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1. Introduction 

 

 1.1 Wheat importance, production, and future perspective 

Wheat is among the most relevant cereals for humanity due to its great importance to human 

nutrition: this cereal is a high source of energy since 85% of the mature wheat grain consists of 

carbohydrates and it is a good source of proteins that account for 10-15% of the dry weight of 

the grain; wheat also contains other components and phytochemicals, such as vitamins and fi-

ber, that contribute to a whole healthy diet1. The importance of wheat is more evident especially 

in the developing regions where the combined consumption of wheat, rice and maize provides 

people with more protein than meat, fish, milk and egg combined; nevertheless, in the more 

developed region, wheat still accounts for more than 20% of the daily dietary calories and pro-

tein intakes2,3. The usefulness of wheat is not limited to human consumption because it is also 

used for animal feeding and, industrial processing2. Its annual production in 2021 was 793.4 

million tons, with an average year’s production of 723.9 million tons in the past five years 

(https://www.fao.org/worldfoodsituation/csdb/en/), this makes wheat the most important cereal 

traded on international markets4 with a trade value of $44.1 billion in 20195. The production of 

wheat is spread across the globe under a wide range of both climatic conditions and geographic 

areas, covering more than 220 million hectares6 spreading from Scandinavia to Argentina (Fig. 

1). About 80% of the world’s wheat production is located in North America, Argentina, Europe, 

China, India, Australia and North Africa, with the United States being the world’s largest wheat 

exporter and the developing regions being the world’s largest wheat importers1 

(https://www.fao.org/3/Y4343E/y4343e02.htm). This highlights how the pattern of production 

does not necessarily reflect the pattern of consumption, in fact the developing regions account 

for 50% of the wheat production but their demand is about two-thirds of the global demand2. In 

these regions, wheat is among the top three food crops and it is a critical dietary component for 

the poorer people who live with less than US $2/day, hence its local high consumption rate2. 

The reason behind this elevated consumption lies in the fact that wheat is heavily consumed in 

those countries undergoing urbanization and industrialization as part of adopting a “wes tern 

lifestyle” in which this cereal is mainly employed to produce baked goods – i.e. bread and 

pasta1. If on one hand wheat is important for food security in these countries, on the other hand 

there are difficulties in matching the inner demand for wheat with the current production since 

these regions’ yields are lower than that in other main producer countries (yield in Central and 
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West Asia and North Africa regions <2.5 t/ha vs. yield in Europe 5.2 t/ha)7,8, thus these coun-

tries are net importers of wheat for human consumption. The inner situation is further exacer-

bated by abiotic and biotic stresses that can affect the total yield along with adversities con-

nected with climate change8. 

 

 

Another important issue to take into account when considering wheat production is the fact that 

global demand for wheat in the upcoming decades is projected to grow by 60% by 2050 (there  

will be an estimated demand for wheat of 900 million tons8) since the global population is 

expected to exceed 9 billion people by 20508–10. To meet this demand, the actual production of 

wheat, around 723.9 million tons yearly11 (https://www.fao.org/worldfoodsituation/csdb/en/) , 

has to increase in the future, implying an annual production growth rate for wheat of about 2%, 

while it was limited to only 0.9% from 1985 to 1995 and 1.5% from 1996 to 200512. In more 

general terms, agricultural production must increase by 50% by 2050 to meet the future global 

demand for food10. One of the challenges encountered trying to match this goal is to do so in a 

sustainable way, in contrast to what happened in the second half of the 20th century when a rise 

in wheat production was achieved through massive use of fertilizers, pesticides and non-renew-

able energy sources that sustained the industrial process behind and beyond the harvest 12, while 

Figure 1 – World wheat production by country, available online on atlasbig 
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at the same time higher-yielding and fertilizer-responsive varieties were employed13. If the in-

crease in wheat production must be achieved at all costs, that must be done by maximizing other 

factors. Given that total production is the product of harvested area and yield per unit area, it is 

unthinkable to rely only on the first factor through the conversion of extended areas to cropland 

because it is also of key importance to preserve the actual biodiverse natural ecosystems; there-

fore, the most sustainable strategy to follow is to increase crop yields on currently cultivated 

lands10,14. When talking about yield, distinctions must be made between 1) yield potential, 

which refers to the yield of an adapted variety when grown with no biophysical limitations other 

than uncontrollable factors (such as solar radiation, air temperature and water supply in rainfed 

systems); and 2) average yield, which refers to the yield of that same variety under the available 

conditions in the area of interest, meaning that the crops are subjected to many biotic and abiotic 

stress14. Some biophysical factors that influence the average yield can be nutrient deficiencies 

or imbalances, flooding or water stress, insect damages or diseases, suboptimal planting or soil 

problems; but there can also be socioeconomic factors, such as profit maximization instead of 

ecofriendly good practices, limited time devoted to activities or lack of knowledge on best 

practices. In general terms, average yield usually reaches 80% of the yield potential over the 

same spatial and temporal scale, leading to the existence of a yield gap. That’s why getting a 

higher yield requires top-notch management of crop and soil factors that influence crop deve-

lopment, such as plant population, the balance of the essential nutrients and protection against 

diseases, which is both time and money consuming, especially under field conditions14. Even 

so, understanding the factors behind this yield gap can help identify those limiting factors that 

can be targeted with new technologies to increase the actual yield, also taking into account that 

the strategies needed to increase the yield could be effective but money-consuming, leading to 

the farmers seeking the best profit instead of a higher but more expensive yield14. 

 

 

 1.2 Origin of wheat  

All the crops that go under the name of “wheat” belong to the genus Triticum, which consists 

of three ploidy levels -diploid, tetraploid and hexaploid-, of which the tetraploid and hexaploid 

ones are the most cultivated wheats nowadays. All this wheat derives from the wild tetraploid 

progenitor Triticum turgidum ssp.  dicoccoides, which is native from the Fertile Crescent where 

it is still cultivated15,16. The origin of the first tetraploid wheats can be dated ca 500,000-300,000 

years before present (BP) and can be found in an event of allopolyploidization in which the 
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whole genome duplication (WGD) occurred concomitantly with the hybridization of two or 

more species, in this case Triticum urartu (AA genome) and an unknown species of the genus 

Aegilops (BB genome), thus creating a new species: Triticum turgidum ssp. dicoccoides (AABB 

genome), also known as wild emmer wheat (WEW)15. Allopoliploidy results in the convergence 

of different genomes already adapted to different environments, giving birth to a single organ-

ism potentially adaptable to a wider range of environmental  conditions, even though this indi-

vidual is not necessarily the sum of all the genes expressed in its ancestors17. Allopolyploidiza-

tion can also result in a polyploidy diversity bottleneck considering that only a few diploid 

genotypes were involved in the allopolyploid speciation event and were soon isolated repro-

ductively, excluding the possibility to introgress new genetic variability into the newly formed 

species18. 

Another allopolyploidization occurred ca 10,000 BP between T. turgidum and the wild wheat 

species Aegilops tauschii (DD genome), giving birth to the hexaploidy species Triticum aes-

tivum (AABBDD genome), also called common wheat or bread wheat15. 

 

 1.2.1 Wheat domestication and Neolithic revolution 

Wild emmer wheat was one of the first cereals to be domesticated in the Fertile Crescent around 

12,000 BP, the same time and place when agriculture began16. In truth, wheat had been part of 

the human diet way before the beginning of agriculture, and its consumption can be tracked 

down in archeological remains that date back to 19,000 BP, when humans foraged and ate wild 

cereals and seeds12. The situation changed in the Middle East around 12,000-9,500 BP when, 

in concomitance with a period characterized by winter frost and rainfall decline that may have 

led to a reduction in the available food, humans had to resort to new means to get the provisions 

needed, namely the cultivation of those plants they were used to gather: this marked the begin-

ning of agriculture12. Following this change, the former groups of hunter-gatherers slowly 

turned into sedentary agricultural societies, settling down to tend to their fields and animals. 

The whole complex process of transition that occurred at that time and place goes under the 

name of “Neolithic revolution” and accounts for many gradual adjustments that took place over 

the span of a few millennia, of which the beginning of agriculture was one of the most signifi-

cant ones19,20. Other important traits acquired by humans during this revolution were: a new 

source of meat that came from their newly domesticated animals (such as cattle and pigs), the 

development of small societies in which new roles emerged, and the beginning of pottery-mak-

ing21. 
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In the next millennia, following the migration of farmers outside the Middle East, even agricul-

ture was exported to Eurasia, all the while agriculture had spontaneously been rising inde-

pendently in all continents as shown in Figure 220. 

 

 

Amidst this time of changes, wheat was one of the main cereals to be cultivated and one of 

the first to be domesticated12,22: when farmers began cultivating wild plant species, they pre-

ferred those adapted to local environments and that fulfilled their needs in terms of yield, ease 

of harvesting, and energy and nutritional intakes23. This way the first farmers were unknow-

ingly practicing plant selection and breeding, equipping plants with a suite of anatomical and 

morphological qualities that helped those plants spread in that new anthropized environ-

ments12,19. Farmers chose plants with 1) an increased grain size, which is of great help when 

seeds are buried in open environments and there must develop, 2) loss of seed shattering that 

manifests in non-brittle rachis, which helps reduce the natural seed dispersal and facilitate 

harvesting with a sickle, and 3) naked seeds, a trait associated with short dormancy12,17,23. 

These traits have been under selective pressure through human cultivation , with the non-brit-

tle rachis trait often regarded to as the hallmark of domestication in most seed crops, and that 

is also true for wheat 24. 

The domestication of WEW took place in the Fertile Crescent region ca 12,000 BP and origi-

nated the new subspecies T. turgidum ssp. dicoccum, also known as domesticated emmer wheat 

Figure 2 - Centres of plant domestication: accepted primary domestication centres are shown in 

black, and potentially important secondary domestication centres are shown in grey; numeration 

follows spatial distribution from west to east (from Purugganan and Fuller, 2009 23) 
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(DEW). With this domestication, DEW acquired the non-brittle rachis trait, which allowed early 

farmers to easily harvest the grain since the brittle rachis trait in WEW was responsible for the 

natural seed dispersal mechanism15,25. This newly acquired trait prevents the plant from scat-

tering its seeds, and its responsible loci on chromosomes 3A and 3B, respectively, are Brittle 

rachis-A1 and Brittle rachis-B1, which both must carry the recessive loci for the non-brittle 

rachis trait to manifest15,25,26.  

After its birth in the Fertile Crescent, T. turgidum ssp. dicoccum widely spread across the Near 

East and beyond, through Mesopotamia and Anatolia to the Mediterranean coasts where it un-

derwent considerable varietal diversification in response to the particular agroecological con-

ditions of the cultivation area15. Over time, a new subspecies originated from the DEW: it is the 

T. turgidum ssp. durum, commonly named durum wheat (DW); this subspecies had gained the 

free-threshing trait through the mutation on chromosome 5AL from allele q-A1 to allele Q-A1, 

along with the mutation on the chromosome 2DS from allele Tg-1 to tg-1, which mainly resulted 

in soft glumes but is also required for the free-threshing trait17,25. 

 

 1.2.2 Genetic bottlenecks and new genetic variability 

The domestication of wild species implies a reduction in the population size and consequently 

in allelic diversity, resulting in a genetic bottleneck. Even so, there are possibilities to increase 

the genetic variability through spontaneous hybridization between the domesticated forms and 

the wild population growing in the same fields12. Another important cause of a genetic bottle-

neck in wheats is the modern selection exerted by humans, which have been selecting varieties 

more suitable for their use in terms of both crop yield and dietary benefits12. The difference 

between these two causes of bottlenecks is that domestication seems to be associated with a 

change in transcriptional regulatory network, while the crop diversification associated with 

modern selection involves a higher number of enzyme-coding loci23. The result of all these 

genetic bottlenecks is a decrease in the potential to further evolve in a mutable environment and 

challenge the variation in other biotic stresses since many potentially adaptive alleles have been 

lost through domestication and modern selection12.  

But not all is lost since wheat relatives still stand as sources of new genetic variability  that can 

be transferred into the now cultivated wheats through modern breeding programs12, even though 

the more distant the relatives are from each other and the more difficulties can be encountered 

when trying to transfer genes27. The wild relatives of wheat can be classified into primary, 

secondary and tertiary gene pools owing to their genomic constitution: 1) the primary gene pool 
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is made up of species that share homologous genomes with cultivated wheat, i.e. T. monococ-

cum, T. urartu, T. boeticum, T. turgidum subspecies, T. aestivum and Aegilops tauschii, all these 

species are easily intercrossable and represent a source for many disease resistance genes with 

T. turgidum ssp. dicoccoides, in particular, that is a valuable source of powdery mildew and 

leaf rust resistance genes; 2) the secondary gene pool includes species that have at least one 

genome in common or partially in common with wheat, such as T. timopheevi, T. zhukovskyi 

and Ae. speltoides, meaning that recombination between these wild relatives and cultivated 

wheat can occur only between homologous chromosomes, and these species are an important 

source of agronomic traits such as nutritional and bread-making quality, along with tolerance 

to biotic and abiotic stresses; 3) the tertiary gene pool encompasses more distant related species 

whose chromosomes are not homologous to those of wheat, such as Secale cereale, Thinopyrum 

elongatum and Thinopyrum intermedium, which are great sources of biotic and abiotic re-

sistance or tolerance, along with harboring genes responsible for higher grain yields , and for 

which cytogenic manipulations are required to overcome interfertility problems when cross-

breeding with such distant related species28. 

When looking for interesting genes in wild ancestors one may be biased in the perception of 

what can be considered as an important trait and may end up investigating regions with already 

known functions. To avoid falling trap to this bias it is possible to focus on the molecular level 

of the wild vs. domesticated genomes, looking for regions with a significant reduction in gene 

diversity and extension of linkage disequilibrium (LD) that is proof of selection imprinting12. 

Usually, to preserve the genetic variability, it is possible to make use of gene banks, but for a 

wild population the best choice is the in situ conservation considering that wild species still 

evolve in their natural environment. This strategy, though, may be particularly challenging in 

the Fertile Crescent, considered to be the cradle of civilization where plant domestication first 

began, since climate change is posing a great risk on the local biodiversity with a predicted 

reduction in wheat-related species richness. That’s why the reservoir of wild species and land-

races must be preserved, given that it means there is still a pool of useful genetic variability 

that can be transferred into cultivated varieties to get new adaptive ones12. Another source of 

variability lies in the occurrence of random mutations, which gives an important contribution 

to genetic and phenotypic variation, even though most mutations are likely to be neutral or 

deleterious and thus not to be positively selected. In this regard, advantages lie in the polyploidy 

since in polyploid species an average of 64.5% of genes are paralogous29: this richness in du-

plicated genes allows to tolerate many mutations and to wait for the favorable ones to occur, all 

the while the duplicated genes make up for those functions that may be compromised by those 
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random deleterious mutations12. The polyploidy of wheat is one of the factors in play for the 

success of the domesticated polyploid wheat species, which follows the success of other plant 

polyploid species that make up almost 80% of all plant species17,30. 

 

 

 1.3 Durum Wheat 

Triticum turgidum spp. durum, also known as durum wheat, is the tenth most commonly culti-

vated cereal worldwide and the second most important wheat type after common bread 

wheat19,31; it is mainly produced for making pasta -entailing that its other common name is pasta 

wheat-, but also for couscous and bulgur, especially in North Africa and Middle East19. Durum 

wheat has an average yearly production of 40 million tons, covering only 5% of total wheat 

production, while its planting area of 16 million hectares accounts for 7% of total surface cul-

tivated with wheats10. The Mediterranean region makes up for more than half of the worldwide 

durum wheat growing-area, and this crop is usually allocated to lower-yielding environments 

compared to common wheat, under the assumption that durum wheat is more tolerant to envi-

ronmental stresses, even though it was recently demonstrated that durum wheat is more efficient 

than bread wheat under higher-yielding conditions31. 

The main producer is Canada, followed by Italy in which durum wheat is the first cultivation 

for harvested area with 1.2 million ha that accounts for 7.9% of the total cropland in 2021 

(http://dati.istat.it/Index.aspx?QueryId=33706). The main exporter is still Canada but it is fol-

lowed by Mexico and European countries that make up for 83% of all durum wheat available 

for export, with the remaining 17% being cultivated in the United States, Australia and Kazakh-

stan10,31.  

 

 1.3.1 Domestication of durum wheat 

The leading role of Italy in DW production is partly imputable to the economic importance of 

the pasta industry in this country31. Italy was the first country within the Mediterranean basin 

to begin consciously and purposely breeding DW since the beginning of the 20 th century, lead-

ing to an increase in genetic uniformity compared to other countries where many different land-

races were still cultivated. Italian breeders firstly selected the single best pure lines from the 

heterogeneous landraces, with cultivar Senatore Cappelli being the most outstanding and widely 

used in that period owing to its higher yields and better quality when compared to the other 
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varieties available at that time, and then they began utilizing intraspecific crosses with other 

Mediterranean cultivars to further improve DW31. 

Improvements in DW also came from Mexico where, in the 1940s, the Rockefeller Foundation 

launched a program to increase the national crop yield. The strategy that was followed saw a 

generation of wheat grow during the winter on the sea level, and a second generation grow 

during spring at ca 2,600m above sea level, leading to the selection of lines insensitive to 

changes in day length and date of planting and hence broadly adapted, allowing an increase in 

yield of almost 4 times32. Among the other issues addressed in this program are plant nutrient 

requirements for each soil type, the irrigation and soil management practices and the methods 

for land preparation, planting and harvesting. The overall data gathered by the scientists in this 

program allowed the introduction of high-yielding varieties of wheat in combination with the 

application of large amounts of fertilizer and pesticides. Thanks to all this, in 1956 Mexico 

became self-sufficient in wheat-production for the first time and has remained so since then, in 

fact, Mexico nowadays accounts for the second wheat exporter worldwide10,32. These advances 

were then spread worldwide, helping increase the global wheats yield, and in this context the 

term ‘Green Revolution’ was coined to express the changes introduced in agriculture 33. Further 

examination in the following decades pointed out that the substantial increase in wheat yield 

brought by the Green Revolution was obtained with the introduction of the dwarfing gene Rht-

1, which interferes with the signal transduction pathway of the gibberellin growth hormone31–

33: normally, the stalks of tall wheats would fall under the weight of the grains their high-yield-

ing varieties bring, a process called lodging that leads to large yield losses, while the presence 

of Rht-1 guarantees shorter and stronger stalks that do not lodge33. 

 

 

 1.4 Genome sequencing in wheat 

Sequencing genomes of different species is informative of the different genes they may carry, 

but also of the smallest variation in nucleotide sequences that can result in drastic phenotypic 

differences, for these reasons genotyping new individuals is an open challenge to acquire new 

useful insight for breeding programs. Sequencing the genome of polyploid species has been a 

hard challenge for so long, with the main constraints being the polyploidy, the high repetit ion 

of DNA that accounts for ca 80% of the whole DNA, and the large genome size (~12 Gb for 

tetraploid wheat vs. ~16 Gb for hexaploidy wheat)26,34. If the first whole-genome sequencings 

were approached with a strategy based on the bacterial artificial chromosome (BAC) physical 
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maps and Sanger sequencing (such is the case of Arabidopsis thaliana whose 125 Mbp genome 

was sequenced in 2000), lower were the possibilities to follow this same strategy and sequence 

bigger genomes since that would be economically and time-effort unaffordable34. New ap-

proaches had been developed through the years to enable the sequencing of such large genome, 

including the chromosome by chromosome method in which the whole job of sequencing gets 

divided into many groups that take care of smaller part of the genome, but it was with the advent 

of the next generation sequencing (NGS) technologies that a huge leap forward was taken30,34. 

NGSs could reduce sequencing costs and increase sequencing throughputs while expanding the 

complexity of fragment assembly due to their short-sequence read output30. These new tech-

niques come with their own downsides, given that the short reads can hide a high rate of false 

indels, besides they require unique assembly algorithms and the base calling is less accurate 

than Sanger sequencing. Nevertheless, their contribution has had a huge impact on the sequenc-

ing of polyploid species since NGSs can be paired with other technologies that help improve 

the contiguity of their output assemblies, such as the PacBio or Oxford Nanopore technologies 

that allow longer reads30. Indeed the latest news in sequencing is represented by the third-gene-

ration genomic technologies that enable ultra-long and real-time data sequencing approaches, 

such as the ones by Oxford Nanopore Technologies30. 

 

 1.4.1 Sequencing of wild emmer wheat accession Zavitan 

Avni et al in 2017 de novo assembled the wild emmer wheat accession Zavitan genome by 

whole-genome shotgun (WGS) sequencing of various insert-size libraries, generating contigs 

with 𝑁50 = 57 𝑘𝑏𝑝 and scaffolds with 𝑁50 = 6 𝑀𝑏. The scaffolds were then combined with 

three-dimensional chromosome conformation capture sequencing (HiC) data, enabling the con-

struction of 14 chromosome-scale assemblies, also known as pseudomolecules, that represent 

the 14 chromosomes of WEW. In this way, they obtained a 10.5 Gb genome assembly composed 

of 14 pseudomolecules making up for 10.1 Gb, and one group of unassigned scaffolds making 

up for 0.4 Gb26. Assembling a polyploid genome is extremely challenging as fragments of a 

subgenome might be assigned to the wrong subgenome, leading to misassembled false genomes; 

in the case of allopolyploid species, this challenge can be less problematic given the greater 

genetic distance between the subgenomes30. Avni et al., further investigated the genome relying 

on the RNA sequencing (RNA-seq) reads generated from different combinations of tissues and 

development stages, thanks to which they identified 65,012 high-confidence (HC) gene models. 
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They noted an HC gene density gradient along the centromere-telomere axis, while the expres-

sion level per gene was higher for genes in proximal regions of chromosome arms; these results 

could be attributed to a higher proportion of well-expressed housekeeping genes in the proximal 

regions compared to the distal regions that might harbor higher proportion of condition-specific 

genes expressed at low level26. The expression analysis also revealed the lack of genome-wide 

transcriptional dominance of individual subgenomes, supporting the same findings that had 

emerged in common wheat26,35. Out of the 10.5 Gb genome assembly, 82.2% was annotated as 

transposable elements (TEs), with almost the same content in the two subgenomes 26. 

Avani et al. also analyzed the population from a cross between WEW accession Zavitan and 

DW cv. Svevo identifying genomic regions regulating the brittle-rachis phenotype in Zavitan, 

namely allele TtBtr1-A on chromosome 3A and allele TtBtr1-B on chromosome 3B. They could 

also identify the two homozygous recessive mutations in Svevo alleles that result in the loss -

of-function for these alleles: a 2-bp insertion that introduces a premature stop-codon in TtBtr1-

A and a 4-kb insertion in TtBtr1-B26. The researchers also investigated the genetic diversity in 

terms of nucleotide diversity through exome capture sequencing data for a set of WEW and 

DEW accessions, concluding that DEW has only a minor loss of genetic diversity when com-

pared to WEW26. In the following years, Zhu et al. improved the genome sequence of WEW 

accession Zavitan with the aid of optical mapping using the direct label and stain (DLS) tech-

nology36: in their work they identified 67,182 HC genes, greatly reducing the number of gaps 

of unknown lengths in the pseudomolecules36,37. 

 

 1.4.2 Sequencing of durum wheat cultivar Svevo 

Maccaferri et al. in 2019 de novo assembled the genome of the durum wheat cultivar Svevo 

through WGS sequencing of different libraries by using an Illumina HiSeq2500 platform and 

HiseqX instrument, following the same strategy as Avni et al. , 2017. Their sequencing gener-

ated scaffolds with 𝑁50 = 6.0 𝑀𝑏 that were assembled into pseudomolecules using data from 

HiC libraries, and which were orientated using the Svevo × Zavitan genetic map previously 

constructed by Avni et al. in 2014 using F6 recombinant inbred line (RIL) population originated 

from a cross between Svevo and Zavitan37,38. In the end, the total size of the assembly they got 

amounted to 10.46 Gb and further analyzing the genome with the help of different RNA-seq 

datasets, protein reference sequences and protein structure predictions, they could annotate 

66,559 HC genes. They then proceeded to compare WEW and DW genomes, founding strong 

synteny and high similarity in total HC number, chromosome structure and TE composition. 
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The short separation time between Zavitan and Svevo was also proved by the presence of 

syntenic long terminal repeat (LTR)-retrotransposon insertions that thus have not been sub-

jected to rapid TE turnover yet. They co-clustered Svevo and Zavitan HC genes to assess the 

differences among them and found lineage-specific unigene groups, both in Svevo and Zavitan, 

which have no close homoeologous genes in the HC gene set of the other accession. When 

mapping the HC genes from the lineage-specific unigene groups in Svevo onto the Zavitan 

genome, some had no correspondence at all, but others corresponded to short counterparts of 

annotated Zavitan HC gens or were annotated as low confidence (LC) genes, and the remaining 

ones mapped to unannotated regions and can be missed genes in the automated annotation. 

There were also unigene groups with an asymmetric number of genes between the two cultivars: 

1) the presumed HC gene losses are located predominantly in the more distal chromosomal 

regions where most of the known quantitative trait loci, QTLs, are contained and where HC 

genes display a reduced expression width, hinting that these regions contain condition-specific 

genes, similarly to what Avni et al. found in Zavitan26, while 2) the gene gains are located on 

the same chromosome, implying tandem gene duplication as the main mechanism of their 

origin. To conclude the dissertation about genes’ localization, they noted that the less dynamic 

interstitial regions contain a greater number of unigene groups with balanced cop y numbers for 

Svevo and Zavitan and that is indicative of enrichment in housekeeping genes37. 

Maccaferri et al., also analyzed the phylogenetic relationships inside the Global Tetraploid 

Wheat Collection that consists of 1,856 accessions representative of WEW, DEW, DW land-

races (DWL) and DW cultivars (DWC). From their analysis, it emerged how DEW possesses a 

broad genetic diversity, while DWC has a more limited genetic diversity and a close relationship 

to a specific DWL population. Through a SNP-based gene diversity index, they also determined 

that WEW has the highest average diversity owing to its wild nature, while, on the contrary, 

DWC shows many regions with near-fixation allelic diversity due to domestication and modern 

selection it underwent. One of the two brittle rachis regions, which marks the early domestica-

tion process, showed a strong reduction in diversity from WEW to DEW and from DEW to 

DWL, meaning that this trait was under selective pressure. They also studied the selection sig-

natures when transitioning from WEW to DEW, from DEW to DWL and from DWL to DWC, 

noticing that 350 out of 454 regions in which selection signatures are strong, also called selec-

tion clusters, are located in non-pericentromeric regions. They also projected on the genome 41 

loci known to be under selection during emmer domestication and DW evolution and many of 

them mapped fall into selection clusters. 
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 1.5 Threats to wheat 

Since wheats account for one of the most important crops worldwide it is of primary importance 

to keep an appropriate yield yearly. These cultivations are threatened not only by abiotic stress 

brought by adverse weather conditions such as heat stress, prolonged water stress, heavy rainfall 

and late frosts, but also by biotic stresses. Nearly 200 diseases and pests have been documented, 

and approximately 50 are considered economically important because of their potential to dam-

age crops and hurt farmer incomes39,40. Most of the globally important wheat diseases are 

caused by either biotrophic or necrotrophic fungi. Among the biotrophic fungi, there are those 

responsible for leaf rust (caused by Puccinia triticina), stripe rust (caused by Puccinia strii-

formis f. sp. tritici), stem rust (caused by Puccinia graminis f. sp. tritici) and powdery mildew 

(caused by Blumeria graminis f. sp. tritici). While the necrotrophic fungi are responsible for 

Fusarium head blight, the leaf spotting diseases involving Septoria tritici blotch, tan spot and 

many other diseases39. 

It is possible to address these diseases via host resistance, chemicals, cultural practices , biolog-

ical control, and integrated disease management, but since the pathogens for rusts and mildew 

are able to overcome deployed race-specific resistance genes in a short time there is a major 

focus for research and breeding on their respective pathogens39. 

 

 

 1.6 Powdery mildew 

Among the most widespread fungal disease for monocotyledonous and dicotyledonous plants 

is powdery mildew, which is caused by obligate biotrophic Ascomycetes of the order Ery-

siphales41. These fungal pathogens exclusively colonize the epidermal cell layer and generate 

dedicated infection structures, haustoria, inside colonized host cells where the fungus induces 

the re-organization of the host cell architecture and physiology for its own demands41. Blumeria 

graminis is the obligate biotrophic ascomycete responsible for powdery mildew in relevant 

crops such as wheat and barley42. It causes a destructive foliar disease resulting in the reduction 

of tiller number, grain number and kernel weight43 that heavily affects the actual yield inflicting 

severe economic losses; hence B. graminis is regarded as the world’s sixth most important fun-

gal phytopathogen and the fourth most important disease in wheat after the three rusts 42,44.  

B. graminis has evolved into at least eight formae speciales, each specifically infecting one host 

species; it must be noticed that the strains isolated in Israel have the highest host ranges reflect-

ing the vast biodiversity of cereals and subsequently of pathogens present in the Middle East, 
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the cradle of agriculture43. B. graminis forma specialis tritici is responsible for powdery mildew 

in wheat and grows only on living hosts attacking all above-ground parts, including stems, 

leaves and spikes, and that is why the growth of this biotroph is heavily influenced by the host 

plant health, including its water and nitrogen status43,45. The infection by B. graminis is usually 

measured as disease severity, assessing the percentage of diseased plant tissue43. 

B. graminis f.sp.tritici genome has an estimated size of 180 Mbp, 82 Mbp of which have been 

analyzed by Wicker et al (2013): they annotated a total of 6,540 genes, however over 90% of 

the genome was classified as TE sequences. In this organism, many gene families involved in 

metabolism were reduced or absent compared to non-obligate biotrophs, coherently with the 

fact that B. graminis is an obligate biotroph that relies on its host for many functions. The 

researchers also compared B. graminis f.sp.tritici with the one of B. graminis f.sp.hordei, re-

sponsible for powdery mildew in barley, noticing that almost 92% of the predicted genes in 

tritici had homologs in hordei, hinting that there are a large number of genes that are specific 

to the Blumeria genus45. They also estimated that the two formae speciales diverged 6.3 (± 1.1) 

million years ago, while their respective hosts, wheat and barley, diverged 10-15 million years 

ago, noticing that the gene order is highly conserved between these two formae speciales, while 

intergenic sequences are more divergent due to the indel of TE42,45. They also sequenced 9 more 

isolates of B. graminis f.sp.tritici, derived from different geographic regions or within the same 

country, and they observed how candidate effector genes (the ones that lead the plant infection) 

had more nonsynonymous substitutions than the average for all genes, demonstrating that they 

are under stronger selection45. 

 

 1.6.1 Infection by Blumeria graminis f.sp. tritici 

B. graminis f. sp. tritici is a cool-season pathogen, favored by temperatures in the 14.5-18.2°C 

range and relative humidity in the 50-80% range, for this reason its epidemics begin to decline 

when temperatures reach 25°C and above, while free water inhibits spore germination 43. This 

disease had always been well spread in regions with cooler, maritime, or semi-continental cli-

mates, such as Europe, East Asia and eastern provinces of the United States of America; but 

since the occurrence of the Green Revolution, powdery mildew has become of primary im-

portance even in warmer and drier regions, such as North Africa, West Russia and South and 

West Asia, where nowadays intensive production relies on those techniques that result in a more 

compact and humid canopy, favoring the spread of this disease (Fig. 3)43.  
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Blumeria graminis has both a sexual and an asexual life cycle: the actual disease occurs under 

dryer weather in the early summer when haploid spores infect plants and asexually reproduce, 

while at the end of summer the sexual reproduction generates overwintering chasmothecia in 

which ascospores remain dormant45,46. The asexual spores are responsible for epidemic spread 

since they are dispersed through the wind46. 

For the disease to begin, a haploid conidium, produced in chains from aerial conidiophores, 

must land on the leaf surface and start its asexual life cycle (Fig. 4). On the leaf surface, the 

conidium releases droplets of the extracellular matrix that carries non-specific esterase and cu-

tinase activity through which the conidium bounds to the leaf and begins transporting fungal 

extracellular material component inside the plant cells46. The conidium then germinates, form-

ing a short primary germ tube (PGT) that penetrates the host cuticle; then a secondar y germ 

tube emerges and differentiates into an appressorial germ tube (AGT) whose tip hooks and 

begins to swell, developing an infection structure named appressorium. From the appressorium, 

a penetration peg emerges and is driven through the plant cuticle and into the underlying epi-

dermal cells where it swells within the cell lumen forming a digitate haustorium. This process 

induces the invagination of the host cell plasma membrane around the haustorium, which gen-

erates an extrahaustorial membrane. The haustorium is a specialized organ tightly associated 

with the plant plasmalemma: it assures the assimilation of nutrients directly from the plant cell, 

meanwhile promoting the transfer of fungal components into the plant cells that interfere with 

Figure 3 - Regions where powdery is a significant economic problem in wheat production 

(from Sharma, 2012 43) 
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the plant defense response45,46. Nutrients absorbed by the haustorium fuel ramification of sec-

ondary hyphae, the production of numerous secondary haustoria and in the end sporulation. 

Each haustorium feeds a young colony, which can grow and develop up to 200,000 new conidia 

that can be seen with the naked eye as they appear like white powder, giving the disease its 

name. These conidia can subsequently be distributed by wind or transferred onto other leaf 

surfaces, infecting new hosts45–47. 

 

 

The sexual cycle is then initiated by dryer weather at the end of summer, when hyphae of op-

posing mating types fuse for a short diploid cycle, forming the fruiting bodies chasmothecia, 

each containing eight sexually produced haploid ascospores that can ripen and be the founder 

of the new generation (Fig. 5)46,48. The existence of chasmothecia is an advantage for the fungus 

since it remains dormant under adverse weather conditions, allowing ascospores to overwinter 

and survive long periods of drought during which the host survives as a seed49. This way, when 

the optimum level of humidity is reached, the ascospores mature in asci and are ejected from 

the asci so that they can be spread through the wind and, upon landing on a suitable host leaf 

surface, they can infect a new host plant, reaching fields distant from the initial field where 

infection occurred45,48. 

Figure 4 - Asexual Life Cycle of B. graminis f sp.hordei (from Both et al., 2005 47) 



17 
 

 

 

This disease can manifest from seedling stage to physiological maturity; it appears as white to 

pale gray, fuzzy or powdery colonies of mycelium and asexually produced conidia , usually on 

the upper surfaces of leaves and leaf sheaths, and sometimes on the spikes; in general, all aerial 

parts of the plant can be infected as shown in Figure 648. The tissue beneath the point of contact 

with the fungi becomes chlorotic or necrotic and, with severe infections, the leaves may dry 

and die. If chasmothecia develop, it is possible to see them on the leaf with bare eyes as they 

appear as dark and round structures (Fig. 5C)44.  

 

 1.6.2 Strategies to counter powdery mildew infection 

This destructive foliar disease reduces the tiller number, grain number and kernel weight, re-

sulting in an overall reduction in yield. It may be difficult to assess the commercial and eco-

nomic impact of this fungal disease, but the yield loss is in the range of 13–34% and 50–100% 

under low or moderate infestation and severe infestation, respectively44. Generally speaking, 

the potential grain yield losses due to disease is estimated to be around 18%, while the actual 

losses under the current disease control are estimated to be around 13%39. In the perspective of 

needing to increase cereal production to meet the future growing global demand, even this 

Figure 5 - Developmental stages of B. graminis f. sp. tritici chasmothecia; a, immature 

chasmothecia; b, concave immature chasmothecia; c, two dehisced chasmothecia after ascospore 

release. Bar = 300 μm (from Jankovics et al., 2015 49) 

a b c

Figure 6 - Powdery mildew of wheat on (a) spikes and (b) leaf. (from Singh, 2017 44) 

a b 
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amount of loss is unbearable. The available strategies to manage powdery milder range from 

the use of resistant varieties to the use of foliar sprays of fungicides, from biocontrol agents to 

balanced use of fertilizers, along with suitable cultural practices and integrated disease man-

agement39,44. For many decades, fungicidal foliar sprays have been employed to counter this 

pathogen, requiring carefully planning the sowing of wheat to minimize expenses and facilitate 

the effectiveness of foliar sprays. The use of fungicides can help reduce disease severity but 

has a more variable effect on yield responses, all the while the chemicals used as pesticides can 

pose a risk for both human and environmental health. Another shortcoming in resorting to fun-

gicides when managing B. graminis is that since 2006 the Fungicide Resistance Action Com-

mittee (FRAC) has regarded B. graminis as a plant pathogens with a high risk of developing 

resistance to fungicides, making their employment even less favorable43,50. For all these rea-

sons, the most suitable strategy to counter this disease is the deployment of disease-resistant 

cultivars: it both helps decrease the disease severity and the need for chemicals, and it is also 

an economically and environmentally safe approach. But even this solution isn’t flawless since 

an extensive production of wheat cultivars with one or a few powdery mildew resistance genes 

places strong selective pressure on the pathogen population, meanwhile the abundant spore 

production provides a wide potential for mutations to virulence, resulting in the rapid appear-

ance of adapted isolates39,44. An available path to enhance the longevity of these resistant genes 

involves pyramiding multiple genes through marker-assisted selection (MAS), this way the 

pathogen would need a higher number of mutations to overcome all host resistance genes pre-

sent in the fields39.  

 

 

 1.7 Plant immunity  

Plants diseases can be caused by phytopathogens (bacteria, fungi and viruses), but for this to 

happen a successful interaction between pathogen, host and environment is required since these 

three components are interconnected to trigger the disease process50. Actually, for a pathogen 

to successfully infect a plant, four processes must be undergone: 1) the pathogen must find a 

compatible plant host under favorable environmental conditions and an appropriate entry site,  

2) the pathogen must develop specialized infection structures, such as appressoria and haustoria 

in fungi, 3) it must overcome the basal resistance, which comprises constitutive defenses made 

up of physical barriers to pathogens, and the induced host defenses too elicited by non-specific 

pathogens, and 4) it must take up nutrients through specific structures, grow, and colonize host 
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tissues51. This is a complex process through which phytopathogens trigger diseases, but plants 

have their own ways of defending against them. Plants, lacking mobile defender cells and a 

somatic adaptive immune system, have developed an innate immunity comprising several struc-

tural, chemical, and protein-based defenses designed to detect and stop invading organisms. 

These defence mechanisms can be grouped into two: pre-existing and post-existing51,52.  

The pre-existing defence relies on both structural defence mechanisms and biochemical de-

fence51. The structural defence mechanism is a constitutive set of defence tools that exist even 

before the colonization by pathogens; they are physical barriers that include: wax layers, cuti-

cle, rigid cell walls, cutin, bark etc51. This defence mechanism is assisted by the biochemical 

defence made up of either constitutive antibiotics or antibiotics produced in response to wounds, 

such as terpenoids, saponins, alkaloids, cyanogenic glycosides, etc. 

The post-existing defence relies instead on the presence of receptor-proteins located in cell 

membranes to detect the pathogens or factors translocated by them in the first step of infec-

tion51. Once the plant perceives the presence of phytopathogens it can activate different defence 

strategies: they can be induced histological defences through a process of suberization, creation 

of abscission layers, deposit of gum, etc. that contribute to minimizing the spread of the infec-

tion, but there can also be induced biochemical changes that represent the last line of host de-

fence. This biochemically-induced plant immunity comprises two levels. 

1. Pathogen-associate molecular patterns (PAMPs)-triggered immunity (PTI) is prompted 

through the recognition of conserved PAMPs (such as bacterial flagellin and elongation 

factor Tu from bacteria, and chitin and endopolygalacturonases from fungi) through cell 

surface-localized pattern-recognition receptors (PRRs). PTI is a non-specific process and 

usually activates some early resistance responses, including stomatal closure, activation 

of mitogen-activated protein kinase (MAPK) cascades, transcription of resistance-related 

genes, reactive oxygen species (ROS) production and callose deposition51,53. The recep-

tors that trigger this immunity, PRRs, can be categorized as plasma-membrane-localized 

receptor kinases, RKs, which possess an ectodomain for binding with ligands, a single 

transmembrane domain, and an intracellular kinase domain, and as receptor-like proteins, 

RLPs, which lack any apparent intracellular signaling domains54. 

2. Effector-triggered immunity (ETI) was thought of as a form of accelerated and amplified 

PTI response; this plant immune response specifically targets pathogenic mechanisms that 

involve transcriptional processes in the plant host nucleus. This defense response is acti-

vated by direct or indirect recognition of pathogen effector proteins, also known as Avr 
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proteins, through proteins encoded by plant intracellular resistance (R) genes. These path-

ogenic effector proteins can then enter the nucleus, activating transcription in host cells 

and redirecting the host metabolism to the production of nutrients required by the patho-

gen, even though the detection of these Avr proteins by the host results in the biosynthesis 

of chemical substances to limit the infection51,54,55. The pathogen effectors encoded by 

avr genes and needed for triggering ETI have been cloned and studied in bacteria and 

fungi, leading to the conclusion that their identities vary greatly, spanning over different 

protein families56; while the majority of plant R genes encode nucleotide-binding (NB) 

leucine-rich repeats (LRRs) proteins (NLRs proteins). These plant NLRs always feature 

two domains: NB-ARC and LRR. The NB domain is shared between humans, plants and 

Caenorhabditis elegans (hence the acronym NB-ARC domain), it has a different affinity 

for ATP/ADP according to its conformation, which in turn regulates its activation, and is 

involved in oligomerization; while the LRR domain is responsible for the specific effec-

tor-binding and is involved in autoinhibition56,57. NLRs can also feature an additional N-

terminal domain that can either be coiled-coil (CC) or Toll/interleukin-1 receptor (TIR); 

this domain helps form dimers or oligomers and allows to sort plant NLRs into two main 

groups: CC-NLRs (CNLs) and TIR-NLRs (TNLs), respectively54,56,58. To date, whether 

the self-association helps NLRs to interact with downstream signaling components or al-

lows the NLRs to perform other defense-activating actions remains to be fully clarified56. 

 

 1.7.1 Interaction between different levels of immunity 

PTI and ETI have long been thought of as two distinct layers of response, but an evolutionary 

link between these two layers of plant immunity can be found in the “zig-zag model” drawn by 

Jones and Dangl in 2006 (Fig.7). Plants do not have any cell-mediated or antibody-mediated 

immune response as animals and this is why their initial defense response, in presence of 

PAMPs detected through PRRs, sets off several signaling cascades of response that result in an 

increase in cytosolic Ca2+, production of reactive oxygen species (ROS) and salicylic acid (SA), 

and stomatal closure51,54. Then, if the pathogen avr genes encode effectors that interfere with 

the PTI, this results in effector-triggered susceptibility (ETS), and when an effector is recog-

nized by plant R proteins it triggers a stronger defense response, ETI, that, along with ROS 

burst and Ca2+ spikes, also elicits MAPK cascades, transcriptional reprogramming, and produc-

tion of phytohormones52,59. Over the course of evolution, pathogens have been eluding plant 

defence mechanisms by gaining effectors to combat the plant immune system, all the while 
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successful plants have been fighting back by developing new R genes to detect those effectors 

and reestablish a successful immune response, zig-zagging with each gain of a new avr or R 

gene, hence the name of this model proposed by Jones and Dangl52,54,56. 

 

 

Even though PTI and ETI have been thought of as two distinct layers of response, it was already 

known that some effectors can be detected extracellularly and that they often share the same 

coreceptors as PAMPs receptors; moreover, PTI and ETI result in similar immune responses 

since their downstream immune responses overlap, although the amplitude of the ETI-induced 

response is often higher and frequently associated with a localized programmed cell death re-

sponse around the site of infection, called the hypersensitive response (HR)51,55,60,61. Casting 

away further doubts about the lack of connection between these two levels of immunity, it has 

been recently demonstrated that major components in PTI and ETI are required for both PTI 

and ETI, such as PRRs and many helper proteins, and that PTI and ETI reinforce each other to 

produce more robust plant defense responses against pathogen infections, paving the way for a 

new way to study plant defense mechanisms60,61. 

 

Figure 7 - The zigzag model illustrates the quantitative output of the plant immune system. 

PAMPs: pathogen-associated molecular patterns; PTI: PAMPs-triggered immunity; ETS: 

effector-triggered susceptibility; ETI: effector-triggered immunity; HR: hypersensitive re-

sponse (from Jones and Dangl, 2006 52) 
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 1.7.2 R genes and NLRs 

The nucleotide-binding leucine-rich repeats (NB-LRR) gene family is one of the largest gene 

families in the Plantae kingdom54, and the proteins it encodes are mostly involved in plant 

immunity since most plant R genes belong to the NB-LRR superfamily62. The process of trig-

gering ETI involves many other components apart from NLRs, actually, there seem to be at 

least two distinct downstream signaling branches for NLRs: CNLs usually require non-race 

specific disease resistance 1 (NDR1, a plasma membrane-anchored integrin-like protein), while 

TNLs require enhanced disease susceptibility 1 (EDS1, a nucleocytoplasmic lipase-like pro-

tein), along with phytoalexin-deficient 4 (PAD4) or senescence-associated gene 101 

(SAG101)56,59. Up to date the exact mechanism of how these proteins aid in signaling is still 

unclear56. NLRs can interact with their effectors directly following the “ligand-receptor model” 

by Keen in 1990, one of the first models postulated to explain the mechanics of disease defense 

in plants, which followed the “gene-for-gene hypothesis” enunciated by Flor in 1942: according 

to the ligand-receptor model, single avr genes encode protein products that can directly interact 

with plants R genes protein products, setting off complex cascades of responses  through the 

interaction of these complementary genes in plant and pathogen63. Through further observation, 

it was noted that the general detection of cognate effectors seems to be through indirect inter-

action and the most suitable model to explain the way these interactions take place seemed to 

be the “decoy model” hypothesized by Van der Hoorna and Kamoun in 2008 as a modification 

of the “guard model” by Dang and Jones in 2001. If the guard model postulates that the effector 

targets a host protein involved in plant immunity whereas a “guard” host protein detects the 

effector-target interaction and triggers the immune responses64, on the other hand the decoy 

model suggests that the effector triggers ETI by interacting with a host protein that doesn’t play 

any functional role, meanwhile the effector-target interaction is detected by R proteins (Fig.8)65. 

The difference then lies in the intrinsic function of the effector’s target: in the guard model, it 

is involved in plant immunity, while in the decoy model, the target is not involved in defense 

responses. The decoy model still needs to be further studied because, while it is widely ac-

cepted, proving the existence of a specific decoy is rather challenging because it must be proved 

that the decoy-protein targeted by the effector is not involved in immunity56.  
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Lately, new observations by Kroj et al. in 2016 led to integration to this model, since some 

plant NLRs feature atypical domains that resemble domains of proteins targeted by pathogen 

effectors, meaning that these domains can act as decoys themselves, and thus suggesting the 

name “integrated-decoy model”56,66. It must be noted that this way of detecting through inte-

grated-decoy domains seems to come from NLR pairs, after they oligomerize, with one acting 

as the sensor and the other playing a role in defense initiation and signaling56,66. 

In the last few years, plant NLRs have been studied even in their structure, which led to the 

identification of a supramolecular structure, named resistome, that is believed to form a pore 

through the membrane, allowing an influx of Ca2+ and triggering a defense response56,66. NLRs 

are believed to function as molecular switches through their NB domain that can exist in an 

ADP-bound inactive state or an ATP-bound active state, while effector recognition is thought 

to trigger conformational changes in LRR domain relieving its inhibition, enabling the exchange 

Figure 8 - Comparisons of the Guard and Decoy Models. The classical guard model (a) is con-

trasted with a modified guard model in which the effector targets multiple plant proteins (b) and 

the decoy model (c) (from van der Hoorn and Kamoun, 2008 65) 

a b c 
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of ADP for ATP and thus activating the NLR protein58,67. Homologs of NLRs in animals can 

oligomerize once activated, functioning as caspase-activating platforms, but this sort of infor-

mation about plant NLRs is still unclear; what’s known is that plant NLRs can induce the acti-

vation of HR cell death and disease resistance67. Wang et al., in 2019 studied the in vivo recon-

struction of an Arabidopsis thaliana NLR resistome that consists of an ancient CNL (ZAR1) 

that, through its LRR domain, interacts with a pseudokinase (RKS1): only when the ZAR1-

RKS1 complex is formed, RKS1 is capable of directly interacting with the modified cytoplas-

mic kinase (PBL2) that is targeted and thus modified by the bacterial effector (AvrAC) released 

by Xanthamonas campestris58,67. The binding of the modified PBL2 to the complex results in 

conformational changes that facilitate ADP release from inactive ZAR1 and ATP binding to the 

now ADP-free binding site; this, in turn, promotes the pentamerization of the ZAR1 resistome 

resulting in a fully activated complex capable of triggering the plant defense, in particular the 

HR cell death58,67. 

 

 

 1.8 Powdery mildew resistance genes  

Powdery mildew has proved to be a devastating disease for wheat, capable of causing great 

yield losses, and whose infection could not be fully overcome by using pesticides only. One 

way to counter this infection has come from field observations since plants resistant to this 

disease occur naturally and for this reason it is important to identify the genes responsible for 

the resistant phenotype, and plan effective breeding to transfer these traits from resistant plants 

to susceptible ones. Among the richest source of disease resistance genes are the progenitors 

and wild relatives of wheat, along with the landraces: from all these plants, many disease re-

sistance genes have been transferred into cultivated wheats68. Resistance to diseases in crops is 

usually classified into two main types: qualitative resistance and quantitative resistance. 

Qualitative resistance is determined by major race-specific resistance genes and is attributed to 

the presence of a major R gene capable of interacting with the specific pathogenic Avr gene; it 

usually confers resistance at all plant stages68,69. Up to now, more than a hundred powdery 

mildew (Pm) resistance genes and alleles have been documented in wheat, of which 68 are 

genes for Pm resistance (Pm1-Pm68) that map to all wheat chromosomes except for 3D70. Usu-

ally, plant resistance genes tend to be clustered rather than being evenly distr ibuted across the 

whole genome and this is also the case for Pm genes, several of which are located in wheat 

chromosome arm 2BS, indicating a complex cluster that includes pm26, pm42, MlIW170, 
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Ml5323, PmL962, pmWE99, Pm68 and MlWE7471. Eleven Pm resistance genes, all encoding 

nucleotide-binding sites and leucine-rich repeat (NBS-LRR) proteins, have been cloned to date: 

Pm2, Pm3, Pm5, Pm8, Pm17, Pm21, Pm24, Pm38, Pm41, Pm46 and Pm6069; but only fewer 

genes have been characterized so far: Pm2, Pm3, Pm8, Pm21, Pm38, Pm46 and Pm6072. More 

has to be done since only a few Pm alleles, i.e. some in Pm2 and Pm8 genes, can provide 

resistance to most or all B. graminis f.sp.tritici isolates73,74, even more so since new emerging 

pathotypes of Bgt are reducing the resistance conferred by the already identified R genes, such 

is the case with Pm3a, Pm4a and Pm17 that have been defeated in some Eastern and mid-

Atlantic regions of USA and of Pm8 in China69,75. To extend the lifespan of these race-specific 

resistances it is recommended to employ wheats carrying a range of Pm genes together, even 

though cases of interference between the resistance carried by different R genes have been ob-

served. Another strategy to improve the overall resistance in natural environment where differ-

ent pathogens isolates exist simultaneously requires adding allelic diversity at the resistance 

locus68. 

Quantitative resistance is controlled by several non-race specific genes (quantitative trait loci, 

QTLs) with additive effects that are commonly effective at the adult-plant stage69. The study of 

QTLs usually needs for a segregating biparental population and requires to carry out a genetic 

dissection through genotyping with DNA-based molecular markers. This approach can hide 

some difficulties in predicting the usefulness and durability of this quantitative resistance in-

troduced in fields through breeding since the initial evaluation of the efficacy of QTLs is carried 

out in a specific genetic background and in a limited number of environments that could not 

reflect the field conditions in which the QTLs would be introduced68,76. A more recent approach 

relies on Genome-Wide Association Studies (GWAS) that requires a variety of genotypes to be 

investigated for linkage disequilibrium between markers, allowing the identification of QTL 

widely spread in vast environments69. In general terms, this kind of disease resistance impacts 

basal non-host defence and that’s why it is expected to be more durable68. Quantitative re-

sistance also does not lead to the complete absence of infection but , instead, minimizes fungal 

sporulation and duration, and that’s why it can also be addressed to as partial resistance 68. To 

date, more than 100 Bgt QTLs have been mapped on wheat chromosomes and many more are 

expected to be characterized since the identification of QTLs through SNPs array can rely on 

always faster technologies to genotype with DNA-based molecular markers69. 
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 1.9 Gene mapping 

From the very beginning, farmers have been doing plant breeding without even consciously 

realizing the reasoning behind their deeds: they simply selected and bred individual plants  with 

superior phenotype, and as result got plants with enhanced yield, quality, or disease resistance. 

Their actions were merely based on what they could witness with their eyes, without knowing 

the reason why they managed to get better-fitting plants through generations of breeding. Mil-

lennia had to pass before Mendel would discover the genetics behind the inheritability of genes 

and how this can be used to predict the phenotype of new individuals.  

When plant breeders began understanding the genetic laws that ruled the transmission of traits 

over generations, they turned their attention to the identification of agriculturally important 

traits, such as those that govern yield, disease resistance and quality, that could be transferred 

from one crop to another (given that they are sexually compatible), and thus generate improved 

crop plants capable of meeting the ever-increasing human demands for food and dietary energy 

supply. 

At the beginning, breeders could inspect these traits with the only means at their  disposal, 

namely the thorough examination of morphological data and their statistical analysis; however, 

this approach wasn’t much informative given that the low level of polymorphism and the strong 

influence by the environment could affect the results obtained and invalidate their studies77. It 

was with the discovery of genetic markers that mapping genes to a certain region of the genome 

became an easier job since these markers can slightly vary among individuals and, when they 

are located in close proximity with the causal gene, they can help identify the genes responsible 

for the trait of interest. In fact, markers and genes segregate via crossing-over during meiosis 

and thus it is possible to study their linkage, their association in the progeny, via QTL analysis: 

if they are close together, they will be transmitted together from parent to progeny with a higher 

frequency than markers and genes that are located further apart . This is why the construction of 

a linkage map allows mapping the causal genes on the genome78. Genetic markers associated 

with the region carrying the locus of interest can be then used for introgressing said trait in 

other crops; if that’s the case, it is important to refine the QTL region associated with the trait 

of interest, otherwise, with a QTL region that covers several Mbp on a physical map, it is not 

uncommon to introgress undesirable genes too and thus lower the chance at obtaining a resistant 

and productive crop. The process of refining the QTL region and getting a high-resolution map 

is called fine mapping and consists in analyzing the segregant population with so many markers 

that no recombination events between the closely associated markers and QTL have occurred, 

so that the identified chromosomic region is truly associated with the QTL79. 
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 1.9.1 The making of a mapping population 

The first requirement to develop a genetic map is the construction of a mapping population, 

also known as segregating population, by crossing parental lines that differ genetically with 

regard to the trait of interest, since this boost the possibility of identifying a large set of markers 

that are polymorphic between them78. 

When choosing the mapping population to analyze, it is important to take into consideration the 

trait of interest and if it is dominant or recessive, but also the available timeframe and economic 

resource to carry on the project. In any case, the chosen parental lines are first crossed and the 

resulting F1 individuals are then crossed to get the segregating population using one of different 

schemes: intercross of F1 individuals to get the second filial generation (F2), even the corre-

sponding F2:3 families can be used, a backcross (BC) is a possibility too, recombinant inbred 

lines (RILs) can be generated, but also double haploid(DH) and near isogenic lines (NILs) can 

be used80. The size of the mapping population is a critical factor since small sample sizes may 

fail to detect QTLs of small effect and result in an overestimation of the effect size of those 

QTLs identified81. Ideally, mapping populations should consist of a minimum of 50-200 indi-

viduals for constructing linkage maps78. The generated mapping population must then be scored 

for phenotype and genotype81. 

 

 1.9.2 Phenotyping the population 

The mapping population obtained must be phenotypically evaluated before subsequent QTL 

mapping81. This step can represent a bottleneck in the whole process of fine mapping since 

traditional phenotyping is usually labor-intensive, time-consuming, low throughput, costly, and 

frequently destructive to plants82. To address this challenge new remote sensing technologies 

have been applied to field crop monitoring,  such as non-invasive imaging, spectroscopy, image 

analysis, robotics and high-performance computing, thanks to which field evaluation of plant 

performance can be much faster83. Furthermore, the application of these technologies in dedi-

cated controlled-environment facilities is likely to improve precision and reduce the need for 

replication in the field83. 

The phenotyping of disease resistance can be assessed both in a greenhouse or in the field, from 

which samples should be collected at the appropriate stage in accordance with the stage in which 

the disease manifests. To evaluate the plant response to infection the infection types (IT) must 

be recorded and usually a 0-to-4 ITs scale is used in which: 0 stands for immunity and 0; for 
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necrotic flecks presence, 1 stands for high resistance, 2 for moderate resistance, 3 for moderate 

susceptibility and 4 for high susceptibility. 

 

 1.9.3 Genetic markers and linkage maps 

Genetic markers are DNA sequences that can present differences among individuals but are not 

influenced by the environment and, since they have a known physical location and can be trans-

mitted vertically following the laws of inheritance, they are very helpful for mapping traits of 

interest on the genome78. When these genetic markers are DNA sequences located in proximity 

to genes, they do not interfere with the phenotype, but, since they are close to those genes, they 

can be inherited together, standing as “tags” for said genes, and are very helpful for linkage 

analysis. Among these genetic markers, there are molecular markers, also known as DNA mark-

ers, which reveal sites of variation in DNA and, since their development in 1980s, they have 

been replacing the other genetic markers owing to their higher abundance and thus ideal use for 

genotyping effort78.  

The single nucleotide polymorphisms (SNPs), which are abundant in crop genomes, enable to 

employ molecular markers both for genotyping and molecular breeding came into reality84. In 

fact, the advent of next generation sequencing (NGS) techniques, which allow fast, low cost 

and high-throughput sequencing, helped developing more of these molecular markers, and thus 

the detection of polymorphisms between different crops. In turn, these same molecular markers 

and NGS technologies can be combined to quickly genotype many individuals, meaning that 

SNPs are widely employed in fine mapping procedures77.  

Available strategies to genotype SNP markers rely on the existence of array-based genotyping 

platforms that allow up to thousands allele calling simultaneously, and on the genotyping-by-

sequencing (GBS) technique in which the whole genome is sequenced meaning that new SNPs 

can be discovered and genotyped at the same time84. Among the most used genotyping platforms 

for wheat is the 90K Infinium iSelect SNP assay by Illumina: it was designed by Wang et al.  

2014, based on the variations detected through the analysis of a large set of  RNA-seq data both 

from hexaploidy wheat and tetraploid wheat, to which other already known SNPs were added. 

In total, 81,587 SNPs were included in this array. One problem with this technique is its inef-

fectiveness in addressing rare variants, given that SNP ascertainment bias can influence the 

development of said genotyping arrays84,85. Meanwhile, the GBS technique can be applied to 

any crops regardless of prior genomics knowledge since the genotyping is achieved through de 
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novo sequencing each individual, after reducing the genome complexity with restriction en-

zymes. 

The construction of linkage maps, also known as genetic maps, which are informative of the 

relative genetic distances between markers, is based on the principle that genes and markers 

segregate during meiosis and thus recombine, but if they are tightly linked, they will be inher-

ited together in a segregating population78. The first step in the linkage map construction is the 

choice of the most suitable set of molecular markers. Initially, a vast set of markers that covers 

the whole genome is needed to identify the specific subgenome and/or chromosome that harbors 

the causal gene; for this preliminary step, SSR markers are widely employed27. Once the set of 

markers has been identified, it must be genotyped both in the mapping population and in the 

parental lines. 

Usually, when it comes to identifying molecular markers associated with disease-resistant 

genes, an easy way to avoid genotyping the whole population for the complete set of markers 

consists in performing a bulk segregant analysis (BSA). With this technique, two DNA bulks 

are generated from a small amount of resistant and susceptible plants (10-20 individuals) from 

the segregating population, and the two bulks are screened for the chosen markers set86. Once 

the polymorphic markers between the two bulks are identified, they can be used to genotype 

the whole segregating population. 

 

 1.9.5 Linkage analysis 

The following step, once the genotyping data have been acquired, is the linkage analysis: it can 

be performed with appropriate software, such as JoinMap87, OneMap88 and Carthagene89, to 

investigate markers segregation and build a linkage map indicative of their relative genetic 

distances90. Linkage between markers can be calculated using odd ratios, which is the ratio of 

linkage over no linkage in the observed recombination frequency, even though the ratio is more 

conveniently expressed as the logarithm of the ratio and can be called LOD value. A LOD value 

of >3 is typically used when constructing a linkage map, meaning that the linkage between the 

two given markers is 1,000 times more likely than no linkage78. The output of the construction 

of a linkage map is made up of linkage groups in which the linked markers are grouped together, 

but, since the recombination frequency is not homogeneous along the chromosome, it is possi-

ble to encounter a non-random distribution of markers and the tendency of forming clusters of 

markers. To overcome these difficulties and have an accurate measure of the genetic distance 

one should develop an appropriate mapping population and make use of a higher number of 



30 
 

markers77,78. The generated linkage map represents the linear arrangement of the markers based 

on the recombination frequency between them, but since the recombination frequency is not 

linearly related to the frequency of crossing-over it is necessary to use mapping functions to 

convert the recombination fractions in recombinational unit, the centiMorgan (cM). The two 

most used mapping functions are: 1) Kosambi, which assumes that recombination events can 

interfere with the occurrence of an adjacent recombination event, and 2) Haldane, which instead 

assumes no interference between crossing-over events91.  

 

 1.9.6 QTL analysis 

Once the phenotype of the lines and the genotype of the markers are known, it is possible to 

combine these datasets and identify the genomic interval associated with the phenotype based 

on the assumption that the closer the marker is with the causal loci, the higher is the probability 

for them to be passed down generations in a tight association. Markers can be used to partition 

the mapping population into different genotypic groups owing to the presence of a particular 

marker genotype and, subsequently, it is possible to determine whether significant differences 

are observed between said groups with respect to the phenotypic trait under investigation: if 

there is a significant difference between phenotypic means of the groups, then the marker used 

to partition the mapping population is linked to a QTL controlling said trait78.  

 

 1.9.7 Fine mapping 

The above procedure allows to identify a QTL region that can cover several cM on a genetic 

map, and thus several Mbp on a physical map, which could not be enough to exactly pinpoint 

the location of the causal gene if this information is to be used for safely introgressing said gene 

in a different crop. While only following the above procedure, the identified region may harbor 

many other genes, apart from the causal one, which may be transferred into the other crop with 

unknown effects. To avoid this problem, it is possible to fine map the gene of interest through 

a procedure that goes under the name of fine mapping and that accounts for the production of a 

high-resolution map to more precisely locate the locus of interest27,77. Three main factors that 

determine the success of a fine mapping are: population size, phenotyping and number of mark-

ers77; in fact, by using larger population sizes and a greater number of markers, supported by 

punctual phenotyping, it is possible to identify more tightly-associated markers and thus narrow 

down the genetic and physical interval in which the locus maps78. 
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A high-resolution map can be obtained from a genetic map previously obtained: once the ge-

netic region associated with the QTL has been identified, it must be saturated with more mo-

lecular markers. To do so, the reference genome, if available, can be used to develop new mark-

ers inside the region investigated; another way to saturate the map is to perform a comparative 

genomic analysis among parent species to identify polymorphic markers to be genotyped71. For 

this step, SNP markers come in handy owing firstly to their high abundance but also to the ease 

to genotype them. Nowadays marker genotyping can be performed with the newest NGS plat-

forms that reduce the genotyping cost per sample and increase the throughput; in particular, 

with the SNP genotyping platforms, such as the Illumina Infinium Assay, it is now possible to 

genotype tens of thousands of samples in a short span of time, even customizing the platform 

according to each study77. There are also genotyping techniques capable of inferring one SNP 

at a time, such is the case of the KASPar genotyping assays, a competitive allele -specific PCR 

that makes use of two costumed forward primers, which, through competitive binding to the 

allelic variant at the SNP locus, enable bi-allelic discrimination. The detection of the allele 

carried by the individual is possible via an end-point fluorescence read based on the specific 

fluorescence resonant energy transfer (FRET) cassette that binds to the unique tail sequence of 

each of the two forward primers92.  

 

 1.9.8 Crop improvement and alien introgression 

Wheat relatives stand as a vast source of important genes, especially when considering disease 

resistance, and this means they can be used to introgress this genetic material into commonly 

cultivated crops such as durum wheat and common wheat. The use of molecular markers is 

pivotal in attaining this goal since they first enable the breeders to construct high-density ge-

netic maps useful for marker-assisted selection (MAS) and can then be used for the transfer of 

so-called “alien genes” and also for the pyramiding of these genes of interest27. The last two 

techniques rely on the presence of molecular markers that are easy to detect, thus enabling the 

breeders to detect the presence of the associated markers once the linkage map has been gener-

ated. It is important to notice that the success of selection and alien genes introgression heavily 

depends on the close genetic association and also on the robustness of a given marker across 

different genetic backgrounds27. To overcome the former obstacle, the construction of a high-

density linkage map is required; while for the latter obstacle, it is possible to complement the 

analysis by making use of genome wide association studies (GWAS). GWAS make use of nat-

ural populations as sources of information and, given that those analyzed genotypes come from 
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a long history of recombination events, they are more informative on loci association than pur-

posely created mapping population93. The complementary use of both linkage mapping and 

association mapping can help avoid the hidden problems that may derive from using one tech-

nique alone: on one hand, alleles identified by linkage mapping in expressly created segregating 

population can have a large effect but might not be important from an evolutionary perspective 

due to their low occurring frequency in natural environment, while on the other hand association 

mapping is weak in detecting rare alleles in a natural population27,93. In the end, all these tech-

niques help identify the genes responsible for the trait of interest, along with their associated  

markers, which can then be transferred to other plants, equipping them with agronomic favora-

ble traits. 
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2. Objectives of the study 

Powdery mildew is an important disease in wheat, and the identification of resistance genes is 

of paramount importance to introgress these traits into commonly cultivated plants. In 2012, 

Piarulli et al. studied a RIL population developed by crossing the susceptible durum wheat cv. 

Latino and the resistant domesticated wild emmer accession MG5323, identifying a new pow-

dery mildew resistance gene on the short arm of chromosome 2B. Scientists at Council for 

Agricultural Research and Economics (CREA-GB) in Fiorenzuola D’Arda have started a fine 

mapping of this gene and seven putative disease resistance genes have been identified. The aim 

of the current study is to reduce the genetic/physical interval associated with the resistant phe-

notype and to reduce the number of putative candidate genes; to reach this goal: 

a) molecular markers were developed and genotyped, and the obtained linkage map would 

allow to narrow down the genomic interval associated with the resistant phenotype; 

b)  the expression levels of the putative candidate genes were examined in wheat, both in 

silico and in vivo; 

c) the presence of conserved domains and the effect of the polymorphisms between the 

resistant and the susceptible genotypes were evaluated. 
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3. Materials and methods 

 

 3.1 Plant material and mapping population 

One hundred sixty-one F2 recombinant lines, previously selected from a larger F2 segregant 

population (2,000 lines), were obtained from a cross between the domesticated emmer wheat 

accession MG5323 (T. turgidum ssp. dicoccum) and the cultivar Latino (T. turgidum ssp. du-

rum). These parental lines were tested for resistance against B. graminis f.sp.tritici isolate O2: 

MG5323 proved to be resistant in both seedling and adult plant stages94, while Latino was the 

susceptible parent.  

 

 3.1.1 DNA extraction 

The genomic DNA of these recombinant lines was extracted from young leaves employing two 

methods: the cetyltrimethylammonium bromide (CTAB) method and the Wizard® Magnetic 96 

DNA Plant System (Promega).  

The CTAB method requires homogenized tissues as samples and the following is the protocol: 

 the tissue, stored at -80°C, was grinded in liquid nitrogen with a mortar and pestle, and 

the fine powder obtained was collected in single centrifuge tubes;  

 3 mL of cetyltrimethylammonium was added to each homogenized tissue, followed by 

incubation at 65°C for 30 min with gentle inversions after the first 10 min;  

 1 mL of cold Chloroform:Isoamylalcohol (24:1) was added to the solution and the cen-

trifuge tube was put on an overhead-shaker for 15 min at room temperature; 

 the solution was then centrifugated for 15 min at 10,000 g at 10°C and all the supernatant 

was transferred into a new clean microfuge tube; 

 5 μL Rnase A was added to the supernatant and mixed by lightly inverting, then left to 

incubate for 30 min at 37°C to degrade the RNA; 

 0.7 Volume of cold Isopropanol was added, and the tube was gently inverted so that the 

DNA could precipitate;  

 following centrifugation for 20 min at 10,000 g, all the supernatant was removed via 

aspiration; 

 the solution was first washed with 1 mL Wash Solution I and incubated for 15 min at 

room temperature; 
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 the supernatant was carefully removed via aspiration and replaced with 1 mL of Wash 

Solution II requiring a short incubation (ca 5 min) at room temperature; 

 the Wash Solution II was removed via aspiration and the pellet centrifugated for 1 min 

at 10,000 g so that the remaining traces of Wash Solution II could be gently removed; 

 the pellet was left to dry at room temperature for at least 1 h; 

 the pellet was finally dissolved in 200 μL of water and placed on an overhead shaker for 

at least 2 h to resuspend the extracted DNA. 

While using the Wizard® Magnetic 96 DNA Plant System by Promega, all the manufacturer’s 

instructions were followed, adjusting the set up for processing through Mixer Mill MM300 at 

30 pulse/s for 3 min. Extracted DNA was quantified by measuring optical density at 260 nm 

with a NanoDrop™ 2000 Spectrophotometer (Thermo Scientific™) and then diluted to 50 

ng/μL. 

 

 

 3.2 Molecular analysis 

Previous studies on powdery mildew resistance, conducted on a RIL population developed by 

crossing MG5323 and Latino, had identified a genomic region that explains 90% of the ob-

served phenotypical variability. Based on these results, a fine mapping approach was started. A 

large F2 recombinant population was developed, and recombinant lines were selected based on 

genetic and phenotypic data. Then, using the Svevo reference genome and its annotated genes, 

the physical interval was defined and investigated, leading to the selection of seven putative 

candidate genes. 

This region, which contains 13 molecular markers associated with the resistant phenotype and 

seven putative disease resistance genes, supposedly harbors one major gene responsible for the 

resistant phenotype94. To help fine mapping, additional markers were added to better define the 

physical and genetic intervals. Six new markers were developed using both the Svevo reference 

genome and the genomic resources available at CREA-GB in Fiorenzuola D’Arda, as the exome 

capture data for the two parents and the low coverage sequencing for the resistant accession 

MG5323. Suitable primers were designed by LGC Genomics to analyze the 161 F2 recombinant 

lines targeting these polymorphisms through KASPAR analysis. The employed protocol for the 

KASPAR analysis is the following: 

 3 μL of 50 ng/μL DNA was added into the well; 
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 after carefully mixing the reagents, a working solution was prepared making use of 4 μL 

of 2x Master Mix by LGC Genomics (which contains the universal FRET cassettes 

ROX™ as passive reference dye), 0.11 μL of Assay Mix (which contains the common 

reverse primer and the two forward primers, of which each allele-specific forward primer 

is conjugated with a universal FRET cassette: FAM or HEX) and 2.89 μL of H2O for 

each sample; 7 μL of this working solution was aliquoted into each well;  

 the plate was centrifugated for 1 min at 10,000 g. 

The two parental lines, Latino and MG5323, were also scored in three replicas in each plate as 

reference for the fluorescence emitted by a known polymorphism, while two wells in each plate 

contained water instead of DNA acting as the no-template controls (NTCs). The assays were 

carried out with an Applied Biosystems 7300 Real-Time System with the following cycling 

program: 94 °C for 15 min; 10 cycles in which the annealing temperature drops by 0.6 °C per 

cycle: 94 °C for 20 s and annealing at 68°C for 60 s; 36 cycles of 94 °C for 20 s and 62 °C for 

60 s; 3 cycles of 94°C for 20 s and 57°C for 60 s; and a final stage at 37°C for 10 min. For each 

line, the fluorescence signals and their ratios were investigated to assign the allele carr ied. 

 

 

 3.3 Linkage analysis and fine mapping 

The genotyping data of the 161 F2 recombinant lines, including the 13 markers already analyzed 

at CREA-GB and the new 6 markers developed in this work, were used together to analyze the 

genetic interval. Linkage analysis was performed using JoinMap® 4 software87 with a logarithm 

of odds (LOD) score threshold of 9.0, maximum distance of 20 cM, and the Kosambi mapping 

function to convert recombination fractions into map distances that were then used to visualize 

the genetic map through MapChart 2.3295. The genotyping and phenotyping data were combined 

to identify the genetic interval associated with the resistant phenotype.  

The sequence of the markers included in this genetic interval was obtained from the GrainGenes 

database and used as a query to perform BLAST both against DW cv. Svevo (v1.0) and WEW 

accession Zavitan (v2.0) reference genomes. In this way, the region associated with the QTL 

under study was visualized on these tetraploid wheat genomes. The physical intervals associated 

with the QTL in Svevo and Zavitan were then aligned with the genome pair rapid dotter 

(Gepard) tool96. 
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 3.4 Powdery mildew resistance genes comparison 

The sequence of the 19 molecular markers allowed to identify the physical interval associated 

with the genomic region of interest. This approach was used to roughly locate our region on the 

Svevo reference genome and to compare it with other genomic regions already identified on the 

short arm of chromosome 2B as associated with powdery mildew resistance. To do so, a thor-

ough investigation was conducted on the available literature and QTLome, which comprehends 

all the available information about QTLs for specific traits in a given crop, as reported by Salvi, 

201537,97. 

 

 

 3.5 Bioinformatic analysis 

Subsequently, the sequence of the seven putative candidate genes in Svevo was downloaded 

from the GrainGene database and used as a query to perform BLAST against the reference 

genome of Zavitan (v2.0) and common wheat cv. Chinese Spring (v1.0) on GrainGenes. Gene 

annotation in the target physical intervals of the two genomes was investigated through the 

Genome Browsers tool on GrainGenes, identifying the homologs in Zavitan and Chinese 

Spring. In the end, a dot plot alignment of the Svevo and Zavitan gene sequences was performed 

on Gepard96. 

 

 

 3.6 Analysis of the putative candidate genes 

The seven putative candidate genes were examined following different strategies. Firstly, the 

analysis of their expression levels in wheat was conducted both in silico and in vivo. Secondly, 

the nucleotide sequences from Svevo and MG5323, along with their corresponding amino acid 

sequences, were used to search for conserved domains for resistance genes. Meanwhile, the 

subcellular localization of the putative protein products was predicted for Svevo and the hom-

ologs in Zavitan and Chinese Spring. In the end, the effect of the SNPs identified between 

Svevo and MG5323 was investigated. 
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 3.6.1 In silico expression analysis 

The expression analysis was conducted in silico through the ExpVip platform98,99. This platform 

collects data from RNA-seq experiments conducted on Triticum aestivum, for this reason, this 

in silico analysis was conducted on the homologous genes of Svevo in Chinese Spring.  The 

ExpVip platform allows determining the transcriptional profile of genes in response to biotic 

stress, as reported in the available RNA-seq dataset. In this study, the leaves and shoots in the 

seedling stage were considered as samples, and only the experimental designs addressing r e-

sponses to pathogens were considered.  

Another available tool to investigate the in silico expression is the Wheat eFP Browser99,100. 

This is a gene expression atlas that relies on data from RNA-seq analysis of the T. aestivum cv. 

Azhurnaya, thus the homologs in Chinese Spring were used as queries to visualize the different 

stages and tissues of the genes’ expression. The absolute expression was visualized using a 

signal threshold of 20 to standardize the expression of the homologous genes under study.  

 

 3.6.2 In vivo expression analysis 

The in vivo expression analysis of the seven putative candidate genes was performed through 

relative quantification via real-time quantitative PCR in the two parental lines. The parental 

lines, Latino and MG5323, had already been evaluated for resistance to powdery mildew by 

professor Rosanna Simeone from the University of Bari, Aldo Moro. The applied procedure is 

the following: ten seeds for each parental line were germinated in peat pots for control and ten 

seeds for each parental line were infected with B. graminis f.sp.tritici isolate O2 and germi-

nated; the samples were then collected in three replicas each over five timing (0 h, 18 h, 24 h, 

48 h and 72 h), collecting 5 cm from the first leaf; all the samples were rapidly transferred in 

liquid nitrogen and then stored at -80°C.  

The two parental genotypes were assayed for relative quantification of the seven putative can-

didate genes under two different conditions (Control, Infected) over the five timings  (0 h, 18 h, 

24 h, 48 h and 72 h), for a total of 20 samples. The RNA had already been extracted from these 

samples through the Direct-zol RNA Miniprep Kit (Zymo Research) and finally diluted to 250 

ng/μL. The total RNA was subjected to reverse transcription using the EasyScript® First-Strand 

cDNA Synthesis SuperMix (TransGen Biotech) following the manufacturer’s instruction. The 

adjusted protocol was as follows: 

 4 μL of 250 ng/μL total RNA was added into the well; 
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 after carefully mixing the reagents, a working solution was prepared making use of 1 μL 

anchored Oligo(dT)18 Primer (0.5 μg/μL) and 4 μL Rnase-free water for each sample; 5 

μL of this working solution was aliquoted into each well; 

 the plate was incubated at 65°C for 5 min and then on ice for 2 min;  

 after carefully mixing the reagents, a working solution was prepared making use of 10 

μL 2xES Reaction Mix and 1 μL EasyScript® RT/RI Enzyme Mix for each sample; 11 

μL of this working solution was aliquoted into each well; 

 the incubation to allow for reverse transcription was carried in out at 42°C for 30 min;  

 the obtained cDNA was diluted 1:2 with the Rnase-free water in the kit.  

In the end, 2 μL of cDNA was quantified via the Qubit® fluorometer (Invitrogen) and then 

diluted to 2 ng/μL with Milli-Q H2O. 

The expression analysis through relative quantification via real-time quantitative PCR requires 

that the expression value for each gene is normalized by a housekeeping gene and that the 

expression value of the untreated sample is taken into account to express the result as fold 

change. To choose the best housekeeping gene, several quantitative PCRs were carried out and, 

since the two parental lines belong to different species, it was not easy to find a housekeeping 

gene whose expression does not vary between these parental lines. The tested housekeeping 

genes were: Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Td poly-Ubiquitin (poliU), 

Td translation elongation factor I (tEf-1), Td Ubiquitin Conjugating enzyme 2 (TduBC2), cell 

division control protein (CDC) and ADP-ribosylation factor (ADP-RF). In the end, the choice 

for the housekeeping gene fell on the Td Ubiquitin Conjugating enzyme 2. The sequence of the 

primers employed to amplify the housekeeping gene, and those used for the expression analysis 

of the seven putative candidate genes under study, are reported in Table 1. 

 

 

Target gene Forward sequence Reverse sequence

Ubiquitin Conjugating enzyme 2 CTGCATCGTGGACAACTGAAA CGAAGAAACAATGGCCCATAA

TRITD2Bv1G010060 CTTCACCAACGACGCCTACA GCCGCTCTCCATGGATCTT

TRITD2Bv1G010110 CCAGCTGCCTGACCTCAGA TCGTCGATCCGATCAATGG

TRITD2Bv1G010130 TGCTCCAGTCGCTTGAGAAA GCGCTCCACTCCACCAAA

TRITD2Bv1G010140 CGCCCAGTCGGTCTACGA GCCCATGCTGTGAGATCAAA

TRITD2Bv1G010230 ACCGGTCGGCGAGATGA ACGCCAAGAGCTTCTCGAGTT

TRITD2Bv1G010240 CTTGTCCCGCCTTTGGATT TCCTTTTGTCGGCCATGTCT

TRITD2Bv1G010300 CGGAGATGCTGCAAAAACTG GGGTCGAGGTGCCACTTG

Table 1 - PCR primers used to amplify housekeeping and putative candidate genes 
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The real-time quantitative PCR was carried out with two technical replicas for each sample, and 

wells with water instead of cDNA template were present in each plate to be used as negative 

control; the protocol was the following: 

 after carefully centrifuging the reagent, a working solution of 4 μL of 2ng/μL cDNA 

template was prepared, and then 2 μL was aliquoted into each well; 

 after carefully centrifuging the reagents, a working solution was prepared with 10 μL of 

the SsoAdvanced™ Universal SYBR® Green Supermix by BIO-RAD, 2 μL of specific 

primer Forward (5 μM), 2 μL of specific primer Reverse (5 μM) and 2 μL H2O, and then 

8 μL was aliquoted into each well. 

The thermal cycling protocol was as follows: 50°C for 2 min, 95°C for 10 min; 40 cycles of 

95°C for 15 s and 60°C for 60 s; then 95°C for 15 s, 60°C for 30 s and 95°C for 15 s. 

 

 3.6.2.1 Data analysis 

The data collected through Real Time PCR were analyzed following Livak’s method to get a 

relative quantification with the goal of observing if and how the expression of the putative 

candidate genes varies through the samples, which differ for genotype, treatment and timing101. 

In Real Time PCR, the fluorescence is measured after each cycle: the intensity of the fluorescent 

signal reflects the amount of DNA amplicons present in the sample at that specific time. This 

is why the fluorescence in initial cycles is too low to be distinguishable from the background; 

however, the point at which the fluorescence intensity increases above the detectable level is 

called the cycle threshold (Ct)
102. The expression level of each target gene was then denoted by 

its threshold cycle value (Ct target) and was normalized to that of the endogenous Ubiquitin Con-

jugating enzyme 2 gene (Ct housekeeping), chosen for its stable expression throughout the samples. 

The following formula 

𝛥𝐶𝑡,𝑡𝑒𝑠𝑡 = 𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 – 𝐶𝑡 ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 

allows removing the difference in template amount that may have led to a different Ct value in 

different samples. A calibrator must be chosen to pursue the relative expression analysis: in this 

case, the choice could either fall on the untreated samples collected at the first timing (0 h), or 

on the untreated sample for each timing evaluated; either way the calibrator was used in the 

following formula: 

𝛥𝐶𝑡,𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 = 𝐶𝑡 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 − 𝐶𝑡 ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔. 

The data were analyzed following both methods and after calculating 

𝛥𝛥𝐶𝑡 = 𝛥𝐶𝑡,𝑡𝑒𝑠𝑡 − 𝛥𝐶𝑡,𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 
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the fold change in the target genes expression could be expressed with: 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 = 2−𝛥𝛥𝐶𝑡 . 

 

 3.6.3 Conserved domains for resistance genes and structure prediction 

The corresponding sequences in MG5323 for the putative candidate genes identified in Svevo 

were available at the CREA-GB and, along with the Svevo genes’ sequences, were translated 

in the corresponding amino acid sequences on SnapGene® Viewer. The best open reading frame 

for each gene was chosen based on the presence of methionine, and consequently of a start-

codone, at the beginning of the sequence, and on the continuity of the sequence itself. Con-

served domains for resistance genes were searched with the suitable services available on the 

HMMER web server103, which requires primary protein structure as query, and on the NCBI104, 

which can make use of both nucleotide and amino acid sequences as queries.   

The amino acid sequences of Svevo and MG5323 were aligned with the MultAlin program105 

to help visualize the localization of conserved domains in the putative protein primary struc-

tures. 

Additionally, the secondary structure of these genes, from Svevo and MG5323, was predicted 

through the NetSurfP-2.0 server106, provided by DTU Health Tech, based on their primary struc-

ture. 

 

 3.6.4 SNP effect 

The effect of the SNPs present both in the putative candidate genes and the region 3,000 bp 

upstream was investigated with SnpEff, a variant annotation and effect prediction tool107. To do 

so, many genomic resources available at CREA-GB were used, like the Latino and MG5323 

exome capture data and the low coverage MG5323 sequencing. 

 

 3.6.5 Cellular localization of putative candidate genes 

The nucleotide sequences of the genes from Svevo, and their homologs in Zavitan and Chinese 

Spring, were downloaded from the GrainGenes database and translated through the inner feature 

in SnapGene® Viewer. This enabled the use of their amino acid sequences as queries in 

DeepLoc1.0108, an online server provided by DTU Health Tech, which can predict the subcel-

lular localization of proteins based on their primary structure.   
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4. Result and discussion 

 

 4.1. Development of new markers on candidate genes 

The previous works performed at CREA on the same segregant population under study had 

involved the genotyping of 13 markers (M1 – M13), and had led to the identification of a ge-

nomic region associated with the resistant phenotype (19.0 – 26.5 Mbp). This region had been 

searched for genes that encode putative disease resistance proteins and had already revealed the 

presence of seven putative candidate genes. 

In order to pursue the fine mapping of the powdery mildew resistance gene, six new molecular 

markers (K1 – K6) were developed on candidate genes, based on the available resources at 

CREA-GB (Table 2).  

 

 

 

 4.2 Linkage analysis 

Through KASPAR analysis, the 6 new molecular markers, developed on candidate genes, were 

used to analyze the 161 F2 recombinant lines. These data were integrated with the genotyping 

data already available at CREA-GB, and they were all employed to develop a genetic map on 

JoinMap® 4 Software87. Out of the 19 analyzed markers, 3 resulted unlinked. The obtained map 

covered 0.16 cM and was visualized through MapChart 2.32 (Fig.9). 

Table 2 – Six new SNP molecular markers used for genotyping the two parental lines  
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 4.2.1 Fine Mapping 

The phenotypic and genotypic data were analyzed to narrow down the genomic region associ-

ated with the resistant phenotype. This analysis enabled to identify a peak at 0.06 cM, which 

corresponds to M7, and a confidence interval that contains M5 – M7 – M8 and covers 0.01 cM 

(Fig. 9). The confidence interval of QTL was then projected on Svevo reference genome (v1.0) 

identifying a region of 3,0 Mbp (from 21.6 to 24.6 Mbp; Fig. 10). 

 

 

 

 

 

 

 

Figure 9 – Genetic map of the molecular markers under study 
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 4.3 Powdery mildew resistance genes comparison 

Different sources were searched for known genomic regions on the short arm of chromosome 

2B in Triticae associated with powdery mildew resistance, such as the KOMUGI database, the 

available literature, and the QTLome published by Maccaferri et al. in 2019 (which is the pro-

jection onto the genome assembly of Svevo of all QTLs found in tetraploid wheat for major 

trait categories). This led to the identification of the eight genes here described. 

Figure 10 – Physical map of the QTL under study based on Svevo reference genome sequence (v1.0) 
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 MlIW170 is an incomplete dominant gene derived from T. turgidum ssp. dicoccoides acces-

sion IW170 from Israel; the gene cosegregates with the STS marker Xcau516 and is flanked 

by SSR markers Xcfd238 and Xwmc243109; 

 MlIW39 is a dominant resistance gene transferred from T. turgidum ssp. dicoccoides Israeli 

accession IW39 to the susceptible T. aestivum, getting the resistant common wheat line 87-

1; the gene cosegregates with 7seq622 and 7Seq727 and is flanked by markers QB-3-16 and 

7Seq54671; 

 MlWE74 is a dominant resistance gene transferred from T. turgidum ssp. dicoccoides acces-

sion G-784-M to T. aestivum, getting the resistant common wheat line WE74; the gene 

cosegregates with WGGBD425 and is flanked by markers WGGBD412 and WGGBH34675; 

 pm26 is a recessive gene identified in T. turgidum ssp. dicoccoides accession TTD140 and 

transferred to T. aestivum cultivar Bethlehem; the gene cosegregates with marker Xwg516 

and is flanked by Xcdo456 and by Xpsr666110; 

 pm42 is a recessive gene transferred from T. turgidum ssp. dicoccoides to T. aestivum, getting 

the resistant line P63; the gene is flanked by SSR marker Xbarc55 and EST-STS marker 

BF146221111;  

 Pm68 is a dominant resistance gene derived from T. turgidum ssp. durum Greek landrace 

TRI 11796; the gene cosegregates with markers Xdw05-Xdw11 and is flanked by markers 

Xdw04 and Xdw12112; 

 PmL962 is a dominant resistance gene transferred from Thinopyrum intermedium to T. aes-

tivum, getting the resistant common wheat line L962; the gene is flanked by Xwmc314 and 

BE443737113; 

 pmWE99 is a recessive gene transferred from Thinopyrum intermedium to T. aestivum, get-

ting the resistant common wheat line WE99; this gene is closely linked to the SSR markers 

Xgwm148, Xgwm271 and Xbarc55114.  

The physical position of all these flanking markers was projected on the Svevo reference ge-

nome (v1.0), following the same procedure described in 3.3., and used to compare the genomic 

region under study with the known genomic regions associated with powdery mildew resistance 

(Fig. 11). 



46 
 

 

 

The pm42 and pmWE99 genes were not included in the analysis because their flanking markers 

did not physically map on the short arm of chromosome 2B; pm26 was removed from the visu-

alization owing to its nature of recessive gene, while our QTL had already been characterized 

as a dominant allele94; and, lastly, PmL962 was excluded from the current analysis since it is a 

gene derived a different genome, namely JJJsJsSS of Thinopyrum intermedium. It must be noted 

that, when generating the physical map, 7Seq610 and 7Seq705 were used as flanking markers 

for MlIW39, instead of QB-3-16 and 7Seq546, since the latters’ sequences were not available 

on the GrainGenes Browser. 

In the end, our QTL (21.6 – 24.6 Mbp) showed an overlapping of 1.7 Mbp only with Pm68 

(21.5 – 23.3 Mbp). 

 

Figure 11 – Projection of the QTL under study and the known genomic regions associated with pow-

dery mildew resistance in wheat on the physical map of 2BS from Svevo reference genome (v1.0)  
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 4.3.1 Physical interval in T. turgidum ssp. dicoccoides (accession Zavitan)  

The markers included in the physical interval retrieved from Svevo were used as queries to 

perform BLAST against Zavitan reference genome (v2.0). This analysis revealed some rear-

rangements in the markers’ order as shown in Figure 12, and no physical positions were iden-

tified for M12 and M13. Figure 13 shows the dot plot obtained from the two physical regions 

identified in Svevo (21.6 – 24.6 Mbp) and Zavitan (18.9 – 23.9 Mbp). 

 

 

 4.4 Candidate genes identification 

The physical interval under study, previously identified and analyzed, had revealed the presence 

of circa fifty genes in the reference genome of durum wheat cv. Svevo (v1.0). Among these, 

seven had been selected for being annotated as disease resistance genes, hinting that they might 

Figure 13 – Alignment of the physical  

intervals associated with the QTL 

 in Svevo and Zavitan 

Figure 12 – Markers physical order on Svevo 

(v1.0) and Zavitan (v2.0) reference genomes 
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be responsible for the resistant phenotype (Table 3). Figure 14 shows the physical position of 

the putative candidate genes on the Svevo reference genome (v1.0). 

 

 

The putative candidate genes, identified on Svevo, were used as queries to retrieve the homol-

ogous genes annotated in T. turgidum ssp. dicoccoides accession Zavitan reference genome 

(v2.0) (Table 3). 

 

Table 3 – Putative candidate genes in Svevo, and their homologs in Zavitan (v2.0) 

 

Figure 14 – Visualization of the physical map of the short arm of chromosome 2B on Svevo refer-

ence genome with the QTL under study and the seven putative candidate genes 
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Out of the seven putative candidate genes in Svevo, only 5 homologous genes were identified 

in Zavitan. The genes TRITD2Bv1G010110 and TRITD2Bv1G010130 from Svevo identified the 

same physical region in Zavitan, in which TRIDC2BG003900 is annotated. Likewise, 

TRITD2Bv1G010230 and TRITD2Bv1G010300 from Svevo both identified TRIDC2BG003620 

in Zavitan. This analysis revealed a general synteny between the two genomes, since all the 

putative candidate genes in Svevo (v1.0) would identify a homologous sequence in Zavitan 

(v2.0), but no collinearity, due to the physical position of TRIDC2BG003620, homolog of both 

TRITD2Bv1G010230 and TRITD2Bv1G010300. Additionally, the dot plot between Svevo (19.0 

– 26.5 Mbp) and Zavitan (17.8 – 25.5 Mbp) revealed general sinteny between these genomes, 

even though deletions and inversion in Zavitan could be visualized (Fig. 15). The sequence 

comparison was also carried out on the seven genes that had a homologous sequence in Zavitan 

(v2.0) (Fig. 16) and revealed that the homolog of TRITD2Bv1G010230 (gene 5) in Zavitan not 

only was subjected to inversion (Fig. 16e), but had also rearranged (Table 3). 

 

Figure 15 –Sequences alignments of the whole physical region of Svevo 

(19.0 – 26.5 Mbp) vs. Zavitan (17.8 – 25.5 Mbp) 
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4.4.1 MG5323 sequencing and mapping of reads vs. tetraploid genomes 

The reads of the low coverage genome sequencing of MG5323 were mapped against the two 

tetraploid genomes. As shown in Figure 17, MG5323 reads were mapped in all the 7 Svevo 

putative candidate genes except for gene 7 (TRITD2Bv1G010300). The lack of MG5323 reads 

mapped in Svevo gene 7 (TRITD2Bv1G010300) could either be due to a low coverage of the 

genome sequencing, or due to the absence of the gene in MG5323. 

The reads mapping vs. Zavitan revealed a good coverage of each candidate genes. As shown in 

Table 3, only 5 homologs were detected in Zavitan: the Svevo genes 2 and 3 

(TRITD2Bv1G010110 and TRITD2Bv1G010130, respectively) identify the same homologous 

gene (TRIDC2BG003900), as well as for genes 5 and 7 (TRITD2Bv1G010230 and 

TRITD2Bv1G010300, respectively), which detect the same homolog (TRIDC2BG003620). 

Thus, the MG5323 mapping of reads vs. the two tetraploid genomes revealed how this dicoccum 

could be closer to Zavitan because of the absence of gene 7, but could be closer to Svevo since 

MG5323 shows reads mapped against both genes 2 and 3 (TRITD2Bv1G010110 and 

TRITD2Bv1G010130, respectively). 

GENE 1 

a 

GENE 2 

b 

GENE3 

c 

GENE 4 

d 

GENE 5 

e 

GENE 6 

f 

GENE 7 

g 

Figure 16 –Sequences alignments of: a) gene 1 = TRITD2Bv1G010060; b) gene 2 = 

TRITD2Bv1G010110; c) gene 3 = TRITD2Bv1G010130; d) gene 4 = TRITD2Bv1G010140; e) 

gene 5 = TRITD2Bv1G010230; f) gene 6 = TRITD2Bv1G010240; g) gene 7 = 

TRITD2Bv1G010300 
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 4.5 In silico expression analysis 

The in silico expression analysis was carried out with ExpVip platform and Wheat eFP Browser, 

and both of them rely on data acquired in T. aestivum. For this reason, a BLAST investigation 

was performed to search for the homologous genes in Chinese Spring reference genome (v1.0) 

(Table 4).  

This preliminary analysis revealed the presence of all the homologs of the seven putative can-

didate genes in Chinese Spring, also showing a high co-linearity between these genomes. More-

over, the two genes in Svevo, gene 2 (TRITD2Bv1G010110) and gene 3 (TRITD2Bv1G010130), 

which had the same homolog in Zavitan, here showed identity with two distinctive genes, 

TraesCS2B01G045100 and TraesCS2B01G045300, respectively. The same occurred with gene 

5 (TRITD2Bv1G010230) and gene 7 (TRITD2Bv1G010300) from Svevo that both matched with 

the same homolog in Zavitan, meanwhile they showed identity with TraesCS2B01G04500 and 

TraesCS2B01G04500 in Chinese Spring, respectively. 

 

Table 4 – Homologous genes in Zavitan (v2.0) and Chinese Spring (v1.0) reference genome 

 

Svevo gene Start Svevo Zavitan gene Start Zavitan Chinese Spring gene Start Chinese Spring

TRITD2Bv1G010060 21628431 TRIDC2BG003870.1 20866416 TraesCS2B01G044900 21950585

TRITD2Bv1G010110 21695683 TRIDC2BG003900.1 21457487 TraesCS2B01G045100 22017895

TRITD2Bv1G010130 21983992 TRIDC2BG003900.1 21457487 TraesCS2B01G045300 22306990

TRITD2Bv1G010140 21994145 TRIDC2BG003910.1 21468358 TraesCS2B01G045400 22317491

TRITD2Bv1G010230 22398122 TRIDC2BG003620.1 18935482 TraesCS2B01G045600 22724564

TRITD2Bv1G010240 22456742 TRIDC2BG003930.1 21948487 TraesCS2B01G045700 22781478

TRITD2Bv1G010300 22629909 TRIDC2BG003620.1 18935482 TraesCS2B01G046000 23020418

Gene 1, 

Svevo 

Gene 1, 

Zavitan 

Gene 2, 

Svevo 

Gene 3, 

Svevo 

Gene 2 and 3, 

Zavitan 

Gene 4, 

Svevo 

Gene 4, 

Zavitan 

Gene 5, 

Svevo 
Gene 7, 

Svevo 

Gene 5 and 7, 

Zavitan 

Gene 6, 

Svevo 

Gene 6, 

Zavitan 

Figure 17 – Mapping of the MG5323 reads vs Svevo (above) and Zavitan (below). 

 Gene 1 = TRITD2Bv1G010060; gene 2 = TRITD2Bv1G010110; gene 3 = TRITD2Bv1G010130; 

gene 4 = TRITD2Bv1G010140; gene 5 = TRITD2Bv1G010230; gene 6 = TRITD2Bv1G010240; 

gene 7 = TRITD2Bv1G010300 
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The gene expression of the homologs in T. aestivum Chinese Spring (Tab. 4) was evaluated in 

silico on the ExpVip platform taking into consideration the RNA-seq analysis whose experi-

mental designs would address responses to pathogenic infections (Fig. 18).  

 

 

This platform revealed that the homologous of gene 1 (TRITD2Bv1G010060), gene 4 

(TRITD2Bv1G010140), gene 6 (TRITD2Bv1G010240) and gene 7 (TRITD2Bv1G010300) in T. 

aestivum appear constitutively expressed. For the homologous of gene 2 

(TRITD2Bv1G010110), no expression data were provided in ExpVip. The homologous of gene 

3 (TRITD2Bv1G010130) was expressed only in controlled conditions (indicated in Fig. 18 by 

the none vs. disease RNA-seq dataset). On the contrary, the homologous of gene 5 

(TRITD2Bv1G010230) was expressed only under infection. 

Furthermore, the expression of these homologs in T. aestivum was visualized through the Wheat 

eFP Browser (Fig. 19). This analysis revealed an overall limited expression of the homolog of 

gene 2 (TRITD2Bv1G010110) (Fig. 19b); while the homolog of gene 6 (TRITD2Bv1G010240) 

revealed the highest expression in all stages and tissues among the genes under analysis (Fig. 

19f). 

Figure 18 – In silico expression analysis of the homologous gene of Svevo in Chinese Spring performed 

via ExpVip platform 

Homologous of: 

Gene 1   Gene 2  Gene 3  Gene 4  Gene 5  Gene 6  Gene 7 
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a) Homolog of gene 1 (TRITD2Bv1G010060) 

e) Homolog of gene 5 (TRITD2Bv1G010230) f) Homolog of gene 6 (TRITD2Bv1G010240) 

b) Homolog of gene 2 (TRITD2Bv1G010110) 

g) Homolog of gene 7 (TRITD2Bv1G010300) 

c) Homolog of gene 3 (TRITD2Bv1G010130) d) Homolog of gene 4 (TRITD2Bv1G010140) 

Figure 19 – In silico expression of the homologous genes in T. aestivum 
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 4.6 In vivo expression analysis 

The expression analysis of the seven putative candidate genes was carried out on parental lines 

Latino (T. turgidum ssp. durum) and MG5323 (T. turgidum ssp. dicoccum), which are suscep-

tible and resistant to isolate O2, respectively. Their contrasting responses could premise a dif-

ferent reaction to the infection by Bgt. The aim of this study is to disclose if one of these seven 

genes could be involved in conferring resistance to isolate O2 in MG5323.   

The data obtained from the real-time quantitative PCR were analyzed following the indications 

reported in paragraph 3.6.2.1, and the results for each putative candidate gene were compared 

between the two parental lines, focusing on the expression level in the control vs. the infected, 

for each gene. The data here reported were obtained making use of the untreated sample for 

each timing as the calibrator (Fig. 20). 

No difference in expression levels were detected for gene 1 (TRITD2Bv1G010060), gene 4 

(TRITD2Bv1G010140) and gene 6 (TRITD2Bv1G010240). On the contrary, gene 2 

(TRITD2Bv1G010110) and gene 3 (TRITD2Bv1G010130) showed different expression levels 

in both parent lines when comparing the control samples vs. infected ones. Gene 5 

(TRITD2Bv1G010230) showed differences between control vs. infected, with a higher peak in 

expression levels in MG5323 infected sample from the last timing (T4I). Concerning gene 7 

(TRITD2Bv1G010300), no expression levels were detected in MG5323, even though many rel-

ative quantifications were conducted on this gene. This data is consistent with the absence of 

mapping reads of the MG5323 genome sequencing vs. gene 7 (TRITD2Bv1G010300) in Svevo 

reference genome already observed (Fig. 17). 

In conclusion, it was possible to detect a differential expression only for gene 5 

(TRITD2Bv1G010230), but further analysis is needed to verify its effective involvement in con-

ferring resistance to Bgt. 
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Figure 20 – The seven putative candidate genes expression in both parental lines, over five timings 

(T0, T1, T2, T3, T4) and two conditions (C = control; I = infected). Gene 1 = 

TRITD2Bv1G010060, gene 2 = TRITD2Bv1G010110, gene 3 = TRITD2Bv1G010130, gene 4 = 

TRITD2Bv1G010140, gene 5 = TRITD2Bv1G010230, gene 6 = TRITD2Bv1G010240; gene 7 = 

TRITD2Bv1G010300 
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 4.7 Cellular localization of putative candidate genes 

The subcellular localization of the protein product of the seven putative candidate genes from 

Svevo was predicted with the DeepLoc1.0 software; their homologs in Zavitan and Chinese 

Spring were subjected to the same analysis. There was uniformity in the predicted localization 

among homologous genes: they all were located in the cytoplasm, with only gene #7 

(TRITD2Bv1G010300) and its homologs located in the mitochondrion. This homogeneity in 

predicted localization proves that any difference in gene sequences did not influence the local-

ization of the protein product. 

 

 

 4.8 Conserved domain for resistance genes and structure prediction 

The nucleotide sequences of the seven putative candidate genes in Svevo and the corresponding 

six sequences in MG5323 (considering that no reads are present in MG5323 for gene #7 

(TRITD2Bv1G010300)), along with their translated amino acid sequences, were searched for 

conserved domains of disease resistance genes (Table 5). 

 

 

Most of the conserved domains present in the putative candidate genes, and their corresponding 

protein product, belong to the NB-ARC superfamily and LRR superfamily: altogether they 

make up the NB-LRR superfamily, to which most of the resistance (R) proteins belong. These 

findings agree with the premise that the physical interval associated with the resistance pheno-

type was searched for disease resistance (R) genes and further validates those results. 

PLN03210 domain, another conserved domain present in these protein products, is a character-

istic nucleotide binding (NB) site that has been proved to be involved in resistance to Pseudo-

monas syringae, and thus is part of the family of R genes associated with plant immunity115,116. 

Table 5 - Conserved domains in the nucleotide and amino acid sequences of the seven putative 

candidate genes in Svevo and their 6 homologous regions in MG5323  
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Rx_N, instead, is a N-terminal conserved domain that usually has a coiled-coil structure and 

can be found in many plant R proteins, mainly CC-NB-LRR proteins117. The conserved domain 

named AAA_16 belongs to the ATPase associated with diverse cellular activities (AAA) protein 

family, which encompasses a large group of proteins capable of conformational changes upon 

receiving the needed chemical energy from ATP hydrolysis, and, for this reason, it could be 

associated with the right functioning of R proteins118. In the end, all the conserved domains 

present in the nucleotide and amino acid sequences could be traced back to useful domains in 

R proteins. The corresponding sequence of gene 3 (TRITD2Bv1G010130) in MG5323 revealed 

the presence of one more domain, belonging to the LRR superfamily, when compared to Svevo; 

while gene 4 (TRITD2Bv1G010140) in Svevo also contained the AAA_16 domains, which was 

absent in MG5323. Two domains were in common in gene 5 (TRITD2Bv1G010230), which are 

NB-ARC super family and Rx_N, but if Svevo also contained one domain from the LRR super-

family, MG5323 instead had AAA_16. Only gene 2 (TRITD2Bv1G010110) did not show the 

presence of any conserved domain, both in Svevo and MG5323. The presence of the same con-

served domains between Svevo and MG5323 sequences highlights the fact that even the pres-

ence of polymorphisms between their sequences does not result in any meaningful structural 

difference. These conserved domains were projected on the alignment of the Svevo vs. MG5323 

amino acid sequences for each putative candidate gene, apart from gene 7 

(TRITD2Bv1G010300) since no reads are present in MG5323 for this gene (Fig. 21). From this 

analysis, gene 2 (TRITD2Bv1G010110) did not show any polymorphism in the putative primary 

protein structure, along with not containing any conserved domain (Fig. 21b).  

 

 

b) Gene 2 (TRITD2Bv1G010110) a) Gene 1 (TRITD2Bv1G010060) c) Gene 3 (TRITD2Bv1G010130) 

d) Gene 4 (TRITD2Bv1G010140) e) Gene 5 (TRITD2Bv1G010230) f) Gene 6 (TRITD2Bv1G010240) 

Figure 21 – Alignment of the amino acid sequences of the Svevo vs. MG5323 putative candidate genes 
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Even the predicted secondary structures, which could be obtained from the nucleotide sequences 

through the NetSurfP-2.0 server, do not vary much between Svevo and MG5323, with the main 

differences being in the length of the secondary structural elements (data not shown). 

 

 4.8.1 Polymorphisms analysis 

The alignment of the amino acid sequences from Svevo and MG5323 showed many SNPs; the 

mutation they underlay and their eventual localization inside a conserved domain are reported 

in the following Table 6, apart from gene 7 (TRITD2Bv1G010300) since no reads are present 

in MG5323 for this gene (Fig. 17). Furthermore, the search for polymorphism between Svevo 

and MG5323 was expanded to the region 3,000 bp upstream each gene, to assess the presence 

of polymorphisms in their promoters. 

The overall analysis of polymorphisms in the putative candidate genes between these genomes 

revealed that gene 1 (TRITD2BvG010060) is the only one that does not present SNPs in the 

promoter region; while there are many SNPs in its coding sequence, both inside and outside 

conserved domains, with most polymorphisms resulting in missense mutations and thus in the 

modification of the amino acid properties, especially the hydrophobicity. Gene 2 

(TRITD2BvG010110) is the only one that presents SNPs only in the promoter region. Gene 3 

(TRITD2BvG010130) presents SNPs inside and outside the gene and the conserved domains, 

with some polymorphisms being missense mutations that affect the properties of the corre-

sponding amino acids, such as the side chain (Val520Met), or the polarity and hydrophobicity 

(Gly665Ser). Gene 4 (TRITD2BvG010140) has only one missense mutation outside conserved 

domains (Ser59Ala, which modifies the polarity, hydrophobicity and side chain of the residue), 

and many polymorphisms in the promoter region. Gene 5 (TRITD2BvG010230) presents many 

SNPs inside and outside conserved domains, all of which are missense mutations that affect the 

properties of the amino acids, mainly the hydrophobicity, but also the polarity and the charge 

(i.e. Gly59Asp results in a modification in hydrophobicity, polarity and charge; while 

Arg172Thr only affects the charge); this gene also has many polymorphisms in the promoter 

region. Gene 6 (TRITD2BvG010240) has a few SNPs in its coding sequence, all outside con-

served domains, of which only one affects the properties of the amino acid presen t (Glu806Gly 

changes the polarity, charge and hydrophobicity of the residue in that position); it also presents 

many polymorphisms in the promoter region. 
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Table 6 – SNPs detected between Svevo and MG5323 coding sequences 

 

The presence of SNPs was also evaluated in numerical terms, considering the absolute number 

of SNPs and relating it to the length of the genomic sequence (Table 7).  

 

 

Gene 1 (TRITD2BvG010060) and gene 5 (TRITD2BvG010230) showed the highest presence of 

SNPs inside the coding sequence, both on absolute and relative terms; gene 5 

(TRITD2BvG010230) also had the highest abundance of SNPs in the promoter region.  

Table 7 – SNPs density inside the coding sequences and the promoter regions 
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4. Discussion 

The dominant powdery mildew resistance gene Ml5323, subsequently named Pm49, was 

mapped on the short arm of chromosome 2B from Triticum turgidum ssp. dicoccum by Piarulli 

et al., 2012, but further studies were needed to narrow down the genomic region in which this 

gene falls. The aim of the study here reported was to fine map the gene, and the followed strat-

egy relied on: adding more molecular markers to the linkage map, analyzing the expression 

levels of the seven putative candidate genes that had been identified in the physical interval 

associated with the resistant phenotype, assessing the presence of conserved domains and SNPs 

that could interfere with the functionality of the protein products, and performing a comparative 

genomic analysis aimed at locating other powdery mildew resistance genes in the same chro-

mosomic region, thus evaluating if the gene under study is a new one, or if it is a new allele of 

an already identified gene. 

Six new SNP markers had been developed from the sequence of the seven putative candidate 

genes identified in Svevo for being putative disease resistance genes, and were used to genotype 

161 F2 recombinant lines derived from a cross between T. turgidum ssp. dicoccum accession 

MG5323 resistant to Blumeria graminis f.sp.triticii isolate O2 and the susceptible T. turgidum 

ssp. durum cultivar Latino. This analysis allowed to narrow down this region to a genetic region 

between markers M5 and M8, which corresponds to a physical interval of 3 Mbp (21.6 – 24.6 

Mbp). This genomic interval contains all the seven putative candidate genes already identified. 

The in silico expression analysis allowed to investigate the expression of the homologous genes 

of Svevo in T. aestivum, identified in the Chinese Spring reference genome (v1.0), through two 

different platforms. The overall analysis revealed that the homologous genes of 

TRITD2Bv1G010060, TRITD2Bv1G010140, TRITD2Bv1G010240 and TRITD2Bv1G010300 in 

T. aestivum are constitutively expressed both under control and infected conditions, while, on 

the contrary, the homolog of TRITD2Bv1G010110 showed almost no expression under either 

condition. On the other hand, the homolog of TRITD2Bv1G010130 had a higher expression 

level in the control samples than in the infected ones, meaning that its expression is not induced 

by infection. While, the homolog of TRITD2Bv1G010230 had higher expression levels under 

infection, hinting that this gene could be induced under infection conditions in T. aestivum. 

The data collected from the in vivo expression analysis did not show any difference in expres-

sion levels between the control vs. infected samples for TRITD2Bv1G010060, 

TRITD2Bv1G010140 and TRITD2Bv1G010240, and these same results were also obtained from 

the in silico analysis conducted on the homologs in T. aestivum. However, three genes showed 

differences in the in vivo expression levels between the control vs. infected samples. 
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TRITD2Bv1G010110 and TRITD2Bv1G010130 have the same variation in expression among 

the two parental lines, meaning that they are induced under infection in both genotypes . While, 

TRITD2Bv1G010230 has higher expression levels in the MG5323 infected samples, hinting that 

this gene could be induced under infection. Overall, these results agree with the in silico ex-

pression analysis conducted on the homologous genes in T. aestivum, and could suggest that 

TRITD2Bv1G010230 is the most probable putative candidate gene for conferring resistance. 

Furthermore, this in vivo analysis allowed to exclude TRITD2Bv1G010300 from the list of the 

putative candidate genes since the in vivo expression analysis in MG5323 gave no results. This 

data could also be supported by the absence of mapped reads from the low coverage genome 

sequencing of MG5323 vs. TRITD2Bv1G010300 in Svevo reference genomes. The expression 

analysis then allowed to revise the physical interval associated with this QTL, excluding 

TRITD2Bv1G010300 and narrowing it down to a 0.8 Mbp interval (21.6 – 22.4 Mbp). 

The analysis of polymorphisms between both the coding sequences and the 3,000 bp upstream 

regions of the 6 putative candidate genes present both in Svevo and MG5323, thus excluding 

TRITD2Bv1G010300, revealed that TRITD2Bv1G010110 presents only 5 SNPs, all in the pro-

moter region. Since the in vivo expression analysis did not detect any difference between the 

two genotypes, this means these SNPs do not affect the expression level of the homolog of this 

putative candidate gene in MG5323. Besides, since no other differences are detected in the 

sequence of this gene between the two genomes, it could be concluded that 

TRITD2Bv1G010110 is not the putative candidate gene for the QTL under study. The evaluation 

of the polymorphisms present in other genes assessed that TRITD2Bv1G010140 possesses pol-

ymorphisms in its promoter region, but since the in vivo expression analysis did not reveal 

differential expression between the two genotypes, then these SNPs do not affect the expression 

levels. This gene has only one SNP outside conserved domains, and it is a point mutation that 

results in the mutation Ser59Ala, responsible for a change in polarity, hydrophobicity and side 

chain of the residue in that position. This missense mutation could be responsible for a different 

response to Bgt infection observed in the resistant parental line. Actually, the presence of a 

missense mutation outside conserved domains in R proteins has been proved to confer resistance 

to pathogen both in Arabidopsis thaliana119 and rice120, for this reason, this gene still is a puta-

tive candidate one. TRITD2Bv1G010060 revealed the highest absolute and relative presence of 

polymorphisms in its coding sequence, but did not show any polymorphism in the promoter 

region. This last data supports the results of the in vivo expression analysis, in which the ex-

pression levels did not vary between the genotypes. This means that if TRITD2Bv1G010060 is 

capable of conferring resistance to Bgt infection in MG5323, then its capability relies not on 
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different levels of expression, but on modifications of the structure of the protein product in 

MG5323, due to missense mutations in the coding sequence. Concerning TRITD2Bv1G010230, 

this gene not only presents many SNPs in its coding sequence, which could be responsible for 

a different protein efficiency in conferring immunity in the resistant parental line, but also has 

the highest abundance of SNPs in its promoter region, which could be responsible for a differ-

ential expression in MG5323 detected through the in vivo expression analysis. For this gene, 

inversion and rearrangement were identified comparing the physical regions on Svevo and 

Zavitan, suggesting that this gene had been under evolutionary dynamics in the period that 

separates the two subspecies. 

The chromosome 2B in wheat is a known cluster for disease resistance genes, and all the avail-

able databases were searched for powdery mildew resistance genes that had been mapped on 

the short arm of chromosome 2B, to compare this chromosomic region with the one under study. 

Out of the eight genes identified, the investigations conducted allowed to rule out genes whose 

flanking markers mapped far from the short arm of chromosome 2B in a physical map, such 

was the case with pm42111 and pmWE99114. Moreover, the gene that had proved to be a recessive 

trait, pm26110, was also excluded from the analysis since the QTL under study was identified as 

a dominant gene94. Finally, since the resistance gene PmL962 was introgressed from a distant 

wheat relative, Thinopyrum intermedium (genome JJJsJsSS), it was also removed113. In the end, 

the remaining genes mapped on the same chromosomic region and derived from close wheat 

relatives were MlIW170109, MlIW3971 and MlWE7475 derived from T. turgidum ssp. dicoccoides, 

and Pm68 that was identified in T. turgidum ssp. durum112. The fine mapping here analyzed 

helped reduce the physical interval to at least a 3.0 Mbp chromosomic region (21.6 – 22.6 Mbp), 

in which only Pm68 falls. In this same physical interval, all the seven putative disease resistance 

genes are comprised, but comparing the data from expression analysis and SNPs effect helped 

rule out both TRITD2Bv1G010110 and TRITD2Bv1G010300 from the list of the candidate gene, 

thus further narrowing down the genomic region to a 0.8 Mbp interval (21.6 – 22.4 Mbp). 

In the end, the QTL under study here has been identified in a physical region where only Pm68 

maps, but, if the QTL derives from T. turgidum ssp. dicoccum, Pm68 instead was identified in 

T. turgidum ssp. durum112. This could either mean that this QTL identifies a new gene in the T. 

turgidum ssp. dicoccum genetic background, or that it is a new allele of Pm68. To address this 

matter, further analysis is needed, and a good strategy could be employing the markers associ-

ated with Pm68, Xwmc314 and BE443737, to genotype the segregating population here ana-

lyzed. 
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The identification of the gene associated with this QTL still needs further investigation, which 

should focus on genes TRITD2Bv1G010060, TRITD2Bv1G010130, TRITD2Bv1G010140, 

TRITD2Bv1G010230, and TRITD2Bv1G010240. The analysis of the homologous genes in 

Svevo and Zavitan, along with the results of MG5323 reads mapping against both genomes 

highlights how this genomic region is highly dynamic. In particular, concerning gene 

TRITD2Bv1G010130, MG5323 proved to be closer to Svevo, while, concerning 

TRITD2Bv1G010230, it is closer to Zavitan. Besides, this genomic region has shown the occur-

rence of inversion and rearrangement, and for all these reasons it could be regarded as a dynamic 

genomic region worth of further exploration. 
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