes analyzed, compared to the cited literature, may having 

contributed to determining the wider range of variation). Specifically, genotypes tetra-IPK814 and 

tetra-IPK815 showed the lowest values (20.04% and 25.82%, respectively), while Saragolla and 

AG189 showed the highest one (39.15% and 42.55%, respectively). Protein content is highly 

influenced by the environment (more than by the genotype); for example, protein content increases 

as temperature  increases and rainfall decreases during the cropping season (Mariani, 1995). For 

this reason, in this case study accessions were grown at the same location and under the same 

agroecological conditions in one cropping year, to minimize environmental effects, allowing the 
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expression of genetic variation. The same strategy was used by Samaan et al. (2006). Protein and 

wet gluten contents are reported in Table 2. 

Among starch fractions, RS attracted mostly the interest of researchers, both for its particular 

rheological and nutritional characteristics. In fact, it is a functional ingredient in food processing 

thanks to its low water holding capacity and high water binding capacity, and presents processes 

advantages as less affecting sensory characteristics of final products with better appearance, texture 

and mouthfeel (Fuentes-Zaragoza et al., 2010). From a nutritional point of view, RS reduces 

postprandial glycemic and insulinemic responses, contributing to control obesity and diabetes 

(Fuentes-Zaragoza et al., 2010). RS values reported in literature are highly variable, depending on 

the quantification method and analyzed matrix. ĠtŊrbov§ et al. (2016) analyzed RS content in 

common wheat wholemeal flour with the same protocol used in the present study, allowing a 

comparison between the two investigations. ĠtŊrbov§ et al. (2016) observed a RS range between 

1.8 ± 3.6 % and 16.9 ± 0.8 % (% of dry matter). In the present study, average RS concentration in 

grain dry matter was 19.52 ± 3.72 %, ranging from 11.95 % (DWC Strongfield) to 24.02 % (DWL 

Haurani). Interestingly, seventeen out of twenty-two accessions overcame the upper threshold of the 

range observed by ĠtŊrbov§ et al. (2016), signaling a high level of RS concentration in the set of 

accessions selected for the present study. Starch fractions and total starch contents are reported in 

Table 2. 
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Table 2. Concentrations of the primary metabolites in grains for all accessions analyzed. Concentrations are 

expressed as percentage (%). Average values derive from a mean of three replicates. 

  Proteins Wet Gluten RDS SDS TDS RS 
Total Starch 

(TS) 

Accession name 
(% of dry 
weight) 

(% on a 14% 
moisture 

level) 

(% of dry 
weight) 

(% of dry 
weight) 

(% of dry 
weight) 

(% of dry 
weight) 

(% of dry 
weight) 

Svevo 17.35 37.15 21.64 12.19 40.28 15.68 55.96 

Iride 15.00 30.70 23.01 10.88 45.98 21.57 67.55 

Odisseo 15.95 32.85 22.13 8.27 43.35 17.99 61.34 

Monastir 14.95 31.15 24.15 8.29 48.91 20.33 69.24 

Marco Aurelio 16.15 33.35 27.81 5.22 45.44 12.18 57.62 

Aureo 16.50 33.25 19.15 8.64 34.53 22.16 56.68 

Saragolla 17.90 39.15 20.12 7.67 36.32 21.04 57.36 

Daurur 13.95 28.15 22.44 12.82 44.41 18.87 63.28 

Strongfield 17.95 37.75 22.95 10.55 40.30 11.95 52.25 

Simeto 16.80 36.50 25.91 5.57 39.57 19.29 58.85 

Neodur 15.10 30.85 24.43 13.00 50.27 13.20 63.48 

Creso 13.85 28.25 26.86 13.66 48.59 15.57 64.16 

Kronos 14.75 30.00 23.49 7.14 37.23 23.26 60.49 

Cappelli 16.60 34.35 19.55 9.27 33.44 22.04 55.48 

Trinakria 17.20 35.95 22.16 8.93 31.64 19.45 51.09 

Russello_SG7 16.45 33.70 22.44 12.26 44.28 18.50 62.79 

Haurani 16.80 35.35 23.01 6.99 35.41 24.02 59.42 

Kyperounda 18.30 37.50 19.38 12.79 39.82 23.48 63.31 

Kubanka-LD127 16.05 32.50 23.28 9.38 37.38 22.71 60.08 

tetra-IPK814 22.03 20.04 25.03 4.48 36.63 23.80 60.43 

tetra-IPK815 19.58 25.82 23.59 8.28 40.11 21.68 61.78 

AG189 21.10 42.55 18.02 7.08 29.21 20.74 49.95 

Average 16.83 ± 2.09 33.04 ± 4.91 22.75 ± 2.49 9.24 ± 2.70 40.14 ± 5.74 19.52 ± 3.72 59.66 ± 4.91 

 

Minerals micronutrients concentrations 

Focusing on Fe, Zn and Se, trace elements which are of particular importance for health benefits, 

average grain Fe concentration was 36.6 ± 6.7 mg/kg, ranging from 30.44 to 46.33 mg/kg. Average 

grain Zn concentration was 31 ± 8.3 mg/kg, ranging from 19.4 to 52.7 mg/kg. This data are in 

accordance with most investigations, which assume a current average wheat Fe and Zn grain 

content of 35 and 30 mg/kg, respectively, as reported in Zhao et al. (2009). Graham et al. (2007) 

proposed 40 and 60 mg/kg as target concentration for wheat grain biofortification for Zn and Fe, 

respectively. Zhao et al. (2009) analyzed 150 lines of bread wheat of diverse origin and 25 lines of 

durum, spelt, einkorn and emmer wheat for Fe and Zn grain concentration, but no one of the 

accessions under study reached the two targets. Also Maryami et al. (2020), analyzing 158 Iranian 

landraces, did not find any accession reaching a Fe content of 60 mg/kg.  So, itôs not surprising that 
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no one of the twenty-two analyzed accessions reached the target for Fe. Although, interestingly, 

Kubanka, Kyperounda and Cappelli overcame the target for Zn concentration (Table 3). Average 

grain Se concentration was 0.31 ± 0.14 mg/kg, ranging from 0.12 to 0.61 mg/kg. Tan (1989) 

proposed a widely accepted classification for Se concentration in wheat grain, defining values 

comprised between 0.025 and 0.040 mg/kg as a marginal concentration, and values comprised 

between 0.040 and 1 mg/kg as a moderate-high concentration. Se concentration observed in the 

present study resulted to be in the moderate-high interval for all accessions under analysis. The 

available literature highlights how Se concentration in wheat grain is extremely variable. For 

example, Lyons et al. (2005), analyzing surveys and field trials results, found that grain Se 

concentrations ranged between 0.05 and 0.72 mg/kg. Authors concluded that Se concentration is 

largely determined by soil Se availability, influenced by several soil factors including soil pH, redox 

potential, calcium carbonate level and cation exchange capacity, making existing genotypic 

differences relatively small in comparison with background soil variation in Se availability. Therefore, 

wheat Se biofortification can be more easily achieved via applications of Se-containing fertilizers, 

rather than through breeding. Same conclusions were supported by subsequent studies (De Vita et 

al., 2017; Zhao et al., 2009).  As for the other considered minerals, mean concentrations were 3246.6 

± 247.6 for P, 1006.9 ± 102 for Mg and 6.1 ± 1 for Cu, all values in accordance with those of most 

previous investigations on wheat grains (Gomez-Becerra et al., 2010; Hussain et al., 2010; 

Rodríguez et al., 2011). Minerals concentrations for all samples are presented in Table 3.   
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Table 3. Concentrations of mineral elements for all accessions analyzed. Concentrations are expressed in 

mg/kg of fresh weight. Average values derive from a mean of three replicates. 

 
Fe Zn Se Cu Mg P 

Accession name mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Svevo 39.53 36.61 0.30 6.43 990.03 3089.70 

Iride 36.64 24.54 0.14 5.73 1032.89 3578.95 

Odisseo 35.43 37.65 0.23 6.60 952.38 3117.46 

Monastir 43.10 28.73 0.14 6.08 1120.25 3588.61 

Marco Aurelio 38.71 32.84 0.43 5.97 1083.87 3658.06 

Aureo 34.03 26.88 0.39 5.26 1006.49 3123.38 

Saragolla 33.60 25.00 0.19 4.68 860.00 3146.67 

Daurur 36.78 23.89 0.13 4.99 926.17 2932.89 

Strongfield 35.07 29.80 0.21 5.11 940.00 3300.00 

Simeto 36.86 30.24 0.38 5.90 969.28 3064.85 

Neodur 37.63 30.92 0.35 7.86 969.49 3111.86 

Creso 33.11 22.18 0.37 5.00 907.85 2853.24 

Kronos 32.24 26.29 0.15 5.29 943.14 3010.03 

Cappelli 46.33 52.67 0.51 7.26 1238.43 3558.72 

Trinakria 30.44 37.49 0.50 6.54 1003.39 3084.75 

Russello_SG7 33.82 24.98 0.43 5.32 1043.19 3289.04 

Haurani 32.09 29.46 0.14 7.09 952.70 3108.11 

Kyperounda 38.73 48.09 0.61 6.41 1157.19 3337.79 

Kubanka-LD127 35.20 40.41 0.28 6.30 979.73 3006.76 

tetra-IPK814 38.54 22.98 0.29 5.98 953.64 3443.71 

tetra-IPK815 36.27 19.40 0.12 5.70 893.33 3320.00 

AG189 40.40 31.36 0.23 8.44 1229.24 3701.00 

Average 36.6 ± 6.7 31 ± 8.3 0.31 ± 0.14 6.1 ± 1 1006.9 ± 102 3246.6 ± 247.6 

 

 

Phenolic acids concentrations 

The main detected metabolites of the free phenolic fractions were p-hydroxybenzoic acid and p-

coumaric acid. P-hydroxybenzoic ranged from 8.77 to 138.69 ɛg/g dry weight with an average value 

of 25.75 ± 31.76 ɛg/g dry weight, while the range for p-coumaric acid was 18.66 ï 28.36 ɛg/g dry 

weight, with an average value of 22.15 ± 2.64 ɛg/g dry weight. Metabolites in the insoluble-bound 

fractions were considerably more abundant than the free form. Ferulic acid was the most abundant 

one, varying from 413.80 to 856.22 ɛg/g dry weight, followed by p-coumaric acid, sinapic acid and 

vanillic acid (values presented in Table 4). The identification of ferulic, p-coumaric and sinapic as the 

most abundant phenolic acids in wheat, is supported by several previous studies (Fernandez-Orozco 

et al., 2010; Hernandez-Espinosa et al., 2020; Laddomada et al., 2017). Altogether, Total Bound 

phenolic acids showed a mean value of 714.30 ± 125.22, ranging from 466.23 to 986.23 ɛg/g dry 

weight. Combining Free and Bound phenolic acids, the mean value in the twenty-two analyzed 
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accessions was 762.21 ± 129.98. Comparing this value with the existing literature, it results to be in 

line with that of Laddomada et al. (2017), who reported a mean total phenolic acid content of ~ 800 

ɛg/g in a set of tetraploid wheat accessions. However, both higher and lower values can be found in 

literature, sustaining the high variability for phenolic acids content in wheat germplasm. For example, 

Shewry & Hey (2015)  reported a mean total phenolic acid concentration of 857 ɛg/g in 17 durum 

wheat lines and of 961 ɛg/g in 44 emmer cultivars, while Hernandez-Espinosa et al. (2020) found a 

mean value of 546 ɛg/g for total phenolic acid concentration in a set of durum wheat landraces from 

Iran and Mexico. The good mean value of total phenolic content, as well as the quite wide range 

observed in this study, indicates that genetic variation exploitable to plant breeders may exist. In 

fact, genetic biofortification for phenolic acids concentration is a well-recognized strategy, even if 

high environmental effects are known. Specifically, recently a greater variation in phenolic acids 

concentration mainly related to the environment (E) rather than to the genotype (G) was reviewed 

(Tian et al., 2022). Several surveys highlight how the environment, the agronomic management (M) 

and possible GxE, GxM and GxExM are known to strongly influence the levels of grain antioxidants. 

This is clearly valid even in the same location in different years, as different years are characterized 

by different temperatures, precipitation, sunlight, pests, and disease. In this study, accessions were 

grown in one location and in one cropping season, specifically to minimize the effects due to the 

environment, allowing the expression of genetic variation among accessions. The same strategy 

was used by Li et al. (2008), who assessed the total phenolic acid contents of 150 bread wheat 

genotypes grown in a single site in a single year, observing a range from 326 to 1171 ɛg/g of dry 

matter. So, the presented study highlighted interesting genetic variation. In particular, accessions 

Trinakria, tetra-IPK815 and Kyperounda, with respectively 921, 972 and 1022 ɛg/g of dry matter, 

resulted to have interesting concentrations of total phenolic acids, compared to the average values 

for wheat germplasm in the available literature. The concentrations of phenolic acids are presented 

in Table 4. 
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Table 4. Concentrations of phenolic acids expressed in ʈg/g of dry weight (DW) for all accessions analyzed. 

Means derive from three replicates.  

 

Accession 
name 

S p-OH-
benzoic acid 
(ɛg/g) 

S p-
coumaric 

acid 

Total Free 
phenolic 

acids 
IB ferulic acid 

IB p-
coumaric 

acid 

IB 
sinapic 

acid 

IB 
vanillic 

acid 

Total 
Bound 

phenolic 
acids  

Total 
phenolic 

acids  

(ɛg/g) (ɛg/g) (ɛg/g) (ɛg/g) (ɛg/g) (ɛg/g) (ɛg/g) (ɛg/g) 

Svevo 15.02 18.66 33.68 457.16 22.96 22.88 5.24 508.23 541.92 

Iride 12.05 18.72 30.76 594.06 28.79 27.61 5.69 656.14 686.91 

Odisseo 16.11 19.24 35.35 712.84 38.37 37.92 6.48 795.61 830.96 

Monastir 14.62 23.06 37.68 478.29 31.11 42.05 6.27 557.72 595.41 

Marco Aurelio 8.77 19.19 27.96 648.59 45.32 46.99 6.95 747.85 775.81 

Aureo 138.69 22.72 161.41 601.18 32.28 19.06 5.98 658.49 819.90 

Saragolla 19.16 20.18 39.34 636.68 41.84 39.43 6.20 724.14 763.48 

Daurur 17.29 19.63 36.92 413.80 19.24 28.27 4.92 466.23 503.15 

Strongfield 13.97 19.76 33.73 659.49 34.99 48.10 7.50 750.08 783.81 

Simeto 14.28 22.15 36.43 523.25 31.46 18.95 5.73 579.39 615.82 

Neodur 11.09 20.15 31.23 604.06 28.25 45.80 6.18 684.29 715.53 

Creso 14.31 24.81 39.12 756.71 36.65 30.57 6.42 830.35 869.47 

Kronos 24.50 23.90 48.41 653.67 29.50 37.43 6.07 726.67 775.08 

Cappelli 10.47 21.90 32.37 617.58 31.83 20.43 5.38 675.22 707.59 

Trinakria 23.59 26.50 50.09 801.77 32.12 29.83 7.17 870.89 920.98 

Russello_SG7 19.71 22.97 42.68 600.93 28.39 39.91 5.77 675.00 717.68 

Haurani 21.01 22.81 43.82 615.86 47.86 34.90 6.96 705.57 749.39 

Kyperounda 10.75 24.83 35.58 856.22 82.33 40.44 7.25 986.23 1021.81 

Kubanka-
LD127 

104.26 20.54 124.80 693.06 52.17 7.23 7.55 760.01 884.80 

tetra-IPK814 20.16 23.08 43.25 684.70 42.17 30.85 7.11 764.82 808.07 

tetra-IPK815 23.65 24.25 47.90 822.48 68.22 25.46 7.89 924.04 971.94 

AG189 13.11 28.36 41.47 603.13 45.47 11.62 7.48 667.70 709.16 

Average 25.75 ± 31.76 22.15 ± 2.64 47.91 ± 31.88 637.98 ± 112.08 
38.70 ± 
14.53 

31.17 ± 
11.32 

6.46 ± 
0.83 

714.30 ± 
125.22 

762.21 ± 
129.98 

 

PCA and correlation study 

Primary metabolites 

Pearsonôs r correlation values among primary metabolites are reported in Figure 1. Significant (P < 

0.05) negative correlations were observed between proteins and TS (r = - 0.49), as well as between 

wet gluten and TS (r = - 0.56), wet gluten and RDS (r = - 0.53), proteins and TDS (r = - 0.60). Among 

starch fractions, positive significant (P < 0.05) correlations emerged between TDS and RDS (r = 

0.61), as well as between TS and TDS (r = 0.77). Negative significant correlations emerged between 

RS and RDS (r = - 0.42) and between RS and TDS (r = - 0.53). These correlations among starch 

fractions are not surprising, as RDS is known to be the major contributor to TDS, which is typically 
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the major component of TS in wheat-based pasta products (Sajilata et al., 2006). Moreover, it is 

evident that if digestible starch fractions decrease, the resistant one increases. The negative 

correlation between proteins and TS is of particular interest, confirming previous evidence, i.e. a 

negative correlation between protein and starch content in wheat grain (Deng et al., 2015).  

 

Figure 1. Pearsonôs r correlation values among primary metabolites. 

PCA was performed combining protein, wet gluten and starch data. The top three principal 

components (Dim.1, Dim.2 and Dim.3) accounted for 85.3% of the total variation present in the 

dataset (45.6%, 22.5% and 17.2%, respectively). Dim.1 was mainly influenced by TDS, TS, RDS 

and protein contents; Dim.2 was mainly associated with SDS, wet gluten and RS concentrations, 

while Dim.3 was in particular associated with RS, TS, SDS and RDS concentrations, as confirmed 

by PCA correlation circle reported in Figure 2, which also confirmed the results above exposed, 

highlighting the correlations among the considered traits. 

Moreover, PCA Dim.1-2 biplot shows the interesting trend of DWL to be concentrated in the left 

quadrants, associated with protein content (r correlation value between Dim.1 and Protein content = 

-0.71), while DWC resulted to be concentrated in the two right quadrants, associated with TS content 

(r correlation value between Dim.1 and TS content = 0.79). This confirms that landraces are 

characterized by a higher protein content compared to modern cultivars, as the selection process for 
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higher yields per unit area led to a dilution effect (Giunta et al., 2007), probably favoring starch 

content in the grain over proteins. 

 

 

Figure 2. PCA biplot of individuals, and variables correlation circle for protein, wet gluten and starch fractions. 

Axes represent the principal components: Dim1, explaining 45.6% of the variance, Dim2, explaining 22.5% of 

the variance, and Dim.3 explaining 17.2% of the variance. 
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Bioactive compounds 

Significant (P < 0.05) and highly significant (P < 0.001) correlations were observed, suggesting 

common genetic factors controlling the accumulation of different minerals and trace elements, as 

confirmed by previous investigations (Ficco et al., 2009; Murphy, et al., 2009; Rodríguez et al., 2011). 

Correlations among minerals and trace elements were positive, suggesting that when the 

concentration of one mineral or trace element increases, also the concentration of the others does 

so. Specifically, significant correlations (P < 0.05) resulted to be Fe-Zn, Fe-Cu, Zn-Cu, Zn-Mg, Mg-

Cu, Zn-Se, Mg-Se, while highly significant correlations (P < 0.001) resulted to be Fe-Mg, Fe-P, Mg-

P. Among significant and highly significant correlations, the following can be emphasized because 

of the relatively high Pearsonôs coefficient value: Fe-Mg (r = 0.70), Fe-P (r = 0.65), Zn-Mg (r = 0.62), 

Zn-Cu (r = 0.52), Zn-Se (r = 0.53), Mg-Cu (r = 0.59), Mg-P (r = 0.71). Most of these correlations were 

previously reported in other wheat grains, as extensively analyzed in  Rodríguez et al. (2011). The 

results from this screening suggest that grain Fe concentration increases along with phytate (P) 

concentration, as previously reported by Zhao et al. (2009). Authors noted that this relationship 

represents a challenge for genetic biofortification, as increased Fe content may be accompanied by 

decreased bioavailability. However, there is some evidence in the literature that monoferric phytate, 

accounting for approximately 60% of Fe in wheat grain, is relatively bioavailable (Morris, E.R., Ellis, 

1976). As for phenolic acids, the positive correlation between total and bound phenolic acids 

concentrations resulted highly significant (P < 0.001), with a high Pearsonôs r value (r = 0.97), 

confirming the widely accepted knowledge that bound phenolic acids are by-far the most abundant 

form in wheat grain (Tian et al., 2022). Pearsonôs r correlation values among the considered traits 

are reported in Figure 3.           
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Figure 3. Pearsonôs r correlation values among bioactive compounds. 

 

PCA was performed combining minerals and phenolic acids data. The top three principal 

components (Dim.1, Dim.2 and Dim.3) accounted for 75.4% of the total variation present in the 

dataset (37.3%, 26.2% and 11.9%, respectively). Dim.1 was mainly influenced by minerals 

concentrations; Dim.2 was mainly associated with Total and Bound phenolic acids concentrations, 

while Dim.3 was in particular associated with Free phenolic acids concentration, as confirmed by 

PCA correlation circle reported in Figure 4, which also confirmed the results above exposed, 

highlighting the correlations among the considered traits. Moreover, PCA biplot in Figure 4 shows 

the interesting extreme spotted accessions. For example, accessions Kubanka, Kyperounda and 

Cappelli were characterized by higher Zn concentration, overcoming the target of 40 mg/kg. Cappelli 

also showed the highest value of Fe concentration, followed by Monastir and AG189, a carthlicum 

subspecies accession, while Kyperounda also showed the highest value of Se content. Trinakria, 

tetra-IPK815 and Kyperounda, were characterized by higher bound and total phenolic acids 

concentrations. On the other hand, tetra-IPK814 and tetra-IPK815 where characterized by the lowest 

values of Zn concentration, along with Creso. tetra-IPK815 also showed the lowest Se content, 

followed by Daurur. Finally, Aureo and Kubanka showed the highest values for Free phenolic acids 

concentrations (Figure 4).  
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Figure 4. PCA biplot of individuals, and variables correlation circle for bioactive compounds. Axes represent 

the principal components: Dim1, explaining 37.3% of the variance, Dim2, explaining 26.2% of the variance, 

and Dim.3 explaining 11.9% of the variance. 
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Conclusions 

Grain protein content and the composition of starch fractions play a crucial role in determining dough 

rheological properties and the overall quality of cooked pasta, including aspects such as appearance, 

firmness, texture and mouthfeel. Consequently, the characterization of genetic material with respect 

to these traits remains a primary focus in breeding programs. In the present study, twenty-two durum 

wheat accessions have been characterized for primary metabolites, revealing interesting ranges of 

values and noteworthy correlations. These findings contribute to our understanding of the genetic 

diversity associated with key traits.  

Beyond the considerations of dough properties, there is a growing interest in enhancing the 

nutritional value of durum wheat through biofortification. This is particularly relevant given the high 

consumption of durum wheat in the Mediterranean population, where significant health benefits are 

associated with the intake of essential minerals, micronutrients, and phenolic acids. Consequently, 

breeding cereal crops with increased concentrations of minerals and phenolic acids requires a 

comprehensive understanding of the existing variation within available germplasm. The analysis of 

the twenty-two durum wheat accessions in this study revealed considerable differences in the 

concentrations of minerals and phenolic acids indicating the presence of exploitable genetic variation 

that can be harnessed by plant breeders.  

These findings not only provide valuable insights into the potential for improving nutritional value but 

also open up new avenues for further research and breeding efforts in durum wheat. By leveraging 

the identified genetic variation, plant breeders can develop enhanced durum wheat varieties that 

exhibit improved nutritional profiles, contributing to the broader goal of addressing nutritional 

deficiencies and promoting healthier dietary choices. 
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Concluding remarks 

Wheat is alarmingly threatened by climate change in the Mediterranean Basin, where it represents 

a key crop from a social, cultural, agricultural and economic point of view. Therefore, there is an 

urgent need to improve its resilience to the phenomenon, both from a food security and food safety 

perspective. It is essential to guarantee uniform, stable and high yields in a context of worsening and 

recurring drought and heat waves, as well as provide millions of consumers with a high nutritional 

value food. For this reason, the selection process for abiotic stress resistance and grain quality has 

to go hand in hand.   

My PhD research highlighted the possibility to expand the selection process targeting different goals 

in a more plastic and resilient way, addressing the controversial issue of breeding for drought 

resistance in durum wheat, offering an environment-oriented perspective. I recommended the most 

appropriate trait combinations for different drought scenarios, and assessed the impact of climate 

change on wheat life cycle in the north of Italy, as well as its consequences in terms of grain gluten 

quality.  I also experimentally tested suitable strategies and genetic material to improve durum wheat 

drought stress resistance at in vitro, in vivo and open field scales.  

Given the strategic importance of durum wheat in human nutrition in the Mediterranean Basin, my 

PhD thesis also highlighted differences in technological, nutritional and nutraceutical quality between 

modern durum wheat cultivars and landraces. Grain quality is greatly affected by environmental 

conditions, which have become increasingly challenging due to climate change.  

Wheat and the Mediterranean Basin have a shared history, made of habits and customs, traditions, 

and cultural heritage, rooted in the very cradle of our identity. A new chapter of this shared journey 

is eager to be written, overcoming the obstacles blocking the path, and retracing the past to predict 

the future. 

 

 

 

 

 

 

 


