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Summary 

Prolamins, or gluten proteins, play an important role in the bread-making quality 

of wheat. These proteins are divided into two main fractions: gliadins and glutenins. In 

addition to their viscoelastic properties, gluten proteins are responsible for triggering 

the autoimmune-response in patients suffering from celiac disease (CD), a chronic 

enteropathy given in genetically predisposed individuals that affects 0.7% of the global 

population. The only available treatment is to follow a life-long gluten-free diet, which 

is difficult due to the large number of products that are based on wheat or present it as 

an additive. Biotechnological tools have been applied to obtain wheat varieties with low-

gluten content. RNA of interference (RNAi) has been one of those, providing the 

silencing of the three groups of gliadins: ω-, α- and γ-gliadins. 

The synthesis of gluten proteins is influenced by the environment: among the 

factors that affect the grain composition, temperature and nitrogen (N) stand out, 

especially during the grain-filling stage. In the second chapter of this thesis, gliadins and 

glutenins from four RNAi lines with low-gluten content have been studied under heat 

stress and two nitrogen (N) treatments. Quantification was performed by reverse-phase 

high-performance liquid chromatography (RP-HPLC). In addition to the effect of heat 

stress decreasing grain weight in all the lines tested, an increase in the prolamin content 

was observed in the control lines (without the silencing fragment) due to temperature. 

Except for ω-gliadins, the rest of the prolamins of the RNAi lines did not present any 

effect on their content in the environmental conditions tested, while the proteins of the 

control lines were affected. This indicates great stability of the silencing character in the 

RNAi lines, which gives them value in the context of increased temperature and heat 

stress events, and environments with different N availability. In this work, as well as in 

previous ones, the RNAi lines showed a total grain N content similar to that of the 

control lines, despite the great decrease in the gliadin content. This phenomenon of 

compensation or readjustment of the grain protein composition gave rise to the next two 

chapters. 

The third chapter presents the results of gene expression by RT-qPCR and RNA-

seq from two RNAi lines with two different endosperm promoters driving the silencing 

fragment. In both lines, the compensation was produced by the increase in the non-

gluten proteins (NGPs) and the high molecular weight (HMW) subunits of glutenins. 

The increase in the expression of the genes that encode these subunits is already notable 

in the RNAi lines at 18 days after anthesis (DAA), as well as the transcription factors 

(TFs) related to the regulation of prolamins synthesis. In addition, the expression of 

genes encoding NGPs (globulins, serpins, ns-LTPs, and triticins) was also higher in the 

RNAi lines. Moreover, other changes at the transcriptome level were observed in the 

RNAi lines, particularly those related to enzyme regulation activity, carbohydrate 

metabolism, and stress response. Regarding the latter, many of the genes differentially 

expressed in the RNAi lines involved in this process are regulated by the abscisic acid 

(ABA), which could suggest the involvement of this phytohormone in the stress 

response observed at the expression level in the RNAi lines. 
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The transcriptome of another RNAi line with all three gliadin fractions strongly 

silenced was analyzed in the fourth chapter. The RNAi E82 line was chosen for the RNA-

Seq analysis, and samples were taken from two tissues: the grain and the leaf in an 

intermediate stage of grain filling. The E82 line is one of the RNAi lines with the highest 

gluten reduction (ppm) and was used for two clinical trials with CD and non-celiac 

wheat sensitivity (NCWS) patients. In this work, the focus was mainly on the regulatory 

elements at the transcriptional level, thus obtaining a network of candidate TFs for 

regulating the synthesis of seed storage proteins, including prolamins, and starch in the 

RNAi lines. Both the genes encoding TFs of the network, as well as those of the prolamins 

and other storage proteins, were down-regulated in the E82 line. The results obtained in 

the leaf of the RNAi line showed a large number of down-regulated genes related to 

protease activity, carbohydrate and amino-acid metabolisms and their transport. 

Regarding the last one, it should be noted that specific proline transporters were down-

regulated in the E82 line, while those of lysine-histidine were up-regulated. In addition 

to the lower gluten content, this E82 line differs from those analyzed in the previous 

chapter in that grain protein compensation is mainly by the NGPs, specifically the lysine-

rich globulins but not the HMWs. The genes encoding globulins were not down-

regulated in the RNAi line nor did they show any relationship with the TFs network, 

suggesting that they are regulated independently from the rest of the seed storage 

proteins. Both the TFs network described, and the information related to globulins and 

leaf processes, contribute to increasing the knowledge of the regulation of prolamins and 

protein compensation mechanisms in this RNAi line.  

In addition to RNAi, CRISPR/Cas technology has been used to obtain lines with 

low-gluten content. Due to the genomic complexity of the prolamin coding regions and 

the fact that not all gluten proteins are equally immunogenic, the characterization of 

these genomic regions is important for designing precision breeding programs, both 

based on traditional and new plant breeding techniques like CRISPR/Cas. With this 

objective the fifth chapter was carried out, in which the amplicons of two CD 

immunogenic gliadin complexes were sequenced in a set of lines of bread wheat, durum 

wheat and tritordeum, including wheat lines with the 1BL/1RS rye translocation. 

Variability for CD immunogenic epitopes and peptides was studied, and their 

abundances were quantified in amplicons of α- and γ-gliadins, including also 40k-γ-

secalins. The results from this chapter allowed us to identify and classify the lines with 

the highest and lowest immunogenic potential, as well as to quantify the abundance of 

CD-related epitopes, including 33-mer, one of the most immunodominant peptides in 

CD. These results are of great importance to understanding the structural complexity of 

the immunogenic complexes in wheat, and to select wheat varieties for subsequent 

efficient transformation by gene editing with CRISPR/Cas.  
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Resumen 

Las prolaminas, o proteínas del gluten, tienen un papel fundamental en la calidad 

harino-panadera del trigo. Estas proteínas se dividen en dos grandes fracciones: 

gliadinas y gluteninas. Además de sus propiedades viscoelásticas, las proteínas del 

gluten son las responsables de desencadenar la respuesta autoinmune en pacientes con 

enfermedad celíaca (EC), una enteropatía crónica en individuos genéticamente 

predispuestos que afecta al 0.7% de la población mundial. El único tratamiento posible 

es seguir una dieta libre de gluten de por vida, lo que resulta difícil debido a la gran 

cantidad de productos basados en trigo o que lo presentan como aditivo. La aplicación 

de herramientas biotecnológicas ha permitido obtener variedades de trigo con bajo 

contenido en gluten. El ARN de interferencia (ARNi) ha sido una de las utilizadas, 

teniendo como objetivo las tres fracciones de gliadinas: ω-, α- y γ. 

La síntesis de estas proteínas está influenciada por el ambiente: entre los factores 

que afectan a la composición del grano, destacan la temperatura y la disponibilidad de 

nitrógeno (N), especialmente durante el estadio de llenado del grano. En el segundo 

capítulo de este trabajo, gliadinas y gluteninas de cuatro líneas ARNi con bajo contenido 

en gluten han sido cuantificadas bajo estrés térmico y dos tratamientos de N. La 

cuantificación se realizó mediante cromatografía líquida de alta resolución en fase 

reversa (RP-HPLC, de sus siglas en inglés). Además del efecto del estrés térmico 

disminuyendo el peso del grano en todas las líneas ensayadas, se observó un incremento 

de las prolaminas en las líneas control (sin el fragmento de silenciamiento) debido a la 

temperatura. A excepción de las ω-gliadinas, el resto de las prolaminas de las líneas 

ARNi no se vieron afectadas por los cambios ambientales ensayados, mientras que estos 

sí influyeron en las proteínas de las líneas control. Esto indica una gran estabilidad del 

carácter de silenciamiento en las líneas ARNi, lo que las pone en valor en un contexto de 

cambio climático con incremento de temperatura y eventos de estrés térmico, y 

ambientes con distinta disponibilidad de N. En este trabajo, así como en otros anteriores, 

las líneas ARNi presentaron un contenido de N total en el grano similar al de las líneas 

control, pese a la gran disminución en el contenido de gliadinas. Este fenómeno de 

compensación o reajuste de la composición proteica del grano dio lugar a los dos 

siguientes capítulos. 

En el tercer capítulo se exponen los resultados del análisis de la expresión génica 

mediante RT-qPCR y RNA-seq de dos líneas ARNi con silenciamiento de gliadinas 

donde el fragmento de silenciamiento estaba bajo el control de dos promotores de 

endospermo distintos. En ambas líneas, la compensación se produjo por el incremento 

de las proteínas no pertenecientes al gluten (NGPs, de sus siglas en inglés) y de las 

subunidades de gluteninas de alto peso molecular (HMW, de sus siglas en inglés). El 

incremento de la expresión de los genes que codifican estas subunidades ya es notable 

en las líneas ARNi a los 18 días después de la antesis (DAA, de sus siglas en inglés), al 

igual que factores de transcripción (FTs) relacionados con la regulación de la síntesis de 

las prolaminas. Además, la expresión de los genes que codifican para las NGPs 

(globulinas, serpinas, ns-LTPs y triticinas) también fue mayor en las líneas con 
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silenciamiento de gliadinas. También se observaron otros cambios a nivel de 

transcriptoma en las líneas ARNi, particularmente los relacionados con la regulación de 

la actividad enzimática, el metabolismo de los carbohidratos y la respuesta a estrés. En 

relación con este último, muchos de los genes implicados en este proceso, y 

diferencialmente expresados en las líneas ARNi, están regulados por el ácido abscísico 

(ABA), lo que podría sugerir la implicación de esta fitohormona en la respuesta a estrés 

observada a nivel de expresión en las líneas ARNi. 

El transcriptoma de otra línea ARNi con fuerte silenciamiento de todas las 

fracciones de gliadinas fue analizada en el cuarto capítulo. En esta ocasión se escogió la 

línea E82 para el análisis de expresión diferencial y se tomaron muestras de dos tejidos: 

el grano y la hoja en un estadio intermedio del llenado del grano. La línea E82 es una de 

las líneas ARNi con mayor reducción de gluten (ppm) y que, además, ha sido utilizada 

en ensayos clínicos con pacientes celíacos y sensibles al trigo. En este trabajo, el foco se 

puso principalmente en los elementos reguladores a nivel transcripcional, obteniéndose 

así una red de FTs candidatos a regular la síntesis de las proteínas de reserva de la 

semilla, incluyendo las prolaminas, y el almidón en el grano en las líneas ARNi. Tanto 

los genes codificantes de los FTs de la red, como los de las prolaminas y otras proteínas 

de reserva del grano, estuvieron subexpresados en la línea E82. Los resultados obtenidos 

en la hoja de la línea ARNi mostraron una gran cantidad de genes subexpresados 

relacionados con la actividad de las proteasas, el metabolismo de los amino-ácidos y de 

los azúcares, y su transporte. En relación a este último, cabe destacar que los 

transportadores específicos de prolina estuvieron subexpresados en la línea E82, 

mientras que los de lisina-histidina estuvieron sobreexpresados. Además del menor 

contenido en gluten, esta línea difiere de las analizadas en el capítulo anterior en que la 

compensación proteica en el grano se produce principalmente por las NGPs, 

concretamente las globulinas ricas en lisina, y no por las HMW. Los genes que codifican 

para las globulinas no estuvieron subexpresados en la línea ARNi ni presentaron 

relación alguna con la red de FTs, sugiriendo que son reguladas independientemente del 

resto de proteínas de reserva en el grano. Tanto la red de FTs descrita como la 

información relativa a las globulinas y los procesos en la hoja, contribuyen a incrementar 

el conocimiento relativo a la regulación de las prolaminas y la compensación proteica en 

las líneas con silenciamiento de las gliadinas. 

Además del ARNi, se ha utilizado la tecnología CRISPR/Cas para la obtención de 

líneas con bajo contenido en gluten. Debido a la complejidad de las regiones genómicas 

que codifican los genes de prolaminas y a que no todo el gluten es igual de 

inmunogénico, la caracterización de estas regiones es importante para diseñar 

programas de mejora genética de precisión, tanto tradicionales como basados en las 

nuevas herramientas de mejora como CRISPR/Cas. Con este objetivo se realizó el quinto 

capítulo, donde los complejos inmunogénicos de las - y -gliadinas fueron 

caracterizados mediante secuenciación masiva en un conjunto de líneas de trigo 

harinero, trigo duro y tritórdeo, incluyendo líneas de trigo con la translocación de 

centeno 1BL/1RS. Se identificaron y cuantificaron los epítopos y péptidos 
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inmunogénicos relacionados con la EC en los amplicones de las α- y γ-gliadinas, 

incluyendo también las 40k-γ-secalinas. Los resultados de este capítulo permitieron 

conocer la complejidad estructural de estos complejos inmunogénicos en trigo, y 

clasificar las líneas con mayor y menor potencial inmunogénicos, así como cuantificar la 

abundancia de los epítopos relacionados con le EC, incluyendo el 33-mer, uno de los 

péptidos más inmunodominantes que se conocen. Estos resultados permitirán 

seleccionar variedades y su incorporación en programas de mejora genética clásica o su 

uso directo mediante edición genética con CRISPR/Cas. 
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1. Wheat 

Wheat was one of the first crops domesticated during the Agricultural Revolution 

10,000 years ago. Since then, wheat became an essential part of human civilization as 

staple food in their diet (Feldman and Levy, 2015). The genus Triticum comprises diploid, 

tetraploid, and hexaploid species, derived by inter-specific or inter-generic 

hybridization followed by chromosome doubling. The allotetraploid wheat Triticum 

turgidum ssp. durum (AABB, 2n=4x=28) contains the subgenomes A and B. The A 

subgenome comes from the diploid species T. urartu (AuAu), while the origin of the B 

subgenome remains unresolved, but genetic, biochemical, and morphological evidences 

suggest that Aegilops speltoides (BB) was the donor of this subgenome (de Sousa et al., 

2021). The hybridization of T. urartu and A. speltoides gave rise to the wild emmer T. 

turgidum ssp. dicoccoides, the ancestor of domesticated emmer, from which some 

subspecies developed free-threshing grains, known as durum wheat (T. turgidum ssp. 

durum) (Figure 1.1 A). The allohexaploid wheat T. aestivum (AABBDD, 2n=6x=42) 

contains the A and B subgenomes from the tetraploid wheat, and the D subgenome from 

A. tauschii. Both belong to the Triticeae tribe of the grass family Poaceae (Levy and 

Feldman, 2022; Pont et al., 2019) (Figure 1.1 A). 

 

 

Figure 1.1. A) Phylogeny of wheat. B) World-wide and C) Europe production of wheat. The color 

code indicates the value of production (tons). The data showed in B and C were obtained by 

(FAO, 2022), and it reflects the production values for the 2020 year. 
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The wheat crop is cultivated all over the world, from areas as far north as 

Norway, Finland and Russia, such as southern Argentina (Figure 1.1 B,C). It is mainly 

cultivated in temperate regions, although it is also found in subtropical and tropical 

regions (Levy and Feldman, 2022). The 95% of the wheat grown globally is bread wheat 

(T. aestivum), and the remaining 5% is mainly durum wheat (T. turgidum ssp. durum). The 

production of wheat ‘ancient’ species like T. monococcum (einkorn, diploid), T. turgidum 

ssp. dicoccum (emmer, tetraploid), and T. turgidum ssp. spelta (spelt, hexaploid) comprises 

a small part of the remaining 5%. However, in the last decades these crops increased 

their popularity as they have been associated with health benefits, disease tolerance or 

adaptation to wide climate conditions (Longin et al., 2016). This is notable for spelt crops, 

as they present higher protein, lipid, nutrient, carbohydrates and vitamins contents than 

bread wheat (Kohajdová and Karovicova, 2007). 

Durum wheat grows in semiarid environments (e.g. Mediterranean countries), 

associated more with social traditions than climate limitations. Canada is the main 

cultivator, however, most durum wheat consumers and production processes take place 

on the Mediterranean region (Xynias et al., 2020). This crop is used mainly for pasta 

production, as other traditional dishes like couscous (Elias, 1995). Bread wheat 

consumption has increased globally, even in countries with unfavourable climates for 

wheat production. It is in the top three of the most important crops in the world, reaching 

production values of 760 million tons of grain per year, only below maize (FAO, 2022). 

In Spain, in terms of production, it is ranked first, with values reaching 8.1 million tons 

per year (FAO, 2022) (Figure 1.1 B,C). While the main wheat export countries were 

Russia, the United States and Canada in 2020, the main wheat import countries were 

located in Asia and Eastern Europe (FAO, 2022). The unique properties of wheat doughs 

allow the production of products of daily consumption in the western lifestyle, such as 

bread, baked goods, noodles and pasta (Shewry and Hey, 2015). Although wheat is 

considered a primary source of energy (carbohydrates), it is also an important source of 

protein, in addition to dietary fiber, B vitamins, minerals, and other phytochemicals in 

the human diet (Shewry and Hey, 2015). All the essential amino acids, except lysine, are 

present in adequate amounts for an adult in the wheat grain. White flours have a lower 

proportion of essential amino acids compared to whole meal flours, which is related to 

the high content of seed storage proteins (SSPs) in the endosperm, rich in proline and 

glutamine and poor in lysine, contrasting with the proteins from other grain tissues rich 

in lysine (Shewry and Hey, 2015; Shewry, 2009). 

 

2. Wheat grain composition 

The wheat grain is composed of 2-3% germ, 13-17% bran and 80-85% endosperm. 

The germ, located in one end of the grain, is rich in proteins, lipids, minerals, and vitamin 

E. The bran is comprised of the outer layers, and it is rich in B vitamins and minerals. It 

contains a high proportion of fibre (53%). The aleurone layer, rich in proteins and 

enzymes, comprises the outer endosperm, while the inner part is referred to as the 
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starchy endosperm, the principal source of carbohydrates and a high source of proteins 

(Belderok et al., 2000; Cornell and Cauvain, 2003). 

At harvesting, the wheat grain consists of 85% of carbohydrates, where 80% is starch 

present only in the starchy endosperm. Among carbohydrates, the wheat grain also 

contains fructans, composed of several fructose units bonded to a single glucose unit 

(Shewry and Hey, 2015). The importance of fructans has increased in recent years as they 

are one of the major components of the group of small fermentable carbohydrates named 

as FODMAPs (Fermentable, Oligo-, Di-, Mono-saccharides, and Polyols), which has been 

related to several human pathologies, including irritable bowel syndrome (IBS) and 

inflammatory bowel disease (Crohn’s disease and ulcerative colitis) (Gibson and 

Shepherd, 2010). 

The protein content of the grain is the major determinant of the bread-making quality 

of wheat (Shewry, 2009). Proteins represent 10-15% of the dry weight of the grain and 

they can be classified by their functions into storage proteins, metabolic proteins, 

protective proteins, and miscellaneous proteins with further specific functions (Shewry 

and Hey, 2015). However, wheat proteins have traditionally been classified into four 

fractions according to their solubility in albumins (soluble in water), globulins (soluble 

in dilute saline), prolamins (soluble in alcohol), and glutelins (insoluble in the other 

solvent but can be extracted in alkali). In the albumin and globulin fractions, regulatory 

proteins with metabolic function and protective proteins are included. These represent 

20% of the total protein of the wheat grain (Wieser et al., 2023). The prolamin fraction is 

named gliadins in wheat. Despite glutelins comprising proteins which are insoluble in 

the three first solvents, its major components are in fact prolamin subunits not 

extractable in alcohol because of their polymer nature, as they present inter-chain 

disulphide bonds. These proteins are called glutenins in wheat and now are classified as 

prolamins together with gliadins (Shewry, 2019), and both represent about 80% of the 

grain protein. Prolamins are also called gluten in wheat, and they are located in the grain 

endosperm (Shewry, 2009). In addition, the monomeric gliadins can be divided into 

three structural groups by their mobility in acid polyacrylamide gel electrophoresis (A-

PAGE): ω-, α/β- and γ-gliadins. The α- and β-gliadins present highly similar amino acid 

sequences and are often grouped into a single group called α-gliadins. The glutenins are 

non-alcohol-soluble polymeric proteins linked by inter-chain disulphide bonds. They 

can be divided into High Molecular Weight (HMW) and Low Molecular Weight (LMW) 

glutenin subunits by their mobility in sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) (Figure 1.2). Prolamins are synthesized and deposited into 

protein bodies in the starchy endosperm cells during the grain-filling stage. Their 

synthesis begins approximately 10 days after anthesis (DAA) and ends 20 days later 

(Wieser et al., 2023). They constitute, together with starch, an important nutrient 

reservoir during germination (Shewry and Halford, 2002; Shewry, 2019). 
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Figure 1.2. Gluten protein classification and their chromosome loci in bread wheat. At the left, 

the purple bands indicate loci of gliadin genes, and blue bands indicate the glutenin loci. 

 

In wheat, the profile of protein distribution and their content is determined by 

genetic factors, but also by environmental ones, mainly the availability of nitrogen (N) 

fertilization and the timing of its application. Generally, the increase of N fertilization 

increases the protein content of the grain by regulating the expression levels of the genes 

involved in the synthesis of these storage proteins (Yu et al., 2017). The N application 

also affects the distribution of starch granules and the properties of starch (Xiong et al., 

2014). The effect of high temperature and heat stress treatments during the grain filling 

phase reduces the starch content and affects the activity of the enzymes that catalyze its 

synthesis. Despite starch synthesis is more susceptible to heat stress than protein 

synthesis, this environmental factor also affects the accumulation of storage protein in 

wheat, increasing gliadins and decreasing glutenins (Triboï et al., 2003; DuPont and 

Altenbach, 2003). 

Gliadins and glutenins are encoded by genes located in the groups 1 and 6 

chromosomes from the A, B and D bread wheat subgenomes. Gliadin and LMW genes 

are located in the short arm of chromosomes 1A, 1B, 1D, 6A, 6B, and 6D, while the genes 

encoding for the HMW are located on the long arm of group 1 chromosomes (Glu-1 loci) 

(Figure 1.2). The HMW subunits of glutenins are encoded by single genes named 

according to the subgenome, the subunit’s size (x-type: higher molecular weight, or y-

type: lower molecular weight), and its mobility on SDS-PAGE gels (numbered 1-12) in 

many cases (e.g. HMW 1Dx5) (Wieser et al., 2023). There are two closely linked genes 

encoding an x- and y-type subunit in each locus so, theoretically, there are six expected 

subunits in bread wheat, but not all the HMW genes are expressed in all genotypes, 

varying from three to five subunits some genes are silenced by transposon-like element 

insertion or nucleotide mutation in the coding/promoter region (Payne, 1987; Galili, 

1997; Zu-Jun et al., 2006). In contrast, the LMW and the gliadins are encoded by gene 

families with multiple copies in the genome and arranged in tandem as a consequence 

of gene duplication, making difficult of obtaining high-quality gene sequences and 

analyzing them. Therefore, there is a high polymorphism in the gluten proteins among 
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wheat varieties, not only due to the variability of the protein sequences but also to the 

variability of the gene expression (Shewry, 2019). Unlike other species, bread wheat has 

a large and complex genome that contains more than 85% of repetitive DNA. In addition 

to its hexaploid nature, these traits make a challenge the task of assembly wheat genome. 

Few years ago, the high quality annotated genome of bread wheat was released (Appels 

et al., 2018). The availability of the wheat reference genome allowed also the genome-

wide identification of multiple gene families, including genes coding for the seed-borne 

allergens as gluten proteins and other genes related to adverse reactions to wheat (Juhász 

et al., 2018). The identification of the wheat genes encoding prolamins and their 

chromosomal locations were achieved combining wheat proteins/peptides public 

databases and the reference genome sequence. In complex genomic regions, the short 

sequence reads are not enough to assembly them. Consequently, another approaches has 

been used to solve the problem of sequencing these genes: aligning PacBio-based 

sequence contigs with BioNano genome maps (Huo et al., 2018b; Huo et al., 2018a). With 

this approach, 47 α-gliadin genes (26 encoding intact full-length proteins), 14 γ-gliadin, 

19 ω-gliadin and 17 LMW genes were reported in the model Chinese spring bread wheat 

cultivar. 

Prolamin-like proteins, particularly gliadins, are also present in other cereal 

crops, being termed as hordeins in barley (Hordeum vulgare), secalins in rye (Secale cereale) 

and avenins in oat (Avena sativa). In addition, sequences encoding proteins with high 

homology to oat avenins, and named avenin-like proteins, have been identified in bread 

and durum wheat, and barley (Daly et al., 2020). 

Wheat prolamins play a major role in the bread-making quality of wheat, being 

responsible for the viscoelastic properties of wheat flour.  When water is added to flour 

during the bread-making process, gliadins and glutenins will form a cohesive 

viscoelastic protein network that will retain the gas released during the fermentation of 

the dough and will lead to the formation of a leavened, fluffy bread crumb (Delcour et 

al., 2012). In fact, the HMW has the greatest impact on dough quality (Payne et al., 1987). 

The bread-making properties of wheat gluten are not shared in other cereals crops, 

making wheat unique among cereals. 

 

3. Wheat-related pathologies 

Despite the importance of wheat gluten proteins, the consumption of wheat, and 

other gluten-containing cereals are associated with several adverse reactions in humans. 

The pathologies can be differentiated by their mechanism of activation in (i) HLA-

associated Celiac Disease (CD), and (ii) IgE-mediated diseases such as wheat allergy, 

wheat-dependent exercise-induced anaphylaxis (WDEIA) or baker’s asthma 

(Ludvigsson et al., 2013; Larré et al., 2011). There is a third pathology denoted as non-

celiac wheat sensitivity (NCWS), whose causes and mechanisms are still unclear. In the 

first place, gluten was initially assigned as the causative agent of NCWS, however, the 

FODMAPs, particularly fructans, and α-amylase/trypsin inhibitors (ATIs) were later 
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proposed as possible triggering compounds in subsequent studies (Gibson et al., 2017; 

Catassi et al., 2013). The prevalence of NCWS ranges from 0.6% to 13%, due to cases of 

self-diagnoses and the absence of standardized diagnostic criteria or biomarkers (Aziz 

et al., 2016). 

Among the adverse reactions to gluten proteins, CD is the most known pathology. 

CD is a chronic enteropathy in genetically predisposed individuals after the intake of 

gluten, which triggers both an innate and adaptive immune response. The innate 

immune response takes place in the epithelial component of the intestinal mucosa and, 

in presence of gluten, the production of cytokines interleukin-15 (IL-15) is increased. The 

intraepithelial lymphocytes will be differentiated into cytotoxic CD8+ T cells and, in the 

end, it will produce damage in the intestinal mucosa such as villous atrophy and crypt 

hyperplasia (Green et al., 2015). In contrast, the adaptive immune response requires 

antigen-presenting cells (APCs), such as dendritic cells and B cells, that will interact with 

CD4+ T cells. This will produce inflammatory cytokines such as interferon-γ (IFN-γ) and 

IL-21. For gluten to be recognized by the HLA-DQ2 and HLA-DQ8 molecules from the 

APCs, the glutamine residues present in gluten peptides are deamidated to glutamate 

by tissue transglutaminase 2 (tTG2) in the lamina propria of the small intestine. Then, 

the HLA-DQ2 and HLA-DQ8 molecules are capable to bind to the deamidated gluten 

peptides, which are presented to the CD4+ T cells, inducing the activation and 

proliferation of these lymphocytes, followed by the production of proinflammatory 

cytokines, leading to histological changes in the intestinal mucosa like villous atrophy 

and crypt hyperplasia. In addition, the B cells are also activated and they can be 

differentiated into plasma cells, secreting IgA and IgG antibodies against tTG2 and 

deamidated gluten peptides (Tye-Din et al., 2018). There are a wide range of clinical 

manifestations as diarrhea and abdominal pain, among others (Caio et al., 2019; Green 

et al., 2015) (Figure 1.3). 

In a recent meta-analysis, the global prevalence of CD (biopsy-confirmed) was 0.7%. 

However, the prevalence of CD varies with sex, age and geographic location (Singh et 

al., 2018). Europe (including data from Russia), together with Oceania, present the 

highest prevalence, and the highest estimates of CD were in Finland and Sweden inside 

Europe with values from 2% to 3% (Catassi et al., 2014). There is evidence that the 

prevalence of CD has increased over time (Singh et al., 2018). Although the origin of this 

increment is still unknown, several hypotheses were proposed: (i) the development of 

high-yield but also high-immunogenic varieties; (ii) the transformation of bread-making 

processes introduced by the expansion of industrial baking techniques with short-time 

fermentation which minimize the proteolytic of proteins and lead to a high 

immunogenic-undigested peptides (Gobbetti et al., 2007); (iii) the diagnostic tests, which 

are becoming increasingly accurate and widely used for CD screening (Catassi et al., 

2015); and (iv) diet factors like the increasing of CD in countries where wheat was not 

the main staple food but are adopting the western lifestyle, including a gluten-rich diet 

(Catassi et al., 2015). 
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Figure 1.3. Celiac Disease pathogenesis. APC: antigen presenting cells, IL: interleukin, IFN-γ: 

interferon-γ, TG2: transglutaminase 2. The gluten peptide represented as an example is the region 

which comprises the 33-mer present in the α-gliadins. 

 

3.1. CD epitopes and immunogenic peptides 

The gluten epitopes are 9-mer amino acid core peptides that form stable complexes 

with HLA-DQ molecules. These epitopes are often localized in gluten peptides resistant 

to proteolytic degradation in the gastrointestinal lumen. They are rich in proline and 

glutamine residues and therefore the target of tTG2, increasing their binding properties 

to the CD-associated HLA-DQ molecules (Sollid et al., 2012; 2020). 

Both the three gliadin families and the two glutenin families contain CD epitopes. 

Particularly, the α-gliadins present an immunogenic peptide called 33-mer which is 

resistant to digestion by intestinal brush-border enzymes (Shan et al., 2002), and 

comprises 6 overlapping copies of three highly immunogenic epitopes named 

DQ2.5_glia_α1a, DQ2.5_glia_α1b and DQ2.5_glia_α2 (Shan et al., 2002). This peptide 

can be found on the D-subgenome of bread wheat at low frequency, which means that 
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there are only a few copies of this peptide in the genome. It was proposed to evolve from 

one α-gliadin subtype found in A. tauschii (Ozuna et al., 2015). However, shorter versions 

of the 33-mer peptide, harboring 1-4 CD epitopes are widely distributed among durum 

and bread wheat cultivars. Another immunogenic peptide containing a great number of 

overlapping epitopes is the 26-mer peptide found in the γ-gliadins. In addition to being 

multivalent, this peptide is also resistant to proteolysis in the intestinal brush border 

membrane (Shan et al., 2005). As the 33-mer, the full 26-mer peptide is exclusive of the 

D-subgenome of bread wheat and it is present at low-frequency (Salentijn et al., 2012). 

In addition to the CD epitopes associated with the adaptive immune response, the 

p31-43 peptide, related to the non-T cell-dependent innate immune response in CD was 

reported (Maiuri et al., 2003). This peptide is located in the N-terminal repetitive region 

of the α-gliadins. Altogether, this gliadin fraction is one of the most immunogenic and 

therefore is the most studied to determine the inter-specific variability and abundance 

of epitopes among cereals (Ozuna et al., 2015; Salentijn et al., 2013; Cho et al., 2018). To 

that, amplicon sequencing based on Next Generation Sequencing (NGS) is an excellent 

tool to analyze these immunogenic complexes with a high density of epitopes. 

4. Biotechnological approaches for obtaining low-gluten wheat 

So far, the treatment of CD is to follow a life-long gluten-free diet (GFD). However, 

following a GFD has many disadvantages: i) because there are many wheat-based 

products, ii) gluten is widely used as an additive in many foods that naturally do not 

contain gluten, iii) GFD was reported to have negative effects on gut microbiota in 

patients with CD, NCWS and healthy people (Caio et al., 2020), and iv) GFD products, 

particularly gluten-free bread, have a higher content of both saturated and 

hydrogenated fatty acids than their normal counterpart, resulting in a high glycemic 

index that can increase the risk of obesity, insulin resistance and cardiovascular diseases 

(Scaramuzza et al., 2013). Therefore, the development of wheat varieties without the 

immunogenic components, but maintaining the organoleptic properties of standard 

wheat, is a very appealing objective. Although naturally there is a wide range of 

variability for immunogenic gliadins among hexaploid, tetraploid and diploid wheat 

species, the structural complexity of the gliadin immunogenic loci, the high copy 

number of gliadin genes and the polyploid character of wheat have prevented the 

effective application of classical cross-based breeding techniques to develop wheat 

varieties with low-gluten and a low-capacity to trigger the immunogenic response. In 

contrast, biotechnological approaches based on RNAi and new plant breeding 

techniques (NPBTs) such as CRISPR/Cas have made it possible to develop this kind of 

wheat lines. For both RNAi and CRISPR/Cas9 techniques, the selection of the best wheat 

varieties, and candidates to be transformed is crucial. Therefore, the characterization of 

the gliadin CD-related complexes of wheat varieties would allow the improvement of 

gene editing and RNAi silencing results. 

 

4.1. RNA of interference 
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The low-gluten RNA of interference (RNAi) wheat lines were obtained by the 

application of RNAi silencing technology. This technology is based on the post-

transcriptional RNAi mechanism existing in eukaryotes cells. It is based on a hairpin 

RNA (hpRNA) vector composed of an inversely repeated (IR) sequence of the target 

gene, with a spacer region in between. The transcribed RNA hybridizes with itself to 

form a hairpin structure, which is then processed by the ribonuclease III enzyme Dicer 

to produce small interfering RNAs (siRNAs). The siRNA will be bound to Argonaute 

family proteins (AGOs) to form the AGO/siRNA complexes, which will join the RNA-

induced silencing complex (RISC). The complementary mRNA of the RISC siRNA will 

be degraded (Liu et al., 2021). This mechanism prevents the translation of this mRNA 

into a protein, and it is used for gene silencing (Figure 1.4). 

 

Figure 1.4. RNA of interference mechanism. hpRNA is formed by the inversely repeated (IR) 

sequence of the target gene and with a spacer region. siRNA: small interfering RNA, AGO: 

argonaute protein, RISC: RNA-induced silencing complex. 

 

The RNAi technology has been used to silence the genes for each gliadin fraction 

separately, as shown for the γ- (Gil-Humanes et al., 2008), the ω-1,2 (Altenbach et al., 

2019), the ω-5 (Altenbach and Allen, 2011; Altenbach et al., 2015), and α-gliadins 

(Altenbach et al., 2020). But, the wheat lines with the lowest gluten content were 

obtained by targeting all the gliadin fractions and transformed with one ω/α hpRNA or 

both ω/α and γ hpRNAs (Gil-Humanes et al., 2010). One of these RNAi lines, named 

E82, presents a reduction of 98% in the gluten content (Gil-Humanes et al., 2010). These 

lines present breadmaking and sensory properties similar to the wild-type lines (Gil-

Humanes et al., 2014). Moreover, bread made with E82 flour was tested in clinical trials 

with NCWS and CD patients. Notably, the E82 bread did not elicit an immune response 

in DQ2.5-positive patients with CD after a short-term oral challenge (Guzmán-López et 

al., 2021) while positive changes in the gut microbiota were reported for NCWS patients 

(Haro et al., 2018). 

4.2. CRISPR/Cas9 gene editing 

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

CRISPR-associated (Cas) proteins were discovered as part of the adaptive immune 

system in prokaryotes (Mojica et al., 2005), and adapted for genome engineering 

(Doudna and Charpentier, 2014). This is a sequence-specific nuclease (SSN) system 
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which targets specific DNA sequences and make double-stranded breaks (DSBs) in the 

target site by a bacterial-derived DNA endonuclease (Cas9). The Cas9 is guided to the 

target site by a 20 bp single guide RNA (sgRNA) sequence. The requirement for Cas9 

binding specificity is determined first by the presence of a protospacer-adjacent motif 

(PAM) downstream of the target region, and second by the pairing of the sgRNA to the 

target region. The DSBs are repaired by two different pathways: non-homologous end 

joining (NHEJ) or homology directed repair (HDR) (Figure 1.5). The NHEJ is an error-

prone pathway that can lead to insertions or deletions in the target site as the DNA is 

repaired imprecisely. In contrast, in the HDR pathways the DNA is repaired using a 

donor template similar to the target one (Samanta et al., 2016). 

The α-gliadins genes have been also edited by CRISPR/Cas9 system (Sánchez-León 

et al., 2018). The immunoreactivity of the wheat lines edited by CRISPR for the α-gliadins 

was reduced by 85% measured by using the R5 and G12 monoclonal antibodies 

(Sánchez-León et al., 2018). This system was demonstrated very highly precise and 

efficient, as of the 45 genes identified in the wild type, up to 35 were mutated with no 

off-targets. Furthermore, transgene-free lines were obtained, being great candidates for 

classical breeding programs. 

 

Figure 1.5. CRISPR gene editing scheme: Cas9 recognition of the target site, double strand break 

(DSB), and the NHEJ and HR DNA repair mechanisms. 

5. Grain protein compensation after gliadin silencing 

Despite the silencing of gliadins, the wheat RNAi lines present a similar N content to 

that of the wild-type line, indicating a protein compensation mechanism involving the 

major protein fractions of the grain to provide a total protein content that does not differ 

from that of the parental line. However, these readjustments vary depending on the 

target of the silencing. For example, for the RNAi lines with silencing for the γ-gliadins, 

the other two gliadin fractions (ω- and α-gliadins) are increased for equalizing the total 

protein content (Pistón et al., 2011). In contrast, when the wheat ω-5 and 1,2-ω-gliadins 

were silenced (Altenbach et al., 2019; Altenbach et al., 2014), the HMW and the non-

gluten proteins (NGPs) increased their content with respect to the wild-type line. Both, 
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the LMW and the α-gliadins had opposite variations in both types of lines, increasing in 

the ω-5-gliadin line, and decreasing in the 1,2-ω-gliadin ones. These compensatory 

effects were also shown in CRISPR/Cas lines targeting the α-gliadins. These lines 

presented an increase in the HMW glutenin subunits, while some of them also present a 

LMW reduction (Sánchez-León et al., 2018). 

This compensatory phenomenon seems to be a widespread mechanism as protein 

rearrangements have also been detected in maize, where RNAi lines for the 22-kDa α-

zeins showed an increase in 19-kDa α-zeins, while the RNAi lines with silence for the 

19-kDa α-zeins were compensated with the 22-kDa α-zeins (Huang et al., 2004). The 

compensatory effect of SSPs against glutelin decreasing has also been reported in rice 

(Iida et al., 1993). 

In wheat, the prolamins are regulated mainly at the transcriptional level by the 

presence of trans-activating transcription factors (TFs) that interact with the cis-

regulatory elements (CREs) present in prolamins’ promoters (Kawakatsu and Takaiwa, 

2010). There are some well-known TFs which recognized the upstream sequence of 

gliadins and glutenins genes. Among them, the Prolamin Binding Factor (TaPBF) stands 

out together with the Storage Protein Activator (TaSPA). These TFs bind to the bifactorial 

endosperm box (E box), which is comprised of the prolamin box (P box) and the GCN4-

like motif (GLM box) (Kawakatsu and Takaiwa, 2010). The TaPBF recognizes the P box, 

while the TaSPA binds to the GCN4-like motif. In addition to the E box, there are other 

CREs widely studied in the SSPs promoters. For example, the RY motif (5’-CATGCA-3’), 

which is directly recognized by a B3-superfamily TF called TaFUSCA3 (Sun et al., 2017); 

or the R2R3MYB recognition site (5’-AACAAC-3’), to which TaGAMyb is bound (Guo 

et al., 2015). 

In addition, some of the TFs actively involved in the transcriptional regulation of 

prolamins and other SSPs have also a regulatory role in the synthesis of starch. 

Particularly, they regulate the expression of the starch synthesis-related genes (SSRGs), 

encoding catalyzers such as starch synthase and starch branching enzyme (Shevkani et 

al., 2017). The TaPBF and TaSPA TFs, and their orthologs in maize, are also involved in 

the SSRGs regulation (Zhang et al., 2016; Orman-Ligeza et al., 2020; Guo et al., 2020). 

In the case of the RNAi lines analyzed in this thesis, the silencing targets were the 

three groups of gliadins. All of them contain plasmids harboring IR sequences of the 

most conserved regions from the ω-, α- and γ-gliadin genes, driven by two different 

endosperm-specific promoters: γ-gliadin and D-hordein promoters. Interestingly, these 

promoters also contain the CREs described above, and therefore, the expression of the 

silencing fragment is also subjected to the same regulatory mechanisms than their target 

prolamin genes. In three of these lines – E82 (pGhp-ω/α + pghp8.1 plasmids), D793 

(pGhp-ω/α), and D783 (pDhp-ω/α) –, an increase in the HMW was detected in two of 

them. Only one presented an increase in the LMW, while the other two lines showed a 

lower content of this protein fraction. The common factor for all three was the increase 
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in the NGPs, which mainly comprise globulins and albumins (Pistón et al., 2013; Barro 

et al., 2016). 
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6. Objectives 

 

The objectives of the present thesis are the following: 

 

I. To evaluate the effectivity of gliadins silencing and the grain protein 

compensation in low-gluten RNAi wheat lines under different N availability 

regimes and temperature treatments. 

 

II. To understand and develop a model of protein compensation in the grain at 

transcriptional levels when gliadins have been silenced by RNAi, a model that 

can be used for the future redesign of wheat grain proteins. 

 

III. To study and elucidate at the transcriptomic level the role that leaves play 

through source-sink communications in the grain protein rearrangements in 

wheat RNAi lines. 

 

IV. Develop an amplicon sequencing pipeline to study the complexity of CD-related 

alpha and gamma gliadins in cereals for the identification and integration of 

varieties with low immunogenic capacity in precision breeding programs. 
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Abstract 

Temperature and nitrogen (N) availability are two important environmental factors 

that may produce important changes in grain composition during grain filling of bread 

wheat. In this study, four wheat lines with the down-regulation of gliadins by means of 

RNA interference (RNAi) have been characterized to determine the effect of thermal 

stress and N availability on grain weight and quality; with focus on gliadin and glutenin 

protein fractions. Grain weight was reduced with heat stress (HS) in all RNAi lines, 

whereas gliadin content was increased in the wild-types. With respect to gliadin content, 

RNAi lines responded to HS and N availability differently from their respective wild-

types, except for ω-gliadin content, indicating a very clear stability of silencing under 

different environmental conditions. In a context of increased temperature and HS events, 

and in environments with different N availability, the RNAi lines with down-regulated 

gliadins seem well suited for the production of wheat grain with low gliadin content. 

Keywords: gluten proteins, heat stress, transgenic lines, celiac disease, Triticum 

aestivum 
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Resumen 

La temperatura y la disponibilidad de nitrógeno (N) son dos factores ambientales 

importantes que pueden producir grandes cambios en la composición del grano durante 

el llenado de este en trigo harinero. En este estudio, cuatro líneas de trigo con la 

regulación a la baja de las gliadinas mediante ARN de interferencia (ARNi) han sido 

caracterizadas para determinar el efecto del estrés térmico y la disponibilidad de N en el 

peso del grano y su calidad; focalizándonos en las fracciones de proteínas de las 

gliadinas y gluteninas. El peso del grano se redujo con estrés térmico (ET) en todas las 

líneas ARNi, mientras que el contenido de gliadinas se incrementó in las líneas control. 

Con respecto al contenido de gliadinas, las líneas ARNi respondieron al ET y a la 

disponibilidad de N de forma diferente a sus respectivas líneas control, excepto para el 

contenido de las ω-gliadinas, indicando una gran estabilidad del silenciamiento bajo 

diferentes condiciones ambientales. En un contexto de incremento de temperatura y 

eventos de ET, y en ambientes con distintas disponibilidades de N, las líneas ARNi con 

regulación a la baja de gliadinas parecen muy adecuados para la producción de grano 

de trigo con bajo contenido de gliadinas. 

Palabras clave: proteínas del gluten, estrés térmico, líneas transgénicas, enfermedad 

celíaca, Triticum aestivum 
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1. Introduction 

Grain yield and quality are critical for wheat breeding and management. Both traits 

are determined during the grain-filling phase. Understanding the processes affecting 

grain weight and quality during grain filling is important for improving breeding and 

management strategies. Grain filling is commonly partitioned into three phases: the lag 

phase, the effective grain filling period, and the maturation drying phase (Egli, 1998). 

The lag phase is a period of active cell division, characterized by a rapid increase in water 

content with almost no dry matter accumulation. Grain dry weight then increases 

rapidly during the effective grain filling period until the maximum dry weight is 

attained, after which it remains approximately stable while the grain dries. During the 

effective grain filling period, starch and proteins are deposited in the endosperm (Jenner 

et al., 1991). It has been shown that the rate of their deposition is controlled by the source-

sink balance (Fischer et al., 1977). Approximately 80% of total proteins in wheat grain 

are gluten (also termed prolamins) whereas the remaining 20% is composed of non-

gluten proteins (NGPs) – mainly albumins and globulins (van den Broeck et al., 2009; 

Wen et al., 2012). Wheat gluten is able to form a network responsible for the viscoelastic 

properties of wheat flour since it allows the retention of carbon dioxide released during 

fermentation (Shewry, 2009). Gluten proteins can be further divided into two fractions: 

glutenins and gliadins (Lafiandra and Kasarda, 1985; Shewry, 2019). The glutenins form 

polymers linked by inter-chain disulfide bonds, they are insoluble in alcohol solutions, 

and can be divided according to their mobility in sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDSPAGE) into high molecular weight (HMW) and 

low molecular weight (LMW) glutenins. The gliadins are monomeric proteins, soluble 

in alcohol, and divided into three groups according to their mobility by electrophoresis 

in polyacrylamide gels at acidic pH (A-PAGE); ω, α and γ-gliadins. The glutenins are 

responsible for wheat dough elasticity and strength, while gliadins are important for 

viscosity and extensibility (Shewry and Halford, 2002; Shewry et al., 2003). Gluten 

proteins, particularly the gliadin fraction, are the primary factors responsible for 

triggering celiac disease (CD), since they contain the most immunogenic CD epitopes 

(Arentz-Hansen et al., 2000, 2002; Shan et al., 2002; Molberg et al., 2003; Ludvigsson et 

al., 2013; Box 1). 

RNA interference-based (RNAi) techniques are ideal for the down-regulation of 

specific protein fractions related to CD. Using this technology, γ-gliadins were silenced 

in two lines of bread wheat, providing reductions of up to 80% in this gliadin fraction 

(Gil-Humanes et al., 2008). Subsequently, the same workers used chimeric interference 

RNAs capable of silencing the genes from all the three groups of ω, γ and α-gliadins, to 

obtain several lines of two wheat genotypes with major reductions (in some cases up to 

90%) in total gliadin content (Gil-Humanes et al., 2010). The crossing of the silenced lines 

with commercial varieties of wheat has allowed the obtention of new lines that 

effectively express the fragment of silencing in different genetic backgrounds, both to 

silence γ-gliadins (Gil-Humanes et al., 2012) and total gliadin fractions. 
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Climate model projections suggest that higher temperatures and heat stress events 

will become commonplace in most regions where grain crops are produced (Meehl and 

Tebaldi, 2004). Deleterious effects of high temperature on crop yield and quality are well 

documented in the literature (e.g. Barnabás et al., 2008). It is also well known that 

temperate species, such as wheat, maximize their vegetative growth during the period 

of colder temperatures, and the grain develops as temperature rises. Much works have 

studied the effects of very high temperature – moderate and short periods – during grain 

filling in wheat (Wardlaw et al., 2002; Farooq et al., 2011; Nuttall et al., 2018). Typically, 

high temperature during the grain filling linear phase results in the reduction of grain 

weight, mainly due to the decrease of soluble starch synthase activity under heat stress 

(Hawker and Jenner, 1993), reducing starch accumulation (e.g. Bhullar and Jenner, 1986). 

Simultaneously, heat stress (HS) not only increases protein percentage (Stone, 2001; 

Wardlaw et al., 2002), but also affects the synthesis of the different prolamin fractions 

and their ratios, which are responsible of the bread quality (Blumenthal et al., 1993; 

Stone, 2001). 

Nitrogen (N) fertilization is one of the most common management practices used 

by farmers to improve yields. Consequently, there have been many studies analyzing 

yield (Foulkes et al., 1998; Barraclough et al., 2014) and protein content (Fischer et al., 

1993) in response to soil N availability in wheat. In addition, several studies reported the 

effects of N on the types of proteins being synthesized during grain filling (Pechanek et 

al., 1997; Daniel and Triboi, 2000; Johansson et al., 2013), indicating that the synthesis of 

proteins in cereals is clearly influenced by temperature and N condition under which 

grain filling proceeds. However, genotypic variability can be found in all these responses 

(Saint Pierre et al., 2008; Elbashir et al., 2017); and even in the response to interactions 

between heat and N (Elía et al., 2018; Slafer and Savin, 2018). Therefore, determining the 

effects of heat and N availability on wheat genotypes with contrasting protein 

composition are of particular interest in the understanding grain protein distribution 

and its influence on grain weight and quality. 

RNAi lines with low gluten content were subjected to various N and sulfur 

treatments to study the stability of the gliadin silencing under different fertilization 

conditions (García-Molina and Barro, 2017). In relation to N, this study showed that the 

RNAi lines had consistently lower gliadin levels than the wild-type across different N-

fertilization regimes, but also that the level of gliadins in RNAi lines was sometimes 

significantly increased when N availability increased. In that study, N was applied when 

it would strongly affect grain number and yield and, therefore, may have diluted the 

availability of N-compounds during grain filling (i.e. more N available for absorption 

had to be shared between much higher grain numbers). As late N fertilization can be 

used to maintain green tissues during grain filling and to increase overall N content of 

the grains (Blandino et al., 2015), it may be relevant to explore whether the response of 

the RNAi lines would be even more marked. As mentioned before, grain filling is 

significantly affected by HS which would also favor the synthesis of proteins compared 

with that of starch (Barlow et al., 2015). It would thus be of interest to determine whether 
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the synthesis of proteins in general, and gliadins in particular, in these RNAi lines is 

affected by the combinations of high temperatures and N availability during grain 

filling. 

In this context, the objective of the present work was to determine the effects of 

contrasting temperature and N availability conditions on the silencing of gliadins. Thus, 

grain weight, total protein content and gluten protein distribution were studied in a set 

of RNAi lines and their respective wild-types. The aim was to determine to what degree 

the silencing of the synthesis of gliadins depends on environmental conditions, which is 

important for progressing in the development of low-gliadin wheat varieties suitable for 

new dietary approaches for gluten-related disorders. 

 

BOX 1| Celiac disease (CD) is a chronic enteropathy that results from the ingestion of 

gluten proteins present in wheat, and other similar proteins in barley and rye (Trier, 

1998; Sollid, 2002). After ingestion of gluten, lesions form in the small intestine, 

characterized by flattening of the microvilli, hyperplasia of crypt cells, and infiltration of 

leukocytes (Sollid, 2002). As a result, symptoms such as diarrhea and malabsorption of 

food appear among others, since the spectrum of symptoms can be very broad. The 

immune response is triggered by the activation of CD4 T cells when they recognize the 

gluten peptides presented by serotypes HLA-DQ2 and HLA-DQ8. The presence of 

gluten peptides can be detected by the activity of the tissue transglutaminase 2 enzyme 

from the intestinal mucosa (Sollid, 2002; Sollid et al., 2012; Gayathri and Rashmi, 2014). 

CD is present throughout the world and the prevalence in the United States is around 

1%, as in Europe, with the highest estimates in Finland and Sweden, and the lowest in 

Germany (Catassi et al., 2014). Gluten is present in many food products as the main 

element or as an additive. So far, the only possible treatment for CD is to follow a gluten-

free diet for life (Sollid, 2002). The increase in the incidence of the disease was associated 

with the duration of exposure to gluten (Ventura et al., 1999), which increases the need 

to obtain wheat with a reduced content of proteins immunogenic for celiac sufferers. In 

addition to CD, there are other pathologies related to wheat: (i) allergies as wheat-

dependent exercise-induced anaphylaxis (WDEIA) – induced by the ω-5 gliadins and 

the HMW- (Morita et al., 2007; Morita et al., 2009), or baker’s asthma associated with 

non-specific lipid transfer proteins (Brant, 2007; Palacin et al., 2007); and (ii) non-celiac 

wheat sensitivity (NCWS) (Gibson et al., 2017), with an estimated prevalence ranging 

from 0.6 to 13% of global population (Aziz et al., 2016). Most of the allergens and proteins 

related to wheat pathologies have been mapped to the bread wheat Chinese Spring 

reference genome (RefSeq v1.0, International Wheat Genome Sequencing Consortium) 

(Appels et al., 2018) contributing to the knowledge of these diseases (Juhász et al., 2018). 

Moreover, there is a broad study on wheat allergens and CD peptides that allows their 

identification and composition for diagnostic assays by liquid chromatography-tandem 

mass spectrometry (Lexhaller et al., 2019). 
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2. Materials and Methods: 

2.1. Plant Material, Chamber Experiment and Treatments 

Six lines of bread wheat were used: BW208, D770, D793, Gazul, J631, and M959. 

BW208 is a line from CIMMYT and Gazul is a commercial variety, and both were used 

as wild-types. D770 and D793 are lines derived from BW208 with RNA interference 

(RNAi) silencing of all gliadin fractions (Gil-Humanes et al., 2010). J631 and M959 are 

derived from crossing the Gazul genotype and line D770. Lines J631 and M959 were 

backcrossed at least four times with Gazul, always selecting the silencing character and 

the high and low molecular weight glutenins of Gazul, so that both silenced lines 

maintain the glutenin profile of this parent line. 

We carried out a chamber experiment involving six wheat lines (two wild-type 

cultivars and four RNAi lines), two temperature treatments (control and heat stress, HS) 

during the linear phase of grain filling period, and two nitrogen (N) availabilities with 

three replicates, each replicate was composed of 6 plants (all in all there were 18 plants 

per genotype × N × HS; i.e. 216 plants per chamber). Two seeds were sown in pots (270 

cm3) filled with a mixture of 30% peat and 70% soil. After emergence, one plant was left 

in each pot. 

Plants were grown outdoors until heading when all pots were placed in a growth 

chamber set at 20/15◦C. Different temperature treatments were imposed from 10 days 

after anthesis (DAA) during 10 consecutive days (Supplementary Figure 2.1). The 

control was set at 25/18◦C in a chamber and the HS treatment to 40/18◦C in another 

chamber. Minimum and maximum temperatures of 18 and 25 or 40◦C were maintained 

for 8 and 6 h, respectively (Supplementary Figure 2.1). After the 10 days of treatment, 

temperatures were set to 25/18◦C until maturity. 

Chambers were set under long-day conditions (16 h). Pots inside the chambers were 

rearranged approximately once a week to minimize the effects of possible differences in 

microenvironment at different positions within each chamber. Pots were watered 

regularly to avoid water stress. N (9 mg per pot) was applied as urea diluted in all pots 

at flag leaf appearance (DC 4.5, Zadoks et al., 1974). At heading (DC 5.9), half of the 

plants received another dose of N (21 mg per pot). 

2.2. Grain Weight and Total Protein Determination 

At maturity, 18 plants per treatment were sampled. Mature grain weight was 

determined as the average of all grains from the main spikes harvested. Total grain 

protein content was determined by Dumas methodology (Dumas, 1831). 

2.3. Prolamins Quantification by RP-HPLC 

For gliadin and glutenin extraction, two grains from three different plants of each 

line and treatment were weighed and ground using a ball mill, and sequentially 

extracted following a previous protocol (Pistón et al., 2011) adapted to small samples. 

Briefly, gliadins were extracted stepwise three times with up to 400 µL of 60% (v/v) 
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ethanol. Samples were centrifuged, and the supernatants collected, mixed together and 

filtered. The insoluble pellet was re-suspended in 50% (v/v) 1-propanol, 2 M urea, 0.05 

M Tris–HCl (pH 7.5), and 2% (w/v) DTT for glutenin extraction, incubated for 30 min at 

60◦C and centrifuged stepwise three times. For each sample, the three collected 

supernatants were mixed together and filtered. The protein extracts were used for 

gliadin and glutenin quantification by Reverse-Phase High-Performance Liquid 

Chromatography (RP-HPLC, 1200 Series Quaternary LC System liquid chromatography 

from Agilent Technologies) with a DAD UV-V detector at 210 nm. A 25 cm long column 

LiChrospher R 100 RP8 (5 µm) (Merck) was used at 50◦C and a sample volume 

equivalent to 2 mg of flour was injected. The flow rate was 0.5 mL·min−1. Mobile phase 

consisted in a mixture of Acetonitrile (ACN 0.1% TFA) and 0.1% aqueous TFA in a linear 

gradient (0 min 26% ACN, 60 min 54% ACN). The absolute amount of protein was 

calculated using bovine serum albumin protein as standard (BSA; BSA ≥ 98%, fraction 

V. Sigma-Aldrich, St Louis, MO, United States cat. no. A3294) (Supplementary Figure 

2.2). The intervals of retention time used for the separation of prolamin fractions peaks 

are indicated in Supplementary Figure 2.3 according to Wieser et al. (1998). The 

integration of the peaks was performed automatically by RP-HPLC software with minor 

modifications if necessary. 

2.4. Non-gluten Proteins (NGPs) Determination 

The NGPs content was calculated by the difference between the total protein and 

prolamin content (glutenins and gliadins) for each line. The total protein content (µg/mg) 

was calculated from the percentage of N obtained by Dumas using the wheat conversion 

factor (5.83) (Merrill and Watt, 1973). 

2.5. Data Processing 

The retention time (min) and area (mAU) output of the RPHPLC software was 

imported into a house developed software made in Python v2.7 

(github.com/MiriamMarinS/prolaminsQuantification) to obtain the average values from 

the transformed technical repeats using the following formulas, that processes the 

hundreds of output files in a single run. The output of the software is a file with 

Microsoft Excel format. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (µ𝑔(𝑚𝑔 𝑜𝑓 𝑓𝑙𝑜𝑢𝑟)−1) = 0.0005 · 𝐴𝑟𝑒𝑎 (𝑚𝐴𝑈)
𝑉𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛(µ𝐿)

𝑉𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(µ𝐿) · 𝐺𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡(𝑚𝑔)
 

The integration of the profiles, to obtain the area of each peak, and the subsequent 

transformation using the formula described, allow estimating the amount of protein for 

the samples. The arithmetic mean of the three technical repetitions was used for the 

variance analysis. 

2.6. Statistical Analysis 

To determine the effect of HS and N multifactorial univariates ANOVA were 

performed. Two variants of this model were tested: in the first, genotype, temperature, 

nitrogen and their interactions were independent variables, while grain weight and 



47 
 

protein fractions were dependent variables. It was used to determine the general effect 

of the treatments on all genotypes. The second, has the same factors and variables, but it 

was performed for wild-types and RNAi lines separately to determine the effect of the 

treatments on each of these groups. Principal Components Analysis, PCA, was carried 

out with grain weight, total gliadin and its fractions, total glutenin and its fractions, and 

total prolamin as variables to evaluate their contribution to the model variance. The 

software used for the statistical analysis was R v 3.5.1 (R Core Team, 2018). 

3. Results 

3.1. Heat Stress and Nitrogen Treatment Effects on Grain Weight and Total 

Protein 

Grain weight was significantly decreased in both wild-types and RNAi lines by heat 

stress (HS) (Figure 2.1A, Table 2.1, and Supplementary Table 2.1). Additional 

applications of nitrogen (N) had no significant effect on the RNA interference (RNAi) 

lines or wild-types (Figure 2.1B and Table 2.1). No significant differences were found in 

total grain protein content among all genotypes (Table 2.1). HS for a short period did not 

significantly modify the total protein content for both wild-types and RNAi lines (Figure 

2.1C), but the late application of N (N1) resulted in a significant increase of the total 

protein for both the wild-types and the RNAi lines (Figure 2.1D). 

 

Figure 2.1 Grain weight and total protein content for wild-types and RNAi lines under control 

and heat stress temperature treatments (A,C) and nitrogen availability (B,D). N0: no N 

application after heading, N1: N application after heading; control: 25/18◦C during whole grain 

filling period, Heat stress (HS): 40/18◦C for 10 days during grain filling period. The black line 

represents the median value. ∗ above the bars indicates significant difference (∗P ≤ 0.05; ∗∗∗P ≤ 

0.001) between treatments according to the variance analysis. 
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Table 2.1. Significance of the variance of effects of genotype (6 lines: BW208, Gazul, D770, D793, 

J631 and M959), temperature (2 levels: Control temperature and heat stress), nitrogen (2 levels: 

No and N1) and their interactions for each variable studied (grain weight, protein fractions and 

protein ratios). 

Variables Factors P-value Variables Factors P-value 

Grain weight G 0.002082 ** HMW G 0.16009   

T 3.25E-05 *** T 0.09833  
N 0.003541 ** N 0.05425  
GxT 0.604707   GxT 0.55593  
GxN 0.092625   GxN 0.84124  

TxN 0.678413   TxN 0.1672   

Total protein G 0.6512291   LMW G 0.005985 ** 

T 0.2856815   T 0.142497  
N 0.0008094 *** N 0.104511  
GxT 0.9285325   GxT 0.051446  
GxN 0.5782825   GxN 0.333028  
TxN 0.2003991   TxN 0.929684   

ω-gliadins G 6.27E-05 *** Total glutenins G 0.39305  
T 0.07043   T 0.08163  
N 3.81E-05 *** N 0.04616 * 

GxT 0.00102 **  GxT 0.34164  
GxN 0.06651   GxN 0.65589  
TxN 0.059   TxN 0.24875   

α-gliadins G 1.30E-05 *** Ratio GLI/GLU G 0.0006601 *** 

T 0.075602   T 0.0555856  
N 0.001394 **  N 0.3908054  
GxT 0.014791 *  GxT 0.1579138  
GxN 0.010881 * GxN 0.2167633  
TxN 0.583088   TxN 0.9445682   

γ-gliadins G 3.01E-07 *** Ratio GLI/TP G 2.79E-05 *** 

T 0.1145912   T 0.87811  
N 0.1861917   N 0.009226 ** 

GxT 0.0005413 ***  GxT 0.024892 * 

GxN 0.180311   GxN 0.072216  
TxN 0.9548613   TxN 0.242135   

Total gliadins G 1.88E-06 *** Ratio GLU/TP G 0.23479  

T 0.1784208   T 0.06773  

N 0.0004081 ***  N 0.08808  

GxT 0.0016167 **  GxT 0.30135  
GxN 0.0127328 *  GxN 0.45733  

TxN 0.8348028   TxN 0.17623   

The P-value is presented for significant factors of each variable. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. G, genotype; 

T, temperature; N, nitrogen; HMW, high molecular weight; LMW, low molecular weight; ratio GLI/GLU, 

ratio total gliadin content/total glutenin content; ratio GLI/TP, ratio total gliadin content/total protein 

content; ratio GLU/TP, ratio total glutenin content/total protein content; total proteins, total protein content 

in percent of nitrogen by Dumas. The degree of freedom (d. f.) of the variance analysis (N -1, N: number of 

observations) for the factors are: G, 5; T, 1; N, 1; GxT, 5; GxN, 5; TxN, 1. P < 0.05 are in bold. 

 

3.2. Heat Stress and Nitrogen Treatment Effects on Gliadins and Glutenins 

We confirmed that total gliadin content was significantly higher in the wild-types 

than in the RNAi lines (Figure 2.2A and Table 2.1). 
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Figure 2.2. Content of total gliadin and total glutenin content for different genotypes with 

comparisons between RNAi lines and their wild-type by Dunnett’s test (A), wild-types and RNAi 

lines under different temperature treatments (B) and nitrogen availability (C). N0: no N 

application after heading, N1: application after heading; control: 25/18◦C during whole grain 

filling period, Heat stress HS: 40/18◦C for 10 days during grain filling period. The black line 

represents the median value. ∗ above the bars indicates significant difference (∗P ≤ 0.05; ∗∗P ≤ 

0.01) between treatments according to the variance analysis. 

 

Among RNAi lines, D793 had lower content of gliadins than that of the rest of RNAi 

lines (Supplementary Table 2.1). Both HS and the late application of N (N1) resulted in 

a significant increase in the total gliadin content for the wild-type lines, whereas no 

significant variation was observed for the RNAi lines (Figures 2.2B,C). 

The degree of silencing of ω-gliadins was lower than that of the rest of the gliadin 

fractions (Supplementary Figure 2.4A and Supplementary Table 2.1). A significant 

increase in the content of ω-gliadins due to supplementary N was found on both wild-

types and RNAi lines, while HS only had an effect on the wild-types (Supplementary 

Figures 2.4B,C and Table 2.1). An overall effect of N level on the α-gliadin content 

(Supplementary Figure 2.4C and Table 2.1), as well as on the total gliadin content (Figure 

2.2C), was observed in the wild-types, but the RNAi lines did not show this effect. HS 

treatment had no effect on the α-gliadin content for wild-types and RNAi lines 

(Supplementary Figure 2.4B). Conversely, γ-gliadin content was not affected by N 

availability, but a decrease in the amount of this fraction under HS was seen in wild-

types, but not in the RNAi lines (Supplementary Figure 2.4B and Supplementary Table 

2.1). Overall, the RNAi line D793 showed the highest reduction in α- and γ-gliadins 

(Supplementary Figure 2.4A and Supplementary Table 2.1). 
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The content of glutenins at grain maturity (Supplementary Table 2.1) was not 

significant higher for most RNAi genotypes than that of the wild-type lines (Figure 

2.2A). The content of HMW was not statistically different between wild-types and RNAi 

lines (Supplementary Figure 2.5A and Table 2.1). HS had no effect on the HMW fraction, 

and for N treatment, RNAi lines tend to have a higher amount of HMW. In contrast, the 

LMW fraction was decreased in most of the RNAi lines in comparison to that of the wild-

types (Supplementary Figure 2.5A, Table 2.1, and Supplementary Table 2.1). In addition, 

LMW content was affected by HS and N availability; in the wild-types LMW proteins 

decreased under HS; in RNAi lines LMW fractions increased at higher N availability 

(Supplementary Figures 2.5B,C and Supplementary Table 2.1). 

The total gliadin/total protein ratio (GLI/TP) confirms that RNAi lines have lower 

gliadin content than the wild-types, particularly line D793 whatever experimental 

conditions. However, a lower total glutenin/total protein ratio (GLU/TP), was seen in 

wild-types than in RNAi lines without additional N supply, and in BW208 under HS 

with N1 than in RNAi lines (Figure 2.3 and Table 2.1). 

 

Figure 2.3. Total gliadin/total grain protein ratio (GLI/TP), total glutenin/total grain protein ratio 

(GLU/TP) and NGPs/total grain protein ratio (NGPs/TP) between treatments and genotypes. The 

ratios were obtained with mean values for protein content. Low N: no N application after 

heading, High N: N application after heading; control: 25/18◦C during whole grain filling period, 

Heat stress HS: 40/18◦C for 10 days during grain filling period. 

 

HS and N availability modified the GLI/TP ratio in the wild-type lines in different 

ways: it increased with N1 and HS in BW208 and decreased in Gazul (Figure 2.3). In 

contrast, minor effects were found in the GLI/TP ratio for the RNAi lines (Figure 2.3). 
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Regarding the GLU/TP ratio, it was also modified by HS and N availability; it was 

strongly decreased in Gazul wild-type and RNAi derived lines under HS treatment and 

N0, while only a minor effect on lines with BW208 background was observed under 

those conditions; GLI/TP ratio was increased in BW208 RNAi lines under HS and N1, 

with only but minor effects in Gazul RNAi lines (Figure 2.3). 

A Principal Component Analysis (PCA) was carried out, considering the effect of 

genotypes, temperature and N availability treatments on the variation of the protein 

fractions and grain weight (Figure 2.4A). Among the gliadin fractions, ω-gliadin and α-

gliadin fractions contribute less and more, respectively, to the variance of the model. 

HMW proteins were the glutenin fraction that contributed most (Figure 2.4A). Gliadin 

and glutenin contents varied in perpendicular directions, indicating an independent 

behavior of both families of proteins (Figure 2.4A). The wild-types are separated from 

the RNAi lines (Figure 2.4B). The ellipses of 95% confidence level of each genotype 

indicated that there was a strong association between the variation of the glutenins and 

the silenced genotypes, and on the other hand, between the variation in the prolamins 

and the wild-types. D770 and J631 tend toward the direction of variation of the LMW 

proteins, and D793 and M959 toward that of the total glutenins (Figure 2.4). It is 

interesting to note that the variation in grain weight was independent of variations in 

the different protein fractions. 

 

Figure 2.4. Principal Components Analysis (PCA). Effect of genotypes, temperature and N 

availability treatments on the variation of the protein fractions and grain weight (A). The high 

values in the color scale indicates a high contribution to the PCA. The direction and the size of 

the vectors indicate the relationship between all variables and their contribution to each axis. (B) 

Individuals are represented on the PCA axes with the 95% confidence ellipses showed for each 

genotype. The largest point for each genotype indicates the intersection of ellipse axes. 

4. Discussion 

Grain weight, total grain protein, and prolamin content under control temperature 

and N0 (control conditions) resulted in values similar to those previously reported for 
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gliadin downregulated lines (Gil-Humanes et al., 2010; Pistón et al., 2013). The decrease 

of the gliadin/total protein (GLI/TP) ratio in the RNA interference (RNAi) lines could be 

explained by the increase of the NGPs, as the glutenin/total protein (GLU/TP) ratio was 

higher in RNAi lines. In previous studies with these and other RNAi lines, protein 

compensation was observed (Altenbach et al., 2014; García-Molina and Barro, 2017) with 

increments in nongluten proteins (NGPs) such as serpins, triticins and globulins (Gil-

Humanes et al., 2011; Barro et al., 2016). 

Brief heat stress (HS) events during the grain filling period generally result in a 

decrease in grain weight (Bhullar and Jenner, 1986; Savin et al., 1999). The range of 

variation depends on the genotype, timing and severity of HS (Balla et al., 2019). In the 

present study, we found a reduction in grain weight of 30% on average under HS and 

different availability of nitrogen (N). Grain weight was reduced by 35% for lines with 

BW208 genetic background, and about 24% for Gazul and its RNAi derived lines. This 

reduction could be mainly due to an extreme dependence on the temperature of starch 

synthesis, and an irreversible effect of HS on starch production after only a few days or 

even a few hours per day under control (Daniel and Triboi, 2000; Triboï et al., 2003; 

Spiertz et al., 2006; DuPont et al., 2006b; Liu et al., 2011; Hurkman et al., 2013) or field 

conditions (Savin et al., 1996; García et al., 2016; Elía et al., 2018). The percentage of grain 

protein generally increases under moderately high and very high temperatures (Stone, 

2001; Wardlaw et al., 2002), either by a reduction of starch greater than the accumulation 

of protein, or by a reduction in starch without no change in protein accumulation. 

However, this response may not always occur for different genetic and environmental 

backgrounds (Graybosch et al., 1995). Interestingly, in the present study, HS resulted in 

a higher proportion of gliadin fraction in the wild-types. Other studies reported no effect 

of HS on total prolamins or even found a decrease with HS (DuPont et al., 2006b; 

Hurkman et al., 2013). However, Daniel and Triboi (2000) studied each fraction of 

gliadins and found that the proportion of ω- and α-gliadins increased with HS while γ-

gliadins decreased, as found in the wild-types in the present study with the exception of 

α-gliadins. Also, in this work, grain protein content was increased under HS when post-

anthesis N availability was higher (N1), whereas the total prolamin content of the wild-

types differed in the response to HS. The RNAi lines, regardless of their genetic 

background, did not respond to temperature treatments for the total gliadin content, and 

for the gliadin fractions. This is an indication that these lines have robust gliadin 

silencing, independently of the temperature environment. Several authors have 

described a slight increase in LMW and HMW glutenin fractions with HS (DuPont et al., 

2006a,b). Evidence has been also reported that the effect of HS is to cause a reduction in 

the size of glutenin polymers (e.g. Naeem et al., 2012). Nevertheless, in the present work, 

total glutenin and their fractions content were not modified significantly with HS in any 

of the genotypes, except for LMW in wild-types, but there is a non-significant decrease 

in all fractions in wild-types and RNAi lines. 

Under higher N availability (N1), both wild-type and RNAi lines increase total grain 

protein, as previously described for other wheat genotypes (Daniel and Triboi, 2000; 
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Triboï et al., 2003). Moreover, when increasing and splitting N doses, grain protein 

concentration increases and protein composition changes by increasing glutenin 

fractions (Xue et al., 2016). The response to N1 in wild-type lines in greater and in RNAi 

lines in lesser proportion, also confirmed that gliadin to glutenin ratio increase with N1 

(Triboï et al., 2003). The content of ω-gliadins under N1 was increased, in comparison to 

N0, in the wild-types and RNAi lines, whereas the α-gliadin fraction was increased only 

in the wild-types as previously reported in D793 and other RNAi lines (Gil-Humanes et 

al., 2010; García-Molina and Barro, 2017). Total gliadin content did not increase in RNAi 

lines when additional N was supplied (N1), and this increase of ω-gliadins under N1 in 

RNAi lines has to be considered in further designing silencing constructs to improve 

their effectiveness since the ω-5 gliadins are related to wheat-dependent exercise-

induced anaphylaxis (WDEIA) (Inomata, 2009; Morita et al., 2009) and ω-1,2 gliadins to 

CD (Tye-Din et al., 2010). However, the α-gliadins are reported as the major 

immunogenic complex in wheat, they contain three major celiac disease (CD) 

immunogenic peptides (Ozuna et al., 2015), and active peptides from this gliadin fraction 

were responsible for most of the immune response in patients with CD after eating wheat 

(Tye-Din et al., 2010). The α-gliadins were strongly reduced in the RNAi lines, and this 

was not affected either by HS or N application. Although some authors have indicated 

that LMW proteins decrease with high N availability at moderate temperatures (DuPont 

et al., 2006b; Hurkman et al., 2013), we found that LMW content increased in RNAi lines 

when additional N was supplied (N1). In contrast, the response in the HMW fraction 

and total glutenin content under N1, was not statistically significant in any of the 

genotypes. 

5. Conclusion 

Wheat grain proteins are important for the breadmaking quality of wheat, but they 

are also related to human pathologies as celiac disease (CD) and other gluten 

intolerances. RNA interference (RNAi) technology has provided wheat lines with all the 

gliadin fractions strongly down-regulated. Heat stress (HS) and nitrogen (N) availability 

could affect the synthesis and deposition of proteins during grain filling. Wild-types and 

RNAi lines studied in this work responded similarly for total grain protein and the 

content of ω-gliadins to additional N supply, as well as for the grain weight under HS. 

While the wild-types increase their total gliadin content under HS or high N availability 

the RNAi lines did not. Interestingly, the α-gliadin content, the most CD immunogenic 

fraction, is unaffected in the RNAi lines under additional N supply, but it was increased 

in wild-types. Therefore, under the specific scenario of brief events of temperature 

increase or additional application of N, studied in this work, the RNAi lines 

demonstrated a high stability of down-regulation of gliadins. However, further 

evaluations under field conditions will be necessary to confirm that the silencing of 

gliadin fractions in RNAi lines can be maintained under different abiotic stress 

environments. 
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7. Supplementary Materials 

Supplementary Figure 2.1. Temperatures during the day and period of treatment imposition for 

the unheated control (blue, bottom lines) and the heated treatments (red, upper lines). 

Temperatures were determined hourly in control and heated experimental chambers for all 

wheat lines. 

Supplementary Figure 2.2. RP-HPLC chromatograms of BSA used as standards. Three different 

volumes of solution of 0.1 µg/µL BSA protein dilluted in water were quantified (5 µL, 40 µL, 80 

µL, 100 µL) (A). The linear regression between the BSA content and the area of the peak at 20 min 

has a R2 coefficient closer to 1 and the slope of the linear equation is the coefficient used for the 

data transformation formula (B). 
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Supplementary Figure 2.3. RP-HPLC chromatograms of gliadin and glutenin fractions of all 

genotypes and control treatment conditions. N0: no N application after heading; control: 25/18 °C 

during whole grain filling period. The signals were obtained by RP-HPLC software and 

represented with Microsoft Excel. The intervals of retention time used for the separation of 

prolamin fractions peaks are indicated according to Wieser et al. (1998). 

 

Supplementary Figure 2.4. Content of ω-, α- and γ-gliadins under Heat stress (HS) and N 

availability. (A) Comparisons between RNAi lines and their wild-type by Dunnett’s test, and for 

wild-types and RNAi lines under HS (B) and nitrogen availability (C). N0: no N application after 
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heading, N1: N application after heading; control: 25/18ºC during whole grain filling period, HS: 

40/18 °C for ten days during grain filling period. The black line represents the median value. * 

above the bars indicates significant difference (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001) between 

treatments according to the variance analysis. 

 

Supplementary Figure 2.5. Content of HMW and LMW under Heat stress (HS) and N 

availability. (A) Comparisons between RNAi lines and their wild-type by Dunnett’s test, and for 

wild-types and RNAi lines under HS (B) and nitrogen availability (C). N0: no N application after 

heading, N1: N application after heading; control: 25/18 °C during whole grain filling period, HS: 

40/18 ºC for ten days during grain filling period. The black line represents the median value. * 

above the bars indicates significant difference (*, P ≤ 0.05; **, P ≤ 0.01) between treatments 

according to the variance analysis. 
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Supplementary Table 2.1. Mean values for total grain protein (µg/mg of flour), total gliadins and glutenins (µg/mg of flour), and their fractions (µg/mg of 

flour), and grain weight (mg) for each genotype under low (N0) or high nitrogen (N1), and under control temperature and Heat Stress. 

Genotype Temperature Nitrogen ω-gliadin α-gliadin γ-gliadin Total gliadins HMW LMW Total glutenins Total prolamins Total grain protein Grain weight 

BW208 Control No 9.8 23.3 20.0 53.2 22.4 33.9 56.3 109.5 146.0 23.7 

D770 Control No 7.0 9.8 3.4 20.1 28.9 24.3 53.3 73.3 153.3 27.9 

D793 Control No 6.4 5.3 1.5 13.2 27.2 13.6 40.7 54.0 172.0 22.2 

Gazul Control No 8.8 31.1 33.0 72.9 22.2 38.5 60.8 133.7 169.2 23.4 

J631 Control No 6.7 9.6 4.0 20.3 27.2 16.3 43.5 63.8 195.6 28.2 

M959 Control No 6.3 9.1 4.3 19.7 35.4 27.3 62.7 82.4 197.5 25.2 

BW208 Control N1 15.0 28.5 21.0 64.5 26.3 30.2 56.5 120.9 237.4 20.6 

D770 Control N1 9.3 10.9 4.6 24.8 41.3 33.7 75.0 99.8 223.4 22.1 

D793 Control N1 10.4 6.1 1.3 17.7 58.6 18.7 77.3 95.0 288.0 15.5 

Gazul Control N1 14.8 47.7 35.0 97.5 24.7 33.6 58.3 155.8 270.9 23.1 

J631 Control N1 12.5 14.3 4.8 31.5 43.8 24.2 67.9 99.4 223.4 26.1 

M959 Control N1 10.6 8.4 2.8 21.8 60.6 28.4 89.0 110.8 208.1 26.4 

BW208 Heat stress No 19.4 36.4 24.1 79.9 16.9 22.2 39.1 119.1 167.0 14.5 

D770 Heat stress No 7.7 10.9 6.7 25.3 30.7 34.6 65.4 90.7 146.4 19.0 

D793 Heat stress No 6.6 6.8 1.8 15.2 41.3 20.7 61.9 77.2 180.2 14.5 

Gazul Heat stress No 7.1 24.4 22.1 53.6 21.3 27.2 48.5 102.1 171.1 17.5 

J631 Heat stress No 6.7 10.2 5.0 21.9 18.2 15.1 33.3 55.2 153.8 21.8 

M959 Heat stress No 5.6 7.4 2.7 15.6 25.7 19.8 45.4 61.0 194.7 19.9 

BW208 Heat stress N1 21.9 39.9 26.2 88.0 26.8 29.1 55.8 143.8 263.2 13.2 

D770 Heat stress N1 10.1 11.3 6.3 27.7 39.2 36.7 75.8 103.5 261.0 15.6 

D793 Heat stress N1 7.6 6.0 0.5 14.1 32.0 23.0 55.0 69.1 252.2 10.5 

Gazul Heat stress N1 13.5 42.5 25.3 81.3 18.3 26.8 45.1 126.4 298.2 17.9 

J631 Heat stress N1 10.6 14.5 4.0 29.1 35.0 22.8 57.7 86.8 318.0 16.8 

M959 Heat stress N1 8.6 15.1 3.2 26.9 22.7 17.6 40.3 67.2 253.5 18.9 
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Abstract 

The gluten proteins of wheat grain are responsible for visco-elastic properties of 

flour, but they also trigger the immune-response of celiac disease. In this work, two low-

gliadin RNA interference (RNAi) wheat lines that differ for the promoter driving the 

silencing (D-hordein and γ-gliadin promoters for D783 and D793 lines, respectively), 

were characterized at transcriptomic, and protein fraction levels in the grain. Silencing 

of gliadins provides a readjustment in the grain protein fractions that also affects to the 

nongluten proteins (NGP), which were increased in both RNAi lines. Determination of 

wheat gluten by means of the R5 monoclonal antibody also showed a strong reduction 

in the content of gluten in both RNAi lines. Moreover, fructans, an oligosaccharide 

linked with the development of non-celiac wheat sensitivity (NCWS) were also 

significantly decreased in RNAi lines. The down-regulation of gliadins fractions also 

impacts to other metabolic processes, particularly on carbohydrate metabolism, enzyme 

regulator activity and response to stress. Genes and transcription factors regulated by 

ABA were up-regulated, which could suggest the implication of this phytohormone on 

the stress response observed in the RNAi lines. 

Keywords: celiac disease, gliadin, protein compensation, RNAi lines, Triticum aestivum 
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Resumen 

Las proteínas del gluten del grano de trigo son responsables de las propiedades 

viso-elásticas de la harina, pero también desencadenan la respuesta inmune de la 

enfermedad celíaca. En este trabajo, dos líneas de trigo ARN de interferencia (ARNi) con 

bajo contenido en gliadinas que difieren en el promotor que conduce el silenciamiento 

(promotores de D-hordeína y γ-gliadina para las líneas D783 y D793, respectivamente), 

fueron caracterizadas a nivel transcriptómica y de fracción proteica en el grano. El 

silenciamiento de gliadinas provoca un reajuste en las fracciones de proteína del grano 

que también afecta a las proteínas no pertenecientes al gluten (NGPs), que se 

incrementaron en ambas líneas ARNi. La determinación del gluten de trigo mediante el 

anticuerpo monoclonal R5 también mostró una fuerte reducción del contenido de gluten 

en ambas líneas ARNi. Además, los fructanos, oligosacáridos ligados con el desarrollo 

de la sensibilidad al trigo no celíaca (STNC) se redujeron significativamente en estas 

líneas. La regulación a la baja de las fracciones de gliadinas también tuvo impacto en 

otros procesos metabólicos, particularmente en el metabolismo de los carbohidratos, la 

regulación de la actividad enzimática y la respuesta a estrés. Genes y factores de 

transcripción regulados por el ABA estuvieron sobreexpresados, lo que podría sugerir 

la implicación de esta fitohormona en la respuesta a estrés observada en las líneas ARNi. 

Palabras clave: enfermedad celíaca, gliadinas, compensación de proteínas, líneas 

ARNi, Triticum aestivum 
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1. Introduction 

The grain storage proteins of wheat are formed by monomeric and polymeric 

proteins that largely determine the viscoelastic properties of wheat flour. Polymeric 

proteins are denoted as glutenins, they are insoluble in alcohol as they form large 

polymers linked by interchain disulfide bonds, and are divided into two fractions; the 

high molecular weight (HMW) glutenins and the low molecular weight (LMW) 

glutenins. In contrast, gliadins are mainly monomeric proteins with alcoholic solubility, 

and they are further divided into three structural groups; ω-, α/β-, and γ-gliadins 

(Shewry and Halford, 2002). Despite their role in breadmaking quality, gluten proteins 

also contain epitopes responsible for triggering the immuno-response in celiac disease 

(CD) (Ludvigsson et al., 2013) after ingestion of gluten-containing foods. CD is a chronic 

enteropathy characterized for lesions in the small intestine, flattering of the microvilli, 

hyperplasia of crypt cells and infiltration of leukocytes. The response is triggered by 

human leukocyte antigen (HLA) HLA-DQ2 and HLA-DQ8-presented peptides that are 

recognized by CD4 T cells (cluster of differentiation 4 T cells) (Sollid, 2002). In addition 

to CD, other pathologies are also associated with wheat intake; allergies, which 

comprises the wheat dependent exercise-induced anaphylaxis (WDEIA) and baker’s 

asthma, and non-celiac wheat sensitivity (NCWS) (Aziz et al., 2016). Wheat gluten is 

poorly digested in the human intestine and, when an individual eats food containing 

gluten, non-digested peptides cross the mucosa in the small intestine where the human 

transglutaminase 2 (tTG2) deaminates glutamine residues present in gluten peptides 

into glutamic acid, increasing the binding affinity of these peptides to HLA-DQ2/8 

molecules. After activation of T-lymphocytes by interaction with antigen-presenting 

cells, a spectrum of proinflammatory cytokines is released, damaging the enterocytes 

and producing the intestinal lesions typical of CD. The prevalence of CD is about 1% 

with a higher prevalence (1.5%) in Northern European countries (Ludvigsson et al., 

2014). The prevalence of NCWS is still unknown due to cases of self-diagnoses and the 

lack of standardized diagnostic criteria or biomarkers, but globally it can affect a large 

population ranging from 0.6% to 13% (Aziz et al., 2016). 

The down-regulation of the immunogenic gliadin genes by RNA interference 

(RNAi) (Gil-Humanes et al., 2010) provided wheat lines with low toxicity that could be 

used to prepare foodstuff with excellent sensory properties and health benefits for 

NCWS (Haro et al., 2018) and CD patients. These RNAi lines showed pronounced shifts 

in the different grain protein fractions that affect the quality, agronomic, and 

immunogenic proper ties (Haro et al., 2018; Gil-Humanes et al., 2014; García-Molina et 

al., 2017). Lines D793 and D783 showed a strong reduction in the gliadin content of the 

grain, offering a reduced response to T-cell (Gil-Humanes et al., 2010; Gil-Humanes et al., 

2014). These lines contain the same RNAi silencing fragment but driven by two different 

endosperm specific promoters. Interestingly, in response to the increment in nitrogen 

supply in both of them, silencing fragment was highly effective in the downregulation 

of α- and γ-gliadins, at whatever nitrogen supplied (García-Molina and Barro, 2017; 

Marín-Sanz et al., 2020). Despite the strong down-regulation of gliadins, the total grain 
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protein content was not significantly affected in comparison to the wild type, indicating 

a protein compensation with other protein fractions (García-Molina and Barro, 2017) and 

specifically, increments in non-gluten proteins (NGPs) like serpins, triticins and 

globulins were observed (Barro et al., 2016). However, the effects of RNAi gliadin 

silencing on other metabolic and physiological processes in the grain, which in the end, 

could regulate the compensation mechanisms is still unknown. 

In this study, we report new insights in the regulation, transcriptome and trafficking 

of grain storage and non-storage protein genes in two wheat lines with all gliadin genes 

down-regulated by RNAi. Results reported are important for understanding the 

processes of protein regulation in the grain and for undertaking new strategies to 

redesign the wheat grain proteins by RNAi or CRISPR/Cas towards obtaining new 

varieties suitable for people suffering any gluten intolerance. 

2. Material and Methods 

2.1. Plant material 

Two RNAi lines, D793 and D783, derived from the wild type BW208 were used in 

this work. Lines D793 and D783 contain the plasmids pGhp-ω/α and pDhp-ω/α, 

respectively, harboring inverted repeat sequences of the most conserved regions from 

ω-, α/β- and γ-gliadin genes, driven by endosperm-specific promoters; γ-gliadin 

promoter for line D793 and D-hordein promoter for D783 (Pistón et al., 2009; Pistón et al., 

2008). The RNAi lines and the wild type were grown in a greenhouse with 

supplementary lights providing a day/night regime of 12 h/12 h at 24 °C/16 °C. 

2.2. Prolamins determination 

The gliadin and glutenin fractions were quantified by Reverse Phase High-

Performance Liquid Chromatography (RP-HPLC) (1200 Series Quaternary LC System 

liquid chromatography from Agilent Technologies) with the RP8 column (5 mm in 

diameter and 250 mm in length, Merck). Three biological replicates for each genotype 

were analyzed following the protocol established in Pistón et al. (2011). 

2.3. Total protein, NGPs, gluten content by ELISA, fructans and starch 

determination 

The protein content of whole flour was determined using the Kjeldahl (%N × 5.7) 

method according to the standard ICC no. 105/2 (ICC, 1994), while the starch content 

was determined according to the standard ICC method no. 123/1. (ICC, 1994). Both 

components were expressed on a 14% moisture basis. The NGPs content was calculated 

as the difference of total protein and total prolamin content for each line as described in 

previous work (Marín-Sanz et al., 2020). Gluten content was determined by competitive 

ELISA assays using the monoclonal antibody R5 as described (Valdés et al., 2003). 

The fructan content per dry weight was calculated with Megazyme commercial kit 

following the fructan assay procedure (KFRUC, www.megazyme.com) using 150 mg of 

two biological samples and two duplicates per biological sample. After removing 
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polisaccharides, the hydrolysis of fructan was performed to measure D-fructose content 

by spectrophotometric at 410 nm (iMark Microplate Absorbance Reader, Bio-Rad). To 

determine fructan content per dry weight, the moisture content was determined. 

2.4. RNA extraction 

For RNA sequencing (RNA-seq) data analysis, total RNA was extracted from seeds 

collected at 23 and 26 days after anthesis (DAA) from three different plants and bulked. 

For Real-Time quantitative Polymerase Chain Reaction (qPCR) analysis, seeds were 

collected at 8, 14, 18, 23 and 29 DAA from three different plants as biological replicates. 

After seed grinding, samples were placed in a tube containing extraction buffer (100 

mmol 𝐿−1 Tris-HCl, pH 9.5, 150 mmol 𝐿−1 NaCl, 1.0% sarkosyl, 5 mmol 𝐿−1 DTT 

(Dithiothreitol), vortex mixed and centrifuged. Acid phenol (pH 4.3)- chloroform 

extraction was performed using the supernatant. RNA was precipitated with 1/10 vol of 

3 mol 𝐿−1 sodium acetate pH 5.2 and one volume of isopropanol. Resuspended RNA 

was extracted again using TRIzol reagent (Thermo Fisher Scientific, USA) and 

chloroform, and then with acid phenol–chloroform mixed with 1/3 vol of cold 3 mol 𝐿−1 

potassium acetate pH 5.5. The supernatant was mixed with salt precipitation solution 

(1.2 mol 𝐿−1 NaCl and 0.8 mol 𝐿−1 sodium citrate tribasic) and 0.25 vol of ethanol for 

RNA precipitation. 

2.5. cDNA synthesis and qPCR experiments 

cDNA was synthesized using 1 mg of total RNA and qScript cDNA SuperMix 

(Quantabio, USA) for RNA-seq and qPCR analyses. qPCR was carried out using 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, USA) on CFX Connect Real-

time PCR Detection System (Bio-Rad). PCR efficiency of each primer pair was 

determined for all samples with LinRegPCR version 2012.0 (Ruijter et al., 2009). 

Normalization factor was calculated for each sample with geNorm (Vandesompele et al., 

2002) based on the expression levels of RLI, CDC, and ADP-RF genes. The list of primers 

used is presented in Supplementary Table 3.1. 

2.6. RNA-seq data and bioinformatic analysis 

cDNA for mRNA-seq data analysis was high-throughput sequenced by Fundación 

Parque Científico de Madrid (FPCM) (S/ Faraday 7, Madrid, Spain) with Illumina 

Genome Analyzer (GAxII) platform. The quality control of total RNA (Agilent’s 2100 

BioAnalyzer) and the library preparation of poly-A tails-mediated selection (Illumina 

TruSeq RNA kit) were performed by FPCM. The library type and sequencing details are 

in Supplementary Table 3.2. Sequencing data can be found in the NCBI Sequence Read 

Archive under the following accession number: PRJNA593367. The datasets used and/or 

analyzed during the current study are available from the corresponding author on 

reasonable request. Bioinformatic analysis of the RNA-seq was performed on a server 

with 64 cores and 128 Gb of RAM (Random Access Memory) with the operative system 

GNU/Linux Ubuntu version 18.04 (www.ubuntu.com, United Kingdom). The 

preprocessing of the RNA-seq data was carried out by removing the adapters with 
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cutadapt (cutadapt v. 1.16) (Martin, 2011) and trimming low quality reads, i.e. (<Q30) 5’ 

and 3’ reads, and minimum length of 25 bp, with Trimmomatic (Trimmomatic-0.36) 

(Bolger et al., 2014). Then, 0.1% of reads of all three samples were discarded 

(Supplementary Table 3.2; Supplementary Figure 3.1). Reads were mapped to the 

annotated wheat reference genome (International Wheat Genome Sequencing 

Consortium, IWGSC RefSeq annotation v1.0, [https:// wheat-urgi.versailles.inra.fr/Seq-

Repository/Assemblies]) (IWGCS, 2014) with STAR mapper (STAR 2.6) (Supplementary 

Figure 3.1) (Dobin et al., 2013). Quality evaluation of mapped reads and conversion of 

SAM to BAM formats were performed with Samtools (samtools 1.3.1) (Handsaker et al., 

2009). Quantification of genes expression was carried out with StringTie (stringtie 1.3.5) 

(Pertea et al., 2015). De novo assembly of reads that were not mapped in the known 

transcripts loci of gtf from wheat genome reference was carried out and further included 

in the gtf file (Supplementary Table 3.2). Bioconductor package edgeR (edgeR-3.22.5) 

was used for differential expression analysis in R (R-3.5.1) (Supplementary Figure 3.1) 

(Robinson et al., 2010). Differential gene expression (DGE) analysis was carried out with 

Trimmed-Mean of M-values (TMM) normalization method in genes expressed in the 

transcriptome (genes with counts per million (CPM) row sum in each pair-wise 

comparison >1). The common dispersion (d = 0.05096259) of a subset of housekeeping 

genes (Kiarash et al., 2018) was calculated. The final value used for DGE with edgeR was 

increased to 0.1, established for genetically identical model organisms (Chen et al., 2021) 

to reduce false positives in the data analysis. 

2.7. Functional annotation 

Functional annotation of genes was performed for known genes and de novo 

assembled genes. The last ones were annotated by blastx (blast-2.7.1+) against the non-

redunant protein database of the National Center for Biotechnology Information (NCBI) 

and UniProtKB/Swiss-Prot knowledgebase (U. Consortium, 2018). Genes that have been 

identified as uncharacterized genes by blastx method were subjected to a blastp search 

against UniProtKB/Swiss-Prot database, by obtaining protein sequence from transcripts 

using TransDecoder (TransDecoder 5.3.0) (Haas and Papanicolaou, 2021). In addition, 

gene ontology (GO) enrichment analysis was performed to study differential expressed 

(DE) genes in cell processes. Custom Python v2.7 scripts were implemented in RNA-seq 

workflow to facilitate data compatibility between software and annotation, and 

expression genes matrix SQLite database management. 

3. Results 

3.1. Grain composition, quality and agronomic features of RNAi lines 

In this work, RNAi lines D783 and D793 with a strong reduction in α/β-, ω-, and γ-

gliadins were characterized in comparison to their BW208 wild type. Both lines harbor 

the same RNAi silencing fragment but driven by different endosperm specific 

promoters; a D-hordein promoter for D783 and a γ-gliadin promoter for D793. A general 

overview of grain components and other quality and agronomic features between RNAi 

lines and the wild type is showed in Figure 3.1. All three gliadins fractions were 
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decreased in both RNAi lines, particularly the γ- and α/β-gliadins. In contrast, the HMW 

glutenin subunits were increased in both RNAi lines but no the LMW, which was also 

decreased for D793. This readjustment in the grain protein fractions also affects the NGP, 

which were significantly increased for line D793. Overall, the total protein and starch 

contents, the major components of wheat grain, were slightly decreased in both RNAi 

lines in comparison to the wild type, although it was significant only for starch content 

in line D793. Determination of wheat gluten by means of the R5 monoclonal antibody 

also showed a strong reduction in the content of gluten in both RNAi lines. Moreover, 

fructans, an oligosaccharide linked with the development NCWS (Skodje et al., 2018) 

were also significantly decreased in RNAi lines. Kernel weight, test weight and anthesis 

were not affected by the down-regulation of gliadins. In contrast, sodium dodecyl 

sulphate sedimentation (SDSS) test, a parameter used as predictor for wheat quality, was 

significantly affected in one RNAi line (D793) (Figure 3.1). 

 

Figure 3.1. Fold change of grain components and other quality and agronomic features for RNAi 

lines in comparison to that of the wild type. HMW, high molecular weight glutenin subunits; 

LMW, low molecular weight glutenin subunits; Gli/Glu, gliadins to glutenins ratio; SDSS, sodium 

dodecyl sulphate sedimentation; R5, gluten content (mg 𝑘𝑔−1) determined by R5 monoclonal 

antibody. ANOVA was performed to determine statistically differences between genotypes for 

each component and feature. *, P < 0.05; **, P < 0.01; ***, P < 0.001. NS, Non-significant. 
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3.2. Transcriptomic analysis of grains from RNAi lines 

An RNA-seq data analysis was carried out for the two RNAi lines using a pool of 

grains samples at 23–26 DAA. Read libraries from the three samples were mapped to the 

wheat reference genome and DGE analysis was performed to identify DE genes between 

the three lines. In the pipeline, 17.4, 19.2, and 18.8 million of reads from BW208, D783, 

and D793, respectively, were uniquely mapped to the reference genome (Supplementary 

Table 3.2). A total of 129,963 genes were considered: 110,790 known genes and 19,173 de 

novo assembly genes (identified as MSTRG name), of which 55,069, 75,773, and 52,144 

were considered for DGE analysis in BW208 vs. D783, BW208 vs. D793 and D783 vs. 

D793 pair-wise comparisons, respectively (Supplementary Table 3.2). There were a 

higher number of DE genes for the BW208 vs. D783 comparison than for the BW208 vs. 

D793 one (Supplementary Figure 3.2; Supplementary Table 3.2). The GO enrichment 

analysis revealed that carbohydrate metabolic, response to stress or nutrient reservoir 

activity, among others, concentrate the higher number of DE genes, particularly for the 

BW208 vs. D783 comparison. In fact, carbohydrate metabolism term makes a remarkable 

difference between the RNAi lines in the number of DE genes, being this GO more 

enriched in D783 compared to the wild type (Figure 3.2). In contrast, nutrient reservoir 

activity was more enriched in D793 compared to the wild type (Figure 3.2). We also 

analyzed which GOs were enriched between up- and down-regulated genes in both 

RNAi lines compared to the wild type, to find out common responses between RNAi 

lines: (i) Nutrient reservoir activity was enriched in the set of up-regulated and down-

regulated genes. (ii) However, response to stress was enriched in both RNAi lines among 

up-regulated genes while (iii) carbohydrate metabolic process was enriched among 

down-regulated genes (Supplementary Figure 3.3A, C). In the same way, we studied DE 

genes between D783 and D793 which were also DE in the BW208 vs. D793 comparison; 

nutrient reservoir activity was enriched among down-regulated genes because of the 

stronger silencing of gliadin genes in D793 line in comparison to that of D783 

(Supplementary Figure 3.3B, D). A summary of DE genes in both RNAi lines with a high 

expression in almost one of the genotypes is provided in Supplementary Table 3.3. 

Among them, serine-type endopeptidase inhibitor (Serpin) genes were over-represented 

among up-regulated genes, and some non-specific lipid transfer proteins (ns-LTPs) 

genes were DE in both RNAi lines (Supplementary Table 3.3). According to the wheat 

reference genome, the major differences for gene expression (up or down-regulation) 

between RNAi lines and the wild type were observed for genes mapping in group 1, 6, 

7 and Unassigned (Un) chromosomes, where gliadins and glutenins, among other genes, 

are located (Supplementary Figure 3.4). In contrast, the expression of serpins and ns-

LTPs, mapping in group 4 and 5 chromosomes, was always higher in both RNAi lines 

(Supplementary Figure 3.4; Supplementary Table 3.4). 
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Figure 3.2. GO enrichment analysis of differentially expressed (DE) genes in RNAi lines. All 

domains (biological process, cellular component and molecular function) are represented in three 

pair-wise comparisons: BW208 vs. D783, BW208 vs. D793, and D783 vs. D793. First column shows 

the P-value of pair-wise comparisons based on hypergeometric distribution. Green line 

represents the threshold for statistical significance (P < 0.001) of GO terms. Numbers on each 

column represent the number of DE genes in the comparison. FC, Fold-change. 

 

Next, hierarchical clustering of all DE genes allowed their gathering into four 

subclusters (Supplementary Figure 3.5), and the comparison of the expression patterns 

between the RNAi lines and the wild type. As shown, the wild type had clear differences 

for the expression pattern of DE genes to the RNAi lines. However, there are groups of 

genes in all subclusters with expression patterns notably different between the two 

RNAi lines, which could be due to different silencing pattern as they have different 

promoter driving the same RNAi fragment. Expression pattern in subcluster 1 showed 

an increased gene expression in D783 and D793, while a decreased gene expression was 

shown in subcluster 2 for both RNAi lines. Interestingly, GO enrichment analysis of 

genes grouped in subcluster 1 showed that they were mostly related to stress response, 

hydrolase activity and enzyme regulator activity, while in subcluster 2, nutrient 

reservoir activity was enriched. 
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3.3. Expression of prolamins and other grain protein genes 

The expression of three different HMW genes (1Bx7, 1Dx5, and 1Ax2), 

encompassing the three bread wheat genomes, and three NGP genes were performed 

throughout grain development by qPCR analysis (Figure 3.3). The expression of all three 

HMW genes were higher in both RNAi lines from 14 to 26 DAA, particularly for line 

D793 with the maximum peak at 18 DAA. Data from RNA-seq analysis at 23–26 DAA 

also showed higher expression of the HMW genes for the RNAi lines (Supplementary 

Figure 3.6A, C). In addition, DE analysis of RNA-seq data confirmed the down-

regulation of ω-, α/β-, and γ-gliadin genes in the RNAi lines (Supplementary Figure 

3.6C). 

 

Figure 3.3. qPCR normalized expression values for three HMW glutenin subunit genes (1Bx7, 

1Dx5, and 1Ax2), Glo3 (TraesCS4A01G296000, TraesCS4A01G296100), triticins 

(TraesCS1D01G067100) and serpin (MSTRG.33959) genes for BW208, D783, and D793 genotypes 

through grain development. Mean values are represented, and standard deviation was calculated 

with three biological replicates. DAA, days after anthesis; HMW-GS, high molecular weight 

glutenin subunit; BW, BW208. ANOVA was performed for each DAA between each RNAi line 

and the wild type. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

On the other hand, the expression of triticin and serpin genes was higher in both 

RNAi lines from 14 to 26 DAA while the globulin gene expression was similar for all 

three lines (Figure 3.3D). Interestingly, the expression pattern of all three genes was 
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different throughout grain development. This increase in the expression of serpin and 

triticin genes observed by qPCR was confirmed in the RNA-seq data analysis in the case 

of serpin (Supplementary Table 3.3; Supplementary Figure 3.6A, C). 

There are other genes encoding proteins of interest involved in triggering wheat-

related human diseases as α-amylase/trypsin inhibitors (ATIs). Although there were no 

DE ATI genes in D783 and D793 lines compared to BW208 (Supplementary Figure 3.6C), 

it can be appreciated that there are differences in gene expression between genotypes 

(Supplementary Figure 3.6C). 

Next, we examined the expression of transcription factors (TFs) related to prolamin 

genes. In Supplementary Table 3.5 a comprehensive list of TFs related to seed storage 

proteins found in the RNA-seq and their homologs/homeologs in barley, wheat or rice 

is provided. There was only one TF (TraesCS2D01G117000), homeolog to OsGZF1 from 

rice, that was significantly up-regulated in D783 in comparison to the wild type. In rice, 

this OsGZF1 TF participate in the regulation of the seed storage protein GluB-1 (Chen et 

al., 2014). 

3.4. Expression of genes related to stress response in RNAi lines 

As showed previously, many genes related to stress response were enriched in the 

RNAi lines (Figure 3.2). For example, dehydrins and Rab genes (response to abiotic 

stimulus) were highly expressed in both RNAi lines (Supplementary Table 3.3). Among 

TFs related with defense response, or abiotic and biotic stress response with high fold-

change (FC) in the RNAi lines, 12 were associated with response to abiotic, biotic and/or 

abscisic acid (ABA) (Table 3.1), and some of them were significantly up-regulated in both 

RNAi lines but, particularly in line D783. 

 

Table 3.1. Putative transcription factors (TFs) related with defense response, and abiotic and 

biotic stress response. 

Gene IDa Homolog with known function TMM normalized expression 

valueb 

Gene Reported function BW208 D783 D793 

TraesCS1A01G244800 

TraesCS1B01G256000 

TraesCS1D01G244500 

OsDREB2C/OsERF44 

(Os08g0565200) 

Expressed under 

drought and salinity 

conditions (Herath, 

2016). 

6.40 

5.25 

3.96 

24.88 

22.59 

18.44 

19.77 

21.11 

14.42 

TraesCS2D01G198100 TaWRKY78 

(HM013818.1) 

Induces the 

expression of PR4 

genes involved in 

defense response 

(Proietti and Bertini, 

2010). 

2.20 5.43 6.74 

TraesCS6B01G060700 OsbHLH59 

(Os02g0116600) 

Induces the 

expression of 

xylanase inhibitors 

involved in defense 

10.96 28.10 36.42 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/biotic-stress
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Gene IDa Homolog with known function TMM normalized expression 

valueb 

Gene Reported function BW208 D783 D793 

response (Zhan et al., 
2017). 

TraesCS7A01G488600 

TraesCS7B01G391800 

OsbZIP20/RITA-

1/RISBZ3 

(Os02g0266800) 

Probably involved in 

seed development 

and ABA-dependent 

stress response 

(Izawa et al., 1994; 

Guo et al., 2017). 

2.08 

0 

14.47 

31.07 

10.23 

18.89 

TraesCS5A01G468300 

TraesCS5B01G480900 

OsNAC19 

(Os03g0815100) 

Induced by blast 

fungus (Magnaporthe 

grisea), methyl 

jasmonate and ABA 

(Lin et al., 2007). 

2.00 

1.28 

8.95 

4.88 

5.39 

3.61 

MSTRG.36868 SNAC1 (Os03g0815100) Overexpression of 

SNAC1 in rice 

enhances drought 

and salt tolerance, 

and ABA sensitivity 

(Hu et al., 2006). 

1.60 7.08 5.04 

TraesCS3A01G371900 OsABI5 (Os01g0859300) Induced by ABA and 

high salinity (Zou et 

al., 2008). 

2.88 9.78 8.56 

TraesCS3A01G372200 4.96 30.82 13.82 

MSTRG.19588 TaVP1 (ABF48529.1) 

HvVP1 (CAD24413.1) 

Component of ABA 

signaling and 

regulates expression 

of seed maturation 

genes (Vasil et al., 
1995). Down-

regulates seed storage 

proteins induced by 

HvGAMYB and BPBF 

(Abraham et al., 
2016). 

1.09 7.68 8.52 

a Homoeologous genes are grouped. The requirement to be included was: log2 FC >1.5 or <−1.5 in any of 

the RNAi lines compared to the wild type.  
b Genes with TMM-normalized expression value ≥5 in one of the RNAi lines are shown. Statistically 

significant expression values (P <0.001) respect to the wild type are indicated in bold. 

All of them present log2 FC>1.5 in both RNAi lines compared to the wild type. Homoeologous in other 

species with their known function are indicated. TMM, Trimmed-Mean of M-values unit; FC, Fold-

Change. 

 

Next, we set up qPCR analysis for some of the DE genes related to stress throughout 

grain development (Figure 3.4). The expression of dehydrin (Dhdn4) gene was 

significantly higher in D793 for some of the last days of grain development and, from 23 

DAA, D783 showed no significantly higher expression than that of the wild type (Figure 

3.4 A). The expression of the ABA INSENSITIVE 5 (ABI5) TF was also analyzed because 

of its relation to ABA-dependent signaling pathway and its role in abiotic stress response 

(Zou et al., 2008; Skubacz et al.,2016). The expression of this gene was higher in both 



77 
 

RNAi lines compared to the BW208 line, but only significant for D793 (Figure 3.4 B). 

Finally, the basic Leucine Zipper (bZIP) TF (homolog to rice OsbZIP20/RITA-1/ RISBZ3) 

was reported as implicated in the ABA-dependent stress response (Izawa et al., 1994; 

Guo et al., 2017) and in the transcriptional activation of prolamin genes and other storage 

protein genes as globulin in rice (Onodera et al., 2001). The RNA-seq and qPCR data 

analysis confirmed that this TF was up-regulated in both RNAi lines. This bZIP TF 

present higher expression levels in the RNAi lines than the wild type for most of the 

grain development stages, significantly higher for both RNAi lines at 18 and 26 DAA 

(Figure 3.4 C). 

 

 

Figure 3.4. qPCR normalized expression values for Dhdn4 (dehydrin 4) (MSTRG.41119), ABI5 

(TraesCS3A01G371900, TraesCS3A01G372200) and bZIP (TraesCS7B01G391800), ortholog to rice 

OsbZIP20/RITA-1/RISBZ3 through grain development. Mean values are represented, and 

standard deviation was calculated with three biological replicates. DAA, days after anthesis; 

Dhdn4, dehydrin 4; ABI5, ABA INSENSITIVE 5; BW, BW208. ANOVA was performed for each 

DAA between each RNAi line and the wild type. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

3.5. Expression of genes related to carbohydrate metabolism and other metabolic 

process in RNAi lines 

Both RNAi lines show a slight decrease in the grain starch content, only significant 

for line D793 compared to the wild type (Figure 3.1). Carbohydrate metabolism process 

was enriched for both RNAi lines, especially in D783 with up to 111 DE genes (Figure 

3.2). Some of the genes implicated in starch synthesis were up- or down-regulated in 

both RNAi lines, as starch synthase, beta-amylase, starch branching enzyme and sucrose 

synthase among others (Supplementary Table 3.3). 

We also monitored de expression of three NAC TF genes for the RNAi and the wild 

type lines throughout seed development. In addition to response to stress, NAC TFs are 

also related to many important metabolic processes as seed development, starch 

synthesis and grain nitrogen concentration (Guérin et al., 2019; Zhao et al., 2015; Mathew 

et al., 2016; Liu et al., 2020). We designed the primers based on TraesCS7B01G094000, the 

homeologs TraesCS7D01G154200 and TraesCS7B01G056300, and TraesCS7A01G569100. 

These genes are orthologs to NAC92 (XM_020326243.1 and XM_020341606.1) from 
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Aegilops tauschii, to ANAC092 (AT5G39610.1) from Arabidopsis thaliana, and to 

ONAC20 (Os01g0104500) from rice. ONAC20 is related to seed development and seed 

size/weight (Mathew et al., 2016) and NAC92 participates in many processes as 

regulation of seed germination, anther development, age-related resistance and stress 

response among others (Balazadeh et al., 2010; Patil et al., 2014). The expression of these 

NAC TFs is shown in Figure 3.5. For all of them, higher expression in the RNAi lines in 

comparison to that of the wild type was found during grain maturation, significant in 

many of the stages for both RNAi lines. In the RNA-seq data, the expression of three of 

them (TraesCS7D01G154200, TraesCS7B01G056300, and TraesCS7A01G569100) was also 

higher in the RNAi lines, although it was only significant for TraesCS7D01G154200 in 

D783 compared to the wild type. 

 

 

Figure 3.5. qPCR normalized expression values for three NAC TFs through grain development, 

orthologs to NAC92 (XM_020326243.1 and XM_020341606.1) from Aegilops tauschii, to ANAC092 

(AT5G39610.1) from Arabidopsis thaliana, and to ONAC20 (Os01g0104500) from rice. Mean 

values are represented, and standard deviation was calculated with three biological replicates. 

DAA, days after anthesis; BW, BW208. ANOVA was performed for each DAA between each 

RNAi line and the wild type. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

4. Discussion 

Obtaining wheat lines lacking the immunogenic component of gluten is a very 

appealing goal as an alternative to produce foods for people that need to follow a gluten-

free diet. The RNAi technology has demonstrated to be highly effective in the 

downregulation of wheat gliadin genes (Gil-Humanes et al., 2010). In addition to RNAi, 

CRISPR/Cas9 technology was also used for the reduction of wheat gliadins (Sánchez-

León et al., 2018). In this work, two RNAi lines, D783 and D793, with the same silencing 

fragment but different endosperm specific promoter, were evaluated for protein 

fractions, and transcriptomic features. Results reported here, confirmed the strong 

down-regulation of gliadin proteins in both RNAi lines (Gil-Humanes et al., 2010; Gil-

Humanes et al., 2014). However, this down-regulation was lower for ω-gliadins, 

indicating that for this gliadin fraction the silencing construct is not as effective as for the 

α/β- and γ -gliadins. In fact, in a nitrogen fertilization study using these two RNAi lines, 

α/β- and γ-gliadins were silenced in both lines, even at high nitrogen concentrations. 
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However, the ω-gliadins were increased when increasing the nitrogen, confirming the 

lower effectiveness of silencing (García-Molina and Barro, 2017; Marín-Sanz et al., 2020). 

Wheat lines with down-regulation of one or more gliadin fractions were reported to 

present a compensatory mechanism involving other grain proteins (Altenbach et al.,2019; 

García-Molina et al., 2017) providing nitrogen contents comparable to that of the wild 

types. In this work, the increment of HMW in both RNAi lines is the major responsible 

of the increasing of the total glutenin content as the LMW had a different behavior in 

D783 and D793 lines, with a significant decrease for line D793. Similar changes were 

previously reported for RNAi lines with all the gliadin fractions down-regulated 

(García-Molina and Barro, 2017) where the readjustment of the protein composition is 

not the same among the RNAi lines. In the qPCR data, the increase of HMW transcripts 

abundance occurs at 18 DAA in both RNAi lines, and it could account for the higher 

HMW protein content observed in the grain for lines D783 and D793. This increment in 

the HMW glutenin content in both RNAi lines is important as they contribute to the 

viscoelastic properties of dough, and could be related to the unique bread-making 

quality features observed in these RNAi lines, particularly the tolerance to over-mixing 

(Gil-Humanes et al., 2014). The synthesis of both LMW and HMW is essentially regulated 

at the transcriptional level, and therefore, differences for the HMW gene expression 

between RNAi lines and the wild type could be attributed to the transcriptional 

regulation. In the stage of development in which we have carried out the RNA-Seq, we 

have found that gene TraesCS2D01G117000, ortholog to OsGZF1 in rice, and described 

as regulator of the seed storage protein GluB-1 (Chen et al., 2014) was up-regulated in 

RNAi lines, particularly D783. In addition, we obtained higher expression of a bZIP 

wheat genes orthologs to OsbZIP20/RITA-1/RISBZ3 gene from rice, which is involved in 

transcriptional activation of prolamin genes and other storage protein genes as globulins 

(Onodera et al., 2001). 

For NGPs, such as globulins, serpins, and triticins, their increase was reported to 

compensates the down-regulation of gliadins to maintain the total grain protein content 

(Barro et al., 2016; Gil-Humanes et al., 2011). An increase in the number and size of the 

inclusions at the surface of protein bodies was also reported for the RNAi low gluten 

wheat lines (Gil-Humanes et al., 2011). These inclusions contain triticins that raise the 5% 

content of total grain protein (Gil-Humanes et al., 2011; Bechtel et al., 1991). García-

Molina et al. (2017) reported that serpin spots were increased in the RNAi low gluten 

wheat lines. The qPCR and RNA-seq analysis agreed to protein reported data and 

confirmed that the higher content in the NGPs is related to a higher gene expression 

during grain development. Serpins are related to wheat allergy as they contain 

Immunoglobulin E (IgE)-binding epitopes, and therefore, the increment in this protein 

fraction in the RNAi lines may indicate the increment in wheat allergy properties. 

Serpins have also a role in response to abiotic and biotic stresses (Roberts and Hejgaard, 

2008) and they have been described as possible prolamin proteases inhibitors 

(Østergaard et al., 2000) so it could be possible that a regulation mechanism against the 

decrease of gliadins has been activated. 
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In addition to grain proteins, there are other wheat grain components also 

responsible for allergies and intolerances. One of them are fructans (oligo- or 

polysaccharides with short chain of fructose units and terminal glucose), which are 

hydrolyzed partially in the intestine causing symptoms as bloating and abdominal pain. 

These belong to fermentable oligosaccharides, disaccharides, monosaccharides and 

polyols (FODMAPs) and are related to NCWS (Biesiekierski et al., 2013). Fructans are 

used as reserve carbohydrates with similar function as starch and sucrose. Although 

genes encoding fructan degrading enzymes were not DE in both RNAi lines in 

comparison to that of the wild type, at least between 23 and 26 DAA, the fructan content 

in mature grains of RNAi lines was lower than the wild type, in the same way as total 

starch decreased. In the RNA-seq data analysis, carbohydrate metabolic process was 

enriched for both RNAi lines, and was more significant for D783 compared with the wild 

type, involving some DE carbohydrate synthesis enzymes genes such as sucrose 

synthase (SS), starch branching enzyme (SBE) and starch synthase (SSS). Interestingly, 

D783 and D793 have different behavior in terms of up- or down-regulated status of these 

genes compared to the wild type. This indicates that the variation in fructan and starch 

contents during kernel maturation could be part of signaling pathways to regulate 

carbohydrate metabolism and storage (Cimini et al., 2015). 

Other genes related to wheat pathologies are ns-LTPs and ATIs which show high 

reactivity with IgE related to baker’s asthma (Juhász et al., 2018). In this work, ns-LTPs 

were up-regulated in both RNAi lines while the expression of ATIs genes at 23–26 DAA 

was not affected by the silencing of gliadins. However, proteomic studies showed that 

ATIs were over-accumulated in RNAi lines, particularly in D793 line (García-Molina et 

al., 2017). This clearly indicates that the expression data obtained by RNA-Seq at 23–26 

DAA for ATIs are not predictive of the protein readjustments that finally operate in the 

grain. The increase in ATIs and serpins, both related to allergies, make necessary further 

studies, particularly in vivo studies to determine the possible impact of these lines on 

allergies. 

The down-regulation of gliadins fractions also impacts to other metabolic processes. 

Two of the top enriched GOs in our analysis were response to abiotic and biotic stresses. 

Both of them comprise many genes as dehydrin, rab protein gene, the rRNA N-

glycosidase, wheatwin-1 and subtilisin-chymotrypsin inhibitor WSCI among others, 

related to drought stress and plant defense against pests, and bacteria and fungi 

pathogens (Shakirova et al., 2016; Endo and Tsurugi, 1998; Hamel et al., 1998; Poerio et 

al., 2003; Caporale et al., 2004; Nawrot et al., 2014; Zhu et al., 2018). These genes were 

upregulated in both RNAi lines, mainly in D783. Moreover, some TFs that regulate the 

stress response, were also up-regulated in the RNAi lines, as DREB TFs that regulate 

dehydrin genes (Herath, 2016). Among these TFS, the ABI5 stands out as having a key 

role in the stress response in presence of ABA (Skubacz et al., 2001) and it has higher 

gene expression in both RNAi lines, particularly in D793 line as reveled also by qPCR. 

ABA participates in the stress response by regulating the expression of many genes 

which have a key role in this response, being part of ABA-dependent stress response 
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process (Nakashima and Yamaguchi-Shinozaki, 2013). In the present work, some genes 

regulated by ABA were upregulated, which could suggest the implication of this 

phytohormone on the enrichment of stress response metabolic processes observed in the 

RNAi lines. For example, dehydrin genes has ABA-responsive elements (ABRE) motifs 

in their promoter sequence in wheat (Nordin et al., 1993); the pathogen defense 

Wheatwin-1 (Caruso et al., 1999; Bertini et al., 2003) a class II chitinase of PR-4 family with 

a high sequence similarity with ZmPR4 protein from Zea mays, could be up-regulated by 

ABA, as it was reported that ABA can induce the expression of ZmPR4 (Bravo et al., 

2003); ABI5 and NAC TFs have a role in ABA-mediated response to abiotic stresses 

(Nakashima and Yamaguchi-Shinozaki, 2013; Skubacz et al., 2016); the NAC TF coding 

gene TraesCS5A01G468300, up-regulated in RNAi lines, could be also involved in ABA-

dependent response as its homolog in rice (OsNAC19) is induced by this phytohormone, 

providing resistance to blast fungus (Lin et al., 2007). In addition, other grain components 

as ns-LTPs and HMW have been studied as genes transcriptionally regulated by this 

phytohormone in barley and wheat (Federico et al., 2005; Wang et al., 2013). In a recent 

RNA-seq analysis in wheat under heat stress condition, γ-gliadin and LMW were up-

regulated across 13 and 30 DAA, suggesting a relation between these prolamin genes 

and the heat stress condition (Rangan et al., 2020). However, in our experimental 

conditions we have not found an increment in the expression of 9-cis-epoxycarotenoid 

dioxygenase and ABA 8’-hydroxylase, main enzymes involved respectively in 

biosynthesis and catabolism of ABA (Nakashima and Yamaguchi-Shinozaki, 2013; 

Krochko et al., 1998). Although activation of response to stress mechanisms could be a 

consequence of the down-regulation of gliadins by RNAi lines, more studies are 

required to determine the molecular and physiological basis of this response and the 

possible implication of ABA. However, the pre-activation of these stress response 

mechanisms in these lines is a very interesting aspect since it could provide them 

advantages in certain conditions where a rapid response to stress situations is needed. 

5. Conclusions 

Wheat lines D783 and D793 have a strong down-regulation in the gliadin fraction, 

which are compensated by NGPs and HMW glutenins since they are increased in D783 

and D793 lines. This compensation with NGPs, particularly serpins and ATIs, could 

somehow increase allergies. However, these lines also had other transcriptomic changes 

compared to the wild type, involving enzyme regulator activity, carbohydrate 

metabolism, and response to stress. Carbohydrate metabolic process showed the 

downregulation of some key enzymes in starch biosynthesis that could provide lower 

starch content in RNAi lines. Finally, the silencing of wheat gliadins has a clear impact 

on the activation of genes and TFs related to the response to stress, leaving a much more 

complex metabolic restructuring, and that ultimately would also be responsible for the 

differences in agronomic traits such as kernel weight and/or yield. Many of these 

metabolic processes are regulated by ABA, which would indicate that this 

phytohormone may be involved. 
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7. Supplementary Materials 

 

Supplementary Figure 3.1. Pipeline of RNA-seq data analysis. DE, differentially expressed; GO, 

gene ontology. 

 

Supplementary Figure 3.2. MA (A–C) and volcano (D–F) plots of pair-wise comparisons between 

genes of BW208, D783, and D793 in RNA-seq data analysis. (A, D) BW208 vs. D783, (B, E) BW208 

vs. D793, and (C, F) D783 vs. D793 comparisons. Red points represent differential expressed (DE) 

genes (P <0.001) between two genotypes. MA, plot shows the distribution of genes by the 

logarithm of the fold-change (FC) (M-values) and the mean of normalized counts (A-values) of 

the genotypes compared two by two. 
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Supplementary Figure 3.3. Venn diagram of the number of genes A) up- and B) down-regulated 

between the three pair-wise comparisons and top 8 of most enriched gene ontology (GO) terms 

C) that are up- or down-regulated genes in both RNAi D783 and D793 compared to BW208, and 

D) up- and down-regulated genes in D793 compared to D783 and BW208. 

 

Supplementary Figure 3.4. Transcriptome profiles throughout wheat genome for the three 

genotypes showing differences for gene expression between both RNAi lines and the wild type. 

From outside to inside: Labels of genes with expression greater than 1500 trimmed-mean of M-

values (TMM)-normalized read counts in any of the three genotypes; chromosomes labels; 

heatmap of log2(FC) in three pair-wise comparisons (BW208 vs. D783, BW208 vs. D793, and D783 
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vs. D793); TMM-normalized gene expression values of BW208, D783 and D793; P-values of 

BW208 vs. D783 comparison with cut-off in P = 0.001 (no Differentially expressed (DE) gene: P 

>0.001; DE gene: P <0.001); P-value of genes in BW208 vs. D783 comparison; P-value D783 vs. 

D793 comparison. FC, Fold change. 

 

Supplementary Figure 3.5. Heatmap of expression pattern of DE gene. (A) Heatmap of gene 

expression patterns of differentially expressed (DE) genes (P <0.001 and FC>4) for BW208, D783 

and D793. Hierarchical clustering was performed through genotypes (up) and genes (left). DE 

genes were clustered into four subclusters according to their expression pattern among the three 

genotypes (left). Color Key substitutes the variation of gene-expression value respect to the 

average gene-expression value of the three genotypes. (B) Expression pattern of DE gene (P <0.001 

and FC >4) between BW208, D783 and D793 in each subcluster. The grey lines represent centered 

log2 (TMM + 1) expression values of genes in the genotypes and the blue line represents mean 

expression profile for that cluster. TMM, trimmed-mean of M-values; FC, Fold change. 
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Supplementary Figure 3.6. Box plots of TMM values for prolamin genes and other genes related 

to wheat allergies and intolerances annotated by blastx and blastp. (A) Gliadin fractions, glutenin 

fractions, globulins, serpins and triticins. (B) Fructan hydrolases and Sucrose: sucrose 1-

fructosyltransferase and ATIS. (C) Number of genes up- and down-regulated in each pair-wise 

comparison for each proteins group (P <0.001). TMM, trimmed-mean of M-values; HMW, high 

molecular weight; LMW, low molecular weight; ATIS, α-amylase/trypsin inhibitors; Up, up-

regulated; Down, down-regulated. 

Supplementary Table 3.1. List of primers used in this study for gene expression analysis by 

qPCR. 

Gene Description Primer sequence (5′–3′) Reference 

RLI RNase L inhibitor TTGAGCAACTCATGGACCAG 

GCTTTCCAAGGCACAAACAT 

Giménez et al. 

(2011) 

CDC Cell division control 

protein 

CAGCTGCTGACTGAGATGGA 

ATGTCTGGCCTGTTGGTAGC 

Giménez et al. 

(2011) 

ADP-RF ADP-ribosylation 

factor 

TCTCATGGTTGGTCTCGATG 

GGATGGTGGTGACGATCTCT 

Giménez et al. 

(2011) 

MSTRG.41119 Dehydrin ACTGACACCGGCGAGAAG 

GCTCACGTTGTATGGTGGAA 

 

TraesCS3A01G372200 

TraesCS3A01G371900 

ABI5 transcription 

factor 

GGTGGTTTAGTTCGGCTTCA 

TGAACTGTATGGGCGACAGA 

 

TraesCS1D01G067100 Triticin TGACCCTGTACGGATTGTGA 

TATTTGCCATCCGTCGTGTA 

 

TraesCS4A01G296100 

TraesCS4A01G296000 

Globulin ATCGCCAAGATTCTCCACAC 

GGACGATGGAGATGGACTTC 

 

TraesCS7B01G391800 bZIP transcription 

factor homolog to rice 

OsbZIP20/RITA-

1/RISBZ3 

AGCGAGTCATTGGTCGAGAT 

GGGTTGCACTTTCGCTTTTA 

 

HMWGS_Ax2 HMWGS Ax2 allele CGGGACAAGGGCAATCAG 

TGTCCTGGTTGCTGTCTTTG 
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Gene Description Primer sequence (5′–3′) Reference 

HMWGS_1Dx5 HMWGS 1Dx5 allele GCAACAAGGTCAGCAGGT 

GCTGATTGTTGCAATTGTCC 

 

HMWGS_1Bx7 HMWGS 1Bx7 allele ACAAGGGCAACAAGATCAGC 

GTCCTGGCTGCTGTGAAGTT 

 

HMWGS_y HMWGS y-type GGGGAACATCTTCACAAACAG 

TGTCCCAGTTCTTGCCATTT 

 

TraesCS7A01G569100 NAC transcription 

factor 

GCGATTGAGGATGTGAACCT 

TGGCTGGAAGATCTCCTTGT 

 

TraesCS7B01G094000 NAC transcription 

factor 

GGGTGATAAGGGGCGATACT 

TCGTGCATGATCCAGTTTGT 

 

TraesCS7D01G154200 

TraesCS7B01G056300 

NAC transcription 

factor 

ACAAAGCATTCGACCCCATA 

TTCCAGTGGCCTTCCAGTAG 

 

MSTRG.33959 Serine Protease 

Inhibitor (Serpin) 

GACACTTCCGGTGTGGTTCT 

TTGCATGGGTAGCATGATTG 

 

ABI5, ABA INSENSITIVE 5; HMWGS, high molecular weight glutenin subunit. 

Reference: 

Giménez, M.J., Pistón, F., Atienza, S.G. (2011). Identification of suitable reference genes for normalization of qPCR data 

in comparative transcriptomics analyses in the Triticeae. Planta 233, 163–173. 

Supplementary Table 3.2. RNA-seq data. 

Software BW208 D783 D793 

Cutadapt    

Total reads processed 28,216,500 29,022,596 27,632,977 

Reads with adapters 16,807 (0.1%) a 18,065 (0.1%) 22,298 (0.1%) 

Reads written (passing filters) 28,216,500 (100.0%) 29,022,596 (100.0%) 27,632,977 (100.0%) 

Trimmomatic 
   

Input Reads 28,216,500 29,022,596 27,632,977 

Surviving reads 27,787,302 (98,48%) 28,579,248 (98,47%) 27,218,750 (98,50%) 

Dropped reads 429,198 (1,52%) 443,348 (1,53%) a 414,227 (1,50%) a 

STAR 
   

Number of Uniquely mapped reads 17,491,200 19,297,932 18,868,256 

Uniquely mapped reads (%) 62.95% 67.52% 69.32% 

Number of reads mapped to  

multiple loci 

8,859,108 7,771,443 7,102,236 

Reads mapped to multiple loci (%) 31.88% 27.19% 26.09% 

Reads unmapped: too many 

mismatches (%) 

0.00% 0.00% 0.00% 

Reads unmapped: too short (%) 2.25% 2.84% 2.48% 

Reads unmapped: other (%) 2.92% 2.45% 2.10% 

Number of chimeric reads 0 0 0 

StringTie 
   

Number of genes in gtf file 110,790 

Number of novel genes merged 19,173 

edgeR  

Pair-wise comparisons BW208 vs. D783 BW208 vs. D793 D783 vs. D793 

Number of genes considered in DGE 55,069 75,773 52,144 

Number of up-regulated genes 1676 1111 786 

Number of down-regulated genes 1356 809 720 

Results for trimming, filtering, mapping, number of genes identified, and number of genes differentially expressed (DE). 

Illumina sequencing was carried out using an Illumina GAIIx platform, providing 33 M 75 bp single-end (SE) per 

genotype. 

a Percentage of low quality reads removed. 
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Supplementary Table 3.3. List of differentially expressed (DE) genes in at least one genotype and one pair-wise comparison for gene ontology (GO) terms at 

three domains. 

Up level Intermedium level Base level BP GO 

terms 

Protein coded by DE genes Related terms in other 

domains 

BW208 vs. D783 BW208 vs. D793 

Biological process (BP)      

Response to stimulus Response to abiotic 

stimulus 

Response to water  Dehydrin (Dehydrin 1) (Salt-

induced YSK2 dehydrin 1) 

 
Up-regulated*** Up-regulated*** 

Response to stimulus Response to abiotic 

stimulus 

Response to water Rab protein 
 

Up-regulated*** Up-regulated*** 

Response to stimulus Response to stress Defense response to 

bacterium; defense 

response to fungus; 

killing of cells of other 

organism; plant-type 

hypersensitive 

response 

Wheatwin-1 MF: nucelase activity Up-regulated*** Up-regulated*** 

Response to stimulus Response to stress Response to wounding Subtilisin-chymotrypsin 

inhibitor WSCI 

MF: serine-type 

endopeptidase inhibitor 

activity 

Up-regulated*** Up-regulated*** 

Response to stimulus Response to stress Response to wounding Proteins with serine-type 

endopeptidase inhibitor activity 

MF: serine-type 

endopeptidase inhibitor 

activity 

Up-regulated*** Up-regulated*** 

Response to stimulus Response to stress Defense response Defensin  Up-regulated*** Up-regulated*** 

Response to stimulus Response to stress Defense response Type V Thionin  Up-regulated*** Up-regulated*** 

Response to stimulus Response to stress Defense response; 

negative regulation of 

translation 

rRNA N-glycosidase (EC 

3.2.2.22) 

MF: rRNA N-glycosylase 

activity; toxin activity 

Up-regulated*** Up-regulated*** 

Metabolic process Biosynthetic process Biosynthetic process Aspartate aminotransferase (EC 

2.6.1.1) 

MF: L-aspartate:2-

oxoglutarate 

aminotransferase activity; 

pyridoxal phosphate 

binding 

Up-regulated*** Up-regulated*** 

Cellular process Organic acid 

metabolic process 

Cellular amino acid 

metabolic process 
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Up level Intermedium level Base level BP GO 

terms 

Protein coded by DE genes Related terms in other 

domains 

BW208 vs. D783 BW208 vs. D793 

Cellular process Cellular nitrogen 

compound metabolic 

process 

Asparagine 

biosynthetic process; 

glutamine metabolic 

process 

Asparagine synthetase-2 (EC 

6.3.5.4) 

MF: asparagine synthase 

(glutamine-hydrolyzing) 

activity; ATP binding 

Up-regulated*** Up-regulated*** 

Cellular process Cellular nitrogen 

compound metabolic 

process 

Positive regulation of 

translational 

elongation; positive 

regulation of 

translational 

termination; 

translational 

frameshifting 

Eukaryotic translation initiation 

factor 5A (eIF-5A) 

MF: ribosome binding; 

translation elongation 

factor activity; translation 

initiation factor activity 

Non-significant Up-regulated*** 

Cellular process Cellular nitrogen 

compound metabolic 

process 

Defense response; 

negative regulation of 

translation 

Protein synthesis inhibitor II MF: rRNA N-glycosylase 

activity; toxin activity 

Up-regulated*** Up-regulated*** 

Localization Lipid localization Lipid transport  Non-specific lipid-transfer 

protein 

MF: lipid binding Up-regulated*** Up-regulated*** 

Metabolic process Gene expression Translation 40S ribosomal protein S7 CC: ribosome 

MF: structural constituent 

of ribosome 

Up-regulated*** Non-significant 

Metabolic process Gene expression Translation 60S ribosomal protein L28-1 CC: ribosome 

MF: structural constituent 

of ribosome 

Non-significant Down-regulated*** 

Metabolic process Gene expression Translational 

elongation 

Ribosomal protein P1 CC: ribosome 

MF: structural constituent 

of ribosome 

Non-significant Down-regulated*** 

Metabolic process Carbohydrate 

metabolic process 

Polysaccharide 

catabolic process  

Beta-amylase (EC 3.2.1.2) MF: amylopectin 

maltohydrolase activity; 

beta-amylase activity 

Down-regulated*** Up-regulated*** 

Metabolic process Carbohydrate 

metabolic process 

Starch biosynthetic 

process  

Starch synthase, 

chloroplastic/amyloplastic (EC 

2.4.1.-) 

CC: amyloplast; 

chloroplast 

MF: glycogen (starch) 

synthase activity 

Down-regulated*** Non-significant 
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Up level Intermedium level Base level BP GO 

terms 

Protein coded by DE genes Related terms in other 

domains 

BW208 vs. D783 BW208 vs. D793 

Metabolic process Carbohydrate 

metabolic process 

Glycogen biosynthetic 

process; starch 

biosynthetic process 

Glucose-1-phosphate 

adenylyltransferase (EC 

2.7.7.27) (ADP-glucose 

pyrophosphorylase) 

CC: chloroplast 

MF: ATP binding; glucose-

1-phosphate 

adenylyltransferase 

activity 

Non-significant Up-regulated*** 

Metabolic process Carbohydrate 

metabolic process 

Glycogen biosynthetic 

process  

Starch branching enzyme (EC 

2.4.1.18) 

CC: plastid 

MF: 1,4-alpha-glucan 

branching enzyme 

activity; 1,4-alpha-glucan 

branching enzyme activity 

(using a glucosylated 

glycogenin as primer for 

glycogen synthesis); cation 

binding; hydrolase 

activity, hydrolyzing O-

glycosyl compounds 

Down-regulated*** Down-regulated*** 

Metabolic process Carbohydrate 

metabolic process 

Inositol catabolic 

process  

Uncharacterized protein CC: cytoplasm 

MF: inositol oxygenase 

activity; iron ion binding 

Up-regulated*** Up-regulated* 

Metabolic process Carbohydrate 

metabolic process 

Inositol biosynthetic 

process; phospholipid 

biosynthetic process 

Myo-inositol 1-phosphate 

synthase 

MF: inositol-3-phosphate 

synthase activity 

Up-regulated*** Non-significant 

Metabolic process Carbohydrate 

metabolic process 

Sucrose metabolic 

process  

Sucrose synthase (EC 2.4.1.13) MF: sucrose synthase 

activity 

Down-regulated*** Non-significant 

Metabolic process Carbohydrate 

metabolic process 

Carbohydrate 

metabolic process 

Beta-glucosidase 44 MF: hydrolase activity, 

hydrolyzing O-glycosyl 

compounds 

Up-regulated*** Up-regulated*** 

Metabolic process Carbohydrate 

metabolic process 

Trehalose biosynthetic 

process 

Uncharacterized protein MF: catalytic activity Up-regulated*** Up-regulated** 

Cellular process Cell wall organization 

or biogenesis 

Cell wall organization  Pectin acetylesterase (EC 3.1.1.-) CC: cell wall; extracellular 

region; integral 

component of membrane 

MF: hydrolase activity 

Up-regulated*** Up-regulated*** 
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Up level Intermedium level Base level BP GO 

terms 

Protein coded by DE genes Related terms in other 

domains 

BW208 vs. D783 BW208 vs. D793 

Cellular process Cell wall organization 

or biogenesis 

Xylan catabolic process Xylanase inhibitor TAXI-IV MF: aspartic-type 

endopeptidase activity 

Up-regulated*** Up-regulated*** 

Cellular process Cell wall organization 

or biogenesis 

Cell wall organization; 

lipid transport 

Non-specific lipid-transfer 

protein 2G (LTP2G) (7 kDa lipid 

transfer protein 1) (Lipid 

transfer protein 2 isoform 1) 

(LTP2-1) 

CC: cell wall; extracellular 

region  

MF: lipid binding 

Down-regulated*** Down-regulated*** 

Cellular component (CC)     

Membrane Component of 

membrane 

Integral component of 

membrane  

ABA induced plasma 

membrane protein PM 19 

 
Up-regulated*** Up-regulated*** 

Membrane Component of 

membrane 

Integral component of 

membrane 

Uncharacterized protein  Up-regulated* Up-regulated*** 

Membrane Component of 

membrane 

Integral component of 

membrane 

Uncharacterized protein  Up-regulated*** Up-regulated*** 

Membrane Component of 

membrane 

Integral component of 

membrane; 

intracellular 

Uncharacterized protein MF: GTP binding Down-regulated*** Non-significant 

Membrane Component of 

membrane 

Integral component of 

membrane 

Uncharacterized protein  Up-regulated** Up-regulated*** 

Membrane Component of 

membrane 

Integral component of 

membrane 

Uncharacterized protein  Down-regulated*** Down-regulated*** 

Extracellular region Extracellular region  Extracellular region  Wali6 protein MF: serine-type 

endopeptidase activity 

Up-regulated*** Up-regulated*** 

Extracellular region Extracellular region  Extracellular region Peroxidase (EC 1.11.1.7) BP: Hydrogen peroxide 

catabolic process; response 

to oxidative stress  

MF: heme binding; metal 

ion binding; peroxidase 

activity 

Up-regulated* Non-significant 

Extracellular region Extracellular region  Extracellular space  Serpin-Z1C (TriaeZ1c) (WSZ1c) MF: serine-type 

endopeptidase activity 

Up-regulated*** Up-regulated*** 

Extracellular region Extracellular region  Extracellular space  Serpin-Z2A (TriaeZ2a) (WSZ2a) MF: serine-type 

endopeptidase activity 

Up-regulated*** Up-regulated*** 
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Up level Intermedium level Base level BP GO 

terms 

Protein coded by DE genes Related terms in other 

domains 

BW208 vs. D783 BW208 vs. D793 

Extracellular region Extracellular region  Extracellular space  Serpin-N3.2   Up-regulated*** Up-regulated*** 

Extracellular region Extracellular region  Extracellular space  Serpin-Z1A (TriaeZ1a) (WSZ1a) 

(WSZ1) (WSZCI) 

MF: serine-type 

endopeptidase activity 

Up-regulated*** Up-regulated*** 

Extracellular region Extracellular region  Extracellular space  Serpin-Z2B  Up-regulated*** Up-regulated*** 

Cell Cytoplasm  Cytoplasm; 

microtubule 

Tubulin beta chain BP: microtubule-based 

process  

MF: GTPase activity; GTP 

binding; structural 

constituent of cytoskeleton 

Down-regulated*** Non-significant 

Cell Cytoplasm  Cytoplasm; 

microtubule 

Uncharacterized protein BP: microtubule-based 

process  

MF: GTPase activity; GTP 

binding; structural 

constituent of cytoskeleton 

Down-regulated*** Non-significant 

Cell Cytoplasm  Cytoplasm Uncharacterized protein MF: GTPase activity; GTP 

binding; translation 

elongation factor activity 

Up-regulated*** Non-significant 

Cell Cytoplasm  Cytoplasm Elongation factor 1-alpha MF:  

GTPase activity; GTP 

binding; translation 

elongation factor activity 

Down-regulated*** Non-significant 

Cell Nucleus Nucleosome; nucleus Histone H1 BP: nucleosome assembly 

MF: DNA binding 

Up-regulated*** Up-regulated*** 

Molecular function (MF)     

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

ω-gliadin 
 

Non-significant Non-significant 

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

α-gliadin 
 

Down-regulated*** Down-regulated*** 

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

γ-gliadin 
 

Down-regulated*** Down-regulated*** 
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Up level Intermedium level Base level BP GO 

terms 

Protein coded by DE genes Related terms in other 

domains 

BW208 vs. D783 BW208 vs. D793 

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

HMW 
 

Up-regulated** Up-regulated* 

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

LMW 
 

Up-regulated*** Up-regulated*** 

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Nutrient reservoir 

activity  

Globulin 
 

Up-regulated* Up-regulated* 

Binding Heterocyclic 

compound binding 

DNA binding  Stress response protein 
 

Up-regulated* Up-regulated* 

Binding Ion binding Iron ion binding; 

oxidoreductase activity 

Uncharacterized protein BP: lipid biosynthetic 

process 

Up-regulated*** Up-regulated*** 

Binding Ion binding Zinc ion binding EC protein III (Zinc 

metallothionein class II) 

 Up-regulated*** Up-regulated*** 

Binding Ion binding Zinc ion binding EC protein I/II (Zinc 

metallothionein class II) 

 Up-regulated*** Up-regulated** 

Binding Ion binding DNA binding; zinc ion 

binding 

Stress response protein  Up-regulated*** Up-regulated*** 

Catalytic activity Catalytic activity, 

acting on a protein 

Peptidase activity Vacuolar-processing enzyme  Down-regulated*** Non-significant 

GO term at base-level and included in the two higher GO levels are indicated in bold. Proteins related to stress response are up-regulated in both RNAi lines, while those related to carbohydrate 

metabolic process have different behavior in the RNAi lines. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Supplementary Table 3.4. According to reference genome, high expressed genes at least in one 

genotype were identified among the chromosomes. 

ID gene Protein coded by gene Chr. FC and signification in pair-wise 

comparisons 

BW208 

vs. D783 

BW208 

vs. D793 

D783 

vs. D793 

MSTRG.60 ω-gliadin 1A −3.17 −4.83 −1.66 

MSTRG.78 LMW glutenin subunit 1A 0.53 −3.39 −3.91 

gene:TraesCS1A01G066100 Triticin 1A 2.35 2.63 0.29 

MSTRG.2227 γ-gliadin 1B −2.26 −2.71 −0.45 

gene:TraesCS1B01G010800 γ-gliadin 1B −1.82 −2.98 −1.16 

MSTRG.2233 ω-gliadin B3 1B −0.21 −2.29 −2.07 

gene:TraesCS1B01G034300 Serine proteinase inhibitor-like allergen 1B 2.74 2.65 −0.08 

MSTRG.3956 HMW 1B 2.67 2.66 −0.02 

MSTRG.4604 γ-gliadin 1D −1.92 −2.66 0.74 

gene:TraesCS1D01G001200 γ-gliadin 1D −1.55 −3.02 −1.46 

gene:TraesCS1D01G009400 LMW glutenin subunit 1D 0.1 8.84 8.75 

MSTRG.4654 γ-gliadin 1D 15.68 15.92 0.25 

gene:TraesCS2D01G136500 β-glucosidase 4 2D 3.72 2.8 −0.92 

gene:TraesCS3B01G435500 Thiamine thiazole synthase, 

chloroplastic 

3B 2.42 1.84 0.58 

MSTRG.20390 Dimeric α-amylase inhibitor 3D −17.62 0.96 18.49 

MSTRG.20391 β-amylase 3D 17.88 17.58 −0.29 

gene:TraesCS3D01G096000 Dimeric α-amylase inhibitor 3D −2.11 0.16 2.27 

gene:TraesCS4A01G453600 ns-LTP 4A 1.95 2.39 0.45 

MSTRG.27284 Serpin-Z2A 4D 2.58 1.34 −1.24 

gene:TraesCS5A01G359700 Serpin-Z1C 5A 4.19 3.64 −0.55 

gene:TraesCS5A01G417800 Serpin-Z2B 5A 5.92 5.42 0.51 

gene:TraesCS5A01G554200 β-amylase 5A NA 18.94 18.86 

gene:TraesCS5B01G050300 Serpin-N3.2 5B 2.52 3.45 0.94 

gene:TraesCS5B01G146000 ns-LTP 5B 3.39 2.31 −1.08 

gene:TraesCS5B01G419900 Serpin-Z2A 5B 2.4 2.29 −0.11 

gene:TraesCS5D01G056100 Uncharacterized gene 5D 1.72 3.24 1.52 

gene:TraesCS5D01G056200 Defensin 5D 2.09 3.31 1.22 

gene:TraesCS5D01G425800 Serpin-Z2B 5D 2.44 2.39 −0.04 

gene:TraesCS6B01G065600 α-gliadin 6B −2.06 −2.74 −0.68 

MSTRG.39379 α-gliadin 6B −3.19 −4.26 −1.07 

MSTRG.39380 α-gliadin 6B −2.77 −4.09 −1.32 

gene:TraesCS7A01G035600 α/β-gliadin 7A 1.95 2.35 0.4 

gene:TraesCS7A01G036800 AAI domain-containing protein 7A 1.03 2.58 1.54 

gene:TraesCS7A01G544500 α-gliadin 7A 2.65 2.79 1.13 

gene:TraesCS7D01G031800 α-gliadin 7D 0.8 −18.08 −18.8 

gene:TraesCS7D01G411700 Defensin-like 7D 2.08 2.32 0.26 

gene:TraesCSU01G108100 α-gliadin Unassigned −2.18 −3.06 −0.88 

gene:TraesCSU01G108400 α/β-gliadin Unassigned −3.24 −4.53 −1.29 

gene:TraesCSU01G108500 α-gliadin Unassigned −2.39 −3.87 −1.48 

gene:TraesCSU01G108700 α-gliadin Unassigned −2.4 −3.38 0.19 

gene:TraesCSU01G239000 α-gliadin Unassigned −3.24 −4.59 −1.35 

MSTRG.51048 ω-gliadin Unassigned −3.4 −4.02 −0.62 

MSTRG.51096 α-gliadin Unassigned −2.73 −3.91 1.18 

MSTRG.51123 α-amylase inhibitor 0.19 Unassigned −3.19 −3.96 −0.77 

These labels are represented in Supplementary Figure 3.4. The FC in bold indicates that this gene was differential 

expressed (P <0.001) for DEG analysis in each pair-wise comparison. HMW, high molecular weight; LMW, low molecular 

weight; ns-LTP, non-specific lipid transfer protein; AAI, α-amylase inhibitor; FC, fold-change; Chr., chromosome. 
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Supplementary Table 3.5. Trimmed-Mean of M-values (TMM)-normalized expression values in 

RNAi and BW208 the wild type lines for wheat genes related to Transcription Factors (TFs) (and 

their homologous barley, wheat or rice) involved in the regulation of the expression of seed 

storage proteins. 

a Putative homoeologous genes are grouped. 
b Accession number or locus ID of the known genes are indicated in the parenthesis. 
c Statistically significant expression values (P <0.001) with respect to the wild type are indicated with underline. 

  

Gene IDa Reported gene/speciesb TMM-normalized expression valuec 

BW208 D783 D793 

TraesCS3A01G249100 

TraesCS3B01G278000 

TraesCS3D01G249100 

HvFUSCA3 (AM418838.1)/Hordeum 

vulgare 

5.56 

2.90 

4.86 

1.44 

0.95 

2.08 

3.85 

2.98 

4.34 

TraesCS1A01G329900 

TraesCS1B01G343500 

TraesCS1D01G332200 

TaSPA (Y09013.1)/T. aestivum 0.20 

9.22 

4.92 

0.19 

2.05 

3.59 

0.12 

4.51 

4.17 

TraesCS5A01G155900 

TraesCS5B01G154100 

TraesCS5D01G161000 

BPBF (AJ000991.1)/H. vulgare 50.03 

0.00 

0.03 

22.79 

0.01 

0.03 

34.08 

0.00 

0.00 

TraesCS3A01G336500 

TraesCS3B01G367500 

TraesCS3D01G329400 

HvGAMYB (X87690.1)/H. vulgare 18.75 

0.00 

7.02 

15.96 

0.00 

7.71 

14.17 

0.44 

6.35 

TraesCS5A01G440400 

TraesCS5B01G444100 

TraesCS5D01G447500 

HvBLZ1 (CAA56374.1)/H. vulgare 7.05 

6.64 

3.81 

6.70 

5.98 

5.91 

6.73 

7.24 

4.00 

TraesCS6A01G255500 

TraesCS6B01G270100 

TraesCS6D01G236700 

HvSAD (CAC85739.1)/H. vulgare 0.00 

0.29 

0.25 

0.32 

0.30 

0.70 

0.16 

0.20 

0.51 

TraesCS1A01G218800 

TraesCS1B01G232300 

TraesCS1D01G220500 

HvMCB1 (CAI84066.1)/H. vulgare 40.77 

21.67 

18.87 

27.11 

12.39 

12.45 

30.45 

14.61 

11.20 

TraesCS1A01G219400 

TraesCS1B01G232800 

TraesCS1D01G221000 

HvMYBS3 (CAJ53899.1)/H. vulgare 2.42 

4.63 

2.71 

1.56 

5.76 

2.64 

1.56 

3.42 

2.28 

TraesCS6A01G335400 

TraesCS6B01G366100 

TraesCS6D01G315300 

TaNFYA-1 (KM078747.1)/T. aestivum 3.48 

2.86 

1.50 

2.30 

2.02 

1.83 

2.73 

1.55 

2.16 

TraesCS6A01G108300 

TraesCS2B01G228900 

TraesCS6D01G096300 

TaNAM-1 (DQ869675.1)/T. aestivum 1.26 

0.65 

0.98 

1.07 

0.32 

1.42 

0.60 

0.55 

1.12 

TraesCS2A01G118100 

MSTRG.9826 

TraesCS2B01G138100 

TraesCS2D01G116900 

OsGZF1 (Os07g0668600)/Oryza sativa 22.75 

9.95 

25.45 

43.70 

14.88 

11.27 

23.15 

44.44 

24.44 

9.39 

26.57 

41.20 

TraesCS2A01G118000 

TraesCS2B01G138000 

TraesCS2D01G117000 

9.06 

2.99 

5.28 

35.11 

10.62 

30.00 

16.77 

7.31 

14.82 
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CHAPTER IV 

________________________________ 

RNAi silencing of wheat gliadins alters the network of 

transcription factors that regulate the synthesis of seed storage 

proteins toward maintaining grain protein levels 
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Abstract 

Gluten proteins are responsible for the unique viscoelastic properties of wheat 

dough, but they also trigger the immune response in celiac disease patients. RNA 

interference (RNAi) wheat lines with strongly silenced gliadins were obtained to reduce 

the immunogenic response of wheat. The E82 line presents the highest reduction of 

gluten, but other grain proteins increased, maintaining a total nitrogen content 

comparable to that of the wild type. To better understand the regulatory mechanisms in 

response to gliadin silencing, we carried out a transcriptomic analysis of grain and leaf 

tissues of the E82 line during grain filling. A network of candidate transcription factors 

(TFs) that regulates the synthesis of the seed storage proteins (SSPs), α-amylase/trypsin 

inhibitors, lipid transfer proteins, serpins, and starch in the grain was obtained. 

Moreover, there were a high number of differentially expressed genes in the leaf of E82, 

where processes such as nutrient availability and transport were enriched. The source-

sink communication between leaf and grain showed that many down-regulated genes 

were related to protease activity, amino acid and sugar metabolism, and their transport. 

In the leaf, specific proline transporters and lysine-histidine transporters were down- 

and up-regulated, respectively. Overall, the silencing of gliadins in the RNAi line is 

compensated mainly with lysine-rich globulins, which are not related to the proposed 

candidate network of TFs, suggesting that these proteins are regulated independently of 

the other SSPs. Results reported here can explain the protein compensation mechanisms 

and contribute to decipher the complex TF network operating during grain filling. 

Keywords: RNA-seq, prolamin regulation, starch, protein compensation, TF network, 

RNAi silencing, source-sink communication 
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Resumen 

Las proteínas del gluten son responsables de las propiedades viscoelásticas únicas 

de la masa de trigo, pero también desencadenan la respuesta inmune en pacientes 

celíacos. Líneas de trigo de ARN de interferencia (ARNi) con un fuerte silenciamiento 

de gliadinas se obtuvieron para reducir la respuesta inmunogénica del trigo. La línea 

E82 presenta la mayor reducción de gluten, pero otras proteínas del grano incrementan, 

manteniendo el contenido de nitrógeno total comparable al de la línea control. Para 

entender mejor los mecanismos de regulación en respuesta al silenciamiento de 

gliadinas, llevamos a cabo un análisis transcriptómico del tejido de grano y hoja de la 

línea E82 durante el llenado del grano. Se obtuvo una red de factores de transcripción 

(FTs) candidatos que regula la síntesis de las proteínas de reserva de la semilla (SSPs), 

los inhibidores de α-amilasa/tripsina, las proteínas de transferencia de lípidos, serpinas, 

y almidón en el grano. Además, hubo un gran número de genes diferencialmente 

expresados en la hoja de E82, donde los procesos como la disponibilidad de nutrientes y 

su transporte fueron enriquecidos. La comunicación fuente-sumidero entre la hoja y el 

grano mostró que muchos genes infraexpresados estaban relacionados con la actividad 

de las proteasas, el metabolismo de los amino ácidos y de los azúcares, y su transporte. 

En la hoja, transportadores específicos de prolina y lisina-histidina estaban infra y 

sobreexpresados, respectivamente. En general, el silenciamiento de gliadinas en la línea 

ARNi está compensado principalmente por globulinas ricas en lisina, que no están 

relacionadas con la red de FTs candidatos propuesta, sugiriendo que estas proteínas son 

reguladas independientemente de las otras SSPs. Los resultados obtenidos en este 

trabajo pueden explicar los mecanismos de compensación de proteína y contribuir a 

descifrar la compleja red de FTs que opera durante el llenado del grano. 

Palabras clave: RNA-seq, regulación de prolaminas, almidón, compensación de 

proteínas, red de FT, silenciamiento por ARNi, comunicación fuente-sumidero 
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1. Introduction 

Wheat is one of the most important staple foods worldwide. It has unique 

viscoelastic properties for breadmaking due to its grain protein composition, allowing 

the production of many foods like bread and pasta (Shewry, 2009). However, wheat is 

also related to adverse reactions in humans, particularly proteins harboring epitopes that 

can trigger the immune response in celiac disease (CD), a chronic enteropathy mediated 

by human leukocyte antigen (HLA) HLA-DQ2 and HLA-DQ8 (Sollid, 2002). In addition 

to CD, there are other pathologies related to wheat consumption, such as Non-Celiac 

Wheat Sensitivity (NCWS), and wheat allergy, which includes baker’s asthma and 

Wheat Dependent Exercise Induced Anaphylaxis (WDEIA) (Aziz et al., 2016). 

Gluten proteins are composed of monomeric and polymeric proteins, gliadins and 

glutenins, respectively. Gliadins are soluble in alcoholic solutions and are divided into 

three structural groups; ω-, α/β- and γ-gliadins based on their mobility in A-PAGE 

electrophoresis gels. Glutenins are the polymeric fraction, insoluble in alcoholic 

solutions and classified into High Molecular Weight (HMW) and Low Molecular Weight 

(LMW) glutenin subunits, based on their mobility in SDS-PAGE electrophoresis gels 

(Shewry and Halford, 2002). 

The development of wheat varieties lacking the proteins responsible for triggering 

adverse reactions to wheat is an appealing target for Plant Biotechnology, and both RNA 

interference (RNAi) and CRISPR/Cas9 were applied, providing wheat lines with the CD-

related gliadins strongly downregulated or knock-out, respectively (Barro et al., 2016; 

SánchezLeón et al., 2018). In particular, RNAi technology was highly effective for the 

silencing of all three ω-, α/β-, and γ-gliadin fractions in wheat grain. However, the 

depletion of gliadin proteins affects the bread-making quality depending on the protein 

fraction being silenced (Gil-Humanes et al., 2012, 2014b). One wheat line denoted as E82 

highlights among all RNAi lines produced, with a reduction of 98% of gluten content 

(Gil-Humanes et al., 2010), and the bread made using flour from this line was tolerated 

by NCWS patients (Haro et al., 2018), and did not elicit an immunogenic response in a 

blind randomized crossover gluten challenge with CD patients (Guzmán-López et al., 

2021). 

As a consequence of the down-regulation of gliadins by RNAi, this E82 line exhibits 

a marked readjustment in the grain proteins distribution in comparison to that of the 

wild type (WT); the gliadins were strongly decreased, the HMW glutenin subunits were 

not affected while the LMW glutenin subunits decrease, and the non-gluten proteins 

(NGPs), as globulins and triticins, increased, ensuring that the total nitrogen (N) content 

of the grain remains comparable to that of the WT (GilHumanes et al., 2010; Pistón et al., 

2013; Ozuna et al., 2015; Barro et al., 2016). These protein compensation processes are 

particularly important to understand the molecular mechanisms operating in the grain, 

as they would allow these pathways to be targeted by using New Plant Breeding 

Techniques (NPBTs), such as CRISPR/Cas, for the development of new wheat varieties 

with specific nutritional profiles and unable to elicit an immunogenic response. 
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The accumulation of wheat prolamins during grain filling is mainly regulated at the 

transcriptional level by the interaction between the cis-regulatory elements (CREs), 

present in prolamin promoters, and the transcription factors (TFs) which recognize them 

(Kawakatsu and Takaiwa, 2010). Several CREs have been identified in the promoter 

sequences of seed storage protein (SSP) genes like gliadins and glutenins, being the 

endosperm box (E box), which is comprised of the prolamin box (P box) and the GCN4 

motif, one of the most important (Kawakatsu and Takaiwa, 2010). The Storage Protein 

Activator (TaSPA), a wheat ortholog of basic leucine zipper (bZIP) opaque2 (O2) from 

maize, recognizes the GCN4 motif, while the DNA binding with one finger (DOF) 

Prolamin Binding Factor (TaPBF) recognizes the P box (Kawakatsu and Takaiwa, 2010). 

There are other well-conserved CREs and TFs involved in transcriptional regulation of 

SSPs genes, like the TaGAMyB TF that binds to the 50 -C/TAACAAA/C-30 -like motif, 

and the TaFUSCA3 that binds to the RY motif (Kawakatsu and Takaiwa, 2010; Guo et 

al., 2015; Sun et al., 2017). 

Apart from proteins, wheat grain is also an important source of carbohydrates, with 

starch accounting for ∼ 80% of its composition. Starch synthesis is catalyzed by enzymes 

like starch synthase (SS), and starch branching enzyme (SBE), among others (Shevkani 

et al., 2017). They are coded by starch synthesis-related genes (SSRGs) and they are 

regulated by TFs as bZIPs and NACs (Wang et al., 2013; Zhang et al., 2019). In addition, 

there are TFs actively involved in the regulation of both SSPs and SSRGs, like TaSPA and 

TaPBF in wheat, or O2 and PBF in maize (Zhang et al., 2016; Guo et al., 2020; Orman-

Ligeza et al., 2020). 

During grain filling, active source-sink communication is a key point for the 

accumulation of SSPs and starch, and for therefore, a major determinant for wheat 

quality and grain yield. This source-sink communication controls the production and 

transport of photoassimilates from leaves to grains, and the capacity of grain to store 

them (Aguirrezábal et al., 2015; Smith et al., 2018). Moreover, around 70% of the N in 

wheat grain comes from senescing leaves, mainly in amino acid form, and it is used for 

the synthesis of SSPs during the development of the embryo (Peeters and Van Laere, 

1994; Masclaux-Daubresse et al., 2008). 

For the E82 line, with strongly down-regulated gliadins, a strong protein 

compensatory mechanism operates to maintain the grain N level. This line is an excellent 

material to understand the mechanisms of protein regulation in the grain, and how this 

compensatory phenomenon is driven by or affects other tissues such as leaves that act 

as the main suppliers of compounds that ultimately determine the nutritional profile of 

the grain. In the present work, we aimed to progress in deciphering the genetic and 

molecular mechanisms of protein compensation which operate in the grain of the wheat 

RNAi lines, to move forward in the development of new wheat varieties, safe for patients 

with gluten/wheat intolerance and possess exceptional nutritional properties. 
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2. Materials and Methods 

2.1. Plant material and experimental design 

In this work, we used the E82 RNAi wheat line, derived from BW208, used as the 

WT (Gil-Humanes et al., 2010). The E82 line is the result of eight generations of self-

pollination. This RNAi line contains the plasmids pGhp-ω/α and pghp8.1, harboring 

inverted repeat sequences of the most conserved regions from ω, α, and γ-gliadin genes, 

driven by endosperm-specific promoters (Pistón et al., 2008, 2009). 

The two lines were grown in a greenhouse with a day/night regime of 12/12 h at 

24/16◦C. The seeds and flag leaf from three different plants as biological replicates were 

collected at 20 days after anthesis (DAA) for RNA extraction for each line and 

immediately frozen with liquid nitrogen and stored at – 80◦C. The seeds of three 

additional plants were also collected at harvest time for prolamin content determination. 

2.2. RNA extraction and sequencing 

The grains and flag leaves of the WT and E82 at 20 DAA were milled, and the total 

RNA was extracted using the protocol of Direct-zol RNA Kits (zymoresearch.com). For 

grain tissue, we also performed the first step described in the protocol of Meng and 

Feldman (2010). 

Total RNA was sent to Novogene (United Kingdom) Company Limited (25 

Cambridge Science Park Milton Road, CB4 0FW, United Kingdom) for sequencing. The 

quality control of total RNA was performed by NanoDrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, United States) for preliminary quantitation and 

by 2% agarose gel electrophoresis for RNA integrity. The RNA integrity and 

quantification were also carried out by Novogene (Agilent 2100). The rRNA was 

removed using the Ribo-Zero kit. cDNA synthesis, library construction of 2 × 150 paired-

end reads, and sequencing with Novaseq 6000 system (Illumina) were performed by 

Novogene. 

2.3. RNA-seq data analysis 

Bioinformatic analysis was performed on a server with 64 cores and 128 GB of RAM 

with the operative system GNU/Linux Ubuntu version 18.04 (www.ubuntu.com, United 

Kingdom). 

2.3.1. Trimming 

The trimming of raw reads and the adapters removing were performed with 

Trimmomatic-0.36 (params: ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 AVGQUAL:20 

LEADING:3 TRAILING:3 MINLEN:36) (Bolger et al., 2014). The ∼ 2% of reads per 

sample were discarded (Supplementary Table 4.1). 
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2.3.2. Mapping 

Reads were pseudoaligned by kallisto v0.44.0 (Bray et al., 2016) with default 

parameters (--pseudobam included) to the International Wheat Genome Sequencing 

Consortium (IWGSC) RefSeqv1.1 transcriptome annotation (Appels et al., 2018). The 

control quality of pseudoalignment was performed with samtools v1.3.1 (Li et al., 2009) 

(Supplementary Table 4.2). The summarized Transcript Per Million (TPM) matrix at 

gene level was generated with tximport v.1.14.2 (Soneson et al., 2016). 

2.3.3. Differential gene expression (DGE) analysis 

DGE analysis was performed with edgeR v.3.22.5 (Robinson et al., 2009) in R v.3.6.3 

(R Core Development Team, 2020). We established that differentially expressed (DE) 

genes had a False Discovery Rate (FDR) < 0.05. Two pair-wise comparisons were 

performed: WT grain tissue vs. E82 grain tissue, and WT leaf tissue vs. E82 leaf tissue. 

The genes with a sum of Counts Per Million (CPM) in all samples higher than 1 were 

considered in the DGE analysis. The complete expression data for all the genes and DGE 

analysis results are deposited in Gene Expression Omnibus (GEO) database with the 

identification number GSE199525. 

2.3.4. Gene Ontology (GO) and pathway enrichment analyzes 

The GO and the Kyoto Encyclopedia of Genes and Genomes (KEGG) terms were 

obtained from RefSeq v1.1 annotation. We only use high confidence genes for the GO 

enrichment analysis and this was carried out with g:Profiler2 (Raudvere et al., 2019) for 

up- and down-regulated genes separately in each comparison. For pathway enrichment 

analysis we used also high-confidence genes. 

2.4. Seed-borne allergens and immune-responsive proteins 

The annotation of genes coding for allergens and immunogenic proteins implicated 

in human diseases was obtained from Juhász et al. (2018). Prolamins genes from the 

work of Altenbach et al. (2020) and Huo et al. (2018a,b) were searched in the wheat 

genome to include them in the analysis. 

2.5. Gene Network Inference with Ensemble of trees (GENIE3) and Weighted 

Gene Co-expression Network Analysis (WGCNA) networks in bread wheat 

Annotation for TF genes was obtained from Ramírez González et al. (2018). The 

Gene Network Inference with Ensemble of trees (GENIE3) network (Ramírez-González 

et al., 2018) was used for predicting the downstream target genes of the DE TFs in our 

DGE analysis for WT vs. E82 comparison in the grain tissue. The top 1 million 

interactions of the GENIE3 network were used for the analysis, according to previous 

researches (Huang et al., 2018; Ramírez-González et al., 2018; Harrington et al., 2020). 

We calculated the shared Ratios of each DE TF gene (shared Ratio: number of DE target 

genes/number of target genes, for each TF gene) as described in Harrington et al. (2020). 

The DE TF genes with a shared Ratio > 0 were considered candidate TFs. The relationship 

between the candidate TF genes obtained from the GENIE3 network in grain tissue was 
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visualized with igraph 1.2.4.2 (Csardi and Nepusz, 2006) and nodes (TF genes) were 

grouped into communities based on greedy optimization of modularity (Csardi and 

Nepusz, 2006; Murata, 2010). For those TF genes without annotation, the gene names of 

orthologs in Arabidopsis thaliana were included along with TFs gene ID. 

To study the candidate TFs functions and their relationship with SSPs and SSRGs, 

we calculated the percentage of DE genes in the grain of E82 in each module of the 

Weighted Gene Coexpression Network Analysis (WGCNA) grain network, a 

coexpression network of 850 RNA-seq of wheat in different tissues and conditions 

(Ramírez-González et al., 2018). We repeated this process for the leaf tissue. 

2.6. Gene expression by quantitative real-time PCR (qPCR) 

We selected DE genes to validate the results by qPCR. cDNA was synthesized using 

1 µg of total RNA with qScript cDNA SuperMix (Quantabio, United States). qPCR was 

performed with SYBR Green Supermix (Bio-Rad, United States) on CFX Connect Real-

time PCR Detection System (Bio-Rad). The BioRad CFX Manager 3.1 was used for data 

analysis. For target efficiency, serial dilutions 1:2 were prepared for a bulk of grain and 

leaf samples separately. For data normalization, CDC, RLI and ADP-RF genes were used 

as reference genes (Giménez et al., 2011) using the primers listed in Supplementary Table 

4.3. 

2.7. Prolamin quantification by Reverse Phase-High Performance Liquid 

Chromatography (RP-HPLC) 

For prolamin extraction, 100 mg of flour from each line at 10, 20, 30, and 40 DAA 

were used per each biological replicate. The gliadin and glutenin were sequentially 

extracted following the protocol of Pistón et al. (2011), and protein quantification was 

performed by RP-HPLC (1200 Series Quaternary LC System liquid chromatography 

from Agilent Technologies) with a DAD UV-V detector at 210 nm. A 25 cm long column 

LiChrospher R 100 RP8 (5 µm) (Merck) was used. 

2.8. Total protein, thousand kernel weight, and starch content 

For total protein, grains of the WT and the E82 RNAi lines were collected at harvest 

and milled. Total protein content was calculated with Kjeldahl (%N x 5.7) method 

[standard ICC no. 105/2] for each biological replicate. The weight of thousand kernels 

was measured in triplicate. The starch content was determined with the standard ICC 

method no. 123/1 for each biological replicate. All these measures were expressed by the 

dry weight (DW) of flour. 

2.9. Proteomic data analysis 

Grains of the WT and the E82 RNAi lines at harvest were collected and milled for 

proteomic data analysis. Protein digestion, liquid chromatographic and mass 

spectrometric analysis were performed as described in Vaquero et al. (2018) followed by 

custom Python scripts (github.com/MiriamMarinS/ProtEp) for counting the number of 

unique peptides assigned to each wheat protein fraction. 
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3. Results 

We carried out a transcriptomic (RNA-seq) study for the E82 RNAi line and its WT 

(BW208) using grain and leaf samples at 20 DAA. Trimmed reads were pseudoaligned 

with Kallisto to the RefSeq v1.1 transcriptome annotation, obtaining an average of 

71.54% of clean reads mapped (Supplementary Table 4.4). Two pair-wise comparisons 

were performed for the DGE analysis: WT vs. E82 for grain and leaf tissues separately. 

The WT vs. E82 grain pair-wise comparison provided 109 genes up-regulated in E82 

compared to the WT, while 859 genes were down-regulated. In contrast, the WT vs. E82 

leaf pair-wise comparison provided 4,230 and 1,593 genes up-and downregulated, 

respectively. For grain, the most enriched GO terms for the up-regulated genes in E82 

were related to the Cellular component domain, some of them specifically in the 

chloroplast location, and the Biological Process domain, with genes related to response 

to abiotic stimulus (Figure 4.1A). While GO terms related to nutrient reservoir activity 

and starch metabolism were enriched in GO enrichment analysis for down-regulated 

genes in the E82 line (Figure 4.1B). 

 

Figure 4.1. Gene Ontology (GO) enrichment analysis of up- and down-regulated genes in the 

wild type (WT) vs. E82 comparison in grain (A,B) and leaf (C,D) tissues. The top GOs are 

represented. Values on the bars represent the number of differentially expressed (DE) genes 

annotated with each GO term. P-value was adjusted with the Benjamini-Hochberg method. 
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3.1. Grain proteins are strongly affected by the RNAi 

The expression of gliadin genes, targeted by the RNAi silencing fragment, was 

strongly decreased in the E82 line at 20 DAA, but glutenin genes and other non-targeted 

grain proteins like avenin-like proteins (ALPs), α-amylase/trypsin inhibitors (ATIs), 

puroindolines, purinins, and purothionins, had lower expression in E82, which 

correspond with a high number of DE genes in WT vs. E82 grain comparison (Figure 

4.2). Interestingly, globulins and triticins genes were not DE in the E82 RNAi line (Figure 

4.2), except for one gene encoding 19 kDa globulin. 

 

Figure 4.2. (A) Overview of the expression of differentially expressed (DE) genes coding for grain 

proteins between the wild type (WT) and E82. For globulins and triticins, we represented all 

genes. The line in the box represents the median value. (B) Number of DE and non-DE genes for 

each protein type. The number in bars indicates the percentage of DE genes. Gene annotations 

were extracted from the RefSeq v1.1, Juhász et al. (2018) and Altenbach et al. (2020) and Huo et 

al. (2018a,b), and for triticins, we performed a blastp of three protein sequences of triticins from 

Butte 86 summarized in Altenbach et al. (2020) against the wheat genome. 

 

The synthesis and deposition of gliadins and glutenins were also monitored by RP-

HPLC throughout grain filling. As shown in Supplementary Figure 4.1, the E82 line had 

lower content than the WT for the α- and γ-gliadins from the first stages of grain filling, 

including 20 DAA, while the ω-gliadins content was lower in E82 only at 40 DAA 

(Supplementary Figure 4.1A). In the case of glutenin proteins, the HMW content was 

higher in E82 than the WT in the first stages (Supplementary Figure 4.1A) while the 

LMW content was lower in E82 at 20 DAA (Supplementary Figure 4.1A). 

The total protein content for the different gliadin fractions obtained by RP-HPLC 

(Supplementary Figure 4.1B) and the abundance of unique peptides by LC-MS/MS 

(Supplementary Table 4.5) at harvesting confirmed that E82 has less content of gliadins 

and a lower abundance of unique peptides for all the gliadin fractions than the WT 
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(Supplementary Figure 4.1B and Supplementary Table 4.5). The content of glutenin 

protein fractions and their abundance of unique peptides varied in the same way, 

decreasing only for the LMW in the E82 RNAi line (Supplementary Figure 4.1B and 

Supplementary Table 4.5). Moreover, the NGPs that were increased in E82 at harvesting 

(Supplementary Figure 4.1C), particularly globulins and triticins, lipid transfer proteins 

(LTPs), and serpins, also increased the abundance of unique peptides (Supplementary 

Table 4.5). All these protein rearrangements do not affect the total grain N content, which 

was not statistically different between E82 and the WT (Supplementary Figure 4.1C). 

3.2. Starch synthesis-related genes are also affected in the RNAi line 

RNAi silencing in the E82 line also affects the starch content and the genes involved 

in its regulation. For grain tissue, 14 SSRGs, coding for key enzymes in starch synthesis, 

were down-regulated compared to the WT at 20 DAA (Supplementary Table 4.6 and 

Figure 4.3), which agrees with the lower content of starch and the lower kernel weight 

detected in the E82 line at harvesting (Supplementary Figure 4.1D,E), and with the lower 

normalized gene expression of SSIIIa/SSIII-2 genes in the grain of E82 obtained by qPCR 

(Supplementary Figure 4.2). Moreover, for the flag leaf, the expression of five and four 

SSRGs were up-and down-regulated, respectively, in the E82 line (Supplementary Table 

4.6 and Figure 4.3). 

 

Figure 4.3. Starch synthesis-related genes (SSRGs) differentially expressed (DE) in (A) grain 

and/or (B) leaf tissue for the pair-wise comparison wild type (WT) vs. E82. *, FDR < 0.05; **, FDR 

< 0.01; ***, FDR < 0.001; ns, non-significant; FDR, False Discovery Rate. 
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3.3. Candidate TFs for the grain protein and starch synthesis regulation in the E82 

RNAi line 

Many of the genes proposed in previous research for the regulation of SSPs and 

starch synthesis are listed in Supplementary Table 4.7, including the TabZIPs which play 

a role in the amylose biosynthesis in wheat (Kumar et al., 2018). Among these genes, 

transcriptomic data showed that the A-subgenome homeolog of the TaPBF was 

significantly downregulated in the E82 line, while the other two homeologs present a 

low, not significant expression (Supplementary Table 4.7). Moreover, in the qPCR 

analysis, the pooled three homeologs for TaPBF were down-regulated in the E82 line 

(Supplementary Figure 4.2). However, the rest of the TFs listed in Supplementary Table 

4.7 were not DE in the grain of E82, and therefore they may not be relevant for explaining 

the rearrangements in the regulation of the SSP and starch synthesis genes in the E82 

line. The expression of homeologs of the TaSPA, which has a key role in the biosynthesis 

of prolamins and starch (Guo et al., 2020), was not over the threshold to be included in 

the DGE analysis. 

Because of the above results, the GENIE3 network was used to find other TFs related 

to the SSPs and starch synthesis. This network provides biologically-relevant 

information based on TF’s targets prediction, and it was demonstrated for bread wheat 

TFs related to senescence (Harrington et al., 2020). We searched the DE TFs in the grain 

of E82 in the wheat GENIE3 network, selecting those which had shared Ratio values 

higher than zero (at least one of their target genes was DE in the grain of E82). Only 30 

out of 3,000 TFs present in the GENIE3 network met both criteria (Figure 4.4), being 

clustered in five communities (Figures 4.4B,C). The TF TaPBF-A belongs to community 

3, which together with community 5, has the highest shared Ratio values (Figure 4.4C). 

Therefore, these TFs form a complex regulatory cascade and will be considered 

candidate TFs throughout this work. 

To establish the putative function of each TF, we summarized (Supplementary Table 

4.8) the top three GO terms most enriched for each TF from previously GO enrichment 

analysis for the GENIE3 network. Many of the TFs were in communities 3, 4, and 5, and 

associated with carbohydrate-mediated signaling, detection of nutrients, glycogen 

metabolism, lipid storage, regulation of endopeptidase activity, regulation of catalytic 

activity, energy reserve metabolic process, and seed oil body biogenesis. TFs in 

communities 2 and 1 were related to photosynthesis and defense response processes, 

respectively (Supplementary Table 4.8). 

Each candidate TF was then assigned to a module according to the grain co-

expression network constructed with WGCNA (Figure 4.4C), and the percentage of DE 

genes in each module for the E82 grain was represented (Figure 4.5A). The TaPBF-A was 

addressed to module 13 (Figure 4.4C), together with a high number of other down-

regulated genes in E82 (Figure 4.5A). Next, we extracted all the genes from this module 
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Figure 4.4. (A) Frequency of shared genes between Gene Network Inference with Ensemble of 

trees (GENIE3) transcription factors (TFs) target genes and differentially expressed (DE) genes in 

the grain of E82 compared to the wild type (WT). For improving the representation of frequencies, 

we remove those TFs with zero shared genes in the insert. (B) Network of candidate TFs 

implicated in the protein and starch changes in the grain of E82. All these genes are DE TF with 

a shared Ratio > 0. The different colors represent the community of nodes detected based on 

greedy optimization of modularity. (C) Fold-change (FC) values and shared Ratio of each gene in 

the network. Gene name (A. thaliana ortholog information) and network ID are represented in 

the plot. On the right, there is the module of the Weighted Gene Co-expression Network Analysis 

(WGCNA) network for grain tissue to which each TF belongs. 

 

and performed GO enrichment analysis; the GO terms related to carbohydrate 

metabolism were enriched (Figures 4.5B,C), and GOs related to amino acid metabolism 

stand out (Supplementary Table 4.9). In addition, module 11 was also overrepresented 

among the candidate TFs and has a high percentage of DE genes in the grain of E82 

(Figures 4.4C, 5A). As for module 13, we performed GO enrichment analysis of genes 

included in module 11, and we found nutrient reservoir activity and α-amylase inhibitor 

activity terms enriched (Figures 4.5B,C). 

The next step was to establish the match between the modules where the candidate 

TF genes were and the modules in which the grain protein genes and SSRGs were 

included. Other grain proteins such as LTPs and serpins, in the list of allergens and 

immune-responsive proteins implicated in human diseases listed in Juhász et al. (2018), 
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Figure 4.5. (A) Percentage of differentially expressed (DE) genes that belong to each module in 

the Weighted Gene Co-expression Network Analysis (WGCNA) network for grain tissue. The 

label close to the bars indicates the number of up/down-regulated genes in each module. (B) 

Manhattan plot of the Gene Ontology (GO) enrichment analysis of genes in modules 13 and 11 of 

the WGCNA network from grain tissue. The number of enriched GOs per domain is indicated 

between parentheses. The enriched GOs are represented, and the top 30 GO enriched are 

highlighted. (C) The adjusted P-value with the Benjamini-Hochberg method of the top 30 

enriched GOs is represented per domain in modules 13 and 11. GO:MF, Molecular Function 

domain; GO:BP, Biological Process domain; GO:CC, Cellular Component domain. 

 

were added to the study. We also searched these genes in the WGCNA grain co-

expression network (Figure 4.6). Briefly, many gliadin and glutenin DE genes in the 

grain of E82 shared the same modules as the candidate TFs (Figure 4.6). The same occurs 

with other grain protein genes such as ATIs, ALPs, purothionins, puroindolines, 

purinins, serpins, and LTPs (Figure 4.6). Some grain protein genes such as globulins, 

including triticins genes, were not DE in our RNA-seq data analysis, although some of 

them showed a slight tendency to decrease in E82, being one 19 kDa globulin gene down-

regulated (Figures 4.2A,B). While the genes for globulin 1S and globulin 3 were included 

in module 4 (not containing any of the candidate TFs), the 19 kDa globulin and triticin 

genes were included in module 26, and modules 11 and 50 respectively, with candidate 

TFs of community 5 (Figure 4.6). On the other hand, all the SSRGs down-regulated in 

E82 grain were also included in the same modules as the candidate TFs, except for 

SSIIa/SSII-3 genes (Figure 4.6). 
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Figure 4.6. Relationships between communities of candidate transcription factors (TFs) and 

modules of Weighted Gene Co-expression Network Analysis (WGCNA) grain co-expression 

network (left), and between these modules and grain proteins/starch synthesis-related genes 

(SSRGs) (right). The size of the gray boxes indicates the number of genes contained in each 

category. All the grain protein genes and SSRGs used for representation were differentially 

expressed (DE) in our RNA-seq analysis. In the case of grain protein genes, the globulin ones non-

DE were included for discussion purposes. Down tendency: genes with non-significant lower 

expression in E82, except for one DE gene encoding 19 kDa globulin. 

 

3.4. The source-sink communication during grain filling is greatly affected by 

RNAi silencing 

We also carried out an RNA-Seq analysis in leaves to determine if the transcriptomic 

changes found in the grain of the E82 line during grain filling could modulate the 

transcriptome of the leaf. As shown in Figure 4.7, there were many transcriptomic 

changes in the leaf of E82 against the WT. In fact, there were more DE genes in the E82 

leaf than in the grain, and a higher number were up- than down-regulated. Many of the 

up-regulated genes were related to the DNA metabolism and chromosome organization 

(Figure 4.1C), while the downregulated ones were related to peptidase activity, 

carbohydrate metabolism, and transport (Figure 4.1D, Supplementary Table 4.6 and 

Figure 4.3B). Moreover, starch and sucrose metabolism and amino acids metabolism 

pathways were enriched in the downregulated genes of E82 (Figure 4.7B). All these 

processes are linked to source-sink interactions during grain-filling (Yu et al., 2015). As 

for grain tissue, the WGCNA co-expression modules ordered by their percentage of DE 

genes were represented (Figure 4.7C). The higest percentages of DE genes in the leaf 

were in modules 0, 1, 2, 3, 6, and 7 (Figure 4.7C). Then, a GO enrichment analysis was 

performed for the up-and downregulated genes in the modules with a higher percentage 

of DE genes: protein heterodimerization, hydrolase activity, and glutamate and 
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glutamine biosynthesis processes, among others, were enriched; GOs as transmembrane 

transport and carbohydrate metabolism were only enriched in the downregulated genes 

(Figure 4.7C). 

 

Figure 4.7. (A) Heatmaps of Transcript Per Million (TPM) for differentially expressed (DE) genes 

for the wild type (WT) vs. E82 comparison in leaf tissue. Values are scaled by row (–1.5 to 2). 

Dendrograms of genes and lines were represented. (B) Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway enrichment analysis for down-regulated genes in E82 leaf tissue 

against the WT. The rich factor is the division between the number of DE genes annotated and 

the total number of genes annotated in each pathway. The count value is the number of DE genes 

annotated in this Kegg Orthology (KO). (C) Percentage of DE genes which belong to each module 

in the Weighted Gene Co-expression Network Analysis (WGCNA) network for leaf tissue. The 

label close to the bars indicates the number of up-/down-regulated genes in each module. The 

most enriched GOs for the set of up- and down-regulated genes in each module were represented 

following the arrows. R: replicate. 

 

Then, we decided to study more in detail the genes related to peptidase activity and 

nutrients transport in the leaf of E82 because of their implication in the source-sink 

communication and, in the end, in the SSP and starch content in grain. 

3.4.1. Proteases and protease inhibitors in the leaf of E82 

The Papain-like cysteine proteases (CysProt), belonging to C1A according to the 

MEROPS database (Rawlings et al., 2016), play a main role in the proteolytic activity and 
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nutrient remobilization during leaf senescence. Then, genes annotated in RefSeq v1.1 

with the PFAM “Peptidase_C1” (PF00112) were searched on WheatMine website 

(https://urgi.versailles. inra.fr/WheatMine). Among them, one ortholog of HvPap1 of 

Hordeum vulgare (NCBI Acc. N.: BN000093), was downregulated in E82 

(Supplementary Table 4.10). In addition, four and five (HvPap4 orthologs, RD19D, Psy1-

D1 ortholog, and HvPap14 ortholog) CysProt genes were down- and upregulated in E82, 

respectively (Supplementary Table 4.10). In the case of cystatins, specific modulators of 

C1A peptidase activities, we looked for the cystatin domain (IPR000010) in WheatMine. 

There were five DE cystatin genes in E82. One of them was up-regulated in E82 (ortholog 

of Icy2 of H. vulgare) (Supplementary Table 4.10). The serine proteases, together with 

CysProt, are also the most abundant enzymes associated with leaf senescence (Roberts 

et al., 2012). In the case of these peptidases, we filter genes with serine-type peptidase 

and endopeptidase activity in RefSeq v1.1. Briefly, 20 of these genes were up-regulated 

and 15 were down-regulated (Supplementary Table 4.11). 

3.4.2. Sugar and amino acid transporters in the leaf and grain of E82 

Both, carbohydrate and transmembrane transport GOs were enriched among the 

down-regulated genes in the leaf of E82 (Figure 4.1D). The carbohydrate transport genes 

were identified accordingly to the work of Gautam et al. (2019), and the DE ones are 

listed in Supplementary Table 4.12. For carbohydrate transport, many of the TaSWEET 

and SUT genes were downregulated in the leaf of E82 (Figure 4.8 and Supplementary 

Table 4.12). In addition, the expression of TaSWEET13 homeolog genes 

(TraesCS6B02G421800 and TraesCS6D02G367400) was also studied by qPCR, confirming 

the down-regulation in the leaf of E82 against the WT (Supplementary Figure 4.2). While 

in the grain, only three TaSWEET genes were down-regulated in E82 (Figure 4.8). 

Concerning amino acid transporters, they have been identified accordingly to the 

work of Tian et al. (2020), and the DE genes were listed in Supplementary Table 4.12. 

Many of the amino acids permease (AAP) genes, which transport a wide range of amino 

acids (Kohl et al., 2012), were downregulated in the leaf of E82, except for three of them 

which were up-regulated: TaAAP22-7A, TaAAP6-2A, and TaAAP8-3A (Figure 4.8 and 

Supplementary Table 4.12). Four genes encoding proline transporters (ProTs) 2 and 3, 

proline-specific transport, were down-regulated in the E82 leaf and one encoding ProT1 

was slightly up-regulated, while two of them were upregulated in the E82 grain (Figure 

4.8 and Supplementary Table 4.12). Interestingly, three genes encoding lysine-histidine-

like transporters (LHTs), associated with specific lysine-histidine transport, were highly 

up-regulated in the E82 leaf (Figure 4.8 and Supplementary Table 4.12). 
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Figure 4.8. Sugar transporters (up) and amino acid transporters family (ATF) (down) genes 

differentially expressed (DE) in the leaf and grain of E82. The Log2(FC) is represented, those genes 

with Log2(FC) > 0 are up-regulated in E82, and those with Log2(FC) are down-regulated. The size 

of the dots corresponds to the FDR of each gene. FC, fold-change; FDR, False Discovery Rate. 

 

4. Discussion 

The down-regulation of wheat gliadins by RNAi provided lines with a reduction of 

up to 98% of gluten in the grain (Gil-Humanes et al., 2010). The most outstanding line, 

named E82, showed the lowest amount of CD immunogenic epitopes (Sánchez-León et 

al., 2019), and elicited no immunogenic response in celiac disease patients after the oral 

consumption of E82 bread (Guzmán-López et al., 2021). Moreover, this line presents 

sensory properties comparable to that of the WT flour, suggesting that gliadins could 

not play a relevant role in texture, aroma, flavor and appearance as much as other grain 

components (Cho and Peterson, 2010; Gil-Humanes et al., 2014a). A common feature of 

this and other RNAi lines with the SSPs silenced was the rearrangement of the grain 

proteins to provide total N contents comparable to the WT (Gil-Humanes et al., 2012; 

Altenbach et al., 2019; García-Molina et al., 2019), which indicates that a compensatory 

mechanism is operating. However, depending on the SSP being targeted, there are 

different profiles of protein compensation. For example, line D793, with all the gliadin 

fractions down-regulated, shows a higher content of HMW glutenin subunits and lower 



119 
 

LMW content than the WT (Gil-Humanes et al., 2011; Marín-Sanz et al., 2022). In 

contrast, when only the γ-gliadins are targeted, RNAi lines present higher content of 

both ω- and α-gliadins (Pistón et al., 2011). In RNAi lines for silencing the ω-5 gliadins, 

an increase in NGPs, HMW and LMW glutenin subunits, and α-gliadins were reported 

(Altenbach et al., 2014). However, if ω-1,2 gliadins were silenced, all gliadins and LMW 

glutenin subunits were also suppressed, and major compensation with HMW glutenin 

subunits and NGPs occurred (Altenbach et al., 2019). The protein compensation was also 

reported in maize RNAi lines, in which the reduction of the 22-kDa α-zeins was 

compensated by the 19-kDa α-zeins, and vice versa (Huang et al., 2004), and in rice 

mutants, in which the low glutelin content was compensated by other SSPs such as 

prolamins (Iida et al., 1993). In the case of the E82 line, with all three ω-, α- and γ-gliadin 

fractions down-regulated, an increase in the NGPs and a reduction in LMW were 

reported, leading to the decrease in the content of total glutenins (Pistón et al., 2013; 

Barro et al., 2016). The reduction of LMW could be due to an off-target silencing because 

of the high homology between the LMW mRNA sequence and the small interfering RNA 

(siRNA) formed from the hairpin RNA (hpRNA) (Gil-Humanes et al., 2014b). 

Altogether, it is clear that different compensatory mechanisms are at work in response 

to the depletion of the different protein fractions by RNAi. Moreover, CRISPR/Cas 

targeted mutations seem to provide a similar response in the wheat grain (Sánchez-León 

et al., 2018). Understanding the molecular mechanisms underlying this process of 

protein compensation in the grain will allow us to make fine adjustments, using 

CRISPR/Cas techniques, toward developing wheat lines with improved nutritional 

properties and suitable for people who suffer from any wheat-related pathology. 

In this work, the transcriptome of the line E82 in both grain and leaf during grain 

filling provides new insights into both protein rearrangements and grain-to-leaf 

communication pathways when all gliadins are strongly silenced. A very high number 

of genes were DE in the leaf of E82, comprising processes such as nutrient availability 

and nutrient transport, while in the grain, many genes related to the protein synthesis, 

particularly genes encoding gluten proteins, along with ALPs, ATIs and LTPs, and genes 

related to the starch synthesis, were down-regulated, in concordance with the grain 

protein composition and the slight reduction of the starch content found in the grain of 

E82. Among the well-known TFs involved in prolamin and SSRGs regulation, the DOF-

type TaPBF-A which binds to the P-box motif of prolamins genes (Mena et al., 1998; 

Zhang et al., 2016; Guo et al., 2020), was down-regulated in E82. Despite the relation 

between TaPBF and the SSRGs has to be further studied, some genes implicated in the 

starch synthesis also present in their promoters the TaPBF binding motifs (P box and 

Pyrimidine box), and they can be targets of this TF, as predicted by the GENIE3 network 

(Orman-Ligeza et al., 2020), and in line with our transcriptomic results. Surprisingly, the 

rest of the well-known TFs related to the regulation of the synthesis of prolamins and 

starch were not DE in the grain of E82, which prompted us to expand the study to all the 

TFs to elucidate their role in the grain composition of the E82 line. 
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Among all the TFs, we selected those that were DE in E82, obtaining a putative TF 

regulatory cascade for the proteins and starch synthesis in the grain. This network 

comprised five communities, being three of them closely linked to each other, and the 

TaPBF-A gene included in one of them (community 3). The relationship between TaPBF-

A and the regulation of prolamins, and some of the starch synthesis enzymes, suggests 

that not only this TF could be responsible for the shifts in the protein fractions observed 

in the grain of E82, but also those TFs closely related in the network would be potential 

candidates to regulate the grain protein genes and the SSRGs expression. Specifically, 

TaNAC019 binds to the promoters of TaGlu-1 loci on the homeologs chromosomes 1A, 

1B, and 1D, which encode the HMW glutenin subunits. The TaNAC019-B homeolog was 

also present in our candidate TFs network in the community containing NACs, and 

preceding the TaPBF-A one. Recently, the role of this gene in the synthesis of SSPs and 

starch has been determined by using mutants for TaNAC019 in wheat (Gao et al., 2021). 

The searching of the candidate TFs, protein genes and SSRGs in the co-expression 

modules of the WGCNA network, provided that many of the DE prolamin genes were 

classified in the same modules as the candidate TFs in the two largest communities in 

our network, which include TaPBF-A and TaNAC019-B. In addition, the DE genes that 

encode for ATIs, ALPs, purinins, purothionins, puroindolines, serpins, and LTPs were 

also classified in the same co-expression modules as the candidate TFs, suggesting that 

all these grain proteins may be subjected to the same regulatory network. However, the 

genes annotated as ω-gliadins and HMW were not considered as they are not present in 

the published WGCNA network for wheat, probably because the network was proposed 

before these genes were included in the wheat genome annotation. Except for one gene 

encoding 19 kDa globulin, globulin genes did not change their expression significantly 

in the grain of E82, but participated in the protein compensation of this and other RNAi 

lines (Gil-Humanes et al., 2011; Barro et al., 2016), suggesting that globulins would be 

regulated separately to prolamins and other grain proteins. In fact, globulins 3 and 1S 

globulins were not included in the same modules as the candidate TFs. Interestingly, an 

increase in the lysine-rich proteins (globulins), in addition to a high content of free lysine, 

was obtained in a triple null wheat line for the TaPBF gene homeologs (Moehs et al., 

2019), suggesting that no relationship between the TaPBF and the increasing of globulins 

content exists. Moreover, the above triple null mutant presented lower content of 

gliadins and LMW, which agrees with the E82 profile. In addition, this mutant also 

showed a lower content of free proline and glutamine in the grain compared to its WT, 

as expected because of the role of this TF in the prolamins regulation (Moehs et al., 2019). 

Similarly, the lys3a, a previous mutant of barley with a missense allele in a domain of 

the PBF, showed a reduction in hordein content, while free and protein-bound lysine 

increased (Shewry et al., 1980; Moehs et al., 2019). Overall, it seems that most of the 

globulin genes are not the targets of the TaPBF, and their increase in the E82 line could 

be a consequence of a different regulation pathway and/or they are favored by the free 

amino acids profile lead after the down-regulation of gliadins. 

Recently, a list of candidate TFs to regulate the SSPs was proposed for Triticum 

urartu by using a gene co-expression analysis (Luo et al., 2021). Our results agree with 
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those, as eight orthologs TFs of bread wheat were in community 5 (NAC community) 

and five in community 3 (TaPBF-A community), so they are potential candidates for the 

regulation of the SSPs in bread wheat. Interestingly, in our NAC community, one of the 

TF (TraesCS3A02G486500) which encodes the NAC057 ortholog of A. thaliana and has 

been identified as NAM-like protein (Guerin et al., 2019), was not listed as a putative 

regulator for SSPs by Luo et al. (2021). This gene is not the target of any DE TFs in the 

grain of E82 and its function in wheat is still unknown. However, considering its position 

in the candidate TFs regulatory network, it could have a prominent role in the regulation 

of the SSPs. In addition to the communities containing TaPBF-A and TaNAC019-B, there 

is a third community (community 4) connected to them by TraesCS7B02G140300, which 

encodes a TF member of the DREB subfamily A-5 of ERF/AP2 family (Ramírez-González 

et al., 2018). In this community, the sequence of three of the four TFs found 

(TraesCS3A02G325800, TraesCS3B02G354900 and TraesCS3D02G319200) presents a high 

similarity with the TF TaGL9 (GLABRA2-like clone 9) from Triticum aestivum. This 

TaGL9 contains a putative lipid-binding domain and it could be involved in the 

regulation of lipid biosynthesis and their transport (Kovalchuk et al., 2012). In fact, the 

TaGL9 genes have the same expression pattern as genes encoding LTPs, suggesting that 

either the LTP genes are regulated by TaGL9 or both genes are regulated by other TFs 

(Boutrot et al., 2007; Kovalchuk et al., 2012; Chew et al., 2013). Our results agree with 

both, as some of the LTP genes were down-regulated in the grain of E82, as well as all 

three TaGL9 homeologs, being most of them located in the same coexpression module 

(module 13). The connection of TaGL9 with TaPBF-A and TaNAC019-B described above 

suggests a common regulation of SSPs, starch, and LTPs. 

We also focused on the leaf transcriptome of E82 during the grain filling as the 

source-sink communication is important for plant productivity, enhanced by source 

activity and sink strength. Source activity comprises the photosynthesis or nutrient 

remobilization rates, and sink strength is the capacity to import photoassimilates or 

biosynthetic rate of starch and proteins among others (Yu et al., 2015). However, not 

much information on the regulation of such source-sink communication during grain 

filling is available (Yu et al., 2015). Concerning the leaf transcriptome of E82, we have 

obtained many DE genes compared to the WT, many of them related to amino acids 

transport, carbohydrate transport, amino acids and sugar metabolisms, and peptidase 

activity. In this respect, carbohydrates are the main photoassimilate produced in the 

leaves. The leaf of E82 is also affected in the production of carbohydrates as many genes 

related to the carbohydrate metabolism process were down-regulated, and this may lead 

to lower availability of this nutrient to be transported to filling grain. This may explain 

that carbohydrate transporters were mainly down-regulated in the leaf of E82, 

contributing to the lower starch content found in the grain of E82 at harvest in 

comparison to that of the WT. 

Protein degradation allows the recycling of N and other nutrients during leaf 

senescence (Bhalerao et al., 2003; Guo et al., 2004). In the line E82, we found many DE 

genes among the C1A CysProt and the serine-type peptidases, two of the most abundant 



122 
 

protease families in plants and important during leaf senescence for the remobilization 

of nutrients from source tissues to the storage ones (Roberts et al., 2012; Rawlings and 

Salvesen, 2013; Díaz-Mendoza et al., 2014; Liu et al., 2018). For example, the orthologs in 

wheat of the HvPap14, HvPap4, and RD19D genes in the leaf of E82 were up-regulated, 

suggesting that those proteases may actively provide substrates for nutrient 

remobilization to the grain of E82. Regarding amino acids, the synthesis of some of them 

was enriched among the down-regulated genes in the RNAi line, which may indicate a 

lower availability. As we hypothesized in previous works, the protein compensation 

studied in RNAi lines is a selective process that tries to prioritize the compensation of 

proteins with similar amino acid profiles to the silenced proteins over the least similar 

ones, as the protein compensation is closely linked to the availability of amino acids 

(Pistón et al., 2013). As mentioned before, we observed that the γ-gliadins reduced lines 

presented an increase of the rest of the prolamin proteins with similar amino acid 

profiles (Pistón et al., 2011). However, the lines with a reduction of all the gliadins and 

the LMW presented an increase in HMW and NGPs, including albumins and globulins, 

which present different amino acid compositions (Pistón et al., 2013). Among the wheat 

protein fractions, globulins present the highest lysine content and the lowest proline 

content, while prolamins are rich in proline and glutamine, and have the lowest content 

of lysine and other essential amino acids such as histidine (Shewry et al., 2009). 

Accordingly, genes involved in the metabolism of proline were down-regulated in the 

leaf of E82, in line with the fact that the grain would require less content of this amino 

acid. Moreover, regarding ProTs, which have a high affinity for proline and play a key 

role in the rapid distribution of this amino acid (Ueda et al., 2008), TaProTs 2-3 were 

down-regulated in the leaf of E82, which could be a consequence of the downregulation 

of proline metabolism in the leaf. Regarding lysine-rich proteins, three genes encoding 

LHTs were strongly upregulated in the leaf of the RNAi line, which could contribute to 

the high content of total lysine and lysine-rich proteins in the grain of E82 as reported 

previously (Gil-Humanes et al., 2014a; Barro et al., 2016). In addition to ProTs and LHTs, 

a large number of genes encoding AAPs were DE in the leaf of E82, being the expression 

of AAPs regulated in the sink-source communication (Kohl et al., 2012). The above 

results suggest that the amino acids transporters could play an important role in the E82 

grain protein compensation, however, further analyzes are needed to study their 

implication in this process. 

Taking together, the results reported here show that gliadin silencing in wheat has 

a great transcriptomic effect on the leaves than on the grain. However, the changes 

observed in the leaf transcriptome are probably a consequence of the changes observed 

in the grain during grain filling. Therefore, no changes in the leaves are expected before 

or after this physiological process. These results provide new insights to decipher the 

complex regulation network which operates during grain filling in response to the 

down-regulation of prolamins by RNAi: as a summary, the network of TFs in the grain 

could regulate the starch and SSPs synthesis, but some globulins would be exempt from 

this regulation, having the principal role in protein compensation (Figure 4.9). This 

transcriptomic information also highlights the grain-leaf communication (Figure 4.9) 
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and could be used to redesign the wheat grain protein composition and control the 

nutrient supply chain during grain filling. All these objectives could be now achievable 

using CRISPR/Cas technology, enabling the development of new healthier wheat 

varieties, totally safe for those suffering adverse reactions to wheat. 

 

Figure 4.9. Model of the transcription factors (TFs) network role in the regulation of the seed 

storage proteins (SSPs) and starch synthesis, and the effect on the grain-leaf communication-

related processes in a RNAi line with gliadins down-regulated. 
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6. Supplementary Materials 

 

Supplementary Figure 4.1. (A) Content of gliadins and glutenins of the wild type (WT) and E82 

throughout grain development. Bars indicate standard deviation. ANOVA was performed for 

each DAA between BW208 and E82. (B) Comparative gliadin and glutenin grain protein content 

at harvest between the WT and E82, (C) non-gluten proteins (NGP) and total grain protein 

contents at harvest between the WT and E82, (D) Starch content in grain tissue at harvest for 

BW208 and E82. (E) Thousand kernel weight for the WT and E82. Bars indicate the standard error 

of three biological replicates. ·, P ~ 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, non-significant. 

Gli: total gliadins; Glu: total glutenins; Pro: total prolamins; DW: dry weight; DAA: days after 

anthesis. 

 

Supplementary Figure 4.2. Relative normalized expression of the wild type (WT) and E82 grains 

and leaves at 20 DAA for TaPBF, Glo3, SSIIIa, and TaSWEET13 genes by qPCR. Bars indicate the 

standard error of three biological replicates. **, P < 0.01; ***, P < 0.001. 

 



131 
 

 

Supplementary Table 4.1. Trimming of raw reads for RNA-seq data analysis. PE reads: paired-

end reads, Rep: replicate. 

Sample 

Number 

of PE 

reads 

Number of 

clean PE 

reads 

Effective 

rate (%) 

Forward reads 

only surviving 

(%) 

Reverse reads 

only surviving 

(%) 

Dropped 

reads (%) 

BW208 Leaf Rep 

1 
74,752,131 73,037,333 97.71 2.19 0.04 0.06 

BW208 Leaf Rep 

2 
71,353,011 69,950,624 98.03 1.85 0.07 0.05 

BW208 Leaf Rep 

3 
56,516,174 55,259,622 97.78 2.04 0.09 0.10 

E82 Leaf Rep 1 84,242,149 83,170,383 98.73 1.24 0.03 0.00 

E82 Leaf Rep 2 81,215,756 79,890,887 98.37 1.59 0.03 0.01 

E82 Leaf Rep 3 78,480,143 77,444,904 98.68 1.28 0.03 0.01 

BW208 Grain 

Rep 1 
74,518,649 73,520,129 98.66 1.27 0.06 0.01 

BW208 Grain 

Rep 2 
69,791,185 68,721,043 98.47 1.48 0.04 0.01 

BW208 Grain 

Rep 3 
72,447,691 71,661,718 98.92 1.04 0.04 0.01 

E82 Grain Rep 1 66,306,206 66,306,206 99.09 0.86 0.03 0.01 

E82 Grain Rep 2 70,719,358 69,495,582 98.27 1.67 0.04 0.02 

E82 Grain Rep 3 50,926,417 50,231,971 98.64 1.31 0.04 0.02 

 

Supplementary Table 4.2. Results of quality control of aligned reads by samtools. Parameters: 

default parameters. Reads are considered as the sum of forward and reverse ones. QC: quality 

control. Rep: replicate. 

Sample 
QC passed 

reads 

QC 

failed 

reads 

Number of 

reads 

secondary 

Number of 

mapped 

reads 

(forward 

and reverse 

separately) 

Rate of 

mappe

d reads 

(%) 

Number of 

reads 

paired in 

sequencin

g 

Reads 

properly 

paired 

(%) 

Singletons 

(%) 

BW208 Leaf Rep 

1 
165,858,823 0 19,784,157 97,917,955 59.04 146,074,666 51.72 1.77 
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Sample 
QC passed 

reads 

QC 

failed 

reads 

Number of 

reads 

secondary 

Number of 

mapped 

reads 

(forward 

and reverse 

separately) 

Rate of 

mappe

d reads 

(%) 

Number of 

reads 

paired in 

sequencin

g 

Reads 

properly 

paired 

(%) 

Singletons 

(%) 

BW208 Leaf Rep 

2 
159,944,144 0 20,042,896 105,211,830 65.78 139,901,248 58.05 2.83 

BW208 Leaf Rep 

3 
122,664,967 0 12,145,723 69,129,593 56.36 110,519,244 49.68 1.89 

E82 Leaf Rep 1 209,745,327 0 43,404,561 171,003,105 81.53 166,340,766 74.38 2.33 

E82 Leaf Rep 2 196,404,544 0 36,622,770 155,214,808 79.03 159,781,774 71.56 2.66 

E82 Leaf Rep 3 195,765,253 0 40,875,445 160,022,010 81.74 154,889,808 74.76 2.17 

BW208 Grain Rep 

1 
172,826,311 0 25,786,053 133,146,643 77.04 147,040,258 70.77 2.24 

BW208 Grain Rep 

2 
161,795,752 0 24,353,666 126,835,486 78.39 137,442,086 72.18 2.38 

BW208 Grain Rep 

3 
166,343,532 0 23,020,096 129,988,550 78.14 143,323,436 72.74 1.89 

E82 Grain Rep 1 152,749,397 0 21,338,639 118,389,468 77.51 131,410,758 71.81 2.04 

E82 Grain Rep 2 161,221,617 0 22,230,453 121,834,633 75.57 138,991,164 75.57 1.57 

E82 Grain Rep 3 116,361,061 0 15,897,119 87,716,282 75.38 100,463,942 69.80 1.69 

 

Supplementary Table 4.3. List of primers for the qPCR assay for gene expression analysis. 

Gene name Gene ID Primer sequence (5’-3’) Reference 

TaPBFa 

TraesCS5A02G155900 

TraesCS5B02G154100 

TraesCS5D02G161000 

AGAGCAGAAGGTGGAATGCC 

GTAGCGGGGCTGAGACATAC 
This work. 

Glo3a 
TraesCS4A02G296100 

TraesCS4A02G296000 

ATCGCCAAGATTCTCCACAC 

GGACGATGGAGATGGACTTC 
This work. 

SSIIIaa 
TraesCS1B02G119300 

TraesCS1D02G100100 

TGGAAATGGAGGCTTTTCAC 

TGTAGGCCTCCTTGGGTATG 
This work. 
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Gene name Gene ID Primer sequence (5’-3’) Reference 

TraesCS1A02G091500 

TaSWEET13b 
TraesCS6B02G421800 

TraesCS6D02G367400 

CGAGTCATCAAGACCAAGAGTG 

AGGCCGTAGAGGAACCAGAC 
This work. 

CDCc EU267938 
CAGCTGCTGACTGAGATGGA 

ATGTCTGGCCTGTTGGTAGC 
Giménez et al., 2011 

ADP-RFc AB050957 
TCTCATGGTTGGTCTCGATG 

GGATGGTGGTGACGATCTCT 
Giménez et al., 2011 

RLIc AK331207 
TTGAGCAACTCATGGACCAG 

GCTTTCCAAGGCACAAACAT 
Giménez et al., 2011 

a Three homeologs are amplified. 

b Two homeologs are amplified. 

c The accession number from NCBI is indicated. 

 

 

Supplementary Table 4.4. Results of the alignment of each sample by kallisto. Parameters: 

default parameters and --pseudobam. PE: paired-end reads. Rep: replicate. 

Sample 
Number of clean PE 

reads 

Number of aligned PE 

reads 

Rate of alignment 

(%) 

BW208 Leaf Rep 1 73,037,333 40,356,415 55.25 

BW208 Leaf Rep 2 69,950,624 44,562,509 63.71 

BW208 Leaf Rep 3 55,259,622 29,533,590 53.45 

E82 Leaf Rep 1 83,170,383 65,734,409 79.04 

E82 Leaf Rep 2 79,890,887 61,420,333 76.88 

E82 Leaf Rep 3 77,444,904 61,251,809 79.09 

BW208 Grain Rep 

1 
73,520,129 55,329,460 75.26 

BW208 Grain Rep 

2 
68,721,043 52,879,418 76.95 

BW208 Grain Rep 

3 
71,661,718 54,840,952 76.53 

E82 Grain Rep 1 65,705,379 49,868,499 75.90 
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Sample 
Number of clean PE 

reads 

Number of aligned PE 

reads 

Rate of alignment 

(%) 

E82 Grain Rep 2 69,495,582 50,894,143 73.23 

E82 Grain Rep 3 50,231,971 36,756,483 73.17 

 

Supplementary Table 4.5. Proteomic data for grain proteins at harvest in the wild type (WT) 

and E82. The average of two biological replicates and the results of the t-test for the WT vs E82 

comparison are represented. 

  WT E82  

Protein Enzyme 

Number 

unique 

peptidesa 

SDb 

Number 

unique 

peptidesa 

SDb 
Significance 

of WT vs E82 

ALPs Trypsin 93 7.1 103.5 6.4 NS 

ATIs Trypsin 202 25.5 200.5 9.2 NS 

Triticins Trypsin 5.5 2.1 23.5 0.7 ** 

ω-

gliadins 
Chymotrypsin 27.5 2.1 4.5 0.7 ** 

α-

gliadins 
Chymotrypsin 97.5 16.3 22 0 * 

γ-

gliadins 
Chymotrypsin 107 9.9 40.5 0.7 * 

HMWs Trypsin 215.5 19.1 258.5 20.5 NS 

LMWs Trypsin 150 11.3 103 7.1 * 

Globulins Trypsin 29.5 0.7 57.5 3.5 ** 

LTPs Trypsin 24.5 0.7 29 0 * 

Serpins Trypsin 71.5 9.2 179 26.9 * 

*, P < 0.05. 

**, P < 0.01. 

***, P < 0.001. 

NS, Non-significant. 

a Number of unique peptides: peptides with e-value < 0.05, non-redundant, included in proteins with more than 1 peptide assigned. 

b SD: standard deviation. 
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Supplementary Table 4.6. Differential Gene Expression (DGE) analysis of Starch Synthesis-

Related Genes (SSRGs) for the pair-wise comparison wild type (WT) vs E82. 

  

Grain 

WT vs E82 

Leaf 

WT vs E82 

Gene name Gene ID Log2FC FDR Log2FC FDR 

SUSase TraesCS7B02G063400 -0.16 ns -1.57 * 

SUSase TraesCS7D02G159800 -0.29 ns -1.02 * 

APL3/AGPL1 TraesCS1B02G449700 -2.36 * -2.27 * 

APL3/AGPL1 TraesCS1D02G427400 -2.47 * -1.55 ns 

APS1/AGPS1/Bt2 TraesCS7A02G287400 -2.17 * 0.01 ns 

ISA3 TraesCS5A02G248700 0.26 ns 5.50 *** 

OsBT1-1 TraesCS6B02G210000 -12.45 *** NA ns 

OsBT1-1 TraesCS6D02G168200 -11.64 *** NA ns 

GBE1/BEIIb/Ae TraesCS2A02G310300 -5.59 *** 7.76 *** 

GBE1 TraesCS7A02G549100 -3.08 ** -0.51 ns 

GBE1 TraesCS7B02G472500 -2.75 ns 9.92 *** 

SSI TraesCS7B02G018600 -1.85 * 0.89 ns 

SSII a/SSII-3 TraesCS7B02G093800 -4.80 *** 5.24 ns 

SSII a/SSII-3 TraesCS7D02G190100 -3.57 * NA ns 

GBSSII TraesCS2B02G390700 -0.11 ns 2.43 ** 

GBSSI TraesCS4A02G418200 -3.53 ** NA ns 

GBSSI/waxy TraesCS7A02G070100 -3.24 ** -6.54 *** 

GBSSI/waxy TraesCS7D02G064300 -3.98 *** NA ns 

SSIIIa/SSIII-2 TraesCS1B02G119300 -6.78 ** -2.92 ns 

SPS TraesCS4B02G091100 0.34 ns 1.43 ** 

FC: Fold-Change. 

FDR: False Discovery Rate. 

ns: non-significant; *, FDR < 0.05; **, FDR < 0.01; ***, FDR < 0.001. 

NA: Non-applicable. Genes not expressed in either the WT or the E82. 
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Supplementary Table 4.7. Differential Gene Expression (DGE) analysis of well-known 

Transcription Factors (TFs) genes that regulate Seed Storage Proteins (SSPs) genes and Starch 

Synthesis-Related Genes (SSRGs) expression. Significant results (FDR < 0.05) are indicated. 

  Grain 

WT vs E82 

TF name Gene ID Log2FC FDR 

TaFUSCA3 TraesCS3B02G278000 -0.07 ns 

TaFUSCA3 TraesCS3D02G249100 -0.27 ns 

TaFUSCA3 TraesCS3A02G249100 0.18 ns 

TaPBF TraesCS5A02G155900 -6.10 ** 

TaPBF TraesCS5B02G154100 -4.98 ns 

TaPBF TraesCS5D02G161000 -5.24 ns 

TaSHP TraesCS5A02G440400 -0.21 ns 

TaSHP TraesCS5D02G447500 0.06 ns 

TaSHP TraesCS5B02G444100 -0.36 ns 

GAMYB TraesCS3A02G336500 -2.66 ns 

GAMYB TraesCS3B02G367500 -0.22 ns 

GAMYB TraesCS3D02G329400 -0.46 ns 

MCB1 TraesCS1D02G220500 -0.26 ns 

MCB1 TraesCS1B02G232300 -0.37 ns 

MCB1 TraesCS1A02G218800 -0.15 ns 

MYBS3 TraesCS1A02G219400 -0.34 ns 

MYBS3 TraesCS1D02G221000 0.01 ns 

MYBS3 TraesCS1B02G232800 0.02 ns 

TBP1 TraesCS1A02G139600 -0.38 ns 

TBP1 TraesCS1B02G151700 -0.61 ns 

TBP2 TraesCS4D02G014000 0.37 ns 

TBP2 TraesCS4B02G015700 0.07 ns 

TBP2 TraesCS4A02G298000 0.25 ns 

TaRSR1 TraesCS1B02G076300 -0.50 ns 

TaRSR1 TraesCS1A02G058400 -0.24 ns 

TaRSR1 TraesCS1D02G059200 0.10 ns 

TaGBF1 TraesCS1A02G409800 -0.44 ns 

TaGBF1 TraesCS1B02G439800 -0.65 ns 
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  Grain 

WT vs E82 

TF name Gene ID Log2FC FDR 

TaGBF1 TraesCS1D02G417100 0.32 ns 

TabZIP229. 1 TraesCS7B02G114300 1.24 ns 

TabZIP206 TraesCS7B02G391800 0.50 ns 

TabZIP217.1 TraesCS7D02G475100 -1.15 ns 

TabZIP110 TraesCS4B02G175800 -0.14 ns 

TabZIP236 TraesCS1D02G306000 -0.40 ns 

TabZIP151 TraesCS5D02G447400 0.36 ns 

TabZIP194.3 TraesCS7A02G488600 0.94 ns 

TabZIP117.1 TraesCS4B02G178600 0.06 ns 

TabZIP229.1 TraesCS7B02G114300 1.24 ns 

TabZIP238.1 TraesCS7A02G207100 1.50 ns 

TabZIP167.2 TraesCS5D02G178800 -3.15 ns 

TabZIP184.2 TraesCS6B02G193200 -0.12 ns 

TabZIP59.2 TraesCS3B02G404800 0.40 ns 

TabZIP77.1 TraesCS3D02G365200 -0.13 ns 

TabZIP145.3 TraesCS5B02G142200 -0.14 ns 

TabZIP101.1 TraesCS4D02G230200 0.15 ns 

TabZIP137 TraesCS5A02G299400 -0.32 ns 

TabZIP157.1 TraesCS5D02G308600 0.64 ns 

TabZIP111 TraesCS4B02G113400 -0.37 ns 

TabZIP121 TraesCS4D02G115200 0.27 ns 

TabZIP54.1 TraesCS2B02G269600 0.42 ns 

FC: Fold-Change. 

FDR: False Discovery Rate. 

ns: non-significant; *, FDR < 0.05; **, FDR < 0.01; ***, FDR < 0.001. 
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Supplementary Table 4.8. Top 3 Gene Ontology (GO) terms enriched for each candidate transcription factor (TF) summarized from previously published GO 

enrichment analysis for GENIE3 network genes in Ramírez-González et al., 2018. The black boxes indicate that this is an enriched GO for this TF gene. 
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Community 5 

1 TraesCS1A02G275800 AT2G38090                       1 1                             

2 TraesCS1B02G285000 AT2G38090   1                     1                             

4 TraesCS1D02G275400 AT2G38090                       1             1                 

6 TraesCS3A02G486500 NAC057   1                                   1               

8 TraesCS3B02G092800 TaNAC019-B     1                     1 1                         

17 TraesCS5A02G245900 ANAC087       1                     1 1                       

18 TraesCS7A02G194700 ANAC087       1                     1 1                       

22 TraesCS7A02G569100 NAC038     1                     1             1             

23 TraesCS7B02G056300 NAC100                                                       

24 TraesCS7B02G100300 ANAC087     1                     1 1                         

27 TraesCS7B02G489500 NAC038     1                     1               1           

30 TraesCS7D02G543500 NAC038     1       1                               1         

Community 4 

3 TraesCS1B02G443800 RGA1         1   1                               1         

5 TraesCS3A02G325800 TaGL9-A         1   1                               1         

9 TraesCS3B02G354900 TaGL9-B         1   1                               1         
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11 TraesCS3D02G319200 TaGL9-D         1   1                               1         

Community 3 

10 TraesCS3B02G561000 PLATZ TF       1   1                     1                     

12 TraesCS3D02G505200 PLATZ TF       1   1                     1                     

15 TraesCS4D02G354100 LBD41         1   1                               1         

16 TraesCS5A02G155900 TaPBF-A       1   1                     1                     

19 TraesCS7A02G214700 NFYB9                                                       

20 TraesCS7A02G336700 NF-YC2     1 1                   1                           

25 TraesCS7B02G140300 DREB TF       1   1                     1                     

26 TraesCS7B02G248300 NF-YC2       1   1                     1                     

28 TraesCS7D02G344400 NF-YC2       1   1                     1                     

Community 2 

14 TraesCS4D02G223400 NF-YC4               1                               1   1   

21 TraesCS7A02G339800 GLK1               1 1                             1       

29 TraesCS7D02G347500 GLK1               1 1                             1       

Community 1 
7 TraesCS3A02G535100 MYB59                   1 1             1                   

13 TraesCS3D02G540600 MYB59                     1             1             1     

 

Supplementary Table 4.9. Complete results of Gene Ontology (GO) enrichment analysis of genes in module 13 of co-expression network WGCNA published 

in Ramírez-González et al. (2018). GO:MF, Molecular Function domain; GO:BP, Biological Process domain; GO:CC, Cellular Component domain. 
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GO:MF 

1,4-alpha-glucan branching 

enzyme activity GO:0003844 4.95E-07 6.31 18 818 7 63217 TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G472400,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:MF 

glucose-1-phosphate 

adenylyltransferase activity GO:0008878 4.95E-07 6.31 11 818 6 63217 TRAESCS1A02G419600,TRAESCS1B02G449700,TRAESCS1D02G427400,TRAESCS7A02G287400,TRAESCS7B02G183300,TRAESCS7D02G284900 

GO:MF glycogen (starch) synthase activity GO:0004373 9.06E-06 5.04 28 818 7 63217 TRAESCS1A02G091500,TRAESCS1B02G119300,TRAESCS1D02G100100,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7B02G018600,TRAESCS7D02G117800 

GO:MF nucleic acid binding GO:0003676 1.10E-04 3.96 10360 818 187 63217 

TRAESCS1A02G004500,TRAESCS1A02G017000,TRAESCS1A02G071100,TRAESCS1A02G087300,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G4174

00,TRAESCS1A02G445500,TRAESCS1B02G085500,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G229900,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1D02G018

200,TRAESCS1D02G132500,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G329300,TRAESCS1D02G332200,TRAESCS2A02G158900,TRAESCS2A02G

189700,TRAESCS2A02G200200,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G359000,TRAESCS2A02G402700,TRAESCS2A02G403200,TRAESCS2A02G428800,TRAESCS2A0

2G507300,TRAESCS2B02G023200,TRAESCS2B02G184500,TRAESCS2B02G213800,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2B02G421100,TRAESCS2B02G599000,TRAESCS2D0

2G012000,TRAESCS2D02G074300,TRAESCS2D02G165900,TRAESCS2D02G198100,TRAESCS2D02G208000,TRAESCS2D02G295300,TRAESCS2D02G358000,TRAESCS2D02G400300,TRAESCS2
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D02G426700,TRAESCS2D02G503900,TRAESCS2D02G560000,TRAESCS3A02G179700,TRAESCS3A02G210100,TRAESCS3A02G249100,TRAESCS3A02G325800,TRAESCS3A02G368700,TRAES

CS3A02G402600,TRAESCS3A02G405900,TRAESCS3B02G124100,TRAESCS3B02G233800,TRAESCS3B02G240600,TRAESCS3B02G269100,TRAESCS3B02G278000,TRAESCS3B02G354900,TRAE

SCS3B02G376000,TRAESCS3B02G400200,TRAESCS3B02G412300,TRAESCS3B02G436000,TRAESCS3D02G161100,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G361600,TRA

ESCS3D02G397600,TRAESCS3D02G401100,TRAESCS4A02G031600,TRAESCS4A02G125600,TRAESCS4A02G139000,TRAESCS4A02G150600,TRAESCS4A02G245800,TRAESCS4A02G281500,T

RAESCS4B02G031500,TRAESCS4B02G090000,TRAESCS4B02G132700,TRAESCS4B02G138800,TRAESCS4B02G145000,TRAESCS4B02G155200,TRAESCS4B02G166500,TRAESCS4B02G179100,T

RAESCS4B02G228500,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4B02G274200,TRAESCS4B02G274500,TRAESCS4B02G385200,TRAESCS4D02G086000,TRAESCS4D02G127500,

TRAESCS4D02G152200,TRAESCS4D02G163000,TRAESCS4D02G167100,TRAESCS4D02G180500,TRAESCS4D02G229400,TRAESCS4D02G243900,TRAESCS4D02G297900,TRAESCS4D02G3045

00,TRAESCS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G274700,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G154100,TRAESCS5B02G179

500,TRAESCS5B02G179600,TRAESCS5B02G190100,TRAESCS5B02G274400,TRAESCS5B02G384600,TRAESCS5B02G432900,TRAESCS5D02G048400,TRAESCS5D02G161000,TRAESCS5D02G17

8800,TRAESCS5D02G186000,TRAESCS5D02G199600,TRAESCS5D02G282300,TRAESCS5D02G364900,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G075400,TRAESCS6A02

G117100,TRAESCS6A02G119000,TRAESCS6A02G166900,TRAESCS6A02G219000,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G235300,TRAESCS6A02G258600,TRAESCS6

A02G278300,TRAESCS6A02G420800,TRAESCS6B02G094300,TRAESCS6B02G100100,TRAESCS6B02G253900,TRAESCS6B02G262800,TRAESCS6B02G292900,TRAESCS6B02G408800,TRAESCS

6B02G467500,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G040500,TRAESCS6D02G040600,TRAESCS6D02G155400,TRAESCS6D02G377200,TRAES

CS6D02G405000,TRAESCS7A02G076500,TRAESCS7A02G134300,TRAESCS7A02G135000,TRAESCS7A02G135100,TRAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRA

ESCS7A02G250900,TRAESCS7A02G282600,TRAESCS7A02G287000,TRAESCS7A02G357500,TRAESCS7A02G516000,TRAESCS7A02G548500,TRAESCS7A02G548900,TRAESCS7B02G071400,T

RAESCS7B02G094000,TRAESCS7B02G214800,TRAESCS7B02G219000,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B02G432400,TRAESCS7B02G461400,TRAESCS7D02G072200,T

RAESCS7D02G093000,TRAESCS7D02G135000,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G287900,TRAESCS7D02G290200,TRAESCS7D02G310800,TRAESCS7D02G31430

0,TRAESCS7D02G365200,TRAESCS7D02G506300,TRAESCS7D02G525900,TRAESCS7D02G535200,TRAESCSU02G068500 

GO:MF adenylyltransferase activity GO:0070566 1.20E-04 3.92 61 818 8 63217 
TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1B02G449700,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS7A02G287400,TRAESCS7B02G183300,TRAESCS7D02G28490

0 

GO:MF pullulanase activity GO:0051060 1.51E-04 3.82 3 818 3 63217 TRAESCS7A02G133500,TRAESCS7B02G034600,TRAESCS7D02G133100 

GO:MF UDP-glucosyltransferase activity GO:0035251 1.51E-04 3.82 229 818 14 63217 
TRAESCS1A02G091500,TRAESCS1A02G339300,TRAESCS1B02G119300,TRAESCS1B02G351600,TRAESCS1D02G100100,TRAESCS1D02G341100,TRAESCS3A02G292700,TRAESCS3B02G32750

0,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7B02G018600,TRAESCS7B02G048700,TRAESCS7D02G117800 

GO:MF RNA binding GO:0003723 1.85E-04 3.73 2298 818 57 63217 

TRAESCS1A02G160900,TRAESCS1B02G169100,TRAESCS1B02G229900,TRAESCS1D02G198800,TRAESCS1D02G329300,TRAESCS2A02G359000,TRAESCS2A02G428800,TRAESCS2B02G21380

0,TRAESCS2B02G599000,TRAESCS2D02G358000,TRAESCS2D02G426700,TRAESCS3A02G402600,TRAESCS3B02G233800,TRAESCS3B02G376000,TRAESCS3B02G412300,TRAESCS3B02G4360

00,TRAESCS3D02G397600,TRAESCS4A02G031600,TRAESCS4A02G125600,TRAESCS4A02G150600,TRAESCS4A02G245800,TRAESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4B02G13

2700,TRAESCS4B02G145000,TRAESCS4B02G166500,TRAESCS4B02G179100,TRAESCS4B02G274500,TRAESCS4D02G127500,TRAESCS4D02G152200,TRAESCS4D02G163000,TRAESCS4D02G1

80500,TRAESCS4D02G243900,TRAESCS5A02G274700,TRAESCS5B02G179500,TRAESCS5B02G179600,TRAESCS5B02G190100,TRAESCS5B02G274400,TRAESCS5B02G432900,TRAESCS5D02G

186000,TRAESCS5D02G282300,TRAESCS6A02G166900,TRAESCS6A02G235300,TRAESCS6D02G155400,TRAESCS7A02G282600,TRAESCS7A02G287000,TRAESCS7A02G516000,TRAESCS7B0

2G071400,TRAESCS7B02G219000,TRAESCS7B02G363200,TRAESCS7B02G432400,TRAESCS7D02G093000,TRAESCS7D02G287900,TRAESCS7D02G290200,TRAESCS7D02G314300,TRAESCS7

D02G506300,TRAESCSU02G068500 

GO:MF ligase activity GO:0016874 3.86E-04 3.41 526 818 21 63217 

TRAESCS1A02G425100,TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS1D02G434100,TRAESCS2A02G187700,TRAESCS2A02G192200,TRAESCS2B02G214100,TRAESCS3A02G11150

0,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4B02G137100,TRAESCS4D02G243900,TRAESCS5A02G466100,TRAESCS6D02G164

900,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF 

alpha,alpha-trehalose-phosphate 

synthase (UDP-forming) activity GO:0003825 4.20E-04 3.38 4 818 3 63217 TRAESCS1A02G339300,TRAESCS1B02G351600,TRAESCS1D02G341100 

GO:MF binding GO:0005488 4.87E-04 3.31 43962 818 623 63217 

TRAESCS1A02G004500,TRAESCS1A02G017000,TRAESCS1A02G020400,TRAESCS1A02G071100,TRAESCS1A02G087300,TRAESCS1A02G087500,TRAESCS1A02G091500,TRAESCS1A02G1149

00,TRAESCS1A02G137000,TRAESCS1A02G158800,TRAESCS1A02G160900,TRAESCS1A02G164100,TRAESCS1A02G190100,TRAESCS1A02G221300,TRAESCS1A02G221800,TRAESCS1A02G3

03900,TRAESCS1A02G364200,TRAESCS1A02G402400,TRAESCS1A02G408700,TRAESCS1A02G417400,TRAESCS1A02G419600,TRAESCS1A02G435200,TRAESCS1A02G445500,TRAESCS1B02

G020300,TRAESCS1B02G085500,TRAESCS1B02G092600,TRAESCS1B02G106400,TRAESCS1B02G118200,TRAESCS1B02G119300,TRAESCS1B02G123200,TRAESCS1B02G129400,TRAESCS1B02

G134800,TRAESCS1B02G154400,TRAESCS1B02G154600,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G200200,TRAESCS1B02G229900,TRAESCS1B02G256600,TRAESCS1B02

G286700,TRAESCS1B02G294900,TRAESCS1B02G298100,TRAESCS1B02G302800,TRAESCS1B02G314300,TRAESCS1B02G343500,TRAESCS1B02G389200,TRAESCS1B02G431400,TRAESCS1B02

G449700,TRAESCS1B02G479000,TRAESCS1D02G008000,TRAESCS1D02G013700,TRAESCS1D02G018200,TRAESCS1D02G019900,TRAESCS1D02G050000,TRAESCS1D02G095200,TRAESCS1D

02G100100,TRAESCS1D02G102200,TRAESCS1D02G132500,TRAESCS1D02G136400,TRAESCS1D02G142900,TRAESCS1D02G157200,TRAESCS1D02G158000,TRAESCS1D02G163600,TRAESCS

1D02G184900,TRAESCS1D02G198800,TRAESCS1D02G222900,TRAESCS1D02G223500,TRAESCS1D02G235500,TRAESCS1D02G257000,TRAESCS1D02G303400,TRAESCS1D02G329300,TRAES

CS1D02G332200,TRAESCS1D02G366800,TRAESCS1D02G410100,TRAESCS1D02G419800,TRAESCS1D02G427400,TRAESCS2A02G013500,TRAESCS2A02G043100,TRAESCS2A02G077800,TRA

ESCS2A02G104500,TRAESCS2A02G105500,TRAESCS2A02G124200,TRAESCS2A02G140400,TRAESCS2A02G158900,TRAESCS2A02G187700,TRAESCS2A02G189700,TRAESCS2A02G192200,T

RAESCS2A02G200200,TRAESCS2A02G248200,TRAESCS2A02G251900,TRAESCS2A02G266700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G305500,TRAESCS2A02G31030

0,TRAESCS2A02G311000,TRAESCS2A02G321700,TRAESCS2A02G334300,TRAESCS2A02G359000,TRAESCS2A02G382000,TRAESCS2A02G389600,TRAESCS2A02G402700,TRAESCS2A02G40

3200,TRAESCS2A02G428800,TRAESCS2A02G434600,TRAESCS2A02G446300,TRAESCS2A02G507300,TRAESCS2A02G517100,TRAESCS2A02G521300,TRAESCS2A02G574000,TRAESCS2B02G

023200,TRAESCS2B02G136500,TRAESCS2B02G184500,TRAESCS2B02G213800,TRAESCS2B02G229500,TRAESCS2B02G249900,TRAESCS2B02G269200,TRAESCS2B02G271800,TRAESCS2B02G

280600,TRAESCS2B02G309100,TRAESCS2B02G327300,TRAESCS2B02G329400,TRAESCS2B02G355400,TRAESCS2B02G421100,TRAESCS2B02G429200,TRAESCS2B02G441400,TRAESCS2B02G

445700,TRAESCS2B02G455700,TRAESCS2B02G484800,TRAESCS2B02G533200,TRAESCS2B02G599000,TRAESCS2B02G609800,TRAESCS2D02G012000,TRAESCS2D02G031700,TRAESCS2D02

G057400,TRAESCS2D02G070200,TRAESCS2D02G074300,TRAESCS2D02G080700,TRAESCS2D02G114500,TRAESCS2D02G128400,TRAESCS2D02G155200,TRAESCS2D02G165900,TRAESCS2

D02G198100,TRAESCS2D02G208000,TRAESCS2D02G226900,TRAESCS2D02G252700,TRAESCS2D02G253800,TRAESCS2D02G295300,TRAESCS2D02G358000,TRAESCS2D02G400300,TRAES

CS2D02G407800,TRAESCS2D02G426700,TRAESCS2D02G463300,TRAESCS2D02G463700,TRAESCS2D02G503900,TRAESCS2D02G505600,TRAESCS2D02G523100,TRAESCS2D02G560000,TRA

ESCS2D02G565300,TRAESCS3A02G053300,TRAESCS3A02G064200,TRAESCS3A02G075300,TRAESCS3A02G077600,TRAESCS3A02G098900,TRAESCS3A02G111500,TRAESCS3A02G123100,T

RAESCS3A02G154400,TRAESCS3A02G163300,TRAESCS3A02G169800,TRAESCS3A02G169900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G190300,TRAESCS3A02G19520

0,TRAESCS3A02G208300,TRAESCS3A02G210100,TRAESCS3A02G216100,TRAESCS3A02G216400,TRAESCS3A02G222300,TRAESCS3A02G225200,TRAESCS3A02G238000,TRAESCS3A02G24

9100,TRAESCS3A02G305400,TRAESCS3A02G325800,TRAESCS3A02G332200,TRAESCS3A02G351500,TRAESCS3A02G368700,TRAESCS3A02G400600,TRAESCS3A02G402600,TRAESCS3A02

G405900,TRAESCS3A02G429100,TRAESCS3A02G454000,TRAESCS3A02G468700,TRAESCS3A02G480900,TRAESCS3A02G515500,TRAESCS3A02G527600,TRAESCS3B02G018100,TRAESCS3B

02G123400,TRAESCS3B02G124100,TRAESCS3B02G142300,TRAESCS3B02G178900,TRAESCS3B02G204200,TRAESCS3B02G219200,TRAESCS3B02G233800,TRAESCS3B02G235500,TRAESCS3B

02G240600,TRAESCS3B02G251700,TRAESCS3B02G252500,TRAESCS3B02G266500,TRAESCS3B02G267600,TRAESCS3B02G269100,TRAESCS3B02G278000,TRAESCS3B02G354900,TRAESCS3B

02G373200,TRAESCS3B02G376000,TRAESCS3B02G400200,TRAESCS3B02G404900,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G436000,TRAESCS3B

02G437500,TRAESCS3B02G466800,TRAESCS3B02G504300,TRAESCS3B02G510500,TRAESCS3B02G525400,TRAESCS3B02G543900,TRAESCS3B02G544700,TRAESCS3B02G595600,TRAESCS3D

02G018000,TRAESCS3D02G035000,TRAESCS3D02G075300,TRAESCS3D02G104500,TRAESCS3D02G124700,TRAESCS3D02G144600,TRAESCS3D02G161100,TRAESCS3D02G164700,TRAESCS

3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G206200,TRAESCS3D02G228100,TRAESCS3D02G230100,TRAESCS3D02G231200,TRAESCS3D02G249100,TRAES

CS3D02G310000,TRAESCS3D02G319200,TRAESCS3D02G325200,TRAESCS3D02G354500,TRAESCS3D02G361600,TRAESCS3D02G376500,TRAESCS3D02G397600,TRAESCS3D02G401100,TRA

ESCS3D02G424600,TRAESCS3D02G451100,TRAESCS3D02G463200,TRAESCS3D02G475600,TRAESCS4A02G031600,TRAESCS4A02G050200,TRAESCS4A02G057700,TRAESCS4A02G078000,T

RAESCS4A02G125600,TRAESCS4A02G139000,TRAESCS4A02G149300,TRAESCS4A02G150600,TRAESCS4A02G245800,TRAESCS4A02G263900,TRAESCS4A02G281500,TRAESCS4A02G29460

0,TRAESCS4A02G325400,TRAESCS4A02G344200,TRAESCS4A02G362200,TRAESCS4A02G366300,TRAESCS4A02G382500,TRAESCS4A02G409000,TRAESCS4B02G006000,TRAESCS4B02G031

500,TRAESCS4B02G042600,TRAESCS4B02G090000,TRAESCS4B02G095900,TRAESCS4B02G124400,TRAESCS4B02G132700,TRAESCS4B02G138800,TRAESCS4B02G145000,TRAESCS4B02G151

800,TRAESCS4B02G155200,TRAESCS4B02G166500,TRAESCS4B02G178400,TRAESCS4B02G179100,TRAESCS4B02G183800,TRAESCS4B02G216900,TRAESCS4B02G228500,TRAESCS4B02G234

100,TRAESCS4B02G239700,TRAESCS4B02G247300,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G274200,TRAESCS4B02G274500,TRAESCS4B02G385200,TRAESCS4D02G005
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700,TRAESCS4D02G007200,TRAESCS4D02G022900,TRAESCS4D02G057500,TRAESCS4D02G086000,TRAESCS4D02G127500,TRAESCS4D02G152200,TRAESCS4D02G162800,TRAESCS4D02G

163000,TRAESCS4D02G167100,TRAESCS4D02G171500,TRAESCS4D02G180500,TRAESCS4D02G185200,TRAESCS4D02G188500,TRAESCS4D02G199800,TRAESCS4D02G229400,TRAESCS4D0

2G235200,TRAESCS4D02G243900,TRAESCS4D02G246600,TRAESCS4D02G254200,TRAESCS4D02G297900,TRAESCS4D02G304500,TRAESCS4D02G318400,TRAESCS4D02G327300,TRAESCS4

D02G356700,TRAESCS5A02G007300,TRAESCS5A02G049100,TRAESCS5A02G058500,TRAESCS5A02G059300,TRAESCS5A02G060300,TRAESCS5A02G060400,TRAESCS5A02G069800,TRAES

CS5A02G085700,TRAESCS5A02G130700,TRAESCS5A02G132300,TRAESCS5A02G146800,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G177400,TRAESCS5A02G200800,TRA

ESCS5A02G246000,TRAESCS5A02G266500,TRAESCS5A02G270700,TRAESCS5A02G274700,TRAESCS5A02G275000,TRAESCS5A02G282800,TRAESCS5A02G283100,TRAESCS5A02G321500,T

RAESCS5A02G326000,TRAESCS5A02G326400,TRAESCS5A02G395200,TRAESCS5A02G434900,TRAESCS5A02G466100,TRAESCS5A02G501900,TRAESCS5A02G554000,TRAESCS5B02G05420

0,TRAESCS5B02G058400,TRAESCS5B02G062900,TRAESCS5B02G071300,TRAESCS5B02G071600,TRAESCS5B02G102400,TRAESCS5B02G111200,TRAESCS5B02G130600,TRAESCS5B02G15410

0,TRAESCS5B02G158100,TRAESCS5B02G168600,TRAESCS5B02G177800,TRAESCS5B02G179500,TRAESCS5B02G179600,TRAESCS5B02G182200,TRAESCS5B02G190100,TRAESCS5B02G19940

0,TRAESCS5B02G213600,TRAESCS5B02G238900,TRAESCS5B02G260500,TRAESCS5B02G271200,TRAESCS5B02G274400,TRAESCS5B02G282100,TRAESCS5B02G297300,TRAESCS5B02G37870

0,TRAESCS5B02G384600,TRAESCS5B02G386500,TRAESCS5B02G400000,TRAESCS5B02G403400,TRAESCS5B02G405700,TRAESCS5B02G426000,TRAESCS5B02G432900,TRAESCS5B02G45030

0,TRAESCS5B02G475100,TRAESCS5B02G483400,TRAESCS5B02G484300,TRAESCS5B02G527300,TRAESCS5D02G027300,TRAESCS5D02G048400,TRAESCS5D02G051200,TRAESCS5D02G0517

00,TRAESCS5D02G070200,TRAESCS5D02G070400,TRAESCS5D02G071900,TRAESCS5D02G072300,TRAESCS5D02G081900,TRAESCS5D02G109200,TRAESCS5D02G138200,TRAESCS5D02G1

61000,TRAESCS5D02G178800,TRAESCS5D02G184900,TRAESCS5D02G186000,TRAESCS5D02G199600,TRAESCS5D02G278500,TRAESCS5D02G282300,TRAESCS5D02G282600,TRAESCS5D02

G289800,TRAESCS5D02G290600,TRAESCS5D02G292700,TRAESCS5D02G327300,TRAESCS5D02G328300,TRAESCS5D02G332500,TRAESCS5D02G364900,TRAESCS5D02G388600,TRAESCS5

D02G396600,TRAESCS5D02G404500,TRAESCS5D02G411100,TRAESCS5D02G420100,TRAESCS5D02G453200,TRAESCS5D02G468200,TRAESCS5D02G510300,TRAESCS5D02G521000,TRAES

CS5D02G550700,TRAESCS5D02G556600,TRAESCS6A02G017500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G023900,TRAESCS6A02G075400,TRAESCS6A02G099600,TRA

ESCS6A02G105000,TRAESCS6A02G117100,TRAESCS6A02G119000,TRAESCS6A02G159400,TRAESCS6A02G160600,TRAESCS6A02G166900,TRAESCS6A02G200300,TRAESCS6A02G207600,T

RAESCS6A02G219000,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G235300,TRAESCS6A02G250800,TRAESCS6A02G258600,TRAESCS6A02G27780

0,TRAESCS6A02G278300,TRAESCS6A02G363800,TRAESCS6A02G420800,TRAESCS6B02G033700,TRAESCS6B02G036100,TRAESCS6B02G065000,TRAESCS6B02G087500,TRAESCS6B02G0943

00,TRAESCS6B02G096400,TRAESCS6B02G099700,TRAESCS6B02G100100,TRAESCS6B02G112600,TRAESCS6B02G118800,TRAESCS6B02G132500,TRAESCS6B02G163300,TRAESCS6B02G1729

00,TRAESCS6B02G191900,TRAESCS6B02G205400,TRAESCS6B02G243200,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G262800,TRAESCS6B02G274600,TRAESCS6B02G2793

00,TRAESCS6B02G292900,TRAESCS6B02G296200,TRAESCS6B02G299700,TRAESCS6B02G302500,TRAESCS6B02G305400,TRAESCS6B02G351900,TRAESCS6B02G365300,TRAESCS6B02G4088

00,TRAESCS6B02G422400,TRAESCS6B02G429800,TRAESCS6B02G429900,TRAESCS6B02G442400,TRAESCS6B02G442500,TRAESCS6B02G450700,TRAESCS6B02G453300,TRAESCS6B02G4675

00,TRAESCS6D02G006100,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G027200,TRAESCS6D02G029000,TRAESCS6D02G029200,TRAESCS6D02G036200,TRAESCS6D02G0

40500,TRAESCS6D02G040600,TRAESCS6D02G047300,TRAESCS6D02G052300,TRAESCS6D02G056900,TRAESCS6D02G057300,TRAESCS6D02G073700,TRAESCS6D02G082900,TRAESCS6D02

G107300,TRAESCS6D02G133700,TRAESCS6D02G138200,TRAESCS6D02G153100,TRAESCS6D02G155400,TRAESCS6D02G159400,TRAESCS6D02G164900,TRAESCS6D02G168400,TRAESCS6

D02G189600,TRAESCS6D02G210400,TRAESCS6D02G236400,TRAESCS6D02G244300,TRAESCS6D02G258000,TRAESCS6D02G263200,TRAESCS6D02G288200,TRAESCS6D02G364500,TRAES

CS6D02G374100,TRAESCS6D02G377200,TRAESCS6D02G405000,TRAESCS7A02G036500,TRAESCS7A02G076500,TRAESCS7A02G105100,TRAESCS7A02G134300,TRAESCS7A02G135000,TRA

ESCS7A02G135100,TRAESCS7A02G135200,TRAESCS7A02G140900,TRAESCS7A02G146400,TRAESCS7A02G163000,TRAESCS7A02G166800,TRAESCS7A02G175500,TRAESCS7A02G193100,T

RAESCS7A02G236900,TRAESCS7A02G240900,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G260200,TRAESCS7A02G282600,TRAESCS7A02G287000,TRAESCS7A02G28740

0,TRAESCS7A02G299300,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7A02G425300,TRAESCS7A02G481100,TRAESCS7A02G504800,TRAESCS7A02G511900,TRAESCS7A02G51

6000,TRAESCS7A02G548500,TRAESCS7A02G548900,TRAESCS7B02G028500,TRAESCS7B02G068900,TRAESCS7B02G071400,TRAESCS7B02G094000,TRAESCS7B02G098400,TRAESCS7B02G1

83300,TRAESCS7B02G197600,TRAESCS7B02G205000,TRAESCS7B02G211200,TRAESCS7B02G214800,TRAESCS7B02G219000,TRAESCS7B02G260600,TRAESCS7B02G265800,TRAESCS7B02G3

04900,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G395100,TRAESCS7B02G403200,TRAESCS7B02G423200,TRAESCS7B02G432400,TRAESCS7B02G434000,TRAESCS7B02G4

35200,TRAESCS7B02G455500,TRAESCS7B02G461400,TRAESCS7D02G032300,TRAESCS7D02G072200,TRAESCS7D02G093000,TRAESCS7D02G093800,TRAESCS7D02G127400,TRAESCS7D02

G135000,TRAESCS7D02G167400,TRAESCS7D02G194400,TRAESCS7D02G199200,TRAESCS7D02G212800,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G282200,TRAESCS7

D02G284900,TRAESCS7D02G287900,TRAESCS7D02G290200,TRAESCS7D02G307300,TRAESCS7D02G310800,TRAESCS7D02G313500,TRAESCS7D02G314300,TRAESCS7D02G344400,TRAES

CS7D02G365200,TRAESCS7D02G399400,TRAESCS7D02G473600,TRAESCS7D02G487900,TRAESCS7D02G493200,TRAESCS7D02G500300,TRAESCS7D02G500900,TRAESCS7D02G506300,TRA

ESCS7D02G508900,TRAESCS7D02G510200,TRAESCS7D02G524700,TRAESCS7D02G525900,TRAESCS7D02G528800,TRAESCS7D02G535200,TRAESCSU02G000800,TRAESCSU02G028900,TR

AESCSU02G032400,TRAESCSU02G068500,TRAESCSU02G103200,TRAESCSU02G110700,TRAESCSU02G133100,TRAESCSU02G172000 

GO:MF 

glycogen debranching enzyme 

activity GO:0004133 4.87E-04 3.31 12 818 4 63217 TRAESCS2A02G159300,TRAESCS7A02G251400,TRAESCS7B02G139700,TRAESCS7D02G249500 

GO:MF 

ligase activity, forming carbon-

oxygen bonds GO:0016875 4.87E-04 3.31 234 818 13 63217 
TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4D02G2439

00,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF aminoacyl-tRNA ligase activity GO:0004812 4.87E-04 3.31 234 818 13 63217 
TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4D02G2439

00,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF isoamylase activity GO:0019156 1.29E-03 2.89 6 818 3 63217 TRAESCS7A02G251400,TRAESCS7B02G139700,TRAESCS7D02G249500 

GO:MF aminoacyl-tRNA editing activity GO:0002161 1.29E-03 2.89 49 818 6 63217 TRAESCS3A02G163300,TRAESCS3D02G169600,TRAESCS6A02G330600,TRAESCS7A02G516000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF 

linear malto-oligosaccharide 

phosphorylase activity GO:0102250 1.98E-03 2.70 7 818 3 63217 TRAESCS5A02G395200,TRAESCS5B02G400000,TRAESCS5D02G404500 

GO:MF 

SHG alpha-glucan phosphorylase 

activity GO:0102499 1.98E-03 2.70 7 818 3 63217 TRAESCS5A02G395200,TRAESCS5B02G400000,TRAESCS5D02G404500 

GO:MF ribonuclease III activity GO:0004525 2.72E-03 2.57 37 818 5 63217 TRAESCS1A02G160900,TRAESCS1D02G158000,TRAESCS7B02G248100,TRAESCS7D02G344100,TRAESCS7D02G344200 

GO:MF 

double-stranded RNA-specific 

ribonuclease activity GO:0032296 2.72E-03 2.57 37 818 5 63217 TRAESCS1A02G160900,TRAESCS1D02G158000,TRAESCS7B02G248100,TRAESCS7D02G344100,TRAESCS7D02G344200 

GO:MF isoleucine-tRNA ligase activity GO:0004822 3.65E-03 2.44 9 818 3 63217 TRAESCS7A02G516000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF limit dextrinase activity GO:0010303 3.65E-03 2.44 2 818 2 63217 TRAESCS7A02G133500,TRAESCS7D02G133100 

GO:MF glycogen phosphorylase activity GO:0008184 3.65E-03 2.44 9 818 3 63217 TRAESCS5A02G395200,TRAESCS5B02G400000,TRAESCS5D02G404500 

GO:MF alpha-mannosidase activity GO:0004559 4.14E-03 2.38 23 818 4 63217 TRAESCS1A02G087500,TRAESCS1B02G106400,TRAESCS7A02G236900,TRAESCS7D02G199200 
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GO:MF catalytic activity, acting on a tRNA GO:0140101 8.15E-03 2.09 372 818 14 63217 
TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4D02G2439

00,TRAESCS6A02G330600,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF mannosidase activity GO:0015923 8.40E-03 2.08 28 818 4 63217 TRAESCS1A02G087500,TRAESCS1B02G106400,TRAESCS7A02G236900,TRAESCS7D02G199200 

GO:MF 

ATP phosphoribosyltransferase 

activity GO:0003879 8.44E-03 2.07 3 818 2 63217 TRAESCS4D02G327300,TRAESCS5A02G501900 

GO:MF glucosyltransferase activity GO:0046527 8.44E-03 2.07 379 818 14 63217 
TRAESCS1A02G091500,TRAESCS1A02G339300,TRAESCS1B02G119300,TRAESCS1B02G351600,TRAESCS1D02G100100,TRAESCS1D02G341100,TRAESCS3A02G292700,TRAESCS3B02G32750

0,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7B02G018600,TRAESCS7B02G048700,TRAESCS7D02G117800 

GO:MF 

2-isopropylmalate synthase 

activity GO:0003852 8.44E-03 2.07 3 818 2 63217 TRAESCS5A02G131300,TRAESCS5D02G139800 

GO:MF starch binding GO:2001070 1.09E-02 1.96 31 818 4 63217 TRAESCS1A02G091500,TRAESCS1B02G119300,TRAESCS1D02G100100,TRAESCS4A02G149300 

GO:MF histone methyltransferase activity GO:0042054 1.13E-02 1.95 114 818 7 63217 TRAESCS1D02G366800,TRAESCS2A02G382000,TRAESCS2A02G389600,TRAESCS5B02G177800,TRAESCS5D02G051200,TRAESCS6A02G226600,TRAESCS7D02G127400 

GO:MF 

histone-lysine N-methyltransferase 

activity GO:0018024 1.13E-02 1.95 114 818 7 63217 TRAESCS1D02G366800,TRAESCS2A02G382000,TRAESCS2A02G389600,TRAESCS5B02G177800,TRAESCS5D02G051200,TRAESCS6A02G226600,TRAESCS7D02G127400 

GO:MF UDP-glycosyltransferase activity GO:0008194 1.18E-02 1.93 491 818 16 63217 

TRAESCS1A02G091500,TRAESCS1A02G339300,TRAESCS1B02G119300,TRAESCS1B02G122100,TRAESCS1B02G351600,TRAESCS1D02G100100,TRAESCS1D02G341100,TRAESCS3A02G29270

0,TRAESCS3B02G313400,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7B02G018600,TRAESCS7B02G048700,TRAESCS7D02G1178

00 

GO:MF tyrosine-tRNA ligase activity GO:0004831 1.26E-02 1.90 15 818 3 63217 TRAESCS1B02G169100,TRAESCS7A02G304700,TRAESCS7B02G205000 

GO:MF SUMO activating enzyme activity GO:0019948 1.38E-02 1.86 4 818 2 63217 TRAESCS2A02G192200,TRAESCS2B02G214100 

GO:MF 

jasmonate-amino synthetase 

activity GO:0080123 2.16E-02 1.67 5 818 2 63217 TRAESCS1A02G425100,TRAESCS1D02G434100 

GO:MF starch synthase activity GO:0009011 2.16E-02 1.67 5 818 2 63217 TRAESCS7A02G120300,TRAESCS7D02G117800 

GO:MF 1,3-beta-D-glucan synthase activity GO:0003843 2.22E-02 1.65 40 818 4 63217 TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7B02G048700 

GO:MF 

protein-lysine N-methyltransferase 

activity GO:0016279 2.22E-02 1.65 133 818 7 63217 TRAESCS1D02G366800,TRAESCS2A02G382000,TRAESCS2A02G389600,TRAESCS5B02G177800,TRAESCS5D02G051200,TRAESCS6A02G226600,TRAESCS7D02G127400 

GO:MF lysine N-methyltransferase activity GO:0016278 2.22E-02 1.65 133 818 7 63217 TRAESCS1D02G366800,TRAESCS2A02G382000,TRAESCS2A02G389600,TRAESCS5B02G177800,TRAESCS5D02G051200,TRAESCS6A02G226600,TRAESCS7D02G127400 

GO:MF 7S RNA binding GO:0008312 2.31E-02 1.64 41 818 4 63217 TRAESCS1D02G329300,TRAESCS3A02G402600,TRAESCS3B02G436000,TRAESCS3D02G397600 

GO:MF tRNA binding GO:0000049 2.33E-02 1.63 70 818 5 63217 TRAESCS3B02G376000,TRAESCS4D02G243900,TRAESCS7A02G516000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF 

3-dehydroquinate dehydratase 

activity GO:0003855 2.33E-02 1.63 6 818 2 63217 TRAESCS5B02G102400,TRAESCS5D02G109200 

GO:MF guanylate kinase activity GO:0004385 2.33E-02 1.63 6 818 2 63217 TRAESCS5A02G100300,TRAESCS5D02G112800 

GO:MF 

1,4-alpha-oligoglucan 

phosphorylase activity GO:0004645 2.33E-02 1.63 21 818 3 63217 TRAESCS5A02G395200,TRAESCS5B02G400000,TRAESCS5D02G404500 

GO:MF 

ubiquitin-protein transferase 

regulator activity GO:0055106 2.33E-02 1.63 21 818 3 63217 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200 

GO:MF 

shikimate 3-dehydrogenase 

(NADP+) activity GO:0004764 2.33E-02 1.63 6 818 2 63217 TRAESCS5B02G102400,TRAESCS5D02G109200 

GO:MF carboxylic ester hydrolase activity GO:0052689 2.33E-02 1.63 305 818 11 63217 
TRAESCS2A02G135400,TRAESCS2A02G135500,TRAESCS2B02G159300,TRAESCS2B02G159400,TRAESCS3A02G163300,TRAESCS3D02G169600,TRAESCS6A02G330600,TRAESCS6B02G37590

0,TRAESCS7A02G516000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:MF thiol oxidase activity GO:0016972 2.33E-02 1.63 6 818 2 63217 TRAESCS1B02G399000,TRAESCS1D02G385200 

GO:MF 

flavin-linked sulfhydryl oxidase 

activity GO:0016971 2.33E-02 1.63 6 818 2 63217 TRAESCS1B02G399000,TRAESCS1D02G385200 

GO:MF 

ubiquitin-protein transferase 

activator activity GO:0097027 2.33E-02 1.63 21 818 3 63217 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200 

GO:MF MAP kinase activity GO:0004707 2.79E-02 1.55 46 818 4 63217 TRAESCS1A02G402400,TRAESCS1B02G431400,TRAESCS1D02G410100,TRAESCS6A02G099600 
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GO:MF 

anaphase-promoting complex 

binding GO:0010997 3.24E-02 1.49 24 818 3 63217 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200 

GO:MF microtubule binding GO:0008017 3.24E-02 1.49 277 818 10 63217 
TRAESCS1B02G123200,TRAESCS2A02G305500,TRAESCS2A02G521300,TRAESCS2B02G229500,TRAESCS2D02G226900,TRAESCS3A02G169800,TRAESCS6B02G365300,TRAESCS7B02G30490

0,TRAESCS7D02G313500,TRAESCS7D02G399400 

GO:MF protein methyltransferase activity GO:0008276 4.41E-02 1.36 160 818 7 63217 TRAESCS1D02G366800,TRAESCS2A02G382000,TRAESCS2A02G389600,TRAESCS5B02G177800,TRAESCS5D02G051200,TRAESCS6A02G226600,TRAESCS7D02G127400 

GO:MF 

transferase activity, transferring 

glycosyl groups GO:0016757 4.41E-02 1.36 2251 818 44 63217 

TRAESCS1A02G091500,TRAESCS1A02G339300,TRAESCS1B02G094700,TRAESCS1B02G119300,TRAESCS1B02G122100,TRAESCS1B02G351600,TRAESCS1D02G100100,TRAESCS1D02G34110

0,TRAESCS2A02G159300,TRAESCS2A02G310300,TRAESCS2A02G455000,TRAESCS2B02G327300,TRAESCS3A02G292700,TRAESCS3A02G365800,TRAESCS3B02G052900,TRAESCS3B02G313

400,TRAESCS3B02G327500,TRAESCS3D02G358900,TRAESCS3D02G514700,TRAESCS4A02G013700,TRAESCS4B02G296800,TRAESCS4D02G289100,TRAESCS4D02G295700,TRAESCS4D02G3

27300,TRAESCS5A02G395200,TRAESCS5A02G501900,TRAESCS5B02G400000,TRAESCS5D02G404500,TRAESCS6A02G017900,TRAESCS6A02G051300,TRAESCS6A02G154400,TRAESCS6B02

G315100,TRAESCS6D02G021000,TRAESCS6D02G132200,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G018600,TRAESCS7B

02G048700,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:MF transaminase activity GO:0008483 4.44E-02 1.35 122 818 6 63217 TRAESCS1A02G113400,TRAESCS1B02G222500,TRAESCS1D02G114800,TRAESCS1D02G211700,TRAESCS3A02G305400,TRAESCS6B02G302500 

GO:MF 

transferase activity, transferring 

nitrogenous groups GO:0016769 4.44E-02 1.35 122 818 6 63217 TRAESCS1A02G113400,TRAESCS1B02G222500,TRAESCS1D02G114800,TRAESCS1D02G211700,TRAESCS3A02G305400,TRAESCS6B02G302500 

GO:MF glucose binding GO:0005536 4.62E-02 1.33 28 818 3 63217 TRAESCS3A02G480900,TRAESCS3B02G525400,TRAESCS3D02G475600 

GO:BP glycogen metabolic process GO:0005977 5.39E-15 14.27 36 547 14 42199 
TRAESCS1A02G419600,TRAESCS1B02G449700,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G54920

0,TRAESCS7A02G549300,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP energy reserve metabolic process GO:0006112 5.39E-15 14.27 36 547 14 42199 
TRAESCS1A02G419600,TRAESCS1B02G449700,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G54920

0,TRAESCS7A02G549300,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP glycogen biosynthetic process GO:0005978 9.51E-15 14.02 30 547 13 42199 
TRAESCS1A02G419600,TRAESCS1B02G449700,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G54930

0,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP starch metabolic process GO:0005982 3.24E-14 13.49 64 547 16 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G159300,TRAESCS4A02G149300,TRAESCS7A02G07010

0,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7B02G183300,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284

900 

GO:BP glucan biosynthetic process GO:0009250 3.24E-14 13.49 216 547 25 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS2D02G38640

0,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G287400,TRAESCS7A02G549

200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G5

35500,TRAESCS7D02G535600 

GO:BP 

cellular carbohydrate biosynthetic 

process GO:0034637 9.20E-14 13.04 349 547 30 42199 

TRAESCS1A02G339300,TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G341100,TRAESCS1D02G42740

0,TRAESCS2A02G161000,TRAESCS2A02G310300,TRAESCS2B02G187000,TRAESCS2B02G327300,TRAESCS2D02G386400,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154

400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G1

83300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP starch biosynthetic process GO:0019252 3.64E-13 12.44 40 547 13 42199 
TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G13350

0,TRAESCS7A02G287400,TRAESCS7B02G183300,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900 

GO:BP 

cellular polysaccharide 

biosynthetic process GO:0033692 4.28E-12 11.37 272 547 25 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS2D02G38640

0,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G287400,TRAESCS7A02G549

200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G5

35500,TRAESCS7D02G535600 

GO:BP carbohydrate biosynthetic process GO:0016051 4.66E-12 11.33 440 547 31 42199 

TRAESCS1A02G339300,TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G449700,TRAESCS1D02G041200,TRAESCS1D02G332200,TRAESCS1D02G34110

0,TRAESCS1D02G427400,TRAESCS2A02G161000,TRAESCS2A02G310300,TRAESCS2B02G187000,TRAESCS2B02G327300,TRAESCS2D02G386400,TRAESCS3A02G292700,TRAESCS3B02G327

500,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G0

48700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP 

polysaccharide biosynthetic 

process GO:0000271 5.70E-11 10.24 308 547 25 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS2D02G38640

0,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G287400,TRAESCS7A02G549

200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G5

35500,TRAESCS7D02G535600 

GO:BP cellular glucan metabolic process GO:0006073 9.14E-10 9.04 445 547 28 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G159300,TRAESCS2A02G310300,TRAESCS2B02G32730

0,TRAESCS2D02G386400,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS4A02G149300,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133

500,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G1

17800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP glucan metabolic process GO:0044042 9.14E-10 9.04 445 547 28 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G159300,TRAESCS2A02G310300,TRAESCS2B02G32730

0,TRAESCS2D02G386400,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS4A02G149300,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133

500,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G1

17800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP 

cellular carbohydrate metabolic 

process GO:0044262 7.11E-09 8.15 704 547 34 42199 

TRAESCS1A02G339300,TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G341100,TRAESCS1D02G42740

0,TRAESCS2A02G159300,TRAESCS2A02G161000,TRAESCS2A02G310300,TRAESCS2B02G187000,TRAESCS2B02G327300,TRAESCS2D02G386400,TRAESCS3A02G292700,TRAESCS3B02G327

500,TRAESCS4A02G149300,TRAESCS4A02G263900,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G251400,TRAESCS7A02G

287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02

G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP polysaccharide metabolic process GO:0005976 8.86E-09 8.05 674 547 33 42199 

TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G135400,TRAESCS2A02G159300,TRAESCS2A02G31030

0,TRAESCS2A02G400900,TRAESCS2B02G159400,TRAESCS2B02G327300,TRAESCS2D02G386400,TRAESCS3A02G159900,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS3D02G167

100,TRAESCS4A02G149300,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G

549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02

G535500,TRAESCS7D02G535600 

GO:BP 

cellular polysaccharide metabolic 

process GO:0044264 2.13E-08 7.67 515 547 28 42199 
TRAESCS1A02G419600,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1D02G332200,TRAESCS1D02G427400,TRAESCS2A02G159300,TRAESCS2A02G310300,TRAESCS2B02G32730

0,TRAESCS2D02G386400,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS4A02G149300,TRAESCS6A02G154400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133
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500,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G1

17800,TRAESCS7D02G133100,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP amylopectin metabolic process GO:2000896 1.32E-06 5.88 8 547 5 42199 TRAESCS7A02G120300,TRAESCS7A02G251400,TRAESCS7B02G139700,TRAESCS7D02G117800,TRAESCS7D02G249500 

GO:BP amylopectin biosynthetic process GO:0010021 1.32E-06 5.88 8 547 5 42199 TRAESCS7A02G120300,TRAESCS7A02G251400,TRAESCS7B02G139700,TRAESCS7D02G117800,TRAESCS7D02G249500 

GO:BP carbohydrate metabolic process GO:0005975 1.34E-05 4.87 2619 547 66 42199 

TRAESCS1A02G087500,TRAESCS1A02G339300,TRAESCS1A02G419600,TRAESCS1B02G094700,TRAESCS1B02G106400,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G449700

,TRAESCS1D02G041200,TRAESCS1D02G332200,TRAESCS1D02G341100,TRAESCS1D02G427400,TRAESCS2A02G135400,TRAESCS2A02G159300,TRAESCS2A02G161000,TRAESCS2A02G310

300,TRAESCS2A02G400900,TRAESCS2B02G159400,TRAESCS2B02G187000,TRAESCS2B02G327300,TRAESCS2D02G386400,TRAESCS2D02G402200,TRAESCS3A02G159900,TRAESCS3A02G2

92700,TRAESCS3A02G365800,TRAESCS3A02G480900,TRAESCS3B02G148500,TRAESCS3B02G327500,TRAESCS3B02G525400,TRAESCS3B02G530500,TRAESCS3D02G141900,TRAESCS3D02G

167100,TRAESCS3D02G358900,TRAESCS3D02G475600,TRAESCS4A02G149300,TRAESCS4A02G263900,TRAESCS4A02G485600,TRAESCS5A02G100100,TRAESCS5A02G395200,TRAESCS5B0

2G105200,TRAESCS5B02G400000,TRAESCS5D02G404500,TRAESCS6A02G154400,TRAESCS6D02G064100,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7

A02G236900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G034600,TRAESCS7B02G048700,TRAESCS7B02G139700,TRAESC

S7B02G183300,TRAESCS7B02G192200,TRAESCS7B02G472400,TRAESCS7D02G054800,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G199200,TRAESCS7D02G249500,TRAES

CS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP gene silencing GO:0016458 1.85E-05 4.73 225 547 15 42199 
TRAESCS1A02G160900,TRAESCS1A02G333000,TRAESCS1A02G445500,TRAESCS2A02G252400,TRAESCS3D02G231600,TRAESCS3D02G366200,TRAESCS4A02G197000,TRAESCS4A02G2815

00,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4D02G029200,TRAESCS6A02G223100,TRAESCS6D02G212100,TRAESCS7A02G002800,TRAESCS7D02G003300 

GO:BP gene silencing by RNA GO:0031047 2.78E-05 4.56 173 547 13 42199 
TRAESCS1A02G160900,TRAESCS1A02G333000,TRAESCS1A02G445500,TRAESCS2A02G252400,TRAESCS3D02G231600,TRAESCS3D02G366200,TRAESCS4A02G197000,TRAESCS4A02G2815

00,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4D02G029200,TRAESCS7A02G002800,TRAESCS7D02G003300 

GO:BP biological regulation GO:0065007 9.82E-05 4.01 8183 547 151 42199 

TRAESCS1A02G043600,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1A02G425100,TRAESCS1A02G4455

00,TRAESCS1B02G085500,TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1B02G129400,TRAESCS1B02G173200,TRAESCS1B02G271800,TRAESCS1B02G343500,TRAESCS1B02G3990

00,TRAESCS1B02G433100,TRAESCS1B02G445400,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G047800,TRAESCS1D02G142900,TRAESCS1D02G303900,TRAESCS1D02G33

2200,TRAESCS1D02G385200,TRAESCS1D02G410100,TRAESCS1D02G411400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G189700,TRAESCS2A02

G252400,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G320700,TRAESCS2A02G352100,TRAESCS2B02G175500,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2B0

2G358800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G426700,TRAESCS2D02G452600,TRAESCS2

D02G503900,TRAESCS3A02G006000,TRAESCS3A02G080700,TRAESCS3A02G154400,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3A02G480900,TRAESCS3A02G527600,TRAES

CS3B02G012300,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAES

CS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G466800,TRAESCS3B02G510500,TRAESCS3B02G525400,TRAESCS3B02G594200,TRAESCS3B02G595600,TRAESCS3D02G004800,TRAES

CS3D02G123900,TRAESCS3D02G144600,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G231600,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G366200,TRA

ESCS3D02G424600,TRAESCS3D02G475600,TRAESCS3D02G532000,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G006500,TRAESCS4B02G031500,TR

AESCS4B02G178900,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G246100,TRAESCS4D02G316900,TRAESCS5A02G049100,T

RAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G185200,TRAESCS5B02G196800,TRAESCS5B02G384600,

TRAESCS5B02G405700,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G192100,TRAESCS5D02G411100,TRAESCS5D02G495500,TRAESCS5D02G566900,TRAESCS6A02G0175

00,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G117100,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6B02G25

3900,TRAESCS6B02G256000,TRAESCS6B02G296200,TRAESCS6B02G352100,TRAESCS6B02G408800,TRAESCS6D02G019800,TRAESCS6D02G021700,TRAESCS6D02G023500,TRAESCS6D02G0

36200,TRAESCS6D02G210400,TRAESCS6D02G212100,TRAESCS6D02G258000,TRAESCS7A02G002800,TRAESCS7A02G066300,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02

G250900,TRAESCS7A02G357500,TRAESCS7A02G497800,TRAESCS7B02G094000,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B02G461400,TRAESCS7D0

2G003300,TRAESCS7D02G012700,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAESCS7D02G365200,TRAESCS7D02G525900,TRAESCS

U02G241200 

GO:BP 

branched-chain amino acid 

biosynthetic process GO:0009082 1.24E-04 3.91 47 547 7 42199 TRAESCS1B02G222500,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS2B02G609800,TRAESCS5A02G131300,TRAESCS5B02G403400,TRAESCS5D02G139800 

GO:BP 

energy derivation by oxidation of 

organic compounds GO:0015980 1.98E-04 3.70 312 547 16 42199 

TRAESCS1A02G419600,TRAESCS1B02G449700,TRAESCS1D02G427400,TRAESCS2A02G310300,TRAESCS2B02G327300,TRAESCS3D02G295200,TRAESCS5D02G420100,TRAESCS7A02G25140

0,TRAESCS7A02G287400,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G183300,TRAESCS7B02G472400,TRAESCS7D02G284900,TRAESCS7D02G535500,TRAESCS7D02G535

600 

GO:BP 

branched-chain amino acid 

metabolic process GO:0009081 3.36E-04 3.47 55 547 7 42199 TRAESCS1B02G222500,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS2B02G609800,TRAESCS5A02G131300,TRAESCS5B02G403400,TRAESCS5D02G139800 

GO:BP 

tRNA aminoacylation for protein 

translation GO:0006418 5.97E-04 3.22 233 547 13 42199 
TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4D02G2439

00,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:BP regulation of biological process GO:0050789 6.46E-04 3.19 7606 547 138 42199 

TRAESCS1A02G043600,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1A02G425100,TRAESCS1A02G4455

00,TRAESCS1B02G085500,TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1B02G129400,TRAESCS1B02G271800,TRAESCS1B02G343500,TRAESCS1B02G399000,TRAESCS1B02G4331

00,TRAESCS1B02G445400,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G047800,TRAESCS1D02G142900,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G38

5200,TRAESCS1D02G410100,TRAESCS1D02G411400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G189700,TRAESCS2A02G252400,TRAESCS2A02

G292700,TRAESCS2A02G297400,TRAESCS2A02G320700,TRAESCS2A02G352100,TRAESCS2B02G175500,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D0

2G074300,TRAESCS2D02G090300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G426700,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3

A02G154400,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3A02G527600,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G278000,TRAESCS

3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G466800,TRAESCS3B02G510500,TRAESCS3B02G594200,TRAESCS

3B02G595600,TRAESCS3D02G123900,TRAESCS3D02G144600,TRAESCS3D02G179800,TRAESCS3D02G231600,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G366200,TRAES

CS3D02G424600,TRAESCS3D02G532000,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G006500,TRAESCS4B02G031500,TRAESCS4B02G178900,TRA

ESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G246100,TRAESCS4D02G316900,TRAESCS5A02G049100,TRAESCS5A02G155900,TR

AESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G185200,TRAESCS5B02G384600,TRAESCS5B02G405700,TRAESCS5D02G161000,T

RAESCS5D02G178800,TRAESCS5D02G192100,TRAESCS5D02G411100,TRAESCS5D02G495500,TRAESCS5D02G566900,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G11710

0,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6B02G253900,TRAESCS6B02G296200,TRAESCS6B02G352100,TRAESCS6B02G4088

00,TRAESCS6D02G019800,TRAESCS6D02G021700,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G258000,TRAESCS7A02G002800,TRAESCS7A02G0

66300,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G357500,TRAESCS7A02G497800,TRAESCS7B02G094000,TRAESCS7B02G308200,TRAESCS7B02

G363200,TRAESCS7B02G403200,TRAESCS7B02G461400,TRAESCS7D02G003300,TRAESCS7D02G012700,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D

02G282200,TRAESCS7D02G365200,TRAESCS7D02G525900,TRAESCSU02G241200 

GO:BP amino acid activation GO:0043038 8.67E-04 3.06 244 547 13 42199 
TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4D02G2439

00,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:BP tRNA aminoacylation GO:0043039 8.67E-04 3.06 244 547 13 42199 
TRAESCS1B02G169100,TRAESCS1D02G198800,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4D02G2439

00,TRAESCS7A02G304700,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 
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GO:BP regulation of metabolic process GO:0019222 9.46E-04 3.02 5478 547 105 42199 

TRAESCS1A02G043600,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1A02G425100,TRAESCS1A02G4455

00,TRAESCS1B02G085500,TRAESCS1B02G118200,TRAESCS1B02G129400,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142

900,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G411400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G252400,TRAESCS2A02G

292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2B02G175500,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D02G074300,TRAESCS2D02

G090300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G426700,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G154400,TRAESCS3

A02G325800,TRAESCS3A02G429100,TRAESCS3A02G527600,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G278000,TRAESCS3B02G330800,TRAESCS

3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3B02G595600,TRAESCS3D02G123900,TRAESCS3D02G179800,TRAESCS3D02G231600,TRAESCS3D02G249100,TRAESC

S3D02G319200,TRAESCS3D02G366200,TRAESCS3D02G424600,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4B02G239700,TRAE

SCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G316900,TRAESCS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TR

AESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,T

RAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6B02G253900,TRAESCS6B02G296200,TRAESCS6D02G019800,TRAESCS6D02G023500

,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G258000,TRAESCS7A02G002800,TRAESCS7A02G066300,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G357

500,TRAESCS7B02G094000,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7D02G003300,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G26

5600,TRAESCS7D02G282200,TRAESCS7D02G365200 

GO:BP mannose metabolic process GO:0006013 9.67E-04 3.01 14 547 4 42199 TRAESCS1A02G087500,TRAESCS1B02G106400,TRAESCS7A02G236900,TRAESCS7D02G199200 

GO:BP starch catabolic process GO:0005983 1.26E-03 2.90 15 547 4 42199 TRAESCS2A02G159300,TRAESCS7A02G133500,TRAESCS7A02G251400,TRAESCS7D02G133100 

GO:BP regulation of gene expression GO:0010468 2.24E-03 2.65 4889 547 94 42199 

TRAESCS1A02G043600,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1A02G445500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G303900,TRAESCS1D02G332

200,TRAESCS1D02G411400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G252400,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2B02G1

75500,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02

G426700,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B0

2G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAESCS3D02G179800,TRAESCS3D02G231600,TRAESCS3D

02G249100,TRAESCS3D02G319200,TRAESCS3D02G366200,TRAESCS3D02G424600,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS

4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G316900,TRAESCS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAES

CS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G495500,TRAESCS6A02G017600,TRA

ESCS6A02G017700,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6B02G253900,TRAESCS6D02G019800,TRAESCS6D02G023500,T

RAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS7A02G002800,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G357500,TRAESCS7B02G094000,TRAESCS7B02G308200

,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7D02G003300,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G365200 

GO:BP 

cellular amino acid metabolic 

process GO:0006520 2.54E-03 2.59 1064 547 30 42199 

TRAESCS1B02G169100,TRAESCS1B02G222500,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS2B02G345400,TRAESCS2B02G609800,TRAESCS2D02G19690

0,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3A02G305400,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS4A02G089800,TRAESCS4D02G24

3900,TRAESCS4D02G327300,TRAESCS5A02G131300,TRAESCS5A02G177400,TRAESCS5A02G501900,TRAESCS5B02G403400,TRAESCS5D02G139800,TRAESCS6B02G299700,TRAESCS6B02G

302500,TRAESCS7A02G304700,TRAESCS7A02G512300,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:BP 

regulation of macromolecule 

metabolic process GO:0060255 2.93E-03 2.53 5326 547 100 42199 

TRAESCS1A02G043600,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1A02G445500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G303900,TRAESCS1D02G332

200,TRAESCS1D02G411400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G252400,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2B02G1

75500,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02

G426700,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G154400,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3A02G527600,TRAESCS3B02G141100,TRAESCS3B

02G180800,TRAESCS3B02G204200,TRAESCS3B02G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3B02G595600,TRAESCS3D

02G123900,TRAESCS3D02G179800,TRAESCS3D02G231600,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G366200,TRAESCS3D02G424600,TRAESCS4A02G197000,TRAESCS

4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G316900,TRAES

CS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5D02G161000,TRA

ESCS5D02G178800,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G418900,T

RAESCS6B02G253900,TRAESCS6B02G296200,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS7A02G002800,TRAESCS7A02G066300

,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G357500,TRAESCS7B02G094000,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7D02G00330

0,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAESCS7D02G365200 

GO:BP 

negative regulation of gene 

expression GO:0010629 3.60E-03 2.44 637 547 21 42199 

TRAESCS1A02G160900,TRAESCS1A02G333000,TRAESCS1A02G445500,TRAESCS2A02G252400,TRAESCS2B02G358800,TRAESCS2D02G090300,TRAESCS2D02G295300,TRAESCS3B02G18080

0,TRAESCS3D02G231600,TRAESCS3D02G366200,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4D02G029200,TRAESCS6A02G223

100,TRAESCS6A02G227900,TRAESCS6B02G253900,TRAESCS6D02G212100,TRAESCS7A02G002800,TRAESCS7D02G003300 

GO:BP mRNA methylation GO:0080009 3.69E-03 2.43 8 547 3 42199 TRAESCS6A02G254900,TRAESCS6B02G270600,TRAESCS6D02G236200 

GO:BP isoleucyl-tRNA aminoacylation GO:0006428 5.07E-03 2.30 9 547 3 42199 TRAESCS7A02G516000,TRAESCS7B02G432400,TRAESCS7D02G506300 

GO:BP leucine biosynthetic process GO:0009098 5.07E-03 2.30 9 547 3 42199 TRAESCS2B02G609800,TRAESCS5A02G131300,TRAESCS5D02G139800 

GO:BP extensin metabolic process GO:0010409 5.07E-03 2.30 2 547 2 42199 TRAESCS4A02G013700,TRAESCS4D02G289100 

GO:BP 

positive regulation of ubiquitin-

protein transferase activity GO:0051443 5.57E-03 2.25 23 547 4 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7D02G282200 

GO:BP 

positive regulation of protein 

ubiquitination GO:0031398 5.57E-03 2.25 23 547 4 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7D02G282200 

GO:BP 

positive regulation of protein 

modification by small protein 

conjugation or removal GO:1903322 5.57E-03 2.25 23 547 4 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7D02G282200 

GO:BP cellular process GO:0009987 6.08E-03 2.22 27978 547 401 42199 

TRAESCS1A02G043600,TRAESCS1A02G114900,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G233200,TRAESCS1A02G304400,TRAESCS1A02G3330

00,TRAESCS1A02G339300,TRAESCS1A02G402400,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1A02G445500,TRAESCS1B02G085500,TRAESCS1B02G09

4700,TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1B02G129400,TRAESCS1B02G134800,TRAESCS1B02G154400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G17

3200,TRAESCS1B02G200200,TRAESCS1B02G222500,TRAESCS1B02G233500,TRAESCS1B02G256600,TRAESCS1B02G271800,TRAESCS1B02G294900,TRAESCS1B02G298100,TRAESCS1B02G34

3500,TRAESCS1B02G351600,TRAESCS1B02G399000,TRAESCS1B02G431400,TRAESCS1B02G433100,TRAESCS1B02G445400,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G04

1200,TRAESCS1D02G044200,TRAESCS1D02G047800,TRAESCS1D02G132500,TRAESCS1D02G136400,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02
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G211700,TRAESCS1D02G235500,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G341100,TRAESCS1D02G366800,TRAESCS1D02G371200,TRAESCS1D02G383400,TRAESCS1

D02G385200,TRAESCS1D02G410100,TRAESCS1D02G411400,TRAESCS1D02G419800,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2A02G037800,TRAESCS2A02G043100,TRAES

CS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G135400,TRAESCS2A02G135500,TRAESCS2A02G159300,TRAESCS2A02G161000,TRAESCS2A02G189700,TRAESCS2A02G192200,TRA

ESCS2A02G248200,TRAESCS2A02G252400,TRAESCS2A02G266700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G305500,TRAESCS2A02G310300,TRAESCS2A02G320700,T

RAESCS2A02G334300,TRAESCS2A02G352100,TRAESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2A02G388600,TRAESCS2A02G389600,TRAESCS2A02G400900,TRAESCS2A02G43460

0,TRAESCS2A02G455000,TRAESCS2A02G507300,TRAESCS2B02G159300,TRAESCS2B02G159400,TRAESCS2B02G187000,TRAESCS2B02G192900,TRAESCS2B02G213800,TRAESCS2B02G2141

00,TRAESCS2B02G229500,TRAESCS2B02G249900,TRAESCS2B02G269200,TRAESCS2B02G309100,TRAESCS2B02G325100,TRAESCS2B02G327300,TRAESCS2B02G345400,TRAESCS2B02G3554

00,TRAESCS2B02G358800,TRAESCS2B02G409900,TRAESCS2B02G455700,TRAESCS2B02G484800,TRAESCS2B02G609800,TRAESCS2D02G012000,TRAESCS2D02G022900,TRAESCS2D02G074

300,TRAESCS2D02G090300,TRAESCS2D02G155200,TRAESCS2D02G196900,TRAESCS2D02G198100,TRAESCS2D02G253800,TRAESCS2D02G295300,TRAESCS2D02G328900,TRAESCS2D02G

386400,TRAESCS2D02G463700,TRAESCS2D02G503900,TRAESCS2D02G565300,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G117300,TRAESCS3A02G154400,TRAESCS3A0

2G163300,TRAESCS3A02G169800,TRAESCS3A02G169900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G216100,TRAESCS3A02G292700,TRAESCS3A02G305400,TRAESCS3

A02G325800,TRAESCS3A02G351500,TRAESCS3A02G400600,TRAESCS3A02G414700,TRAESCS3A02G429100,TRAESCS3A02G480900,TRAESCS3A02G527600,TRAESCS3B02G018100,TRAESC

S3B02G136400,TRAESCS3B02G141100,TRAESCS3B02G148500,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G233800,TRAESCS3B02G252500,TRAESCS3B02G278000,TRAESC

S3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G437300,TRAESCS3B02G437500,TRAESC

S3B02G466800,TRAESCS3B02G510500,TRAESCS3B02G525400,TRAESCS3B02G544700,TRAESCS3B02G594200,TRAESCS3B02G595600,TRAESCS3D02G018000,TRAESCS3D02G123900,TRAES

CS3D02G141900,TRAESCS3D02G144600,TRAESCS3D02G164700,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G231600,TRAESCS3D02G249100,TRA

ESCS3D02G274900,TRAESCS3D02G295200,TRAESCS3D02G305500,TRAESCS3D02G319200,TRAESCS3D02G366200,TRAESCS3D02G376500,TRAESCS3D02G424600,TRAESCS3D02G475600,T

RAESCS3D02G532000,TRAESCS4A02G013700,TRAESCS4A02G025100,TRAESCS4A02G089800,TRAESCS4A02G149300,TRAESCS4A02G197000,TRAESCS4A02G256800,TRAESCS4A02G26390

0,TRAESCS4A02G281500,TRAESCS4A02G409000,TRAESCS4A02G495800,TRAESCS4B02G006500,TRAESCS4B02G031500,TRAESCS4B02G090000,TRAESCS4B02G137100,TRAESCS4B02G1388

00,TRAESCS4B02G151800,TRAESCS4B02G157300,TRAESCS4B02G178900,TRAESCS4B02G216900,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4B02G381900,TRAESCS4D02G0072

00,TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G044700,TRAESCS4D02G086000,TRAESCS4D02G185200,TRAESCS4D02G199800,TRAESCS4D02G217100,TRAESCS4D02G2

40600,TRAESCS4D02G243900,TRAESCS4D02G246100,TRAESCS4D02G277500,TRAESCS4D02G289100,TRAESCS4D02G316900,TRAESCS4D02G318400,TRAESCS4D02G327300,TRAESCS4D02

G357800,TRAESCS5A02G049100,TRAESCS5A02G060300,TRAESCS5A02G069800,TRAESCS5A02G082300,TRAESCS5A02G094300,TRAESCS5A02G100300,TRAESCS5A02G106300,TRAESCS5

A02G131300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G177400,TRAESCS5A02G200800,TRAESCS5A02G246000,TRAESCS5A02G295700,TRAESCS5A02G321500,TRAES

CS5A02G466100,TRAESCS5A02G485700,TRAESCS5A02G501900,TRAESCS5A02G547900,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G100400,TRAESCS5B02G102400,TRAE

SCS5B02G111200,TRAESCS5B02G111300,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS5B02G199400,TRAESCS5B02G297300,TRAESCS5B02G299900,TRAESCS5B02G348100,TRAE

SCS5B02G384600,TRAESCS5B02G403400,TRAESCS5B02G405700,TRAESCS5B02G485300,TRAESCS5D02G048400,TRAESCS5D02G071900,TRAESCS5D02G076100,TRAESCS5D02G090300,TRA

ESCS5D02G106600,TRAESCS5D02G109200,TRAESCS5D02G112800,TRAESCS5D02G139800,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G238500,TRAESCS5D02G292700,T

RAESCS5D02G327300,TRAESCS5D02G328300,TRAESCS5D02G388600,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS5D02G411100,TRAESCS5D02G420100,TRAESCS5D02G49550

0,TRAESCS5D02G550700,TRAESCS5D02G566900,TRAESCS6A02G017500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G099600,TRAESCS6A02G117100,TRAESCS6A02G11

9000,TRAESCS6A02G154400,TRAESCS6A02G200300,TRAESCS6A02G223100,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G235300,TRAESCS6A02

G250800,TRAESCS6A02G254900,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G096400,TRAESCS6B02G148100,TRAESCS6B02G201100,TRAESCS6B02G253900,TRAESCS6B0

2G256000,TRAESCS6B02G262800,TRAESCS6B02G270600,TRAESCS6B02G274600,TRAESCS6B02G279300,TRAESCS6B02G291800,TRAESCS6B02G296200,TRAESCS6B02G299700,TRAESCS6B0

2G302500,TRAESCS6B02G351900,TRAESCS6B02G352100,TRAESCS6B02G365300,TRAESCS6B02G375900,TRAESCS6B02G408800,TRAESCS6D02G019800,TRAESCS6D02G021700,TRAESCS6D

02G021800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G082900,TRAESCS6D02G109700,TRAESCS6D02G164900,TRAESCS6D02G168400,TRAESCS6D02G189600,TRAESCS

6D02G210400,TRAESCS6D02G212100,TRAESCS6D02G236200,TRAESCS6D02G236400,TRAESCS6D02G244300,TRAESCS6D02G258000,TRAESCS6D02G362000,TRAESCS7A02G002800,TRAES

CS7A02G066300,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G105100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G146400,TRAESCS7A02G250800,TRA

ESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G299300,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7A02G497800,TRAESCS7A02G504800,T

RAESCS7A02G511900,TRAESCS7A02G512300,TRAESCS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G131700,

TRAESCS7B02G183300,TRAESCS7B02G197600,TRAESCS7B02G205000,TRAESCS7B02G214800,TRAESCS7B02G248100,TRAESCS7B02G260600,TRAESCS7B02G304900,TRAESCS7B02G308200,

TRAESCS7B02G320200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B02G423200,TRAESCS7B02G432400,TRAESCS7B02G455500,TRAESCS7B02G461400,TRAESCS7B02G472400,

TRAESCS7D02G003300,TRAESCS7D02G012700,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G212800,TRAESCS7D02G232200,TRAESCS7D02G2486

00,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G313500,TRAESCS7D02G344100,TRAESCS7D02G344200,TRAESCS7D02G3

65200,TRAESCS7D02G399400,TRAESCS7D02G487900,TRAESCS7D02G500300,TRAESCS7D02G500900,TRAESCS7D02G506300,TRAESCS7D02G524700,TRAESCS7D02G525900,TRAESCS7D02

G535500,TRAESCS7D02G535600,TRAESCSU02G068900,TRAESCSU02G110700,TRAESCSU02G207000,TRAESCSU02G241200 

GO:BP 

vesicle fusion with Golgi 

apparatus GO:0048280 8.65E-03 2.06 11 547 3 42199 TRAESCS5A02G094300,TRAESCS5B02G100400,TRAESCS5D02G106600 

GO:BP plasmodesma organization GO:0009663 1.20E-02 1.92 3 547 2 42199 TRAESCS6A02G234000,TRAESCS6B02G262800 

GO:BP 

regulation of starch biosynthetic 

process GO:0010581 1.20E-02 1.92 3 547 2 42199 TRAESCS1B02G343500,TRAESCS1D02G332200 

GO:BP circumnutation GO:0010031 1.20E-02 1.92 3 547 2 42199 TRAESCS6A02G227900,TRAESCS6B02G253900 

GO:BP 

multicellular organismal 

movement GO:0050879 1.20E-02 1.92 3 547 2 42199 TRAESCS6A02G227900,TRAESCS6B02G253900 

GO:BP 

regulation of ubiquitin-protein 

transferase activity GO:0051438 1.20E-02 1.92 29 547 4 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7D02G282200 

GO:BP regulation of cellular process GO:0050794 1.28E-02 1.89 6983 547 120 42199 

TRAESCS1A02G043600,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G403500,TRAESCS1A02G425100,TRAESCS1B02G085500,TRAESCS1B02G118200,TRAESCS1B02G12320

0,TRAESCS1B02G129400,TRAESCS1B02G271800,TRAESCS1B02G343500,TRAESCS1B02G399000,TRAESCS1B02G433100,TRAESCS1B02G445400,TRAESCS1B02G464000,TRAESCS1D02G04420

0,TRAESCS1D02G047800,TRAESCS1D02G142900,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G385200,TRAESCS1D02G410100,TRAESCS1D02G411400,TRAESCS1D02G43

4100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G320700,TRAESCS2A02G352100,TRAESCS2B02G

309100,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS3A02

G080700,TRAESCS3A02G154400,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3A02G527600,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B0

2G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G466800,TRAESCS3B02G510500,TRAESCS3B0

2G594200,TRAESCS3B02G595600,TRAESCS3D02G123900,TRAESCS3D02G144600,TRAESCS3D02G179800,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS3

D02G532000,TRAESCS4B02G006500,TRAESCS4B02G178900,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G246100,TRAESCS4D02G316900,TRAESCS

5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5B02G405700,TRAESC

S5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G411100,TRAESCS5D02G495500,TRAESCS5D02G566900,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G117100,TRAE

SCS6A02G223100,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6B02G253900,TRAESCS6B02G296200,TRAESCS6B02G352100,TRAESCS6B02G408800,TRA

ESCS6D02G019800,TRAESCS6D02G021700,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G258000,TRAESCS7A02G066300,TRAESCS7A02G146400,T

RAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G357500,TRAESCS7A02G497800,TRAESCS7B02G094000,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,

TRAESCS7B02G461400,TRAESCS7D02G012700,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAESCS7D02G365200,TRAESCS7D02G5259

00,TRAESCSU02G241200 
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GO:BP carbohydrate homeostasis GO:0033500 1.28E-02 1.89 30 547 4 42199 TRAESCS2D02G155200,TRAESCS3A02G480900,TRAESCS3B02G525400,TRAESCS3D02G475600 

GO:BP 

positive regulation of transferase 

activity GO:0051347 1.28E-02 1.89 52 547 5 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7A02G066300,TRAESCS7D02G282200 

GO:BP glucose homeostasis GO:0042593 1.28E-02 1.89 30 547 4 42199 TRAESCS2D02G155200,TRAESCS3A02G480900,TRAESCS3B02G525400,TRAESCS3D02G475600 

GO:BP 

regulation of protein modification 

by small protein conjugation or 

removal GO:1903320 1.37E-02 1.86 31 547 4 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7D02G282200 

GO:BP 

regulation of protein 

ubiquitination GO:0031396 1.37E-02 1.86 31 547 4 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7D02G282200 

GO:BP 

negative regulation of metabolic 

process GO:0009892 1.37E-02 1.86 885 547 24 42199 

TRAESCS1A02G160900,TRAESCS1A02G333000,TRAESCS1A02G445500,TRAESCS2A02G252400,TRAESCS2B02G358800,TRAESCS2D02G090300,TRAESCS2D02G155200,TRAESCS2D02G2953

00,TRAESCS3A02G154400,TRAESCS3B02G180800,TRAESCS3D02G231600,TRAESCS3D02G366200,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G03

1500,TRAESCS4D02G029200,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6B02G253900,TRAESCS6D02G212100,TRAESCS6D02G258000,TRAESCS7A02G002800,TRAESCS7D02G

003300 

GO:BP 

positive regulation of protein 

modification process GO:0031401 1.55E-02 1.81 56 547 5 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200,TRAESCS7A02G066300,TRAESCS7D02G282200 

GO:BP macromolecule metabolic process GO:0043170 1.55E-02 1.81 20037 547 297 42199 

TRAESCS1A02G043600,TRAESCS1A02G114900,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G233200,TRAESCS1A02G304400,TRAESCS1A02G3330

00,TRAESCS1A02G402400,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1A02G445500,TRAESCS1B02G085500,TRAESCS1B02G129400,TRAESCS1B02G134800,TRAESCS1B02G154

400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G200200,TRAESCS1B02G256600,TRAESCS1B02G294900,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G431

400,TRAESCS1B02G433100,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G132500,TRAESCS1D02G136400,TRAESCS1D02G142900,TRAESCS1D02G1

58000,TRAESCS1D02G198800,TRAESCS1D02G235500,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G366800,TRAESCS1D02G383400,TRAESCS1D02G410100,TRAESCS1D02

G411400,TRAESCS1D02G427400,TRAESCS2A02G043100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G135400,TRAESCS2A02G159300,TRAESCS2A02G189700,TRAESCS2

A02G192200,TRAESCS2A02G248200,TRAESCS2A02G252400,TRAESCS2A02G266700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G310300,TRAESCS2A02G334300,TRAES

CS2A02G352100,TRAESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2A02G389600,TRAESCS2A02G400900,TRAESCS2A02G507300,TRAESCS2B02G159400,TRAESCS2B02G175500,TRA

ESCS2B02G213800,TRAESCS2B02G214100,TRAESCS2B02G249900,TRAESCS2B02G269200,TRAESCS2B02G309100,TRAESCS2B02G327300,TRAESCS2B02G355400,TRAESCS2B02G358800,TRA

ESCS2D02G012000,TRAESCS2D02G022900,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G253800,TRAESCS2D02G295300,T

RAESCS2D02G386400,TRAESCS2D02G426700,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G154400,TRAESCS3A02G159900,TRAESCS3A02G16330

0,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G216100,TRAESCS3A02G222300,TRAESCS3A02G292700,TRAESCS3A02G325800,TRAESCS3A02G351500,TRAESCS3A02G40

0600,TRAESCS3A02G414700,TRAESCS3A02G429100,TRAESCS3A02G527600,TRAESCS3B02G018100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G2

52500,TRAESCS3B02G278000,TRAESCS3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G4

66800,TRAESCS3B02G510500,TRAESCS3B02G544700,TRAESCS3B02G595600,TRAESCS3D02G018000,TRAESCS3D02G123900,TRAESCS3D02G141900,TRAESCS3D02G164700,TRAESCS3D02

G167100,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G230100,TRAESCS3D02G231600,TRAESCS3D02G249100,TRAESCS3D02G305500,TRAESCS3

D02G319200,TRAESCS3D02G354500,TRAESCS3D02G366200,TRAESCS3D02G369300,TRAESCS3D02G376500,TRAESCS3D02G424600,TRAESCS3D02G466500,TRAESCS4A02G013700,TRAES

CS4A02G149300,TRAESCS4A02G197000,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4A02G422300,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4B02G090000,TRA

ESCS4B02G137100,TRAESCS4B02G138800,TRAESCS4B02G151800,TRAESCS4B02G157300,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4B02G381900,TRAESCS4D02G011300,TRA

ESCS4D02G029200,TRAESCS4D02G044700,TRAESCS4D02G074800,TRAESCS4D02G082500,TRAESCS4D02G086000,TRAESCS4D02G171500,TRAESCS4D02G185200,TRAESCS4D02G199800,T

RAESCS4D02G243900,TRAESCS4D02G289100,TRAESCS4D02G316900,TRAESCS4D02G318400,TRAESCS4D02G357800,TRAESCS5A02G049100,TRAESCS5A02G060300,TRAESCS5A02G15590

0,TRAESCS5A02G174200,TRAESCS5A02G200800,TRAESCS5A02G236300,TRAESCS5A02G246000,TRAESCS5A02G295700,TRAESCS5A02G321500,TRAESCS5A02G547900,TRAESCS5B02G054

200,TRAESCS5B02G062900,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS5B02G199400,TRAESCS5B02G297300,TRAESCS5B02G299900,TRAESCS5B02G384600,TRAESCS5B02G405

700,TRAESCS5B02G485300,TRAESCS5D02G071900,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G238500,TRAESCS5D02G328300,TRAESCS5D02G403200,TRAESCS5D02G4

11100,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G099600,TRAESCS6A02G117100,TRAESCS6A02G119000,TRAESCS6A02G154400,TRAESCS6A02

G200300,TRAESCS6A02G223100,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G418900,TRAESCS6B02G096400,TRAESCS6B

02G201100,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G270600,TRAESCS6B02G279300,TRAESCS6B02G291800,TRAESCS6B02G296200,TRAESCS6B02G305400,TRAESCS6B

02G351900,TRAESCS6B02G410400,TRAESCS6B02G473000,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G082900,TRAESCS6D02G164900,TRAESCS6

D02G168400,TRAESCS6D02G189600,TRAESCS6D02G210400,TRAESCS6D02G212100,TRAESCS6D02G236200,TRAESCS6D02G236400,TRAESCS6D02G244300,TRAESCS6D02G258000,TRAES

CS6D02G288200,TRAESCS6D02G362000,TRAESCS7A02G002800,TRAESCS7A02G065700,TRAESCS7A02G066300,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G105100,TRA

ESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G299300,TRAESCS7A02G304700,T

RAESCS7A02G357500,TRAESCS7A02G502400,TRAESCS7A02G504800,TRAESCS7A02G511900,TRAESCS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G02290

0,TRAESCS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G131700,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G197600,TRAESCS7B02G205000,TRAESCS7B02G21480

0,TRAESCS7B02G248100,TRAESCS7B02G260600,TRAESCS7B02G308200,TRAESCS7B02G320200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B02G423200,TRAESCS7B02G43240

0,TRAESCS7B02G455500,TRAESCS7B02G472400,TRAESCS7D02G003300,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G212800,TRAESCS7D02G232

200,TRAESCS7D02G248600,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G344100,TRAESCS7D02G

344200,TRAESCS7D02G365200,TRAESCS7D02G487900,TRAESCS7D02G500300,TRAESCS7D02G500900,TRAESCS7D02G506300,TRAESCS7D02G524700,TRAESCS7D02G535500,TRAESCS7D0

2G535600,TRAESCSU02G068900,TRAESCSU02G110700,TRAESCSU02G138100,TRAESCSU02G207000 

GO:BP trehalose biosynthetic process GO:0005992 1.55E-02 1.81 56 547 5 42199 TRAESCS1A02G339300,TRAESCS1B02G351600,TRAESCS1D02G341100,TRAESCS2A02G161000,TRAESCS2B02G187000 

GO:BP RNA metabolic process GO:0016070 1.66E-02 1.78 6571 547 113 42199 

TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G132

500,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G383400,TRAESCS1D02G411400,TRAESCS2A02G

044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2D02G074300,TRAESCS2D02

G198100,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3A02G325800,TRAESCS3

A02G414700,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS

3B02G412300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAES

CS3D02G424600,TRAESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G243900,TRAESCS4D02G316900,TRA

ESCS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5B02G485300,TR

AESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G119000,TRAESCS6A02G223100,

TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G418900,TRAESCS6B02G201100,TRAESCS6B02G270600,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G03620

0,TRAESCS6D02G164900,TRAESCS6D02G212100,TRAESCS6D02G236200,TRAESCS6D02G362000,TRAESCS7A02G076500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G30

4700,TRAESCS7A02G357500,TRAESCS7A02G516000,TRAESCS7B02G094000,TRAESCS7B02G205000,TRAESCS7B02G248100,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G4

03200,TRAESCS7B02G432400,TRAESCS7D02G072200,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G344100,TRAESCS7D02G344200,TRAESCS7D02

G365200,TRAESCS7D02G506300,TRAESCSU02G068900 
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GO:BP 

macromolecule biosynthetic 

process GO:0009059 1.68E-02 1.77 7756 547 130 42199 

TRAESCS1A02G043600,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1B02G085500,TRAESCS1B02G129400,TRAESCS1B02G16910

0,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G1988

00,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G411400,TRAESCS1D02G427400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G2

97400,TRAESCS2A02G310300,TRAESCS2A02G352100,TRAESCS2B02G213800,TRAESCS2B02G309100,TRAESCS2B02G327300,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D02G

074300,TRAESCS2D02G090300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G386400,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A0

2G163300,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G292700,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3

B02G204200,TRAESCS3B02G278000,TRAESCS3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAESCS3

D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS4A02G013700,TRAESCS4B02G090000,TRAESC

S4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G086000,TRAESCS4D02G243900,TRAESCS4D02G289100,TRAESCS4D02G316900,TRAES

CS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5D02G161000,TRA

ESCS5D02G178800,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G117100,TRAESCS6A02G154400,TRAESCS6A02G223100,T

RAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G362000,TRAESCS7A02G07010

0,TRAESCS7A02G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G30

4700,TRAESCS7A02G357500,TRAESCS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G1

83300,TRAESCS7B02G205000,TRAESCS7B02G214800,TRAESCS7B02G308200,TRAESCS7B02G403200,TRAESCS7B02G432400,TRAESCS7B02G472400,TRAESCS7D02G072200,TRAESCS7D02G

117800,TRAESCS7D02G133100,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D0

2G365200,TRAESCS7D02G506300,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP 

chloroplast-nucleus signaling 

pathway GO:0010019 1.84E-02 1.74 4 547 2 42199 TRAESCS5B02G405700,TRAESCS5D02G411100 

GO:BP trehalose metabolic process GO:0005991 1.85E-02 1.73 59 547 5 42199 TRAESCS1A02G339300,TRAESCS1B02G351600,TRAESCS1D02G341100,TRAESCS2A02G161000,TRAESCS2B02G187000 

GO:BP leucine metabolic process GO:0006551 1.92E-02 1.72 16 547 3 42199 TRAESCS2B02G609800,TRAESCS5A02G131300,TRAESCS5D02G139800 

GO:BP 

negative regulation of biological 

process GO:0048519 1.98E-02 1.70 1142 547 28 42199 

TRAESCS1A02G160900,TRAESCS1A02G333000,TRAESCS1A02G425100,TRAESCS1A02G445500,TRAESCS1D02G434100,TRAESCS2A02G104500,TRAESCS2A02G252400,TRAESCS2B02G3588

00,TRAESCS2D02G090300,TRAESCS2D02G155200,TRAESCS2D02G295300,TRAESCS3A02G154400,TRAESCS3B02G180800,TRAESCS3D02G231600,TRAESCS3D02G366200,TRAESCS4A02G19

7000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4D02G029200,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6B02G253900,TRAESCS6B02G

352100,TRAESCS6D02G212100,TRAESCS6D02G258000,TRAESCS7A02G002800,TRAESCS7D02G003300 

GO:BP nucleic acid metabolic process GO:0090304 2.37E-02 1.62 7351 547 123 42199 

TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G464000,TRAESCS1D02G0442

00,TRAESCS1D02G132500,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G383400,TRAESCS1D02G4

11400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G507300,TRAESCS2B02G309100,TRAESCS2B02

G355400,TRAESCS2D02G012000,TRAESCS2D02G074300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3

A02G163300,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G325800,TRAESCS3A02G414700,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESC

S3B02G204200,TRAESCS3B02G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAESCS3D02G169600,TRAES

CS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4B02G031500,TRA

ESCS4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G044700,TRAESCS4D02G243900,TRAESCS4D02G316900,TRAESCS5A02G049100,TR

AESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS5B02G384600,T

RAESCS5B02G485300,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G11900

0,TRAESCS6A02G223100,TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G418900,TRAESCS6B02G201100,TRAESCS6B02G270600,TRAESCS6B02G351900,TRAESCS6D02G019

800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G164900,TRAESCS6D02G212100,TRAESCS6D02G236200,TRAESCS6D02G362000,TRAESCS7A02G076500,TRAESCS7A02G

250800,TRAESCS7A02G250900,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7A02G516000,TRAESCS7B02G094000,TRAESCS7B02G205000,TRAESCS7B02G248100,TRAESCS7B02

G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B02G432400,TRAESCS7D02G072200,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D

02G344100,TRAESCS7D02G344200,TRAESCS7D02G365200,TRAESCS7D02G506300,TRAESCSU02G068900 

GO:BP cell junction organization GO:0034330 2.73E-02 1.56 5 547 2 42199 TRAESCS6A02G234000,TRAESCS6B02G262800 

GO:BP cell-cell junction organization GO:0045216 2.73E-02 1.56 5 547 2 42199 TRAESCS6A02G234000,TRAESCS6B02G262800 

GO:BP 

regulation of starch metabolic 

process GO:2000904 2.73E-02 1.56 5 547 2 42199 TRAESCS1B02G343500,TRAESCS1D02G332200 

GO:BP 

(1->3)-beta-D-glucan biosynthetic 

process GO:0006075 2.82E-02 1.55 40 547 4 42199 TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7B02G048700 

GO:BP 

(1->3)-beta-D-glucan metabolic 

process GO:0006074 2.82E-02 1.55 40 547 4 42199 TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7B02G048700 

GO:BP organelle fusion GO:0048284 2.82E-02 1.55 40 547 4 42199 TRAESCS1B02G094700,TRAESCS5A02G094300,TRAESCS5B02G100400,TRAESCS5D02G106600 

GO:BP 

nucleobase-containing compound 

metabolic process GO:0006139 2.89E-02 1.54 8333 547 136 42199 

TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G464000,TRAESCS1D02G0412

00,TRAESCS1D02G044200,TRAESCS1D02G132500,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G3

83400,TRAESCS1D02G411400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G507300,TRAESCS2B02

G309100,TRAESCS2B02G355400,TRAESCS2D02G012000,TRAESCS2D02G074300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS2D02G565300,TRAESCS3A

02G080700,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G169900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G325800,TRAESCS3A02G414700,TRAESCS

3A02G429100,TRAESCS3A02G480900,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G233800,TRAESCS3B02G278000,TRAESCS3B02G330800,TRAESC

S3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3B02G525400,TRAESCS3D02G123900,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAES

CS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS3D02G475600,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4B02G138800,TRA

ESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G044700,TRAESCS4D02G243900,TRAESCS4D02G316900,TRAESCS5A02G049100,TRAESCS5A02G100300,TR

AESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS5B02G384600,T

RAESCS5B02G485300,TRAESCS5D02G112800,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G292700,TRAESCS5D02G327300,TRAESCS5D02G403200,TRAESCS5D02G49550

0,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G119000,TRAESCS6A02G223100,TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G277800,TRAESCS6A02G41

8900,TRAESCS6B02G201100,TRAESCS6B02G270600,TRAESCS6B02G351900,TRAESCS6D02G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G

164900,TRAESCS6D02G212100,TRAESCS6D02G236200,TRAESCS6D02G362000,TRAESCS7A02G076500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G304700,TRAESCS7A0

2G357500,TRAESCS7A02G516000,TRAESCS7B02G094000,TRAESCS7B02G205000,TRAESCS7B02G248100,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B0
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2G432400,TRAESCS7D02G072200,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G344100,TRAESCS7D02G344200,TRAESCS7D02G365200,TRAESCS7

D02G506300,TRAESCSU02G068900 

GO:BP 

phosphorelay signal transduction 

system GO:0000160 2.89E-02 1.54 297 547 11 42199 
TRAESCS4B02G006500,TRAESCS4B02G178900,TRAESCS6A02G227900,TRAESCS6B02G253900,TRAESCS6B02G408800,TRAESCS6D02G021700,TRAESCS7A02G146400,TRAESCS7B02G461400

,TRAESCS7D02G012700,TRAESCS7D02G525900,TRAESCSU02G241200 

GO:BP 

cellular macromolecule 

biosynthetic process GO:0034645 2.89E-02 1.54 7697 547 127 42199 

TRAESCS1A02G043600,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1B02G085500,TRAESCS1B02G129400,TRAESCS1B02G16910

0,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G1988

00,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G411400,TRAESCS1D02G427400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G2

97400,TRAESCS2A02G310300,TRAESCS2A02G352100,TRAESCS2B02G213800,TRAESCS2B02G309100,TRAESCS2B02G327300,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2D02G

074300,TRAESCS2D02G090300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G386400,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A0

2G163300,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G292700,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3

B02G204200,TRAESCS3B02G278000,TRAESCS3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAESCS3

D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS4A02G013700,TRAESCS4B02G090000,TRAESC

S4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G086000,TRAESCS4D02G243900,TRAESCS4D02G289100,TRAESCS4D02G316900,TRAES

CS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5D02G161000,TRA

ESCS5D02G178800,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G117100,TRAESCS6A02G154400,TRAESCS6A02G223100,T

RAESCS6A02G235300,TRAESCS6A02G418900,TRAESCS6D02G019800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G362000,TRAESCS7A02G07010

0,TRAESCS7A02G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G287400,TRAESCS7A02G304700,TRAESCS7A02G35

7500,TRAESCS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G183300,TRAESCS7B02G205000,TRAESCS7B02G2

14800,TRAESCS7B02G308200,TRAESCS7B02G403200,TRAESCS7B02G432400,TRAESCS7B02G472400,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G

232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G365200,TRAESCS7D02G506300,TRAESCS7D02G535500,TRAESCS7D0

2G535600 

GO:BP 

cellular amino acid biosynthetic 

process GO:0008652 3.01E-02 1.52 391 547 13 42199 
TRAESCS1B02G222500,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS2B02G609800,TRAESCS2D02G196900,TRAESCS4A02G089800,TRAESCS4D02G327300,TRAESCS5A02G13130

0,TRAESCS5A02G177400,TRAESCS5A02G501900,TRAESCS5B02G403400,TRAESCS5D02G139800,TRAESCS6B02G302500 

GO:BP 

negative regulation of 

macromolecule metabolic process GO:0010605 3.09E-02 1.51 856 547 22 42199 

TRAESCS1A02G160900,TRAESCS1A02G333000,TRAESCS1A02G445500,TRAESCS2A02G252400,TRAESCS2B02G358800,TRAESCS2D02G090300,TRAESCS2D02G295300,TRAESCS3A02G1544

00,TRAESCS3B02G180800,TRAESCS3D02G231600,TRAESCS3D02G366200,TRAESCS4A02G197000,TRAESCS4A02G281500,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4D02G02

9200,TRAESCS6A02G223100,TRAESCS6A02G227900,TRAESCS6B02G253900,TRAESCS6D02G212100,TRAESCS7A02G002800,TRAESCS7D02G003300 

GO:BP heterocycle metabolic process GO:0046483 3.09E-02 1.51 8925 547 144 42199 

TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G173200,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G4640

00,TRAESCS1D02G041200,TRAESCS1D02G044200,TRAESCS1D02G132500,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G303900,TRAESCS1D02G3

32200,TRAESCS1D02G383400,TRAESCS1D02G411400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02

G507300,TRAESCS2B02G192900,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2D02G012000,TRAESCS2D02G074300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D

02G503900,TRAESCS2D02G565300,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G169900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS

3A02G325800,TRAESCS3A02G414700,TRAESCS3A02G429100,TRAESCS3A02G480900,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G233800,TRAESC

S3B02G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3B02G525400,TRAESCS3D02G123900,TRAESCS3D02G169600,TRAES

CS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS3D02G475600,TRAESCS4A02G089800,TRAESCS4A02G256800,TRA

ESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G044700,TRAESCS4D02G243900,TR

AESCS4D02G316900,TRAESCS4D02G327300,TRAESCS5A02G049100,TRAESCS5A02G100300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5A02G466100,

TRAESCS5A02G501900,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS5B02G384600,TRAESCS5B02G485300,TRAESCS5D02G112800

,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G292700,TRAESCS5D02G327300,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017

700,TRAESCS6A02G119000,TRAESCS6A02G223100,TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G201100,TRAESCS6B02G2

70600,TRAESCS6B02G302500,TRAESCS6B02G351900,TRAESCS6D02G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G164900,TRAESCS6D02

G212100,TRAESCS6D02G236200,TRAESCS6D02G362000,TRAESCS7A02G076500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7

A02G512300,TRAESCS7A02G516000,TRAESCS7B02G094000,TRAESCS7B02G205000,TRAESCS7B02G248100,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS

7B02G432400,TRAESCS7D02G072200,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G344100,TRAESCS7D02G344200,TRAESCS7D02G365200,TRAES

CS7D02G506300,TRAESCSU02G068900 

GO:BP 

imidazole-containing compound 

metabolic process GO:0052803 3.14E-02 1.50 21 547 3 42199 TRAESCS4D02G327300,TRAESCS5A02G501900,TRAESCS6B02G302500 

GO:BP 

cell wall hydroxyproline-rich 

glycoprotein metabolic process GO:0010404 3.14E-02 1.50 6 547 2 42199 TRAESCS4A02G013700,TRAESCS4D02G289100 

GO:BP 

regulation of cation 

transmembrane transport GO:1904062 3.14E-02 1.50 6 547 2 42199 TRAESCS5B02G185200,TRAESCS5D02G192100 

GO:BP 

positive regulation of ubiquitin 

protein ligase activity GO:1904668 3.14E-02 1.50 21 547 3 42199 TRAESCS3A02G527600,TRAESCS3B02G595600,TRAESCS6B02G296200 

GO:BP 

cell wall proteoglycan metabolic 

process GO:0010384 3.14E-02 1.50 6 547 2 42199 TRAESCS4A02G013700,TRAESCS4D02G289100 

GO:BP histidine biosynthetic process GO:0000105 3.14E-02 1.50 21 547 3 42199 TRAESCS4D02G327300,TRAESCS5A02G501900,TRAESCS6B02G302500 

GO:BP 

regulation of polysaccharide 

biosynthetic process GO:0032885 3.14E-02 1.50 6 547 2 42199 TRAESCS1B02G343500,TRAESCS1D02G332200 

GO:BP regulation of proton transport GO:0010155 3.14E-02 1.50 6 547 2 42199 TRAESCS5B02G185200,TRAESCS5D02G192100 

GO:BP 

regulation of glucan biosynthetic 

process GO:0010962 3.14E-02 1.50 6 547 2 42199 TRAESCS1B02G343500,TRAESCS1D02G332200 

GO:BP proteoglycan metabolic process GO:0006029 3.14E-02 1.50 6 547 2 42199 TRAESCS4A02G013700,TRAESCS4D02G289100 

GO:BP histidine metabolic process GO:0006547 3.14E-02 1.50 21 547 3 42199 TRAESCS4D02G327300,TRAESCS5A02G501900,TRAESCS6B02G302500 
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GO:BP disaccharide biosynthetic process GO:0046351 3.15E-02 1.50 72 547 5 42199 TRAESCS1A02G339300,TRAESCS1B02G351600,TRAESCS1D02G341100,TRAESCS2A02G161000,TRAESCS2B02G187000 

GO:BP oxoacid metabolic process GO:0043436 3.53E-02 1.45 2001 547 41 42199 

TRAESCS1A02G425100,TRAESCS1B02G169100,TRAESCS1B02G222500,TRAESCS1D02G041200,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS1D02G43410

0,TRAESCS2B02G192900,TRAESCS2B02G345400,TRAESCS2B02G609800,TRAESCS2D02G196900,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3A02G305

400,TRAESCS3A02G480900,TRAESCS3B02G525400,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS3D02G475600,TRAESCS4A02G089800,TRAESCS4D02G007200,TRAESCS4D02G2

43900,TRAESCS4D02G327300,TRAESCS5A02G131300,TRAESCS5A02G177400,TRAESCS5A02G501900,TRAESCS5B02G102400,TRAESCS5B02G403400,TRAESCS5D02G109200,TRAESCS5D02

G139800,TRAESCS6A02G017500,TRAESCS6B02G299700,TRAESCS6B02G302500,TRAESCS7A02G304700,TRAESCS7A02G512300,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B0

2G432400,TRAESCS7D02G506300 

GO:BP microtubule-based process GO:0007017 3.53E-02 1.45 407 547 13 42199 
TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1D02G047800,TRAESCS2A02G305500,TRAESCS2B02G229500,TRAESCS2B02G409900,TRAESCS3A02G169800,TRAESCS5A02G06980

0,TRAESCS6B02G365300,TRAESCS7A02G066300,TRAESCS7B02G304900,TRAESCS7D02G313500,TRAESCS7D02G399400 

GO:BP 

organic substance metabolic 

process GO:0071704 3.53E-02 1.45 26121 547 370 42199 

TRAESCS1A02G043600,TRAESCS1A02G087500,TRAESCS1A02G114900,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G233200,TRAESCS1A02G3044

00,TRAESCS1A02G333000,TRAESCS1A02G339300,TRAESCS1A02G402400,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1A02G445500,TRAESCS1B02G08

5500,TRAESCS1B02G094700,TRAESCS1B02G106400,TRAESCS1B02G129400,TRAESCS1B02G134800,TRAESCS1B02G154400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G17

3200,TRAESCS1B02G200200,TRAESCS1B02G222500,TRAESCS1B02G256600,TRAESCS1B02G294900,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G43

1400,TRAESCS1B02G433100,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G041200,TRAESCS1D02G044200,TRAESCS1D02G132500,TRAESCS1D02G136400,TRAESCS1D02G

142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G235500,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G341100,TRAESCS1D0

2G366800,TRAESCS1D02G371200,TRAESCS1D02G383400,TRAESCS1D02G410100,TRAESCS1D02G411400,TRAESCS1D02G419800,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2

A02G043100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G135400,TRAESCS2A02G159300,TRAESCS2A02G161000,TRAESCS2A02G189700,TRAESCS2A02G192200,TRAES

CS2A02G248200,TRAESCS2A02G252400,TRAESCS2A02G266700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G310300,TRAESCS2A02G334300,TRAESCS2A02G352100,TRA

ESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2A02G389600,TRAESCS2A02G400900,TRAESCS2A02G507300,TRAESCS2B02G159400,TRAESCS2B02G175500,TRAESCS2B02G187000,TR

AESCS2B02G192900,TRAESCS2B02G213800,TRAESCS2B02G214100,TRAESCS2B02G249900,TRAESCS2B02G269200,TRAESCS2B02G309100,TRAESCS2B02G327300,TRAESCS2B02G345400,TR

AESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2B02G609800,TRAESCS2D02G012000,TRAESCS2D02G022900,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G155200,T

RAESCS2D02G196900,TRAESCS2D02G198100,TRAESCS2D02G253800,TRAESCS2D02G295300,TRAESCS2D02G328900,TRAESCS2D02G386400,TRAESCS2D02G402200,TRAESCS2D02G42670

0,TRAESCS2D02G503900,TRAESCS2D02G565300,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G154400,TRAESCS3A02G159900,TRAESCS3A02G163300,TRAESCS3A02G16

9900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G216100,TRAESCS3A02G222300,TRAESCS3A02G290900,TRAESCS3A02G292700,TRAESCS3A02G305400,TRAESCS3A02

G325800,TRAESCS3A02G351500,TRAESCS3A02G365800,TRAESCS3A02G400600,TRAESCS3A02G414700,TRAESCS3A02G429100,TRAESCS3A02G480900,TRAESCS3A02G527600,TRAESCS3B

02G018100,TRAESCS3B02G141100,TRAESCS3B02G148500,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G233800,TRAESCS3B02G252500,TRAESCS3B02G278000,TRAESCS3B

02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G415800,TRAESCS3B02G437300,TRAESCS3B02G466800,TRAESCS3B

02G510500,TRAESCS3B02G525400,TRAESCS3B02G530500,TRAESCS3B02G544700,TRAESCS3B02G595600,TRAESCS3D02G018000,TRAESCS3D02G123900,TRAESCS3D02G141900,TRAESCS3

D02G164700,TRAESCS3D02G167100,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G230100,TRAESCS3D02G231600,TRAESCS3D02G249100,TRAES

CS3D02G295200,TRAESCS3D02G305500,TRAESCS3D02G319200,TRAESCS3D02G354500,TRAESCS3D02G358900,TRAESCS3D02G366200,TRAESCS3D02G369300,TRAESCS3D02G376500,TRA

ESCS3D02G424600,TRAESCS3D02G466500,TRAESCS3D02G475600,TRAESCS4A02G013700,TRAESCS4A02G089800,TRAESCS4A02G149300,TRAESCS4A02G197000,TRAESCS4A02G256800,T

RAESCS4A02G263900,TRAESCS4A02G281500,TRAESCS4A02G422300,TRAESCS4A02G485600,TRAESCS4A02G495800,TRAESCS4B02G031500,TRAESCS4B02G090000,TRAESCS4B02G137100,

TRAESCS4B02G138800,TRAESCS4B02G151800,TRAESCS4B02G157300,TRAESCS4B02G216900,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4B02G381900,TRAESCS4D02G007200,

TRAESCS4D02G011300,TRAESCS4D02G029200,TRAESCS4D02G044700,TRAESCS4D02G074800,TRAESCS4D02G082500,TRAESCS4D02G086000,TRAESCS4D02G171500,TRAESCS4D02G1852

00,TRAESCS4D02G199800,TRAESCS4D02G240600,TRAESCS4D02G243900,TRAESCS4D02G289100,TRAESCS4D02G316900,TRAESCS4D02G318400,TRAESCS4D02G327300,TRAESCS4D02G3

57800,TRAESCS5A02G049100,TRAESCS5A02G060300,TRAESCS5A02G100100,TRAESCS5A02G100300,TRAESCS5A02G131300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02

G177400,TRAESCS5A02G200800,TRAESCS5A02G236300,TRAESCS5A02G246000,TRAESCS5A02G295700,TRAESCS5A02G321500,TRAESCS5A02G395200,TRAESCS5A02G466100,TRAESCS5

A02G501900,TRAESCS5A02G547900,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G102400,TRAESCS5B02G105200,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS

5B02G199400,TRAESCS5B02G297300,TRAESCS5B02G299900,TRAESCS5B02G384600,TRAESCS5B02G400000,TRAESCS5B02G403400,TRAESCS5B02G405700,TRAESCS5B02G485300,TRAESCS

5D02G071900,TRAESCS5D02G109200,TRAESCS5D02G112800,TRAESCS5D02G139800,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G238500,TRAESCS5D02G292700,TRAES

CS5D02G327300,TRAESCS5D02G328300,TRAESCS5D02G403200,TRAESCS5D02G404500,TRAESCS5D02G411100,TRAESCS5D02G495500,TRAESCS6A02G017500,TRAESCS6A02G017600,TRA

ESCS6A02G017700,TRAESCS6A02G099600,TRAESCS6A02G117100,TRAESCS6A02G119000,TRAESCS6A02G154400,TRAESCS6A02G200300,TRAESCS6A02G207600,TRAESCS6A02G223100,T

RAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G096400,TRAESCS6B02G201100

,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G270600,TRAESCS6B02G279300,TRAESCS6B02G291800,TRAESCS6B02G296200,TRAESCS6B02G299700,TRAESCS6B02G302500,

TRAESCS6B02G305400,TRAESCS6B02G351900,TRAESCS6B02G410400,TRAESCS6B02G473000,TRAESCS6D02G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D02G03620

0,TRAESCS6D02G064100,TRAESCS6D02G082900,TRAESCS6D02G164900,TRAESCS6D02G168400,TRAESCS6D02G189600,TRAESCS6D02G210400,TRAESCS6D02G212100,TRAESCS6D02G23

6200,TRAESCS6D02G236400,TRAESCS6D02G244300,TRAESCS6D02G258000,TRAESCS6D02G288200,TRAESCS6D02G362000,TRAESCS7A02G002800,TRAESCS7A02G065700,TRAESCS7A02

G066300,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G105100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G236900,TRAESCS7A02G250800,TRAESCS7

A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G299300,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7A02G502400,TRAESCS7A02G504800,TRAES

CS7A02G511900,TRAESCS7A02G512300,TRAESCS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G022900,TRAESCS7B02G034600,TRAESCS7B02G048700,TRA

ESCS7B02G094000,TRAESCS7B02G131700,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G192200,TRAESCS7B02G197600,TRAESCS7B02G205000,TRAESCS7B02G214800,TRA

ESCS7B02G248100,TRAESCS7B02G260600,TRAESCS7B02G308200,TRAESCS7B02G320200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS7B02G423200,TRAESCS7B02G432400,TRA

ESCS7B02G455500,TRAESCS7B02G472400,TRAESCS7D02G003300,TRAESCS7D02G054800,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G199200,TR

AESCS7D02G212800,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAESCS7D02G284900,TRAESCS7D02G310800,

TRAESCS7D02G344100,TRAESCS7D02G344200,TRAESCS7D02G365200,TRAESCS7D02G487900,TRAESCS7D02G500300,TRAESCS7D02G500900,TRAESCS7D02G506300,TRAESCS7D02G5247

00,TRAESCS7D02G535500,TRAESCS7D02G535600,TRAESCSU02G068900,TRAESCSU02G110700,TRAESCSU02G138100,TRAESCSU02G207000 

GO:BP vesicle fusion GO:0006906 3.75E-02 1.43 23 547 3 42199 TRAESCS5A02G094300,TRAESCS5B02G100400,TRAESCS5D02G106600 

GO:BP mRNA modification GO:0016556 3.75E-02 1.43 23 547 3 42199 TRAESCS6A02G254900,TRAESCS6B02G270600,TRAESCS6D02G236200 

GO:BP organic acid metabolic process GO:0006082 3.75E-02 1.43 2011 547 41 42199 

TRAESCS1A02G425100,TRAESCS1B02G169100,TRAESCS1B02G222500,TRAESCS1D02G041200,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS1D02G43410

0,TRAESCS2B02G192900,TRAESCS2B02G345400,TRAESCS2B02G609800,TRAESCS2D02G196900,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3A02G305

400,TRAESCS3A02G480900,TRAESCS3B02G525400,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS3D02G475600,TRAESCS4A02G089800,TRAESCS4D02G007200,TRAESCS4D02G2

43900,TRAESCS4D02G327300,TRAESCS5A02G131300,TRAESCS5A02G177400,TRAESCS5A02G501900,TRAESCS5B02G102400,TRAESCS5B02G403400,TRAESCS5D02G109200,TRAESCS5D02

G139800,TRAESCS6A02G017500,TRAESCS6B02G299700,TRAESCS6B02G302500,TRAESCS7A02G304700,TRAESCS7A02G512300,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B0

2G432400,TRAESCS7D02G506300 

GO:BP coenzyme A metabolic process GO:0015936 3.75E-02 1.43 23 547 3 42199 TRAESCS3A02G169900,TRAESCS5D02G327300,TRAESCS6A02G277800 

GO:BP vesicle docking GO:0048278 3.76E-02 1.42 47 547 4 42199 TRAESCS4A02G025100,TRAESCS4D02G277500,TRAESCS5A02G106300,TRAESCS5B02G111300 

GO:BP 

alpha-amino acid biosynthetic 

process GO:1901607 4.47E-02 1.35 327 547 11 42199 
TRAESCS1D02G419800,TRAESCS2B02G609800,TRAESCS2D02G196900,TRAESCS4A02G089800,TRAESCS4D02G327300,TRAESCS5A02G131300,TRAESCS5A02G177400,TRAESCS5A02G5019

00,TRAESCS5B02G403400,TRAESCS5D02G139800,TRAESCS6B02G302500 
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GO:BP carboxylic acid metabolic process GO:0019752 4.47E-02 1.35 1976 547 40 42199 

TRAESCS1A02G425100,TRAESCS1B02G169100,TRAESCS1B02G222500,TRAESCS1D02G041200,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G419800,TRAESCS1D02G43410

0,TRAESCS2B02G192900,TRAESCS2B02G345400,TRAESCS2B02G609800,TRAESCS2D02G196900,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G186200,TRAESCS3A02G305

400,TRAESCS3A02G480900,TRAESCS3B02G525400,TRAESCS3D02G169600,TRAESCS3D02G190200,TRAESCS3D02G475600,TRAESCS4A02G089800,TRAESCS4D02G007200,TRAESCS4D02G2

43900,TRAESCS4D02G327300,TRAESCS5A02G131300,TRAESCS5A02G177400,TRAESCS5A02G501900,TRAESCS5B02G102400,TRAESCS5B02G403400,TRAESCS5D02G109200,TRAESCS5D02

G139800,TRAESCS6B02G299700,TRAESCS6B02G302500,TRAESCS7A02G304700,TRAESCS7A02G512300,TRAESCS7A02G516000,TRAESCS7B02G205000,TRAESCS7B02G432400,TRAESCS7D0

2G506300 

GO:BP 

organic substance biosynthetic 

process GO:1901576 4.47E-02 1.35 10222 547 160 42199 

TRAESCS1A02G043600,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G339300,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1B02G085500,TRAESCS1B02G12940

0,TRAESCS1B02G169100,TRAESCS1B02G222500,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G433100,TRAESCS1B02G449700,TRAESCS1B02G46400

0,TRAESCS1D02G041200,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G34

1100,TRAESCS1D02G371200,TRAESCS1D02G411400,TRAESCS1D02G419800,TRAESCS1D02G427400,TRAESCS2A02G044800,TRAESCS2A02G161000,TRAESCS2A02G189700,TRAESCS2A02

G292700,TRAESCS2A02G297400,TRAESCS2A02G310300,TRAESCS2A02G352100,TRAESCS2B02G187000,TRAESCS2B02G192900,TRAESCS2B02G213800,TRAESCS2B02G309100,TRAESCS2B0

2G327300,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2B02G609800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G196900,TRAESCS2D02G198100,TRAESCS2

D02G295300,TRAESCS2D02G328900,TRAESCS2D02G386400,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G169900,TRAES

CS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G292700,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRA

ESCS3B02G278000,TRAESCS3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G437300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRA

ESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS4A02G013700,TRAESCS4A02G089800,T

RAESCS4B02G090000,TRAESCS4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G086000,TRAESCS4D02G240600,TRAESCS4D02G243900,

TRAESCS4D02G289100,TRAESCS4D02G316900,TRAESCS4D02G327300,TRAESCS5A02G049100,TRAESCS5A02G131300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G1774

00,TRAESCS5A02G295700,TRAESCS5A02G466100,TRAESCS5A02G501900,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5B02G403400,TRAESCS5D02G139

800,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G292700,TRAESCS5D02G327300,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G

017700,TRAESCS6A02G117100,TRAESCS6A02G154400,TRAESCS6A02G223100,TRAESCS6A02G235300,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G302500,TRAESCS6D0

2G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G362000,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7

A02G120300,TRAESCS7A02G133500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAES

CS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G205000,TRAE

SCS7B02G214800,TRAESCS7B02G308200,TRAESCS7B02G403200,TRAESCS7B02G432400,TRAESCS7B02G472400,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRA

ESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G365200,TRAESCS7D02G506300,T

RAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP organelle membrane fusion GO:0090174 4.50E-02 1.35 25 547 3 42199 TRAESCS5A02G094300,TRAESCS5B02G100400,TRAESCS5D02G106600 

GO:BP cellular biosynthetic process GO:0044249 4.50E-02 1.35 10087 547 158 42199 

TRAESCS1A02G043600,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G339300,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1B02G085500,TRAESCS1B02G12940

0,TRAESCS1B02G169100,TRAESCS1B02G173200,TRAESCS1B02G222500,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G433100,TRAESCS1B02G44970

0,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G341

100,TRAESCS1D02G371200,TRAESCS1D02G411400,TRAESCS1D02G419800,TRAESCS1D02G427400,TRAESCS2A02G044800,TRAESCS2A02G161000,TRAESCS2A02G189700,TRAESCS2A02G

292700,TRAESCS2A02G297400,TRAESCS2A02G310300,TRAESCS2A02G352100,TRAESCS2B02G187000,TRAESCS2B02G192900,TRAESCS2B02G213800,TRAESCS2B02G309100,TRAESCS2B02

G327300,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2B02G609800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D02G196900,TRAESCS2D02G198100,TRAESCS2D

02G295300,TRAESCS2D02G328900,TRAESCS2D02G386400,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G169900,TRAESCS

3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G292700,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAES

CS3B02G278000,TRAESCS3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G437300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAES

CS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS4A02G013700,TRAESCS4A02G089800,TRA

ESCS4B02G090000,TRAESCS4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G086000,TRAESCS4D02G240600,TRAESCS4D02G243900,TR

AESCS4D02G289100,TRAESCS4D02G316900,TRAESCS4D02G327300,TRAESCS5A02G049100,TRAESCS5A02G131300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G177400,

TRAESCS5A02G295700,TRAESCS5A02G466100,TRAESCS5A02G501900,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5B02G403400,TRAESCS5D02G13980

0,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G292700,TRAESCS5D02G327300,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017500,TRAESCS6A02G01

7600,TRAESCS6A02G017700,TRAESCS6A02G117100,TRAESCS6A02G154400,TRAESCS6A02G223100,TRAESCS6A02G235300,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G

302500,TRAESCS6D02G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G212100,TRAESCS6D02G362000,TRAESCS7A02G070100,TRAESCS7A0

2G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G287400,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7

A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAESCS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G183300,TRAESCS7B02G205000,TRAESCS7B02G214800,TRAESCS

7B02G308200,TRAESCS7B02G403200,TRAESCS7B02G432400,TRAESCS7B02G472400,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G232200,TRAESC

S7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G365200,TRAESCS7D02G506300,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP 

cellular aromatic compound 

metabolic process GO:0006725 4.70E-02 1.33 9091 547 144 42199 

TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G160900,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G333000,TRAESCS1A02G403500,TRAESCS1B02G0855

00,TRAESCS1B02G129400,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G173200,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G433100,TRAESCS1B02G4640

00,TRAESCS1D02G041200,TRAESCS1D02G044200,TRAESCS1D02G132500,TRAESCS1D02G142900,TRAESCS1D02G158000,TRAESCS1D02G198800,TRAESCS1D02G303900,TRAESCS1D02G3

32200,TRAESCS1D02G383400,TRAESCS1D02G411400,TRAESCS2A02G044800,TRAESCS2A02G189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02

G507300,TRAESCS2B02G192900,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2D02G012000,TRAESCS2D02G074300,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D

02G503900,TRAESCS2D02G565300,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3A02G163300,TRAESCS3A02G169900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS

3A02G325800,TRAESCS3A02G414700,TRAESCS3A02G429100,TRAESCS3A02G480900,TRAESCS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G233800,TRAESC

S3B02G278000,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAESCS3B02G466800,TRAESCS3B02G525400,TRAESCS3D02G123900,TRAESCS3D02G169600,TRAES

CS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G424600,TRAESCS3D02G475600,TRAESCS4A02G089800,TRAESCS4A02G256800,TRA

ESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TRAESCS4D02G044700,TRAESCS4D02G243900,TR

AESCS4D02G316900,TRAESCS4D02G327300,TRAESCS5A02G049100,TRAESCS5A02G100300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G295700,TRAESCS5A02G466100,

TRAESCS5A02G501900,TRAESCS5B02G054200,TRAESCS5B02G062900,TRAESCS5B02G154100,TRAESCS5B02G196800,TRAESCS5B02G384600,TRAESCS5B02G485300,TRAESCS5D02G112800

,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G292700,TRAESCS5D02G327300,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017600,TRAESCS6A02G017

700,TRAESCS6A02G119000,TRAESCS6A02G223100,TRAESCS6A02G235300,TRAESCS6A02G254900,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G201100,TRAESCS6B02G2

70600,TRAESCS6B02G302500,TRAESCS6B02G351900,TRAESCS6D02G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D02G036200,TRAESCS6D02G164900,TRAESCS6D02

G212100,TRAESCS6D02G236200,TRAESCS6D02G362000,TRAESCS7A02G076500,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7

A02G512300,TRAESCS7A02G516000,TRAESCS7B02G094000,TRAESCS7B02G205000,TRAESCS7B02G248100,TRAESCS7B02G308200,TRAESCS7B02G363200,TRAESCS7B02G403200,TRAESCS

7B02G432400,TRAESCS7D02G072200,TRAESCS7D02G232200,TRAESCS7D02G248600,TRAESCS7D02G265600,TRAESCS7D02G344100,TRAESCS7D02G344200,TRAESCS7D02G365200,TRAES

CS7D02G506300,TRAESCSU02G068900 

GO:BP shikimate metabolic process GO:0019632 4.84E-02 1.31 8 547 2 42199 TRAESCS5B02G102400,TRAESCS5D02G109200 

GO:BP 

regulation of polysaccharide 

metabolic process GO:0032881 4.84E-02 1.31 8 547 2 42199 TRAESCS1B02G343500,TRAESCS1D02G332200 

GO:BP biosynthetic process GO:0009058 4.87E-02 1.31 10699 547 166 42199 

TRAESCS1A02G043600,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G339300,TRAESCS1A02G403500,TRAESCS1A02G419600,TRAESCS1B02G085500,TRAESCS1B02G12940

0,TRAESCS1B02G169100,TRAESCS1B02G173200,TRAESCS1B02G222500,TRAESCS1B02G298100,TRAESCS1B02G343500,TRAESCS1B02G351600,TRAESCS1B02G433100,TRAESCS1B02G44970

0,TRAESCS1B02G464000,TRAESCS1D02G041200,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G198800,TRAESCS1D02G211700,TRAESCS1D02G303900,TRAESCS1D02G332
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200,TRAESCS1D02G341100,TRAESCS1D02G371200,TRAESCS1D02G411400,TRAESCS1D02G419800,TRAESCS1D02G427400,TRAESCS2A02G044800,TRAESCS2A02G161000,TRAESCS2A02G

189700,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G310300,TRAESCS2A02G352100,TRAESCS2B02G187000,TRAESCS2B02G192900,TRAESCS2B02G213800,TRAESCS2B02

G280600,TRAESCS2B02G309100,TRAESCS2B02G327300,TRAESCS2B02G355400,TRAESCS2B02G358800,TRAESCS2B02G609800,TRAESCS2D02G074300,TRAESCS2D02G090300,TRAESCS2D0

2G196900,TRAESCS2D02G198100,TRAESCS2D02G295300,TRAESCS2D02G328900,TRAESCS2D02G386400,TRAESCS2D02G503900,TRAESCS3A02G080700,TRAESCS3A02G111500,TRAESCS3

A02G163300,TRAESCS3A02G169900,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G292700,TRAESCS3A02G305400,TRAESCS3A02G325800,TRAESCS3A02G429100,TRAES

CS3B02G141100,TRAESCS3B02G180800,TRAESCS3B02G204200,TRAESCS3B02G278000,TRAESCS3B02G327500,TRAESCS3B02G330800,TRAESCS3B02G354900,TRAESCS3B02G412300,TRAES

CS3B02G437300,TRAESCS3B02G466800,TRAESCS3D02G123900,TRAESCS3D02G169600,TRAESCS3D02G179800,TRAESCS3D02G190200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRA

ESCS3D02G424600,TRAESCS4A02G013700,TRAESCS4A02G089800,TRAESCS4B02G090000,TRAESCS4B02G138800,TRAESCS4B02G239700,TRAESCS4B02G268800,TRAESCS4D02G011300,TR

AESCS4D02G086000,TRAESCS4D02G240600,TRAESCS4D02G243900,TRAESCS4D02G289100,TRAESCS4D02G316900,TRAESCS4D02G327300,TRAESCS5A02G049100,TRAESCS5A02G059300,

TRAESCS5A02G131300,TRAESCS5A02G155900,TRAESCS5A02G174200,TRAESCS5A02G177400,TRAESCS5A02G295700,TRAESCS5A02G466100,TRAESCS5A02G501900,TRAESCS5B02G0542

00,TRAESCS5B02G154100,TRAESCS5B02G384600,TRAESCS5B02G403400,TRAESCS5D02G139800,TRAESCS5D02G161000,TRAESCS5D02G178800,TRAESCS5D02G292700,TRAESCS5D02G32

7300,TRAESCS5D02G403200,TRAESCS5D02G495500,TRAESCS6A02G017500,TRAESCS6A02G017600,TRAESCS6A02G017700,TRAESCS6A02G117100,TRAESCS6A02G154400,TRAESCS6A02

G223100,TRAESCS6A02G235300,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6B02G302500,TRAESCS6D02G019800,TRAESCS6D02G021800,TRAESCS6D02G023500,TRAESCS6D

02G036200,TRAESCS6D02G212100,TRAESCS6D02G362000,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G250800,TRAESCS

7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287400,TRAESCS7A02G304700,TRAESCS7A02G357500,TRAESCS7A02G516000,TRAESCS7A02G549200,TRAESCS7A02G549300,TRAES

CS7B02G048700,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G205000,TRAESCS7B02G214800,TRAESCS7B02G308200,TRAESCS7B02G403200,TRAES

CS7B02G432400,TRAESCS7B02G472400,TRAESCS7D02G057200,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G133100,TRAESCS7D02G232200,TRAESCS7D02G248600,TRA

ESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G365200,TRAESCS7D02G506300,TRAESCS7D02G535500,TRAESCS7D02G535600 

GO:BP hexose metabolic process GO:0019318 4.90E-02 1.31 242 547 9 42199 
TRAESCS1A02G087500,TRAESCS1B02G094700,TRAESCS1B02G106400,TRAESCS1D02G041200,TRAESCS2A02G159300,TRAESCS3A02G365800,TRAESCS3D02G358900,TRAESCS7A02G23690

0,TRAESCS7D02G199200 

GO:CC intracellular GO:0005622 2.76E-10 9.56 16172 393 262 32923 

TRAESCS1A02G004500,TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G158800,TRAESCS1A02G165700,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G4024

00,TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1B02G094700,TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1B02G155600,TRAESCS1B02G169100,TRAESCS1B02G173

200,TRAESCS1B02G200200,TRAESCS1B02G224200,TRAESCS1B02G233500,TRAESCS1B02G257500,TRAESCS1B02G271800,TRAESCS1B02G343500,TRAESCS1B02G431400,TRAESCS1B02G449

700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G198800,TRAESCS1D02G281000,TRAESCS1D02G303900,TRAESCS1D02G329300,TRAESCS1D02G3

32200,TRAESCS1D02G366800,TRAESCS1D02G383400,TRAESCS1D02G410100,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02

G159300,TRAESCS2A02G189700,TRAESCS2A02G251900,TRAESCS2A02G270000,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G320700,TRAESCS2A02G352100,TRAESCS2

A02G359000,TRAESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2A02G389600,TRAESCS2A02G400900,TRAESCS2A02G402700,TRAESCS2A02G455000,TRAESCS2A02G517100,TRAES

CS2A02G521300,TRAESCS2B02G175500,TRAESCS2B02G191200,TRAESCS2B02G213800,TRAESCS2B02G271800,TRAESCS2B02G309100,TRAESCS2B02G325100,TRAESCS2B02G355400,TRAES

CS2B02G409900,TRAESCS2B02G609800,TRAESCS2D02G074300,TRAESCS2D02G155200,TRAESCS2D02G172100,TRAESCS2D02G196900,TRAESCS2D02G198100,TRAESCS2D02G226900,TRA

ESCS2D02G252700,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAESCS2D02G358000,TRAESCS2D02G426700,TRAESCS2D02G503900,TRAESCS2D02G560000,TRAESCS2D02G565300,T

RAESCS3A02G077600,TRAESCS3A02G111500,TRAESCS3A02G154400,TRAESCS3A02G179700,TRAESCS3A02G186200,TRAESCS3A02G190300,TRAESCS3A02G195200,TRAESCS3A02G21010

0,TRAESCS3A02G216400,TRAESCS3A02G325800,TRAESCS3A02G402600,TRAESCS3A02G414700,TRAESCS3A02G421500,TRAESCS3B02G018100,TRAESCS3B02G085200,TRAESCS3B02G124

100,TRAESCS3B02G141100,TRAESCS3B02G142300,TRAESCS3B02G219200,TRAESCS3B02G240600,TRAESCS3B02G278000,TRAESCS3B02G281200,TRAESCS3B02G313400,TRAESCS3B02G354

900,TRAESCS3B02G376000,TRAESCS3B02G400200,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G436000,TRAESCS3B02G437300,TRAESCS3D02G018000,TRAESCS3D02G19

0200,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G397600,TRAESCS4A02G013700,TRAESCS4A02G025100,TRAESCS4A02G050200,TRAESCS4A02G149300,TRAESCS4A02

G225800,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4A02G409000,TRAESCS4B02G006500,TRAESCS4B02G031500,TRAESCS4B02G042600,TRAESCS4B02G090000,TRAESCS4B0

2G138800,TRAESCS4B02G178900,TRAESCS4B02G239700,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G385200,TRAESCS4D02G007200,TRAESCS4D02G011300,TRAESCS4D

02G086000,TRAESCS4D02G098500,TRAESCS4D02G167100,TRAESCS4D02G229400,TRAESCS4D02G240600,TRAESCS4D02G254200,TRAESCS4D02G277500,TRAESCS4D02G289100,TRAESCS

4D02G304500,TRAESCS4D02G318400,TRAESCS4D02G327300,TRAESCS5A02G049100,TRAESCS5A02G069800,TRAESCS5A02G094300,TRAESCS5A02G106300,TRAESCS5A02G132300,TRAES

CS5A02G155900,TRAESCS5A02G295700,TRAESCS5A02G395200,TRAESCS5A02G466100,TRAESCS5A02G485700,TRAESCS5A02G501900,TRAESCS5B02G054200,TRAESCS5B02G058400,TRA

ESCS5B02G100400,TRAESCS5B02G111300,TRAESCS5B02G154100,TRAESCS5B02G177800,TRAESCS5B02G185200,TRAESCS5B02G265400,TRAESCS5B02G299900,TRAESCS5B02G378700,TRA

ESCS5B02G400000,TRAESCS5B02G405700,TRAESCS5B02G426000,TRAESCS5D02G048400,TRAESCS5D02G051200,TRAESCS5D02G076100,TRAESCS5D02G106600,TRAESCS5D02G161000,TR

AESCS5D02G192100,TRAESCS5D02G238500,TRAESCS5D02G242900,TRAESCS5D02G328300,TRAESCS5D02G388600,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS5D02G404500,

TRAESCS5D02G411100,TRAESCS5D02G521800,TRAESCS5D02G550700,TRAESCS6A02G075400,TRAESCS6A02G117100,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G2340

00,TRAESCS6A02G250800,TRAESCS6A02G254900,TRAESCS6A02G258600,TRAESCS6A02G418900,TRAESCS6A02G420800,TRAESCS6B02G100100,TRAESCS6B02G148100,TRAESCS6B02G20

1100,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G262800,TRAESCS6B02G270600,TRAESCS6B02G274600,TRAESCS6B02G299700,TRAESCS6B02G352100,TRAESCS6B02G40

8800,TRAESCS6B02G450700,TRAESCS6D02G021800,TRAESCS6D02G040500,TRAESCS6D02G040600,TRAESCS6D02G109700,TRAESCS6D02G159400,TRAESCS6D02G164900,TRAESCS6D02G

168400,TRAESCS6D02G210400,TRAESCS6D02G236200,TRAESCS6D02G251100,TRAESCS6D02G258000,TRAESCS7A02G066300,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A0

2G120300,TRAESCS7A02G133500,TRAESCS7A02G135000,TRAESCS7A02G135100,TRAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7

A02G251400,TRAESCS7A02G268600,TRAESCS7A02G287000,TRAESCS7A02G287400,TRAESCS7A02G357500,TRAESCS7A02G516000,TRAESCS7B02G028500,TRAESCS7B02G071400,TRAESC

S7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G166900,TRAESCS7B02G183300,TRAESCS7B02G197600,TRAESCS7B02G214800,TRAESCS7B02G363200,TRAESCS7D02G072200,TRAESC

S7D02G117800,TRAESCS7D02G127400,TRAESCS7D02G128900,TRAESCS7D02G133100,TRAESCS7D02G135000,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G282200,TRAE

SCS7D02G284900,TRAESCS7D02G310800,TRAESCS7D02G313500,TRAESCS7D02G344400,TRAESCS7D02G365200,TRAESCS7D02G383400,TRAESCS7D02G525900,TRAESCSU02G068900,TRA

ESCSU02G207000 

GO:CC membrane-bounded organelle GO:0043227 4.60E-09 8.34 11792 393 204 32923 

TRAESCS1A02G004500,TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G158800,TRAESCS1A02G165700,TRAESCS1A02G190100,TRAESCS1A02G233200,TRAESCS1A02G3044

00,TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1B02G094700,TRAESCS1B02G123200,TRAESCS1B02G155600,TRAESCS1B02G173200,TRAESCS1B02G224200,TRAESCS1B02G257

500,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G281000,TRAESCS1D02G303900,TRAESCS1D02G3

32200,TRAESCS1D02G366800,TRAESCS1D02G383400,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G159300,TRAESCS2A02

G189700,TRAESCS2A02G251900,TRAESCS2A02G270000,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2

A02G389600,TRAESCS2A02G400900,TRAESCS2A02G402700,TRAESCS2A02G455000,TRAESCS2B02G175500,TRAESCS2B02G191200,TRAESCS2B02G271800,TRAESCS2B02G309100,TRAESCS

2B02G325100,TRAESCS2B02G355400,TRAESCS2D02G074300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G252700,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAES

CS2D02G503900,TRAESCS2D02G560000,TRAESCS2D02G565300,TRAESCS3A02G154400,TRAESCS3A02G179700,TRAESCS3A02G190300,TRAESCS3A02G195200,TRAESCS3A02G210100,TRA

ESCS3A02G216400,TRAESCS3A02G325800,TRAESCS3A02G414700,TRAESCS3A02G421500,TRAESCS3B02G018100,TRAESCS3B02G085200,TRAESCS3B02G124100,TRAESCS3B02G141100,TR

AESCS3B02G142300,TRAESCS3B02G219200,TRAESCS3B02G240600,TRAESCS3B02G278000,TRAESCS3B02G281200,TRAESCS3B02G313400,TRAESCS3B02G354900,TRAESCS3B02G400200,TR

AESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G437300,TRAESCS3D02G018000,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G462100,TRAESCS4A02G013700,T

RAESCS4A02G050200,TRAESCS4A02G149300,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4A02G409000,TRAESCS4B02G031500,TRAESCS4B02G042600,TRAESCS4B02G239700,

TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G385200,TRAESCS4D02G007200,TRAESCS4D02G011300,TRAESCS4D02G167100,TRAESCS4D02G229400,TRAESCS4D02G24060

0,TRAESCS4D02G254200,TRAESCS4D02G289100,TRAESCS4D02G304500,TRAESCS5A02G049100,TRAESCS5A02G094300,TRAESCS5A02G132300,TRAESCS5A02G155900,TRAESCS5A02G28

8300,TRAESCS5A02G295700,TRAESCS5A02G395200,TRAESCS5A02G466100,TRAESCS5A02G485700,TRAESCS5B02G054200,TRAESCS5B02G058400,TRAESCS5B02G100400,TRAESCS5B02G1

54100,TRAESCS5B02G177800,TRAESCS5B02G185200,TRAESCS5B02G265400,TRAESCS5B02G299900,TRAESCS5B02G378700,TRAESCS5B02G400000,TRAESCS5B02G405700,TRAESCS5B02G4

20300,TRAESCS5B02G426000,TRAESCS5D02G048400,TRAESCS5D02G051200,TRAESCS5D02G076100,TRAESCS5D02G106600,TRAESCS5D02G161000,TRAESCS5D02G192100,TRAESCS5D02

G238500,TRAESCS5D02G242900,TRAESCS5D02G328300,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS5D02G404500,TRAESCS5D02G411100,TRAESCS5D02G521800,TRAESCS6

A02G075400,TRAESCS6A02G117100,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G254900,TRAESCS6A02G258600,TRAESCS6A02G277800,TRAES

CS6A02G418900,TRAESCS6A02G420800,TRAESCS6B02G100100,TRAESCS6B02G201100,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G262800,TRAESCS6B02G270600,TRAE

SCS6B02G299700,TRAESCS6B02G352100,TRAESCS6B02G408800,TRAESCS6B02G450700,TRAESCS6D02G040500,TRAESCS6D02G159400,TRAESCS6D02G168400,TRAESCS6D02G210400,TRA

ESCS6D02G236200,TRAESCS6D02G258000,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G135000,TRAESCS7A02G135100,T

RAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287000,TRAESCS7A02G287400,TRAESCS7A02G35750
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0,TRAESCS7B02G028500,TRAESCS7B02G071400,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G197600,TRAESCS7B02G363200,TRAESCS7D02G07220

0,TRAESCS7D02G117800,TRAESCS7D02G127400,TRAESCS7D02G128900,TRAESCS7D02G133100,TRAESCS7D02G135000,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G28

4900,TRAESCS7D02G344400,TRAESCS7D02G365200,TRAESCS7D02G383400,TRAESCS7D02G525900,TRAESCSU02G068900,TRAESCSU02G207000 

GO:CC 

intracellular membrane-bounded 

organelle GO:0043231 9.95E-09 8.00 11380 393 197 32923 

TRAESCS1A02G004500,TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G158800,TRAESCS1A02G165700,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G4196

00,TRAESCS1A02G425100,TRAESCS1B02G094700,TRAESCS1B02G123200,TRAESCS1B02G155600,TRAESCS1B02G173200,TRAESCS1B02G224200,TRAESCS1B02G257500,TRAESCS1B02G3435

00,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G281000,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G36

6800,TRAESCS1D02G383400,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G159300,TRAESCS2A02G189700,TRAESCS2A02

G251900,TRAESCS2A02G270000,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2A02G389600,TRAESCS2

A02G400900,TRAESCS2A02G402700,TRAESCS2A02G455000,TRAESCS2B02G175500,TRAESCS2B02G191200,TRAESCS2B02G271800,TRAESCS2B02G309100,TRAESCS2B02G325100,TRAESCS

2B02G355400,TRAESCS2D02G074300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G252700,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAES

CS2D02G560000,TRAESCS2D02G565300,TRAESCS3A02G154400,TRAESCS3A02G179700,TRAESCS3A02G190300,TRAESCS3A02G210100,TRAESCS3A02G216400,TRAESCS3A02G325800,TRA

ESCS3A02G414700,TRAESCS3A02G421500,TRAESCS3B02G018100,TRAESCS3B02G085200,TRAESCS3B02G124100,TRAESCS3B02G141100,TRAESCS3B02G142300,TRAESCS3B02G219200,TR

AESCS3B02G240600,TRAESCS3B02G278000,TRAESCS3B02G313400,TRAESCS3B02G354900,TRAESCS3B02G400200,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G437300,TR

AESCS3D02G018000,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS4A02G013700,TRAESCS4A02G050200,TRAESCS4A02G149300,TRAESCS4A02G256800,TRAESCS4A02G281500,

TRAESCS4A02G409000,TRAESCS4B02G031500,TRAESCS4B02G042600,TRAESCS4B02G239700,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G385200,TRAESCS4D02G007200

,TRAESCS4D02G011300,TRAESCS4D02G167100,TRAESCS4D02G229400,TRAESCS4D02G240600,TRAESCS4D02G254200,TRAESCS4D02G289100,TRAESCS4D02G304500,TRAESCS5A02G049

100,TRAESCS5A02G094300,TRAESCS5A02G132300,TRAESCS5A02G155900,TRAESCS5A02G295700,TRAESCS5A02G395200,TRAESCS5A02G466100,TRAESCS5A02G485700,TRAESCS5B02G0

54200,TRAESCS5B02G058400,TRAESCS5B02G100400,TRAESCS5B02G154100,TRAESCS5B02G177800,TRAESCS5B02G185200,TRAESCS5B02G265400,TRAESCS5B02G299900,TRAESCS5B02G3

78700,TRAESCS5B02G400000,TRAESCS5B02G405700,TRAESCS5B02G426000,TRAESCS5D02G048400,TRAESCS5D02G051200,TRAESCS5D02G076100,TRAESCS5D02G106600,TRAESCS5D02

G161000,TRAESCS5D02G192100,TRAESCS5D02G238500,TRAESCS5D02G242900,TRAESCS5D02G328300,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS5D02G404500,TRAESCS5

D02G411100,TRAESCS5D02G521800,TRAESCS6A02G075400,TRAESCS6A02G117100,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G254900,TRAES

CS6A02G258600,TRAESCS6A02G418900,TRAESCS6A02G420800,TRAESCS6B02G100100,TRAESCS6B02G201100,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G262800,TRAE

SCS6B02G270600,TRAESCS6B02G299700,TRAESCS6B02G352100,TRAESCS6B02G408800,TRAESCS6B02G450700,TRAESCS6D02G040500,TRAESCS6D02G159400,TRAESCS6D02G168400,TRA

ESCS6D02G210400,TRAESCS6D02G236200,TRAESCS6D02G258000,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G135000,T

RAESCS7A02G135100,TRAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287000,TRAESCS7A02G28740

0,TRAESCS7A02G357500,TRAESCS7B02G028500,TRAESCS7B02G071400,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G197600,TRAESCS7B02G36320

0,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G127400,TRAESCS7D02G128900,TRAESCS7D02G133100,TRAESCS7D02G135000,TRAESCS7D02G249500,TRAESCS7D02G26

5600,TRAESCS7D02G284900,TRAESCS7D02G344400,TRAESCS7D02G365200,TRAESCS7D02G383400,TRAESCS7D02G525900,TRAESCSU02G068900,TRAESCSU02G207000 

GO:CC nucleus GO:0005634 3.87E-08 7.41 6945 393 135 32923 

TRAESCS1A02G004500,TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1B02G155600,TRAESCS1B02G173200,TRAESCS1B02G34350

0,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G303900,TRAESCS1D02G332200,TRAESCS1D02G366800,TRAESCS1D02G383400,TRAESCS2A02G044

800,TRAESCS2A02G104500,TRAESCS2A02G189700,TRAESCS2A02G251900,TRAESCS2A02G270000,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G

382000,TRAESCS2A02G389600,TRAESCS2A02G402700,TRAESCS2B02G271800,TRAESCS2B02G309100,TRAESCS2B02G355400,TRAESCS2D02G074300,TRAESCS2D02G198100,TRAESCS2D02

G252700,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS2D02G560000,TRAESCS3A02G154400,TRAESCS3A02G179700,TRAESCS3A02G190300,TRAESCS3

A02G210100,TRAESCS3A02G216400,TRAESCS3A02G325800,TRAESCS3A02G414700,TRAESCS3B02G018100,TRAESCS3B02G085200,TRAESCS3B02G124100,TRAESCS3B02G141100,TRAESCS

3B02G142300,TRAESCS3B02G219200,TRAESCS3B02G240600,TRAESCS3B02G278000,TRAESCS3B02G354900,TRAESCS3B02G400200,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS

3D02G018000,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS4A02G050200,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4A02G409000,TRAESCS4B02G031500,TRAES

CS4B02G042600,TRAESCS4B02G239700,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G385200,TRAESCS4D02G011300,TRAESCS4D02G167100,TRAESCS4D02G229400,TRAE

SCS4D02G254200,TRAESCS4D02G304500,TRAESCS5A02G049100,TRAESCS5A02G155900,TRAESCS5A02G295700,TRAESCS5B02G054200,TRAESCS5B02G154100,TRAESCS5B02G177800,TRA

ESCS5B02G265400,TRAESCS5B02G299900,TRAESCS5B02G378700,TRAESCS5B02G426000,TRAESCS5D02G048400,TRAESCS5D02G051200,TRAESCS5D02G076100,TRAESCS5D02G161000,TR

AESCS5D02G238500,TRAESCS5D02G242900,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS6A02G075400,TRAESCS6A02G117100,TRAESCS6A02G226600,TRAESCS6A02G227900,

TRAESCS6A02G254900,TRAESCS6A02G258600,TRAESCS6A02G418900,TRAESCS6A02G420800,TRAESCS6B02G100100,TRAESCS6B02G201100,TRAESCS6B02G253900,TRAESCS6B02G25600

0,TRAESCS6B02G270600,TRAESCS6B02G352100,TRAESCS6B02G408800,TRAESCS6B02G450700,TRAESCS6D02G040500,TRAESCS6D02G159400,TRAESCS6D02G168400,TRAESCS6D02G2104

00,TRAESCS6D02G236200,TRAESCS7A02G076500,TRAESCS7A02G135000,TRAESCS7A02G135100,TRAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G2

50900,TRAESCS7A02G357500,TRAESCS7B02G028500,TRAESCS7B02G071400,TRAESCS7B02G094000,TRAESCS7B02G197600,TRAESCS7B02G363200,TRAESCS7D02G072200,TRAESCS7D02G

127400,TRAESCS7D02G135000,TRAESCS7D02G265600,TRAESCS7D02G344400,TRAESCS7D02G365200,TRAESCS7D02G383400,TRAESCS7D02G525900,TRAESCSU02G068900,TRAESCSU02

G207000 

GO:CC organelle GO:0043226 1.77E-06 5.75 13402 393 213 32923 

TRAESCS1A02G004500,TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G158800,TRAESCS1A02G165700,TRAESCS1A02G190100,TRAESCS1A02G233200,TRAESCS1A02G3044

00,TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1B02G094700,TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1B02G155600,TRAESCS1B02G173200,TRAESCS1B02G224

200,TRAESCS1B02G257500,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G281000,TRAESCS1D02G30

3900,TRAESCS1D02G332200,TRAESCS1D02G366800,TRAESCS1D02G383400,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02

G159300,TRAESCS2A02G189700,TRAESCS2A02G251900,TRAESCS2A02G270000,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G382000,TRAESCS2

A02G386700,TRAESCS2A02G389600,TRAESCS2A02G400900,TRAESCS2A02G402700,TRAESCS2A02G455000,TRAESCS2A02G521300,TRAESCS2B02G175500,TRAESCS2B02G191200,TRAESC

S2B02G271800,TRAESCS2B02G309100,TRAESCS2B02G325100,TRAESCS2B02G355400,TRAESCS2B02G409900,TRAESCS2D02G074300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAES

CS2D02G226900,TRAESCS2D02G252700,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS2D02G560000,TRAESCS2D02G565300,TRAESCS3A02G077600,TRA

ESCS3A02G154400,TRAESCS3A02G179700,TRAESCS3A02G190300,TRAESCS3A02G195200,TRAESCS3A02G210100,TRAESCS3A02G216400,TRAESCS3A02G325800,TRAESCS3A02G414700,T

RAESCS3A02G421500,TRAESCS3B02G018100,TRAESCS3B02G085200,TRAESCS3B02G124100,TRAESCS3B02G141100,TRAESCS3B02G142300,TRAESCS3B02G219200,TRAESCS3B02G240600,T

RAESCS3B02G278000,TRAESCS3B02G281200,TRAESCS3B02G313400,TRAESCS3B02G354900,TRAESCS3B02G400200,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G437300,T

RAESCS3D02G018000,TRAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS3D02G462100,TRAESCS4A02G013700,TRAESCS4A02G050200,TRAESCS4A02G149300,TRAESCS4A02G25680

0,TRAESCS4A02G281500,TRAESCS4A02G409000,TRAESCS4B02G031500,TRAESCS4B02G042600,TRAESCS4B02G239700,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G3852

00,TRAESCS4D02G007200,TRAESCS4D02G011300,TRAESCS4D02G167100,TRAESCS4D02G229400,TRAESCS4D02G240600,TRAESCS4D02G254200,TRAESCS4D02G289100,TRAESCS4D02G3

04500,TRAESCS5A02G049100,TRAESCS5A02G069800,TRAESCS5A02G094300,TRAESCS5A02G132300,TRAESCS5A02G155900,TRAESCS5A02G288300,TRAESCS5A02G295700,TRAESCS5A02

G395200,TRAESCS5A02G466100,TRAESCS5A02G485700,TRAESCS5B02G054200,TRAESCS5B02G058400,TRAESCS5B02G100400,TRAESCS5B02G154100,TRAESCS5B02G177800,TRAESCS5B0

2G185200,TRAESCS5B02G265400,TRAESCS5B02G299900,TRAESCS5B02G378700,TRAESCS5B02G400000,TRAESCS5B02G405700,TRAESCS5B02G420300,TRAESCS5B02G426000,TRAESCS5D0

2G048400,TRAESCS5D02G051200,TRAESCS5D02G076100,TRAESCS5D02G106600,TRAESCS5D02G161000,TRAESCS5D02G192100,TRAESCS5D02G238500,TRAESCS5D02G242900,TRAESCS5

D02G328300,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS5D02G404500,TRAESCS5D02G411100,TRAESCS5D02G521800,TRAESCS6A02G075400,TRAESCS6A02G117100,TRAES

CS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G254900,TRAESCS6A02G258600,TRAESCS6A02G277800,TRAESCS6A02G418900,TRAESCS6A02G420800,TRA

ESCS6B02G100100,TRAESCS6B02G201100,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G262800,TRAESCS6B02G270600,TRAESCS6B02G299700,TRAESCS6B02G352100,TRA

ESCS6B02G408800,TRAESCS6B02G450700,TRAESCS6D02G040500,TRAESCS6D02G040600,TRAESCS6D02G159400,TRAESCS6D02G168400,TRAESCS6D02G210400,TRAESCS6D02G236200,TR

AESCS6D02G258000,TRAESCS7A02G066300,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G135000,TRAESCS7A02G135100,

TRAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G251400,TRAESCS7A02G287000,TRAESCS7A02G287400,TRAESCS7A02G3575

00,TRAESCS7B02G028500,TRAESCS7B02G071400,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G183300,TRAESCS7B02G197600,TRAESCS7B02G363200,TRAESCS7D02G0722

00,TRAESCS7D02G117800,TRAESCS7D02G127400,TRAESCS7D02G128900,TRAESCS7D02G133100,TRAESCS7D02G135000,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G2

84900,TRAESCS7D02G313500,TRAESCS7D02G344400,TRAESCS7D02G365200,TRAESCS7D02G383400,TRAESCS7D02G525900,TRAESCSU02G068900,TRAESCSU02G207000 

GO:CC intracellular organelle GO:0043229 4.46E-06 5.35 13158 393 208 32923 

TRAESCS1A02G004500,TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G158800,TRAESCS1A02G165700,TRAESCS1A02G190100,TRAESCS1A02G304400,TRAESCS1A02G4196

00,TRAESCS1A02G425100,TRAESCS1B02G094700,TRAESCS1B02G118200,TRAESCS1B02G123200,TRAESCS1B02G155600,TRAESCS1B02G173200,TRAESCS1B02G224200,TRAESCS1B02G2575

00,TRAESCS1B02G343500,TRAESCS1B02G449700,TRAESCS1B02G464000,TRAESCS1D02G044200,TRAESCS1D02G142900,TRAESCS1D02G281000,TRAESCS1D02G303900,TRAESCS1D02G33

2200,TRAESCS1D02G366800,TRAESCS1D02G383400,TRAESCS1D02G427400,TRAESCS1D02G434100,TRAESCS2A02G044800,TRAESCS2A02G104500,TRAESCS2A02G159300,TRAESCS2A02

G189700,TRAESCS2A02G251900,TRAESCS2A02G270000,TRAESCS2A02G292700,TRAESCS2A02G297400,TRAESCS2A02G352100,TRAESCS2A02G382000,TRAESCS2A02G386700,TRAESCS2
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A02G389600,TRAESCS2A02G400900,TRAESCS2A02G402700,TRAESCS2A02G455000,TRAESCS2A02G521300,TRAESCS2B02G175500,TRAESCS2B02G191200,TRAESCS2B02G271800,TRAESC

S2B02G309100,TRAESCS2B02G325100,TRAESCS2B02G355400,TRAESCS2B02G409900,TRAESCS2D02G074300,TRAESCS2D02G155200,TRAESCS2D02G198100,TRAESCS2D02G226900,TRAES

CS2D02G252700,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAESCS2D02G503900,TRAESCS2D02G560000,TRAESCS2D02G565300,TRAESCS3A02G077600,TRAESCS3A02G154400,TRA

ESCS3A02G179700,TRAESCS3A02G190300,TRAESCS3A02G195200,TRAESCS3A02G210100,TRAESCS3A02G216400,TRAESCS3A02G325800,TRAESCS3A02G414700,TRAESCS3A02G421500,T

RAESCS3B02G018100,TRAESCS3B02G085200,TRAESCS3B02G124100,TRAESCS3B02G141100,TRAESCS3B02G142300,TRAESCS3B02G219200,TRAESCS3B02G240600,TRAESCS3B02G278000,T

RAESCS3B02G281200,TRAESCS3B02G313400,TRAESCS3B02G354900,TRAESCS3B02G400200,TRAESCS3B02G412300,TRAESCS3B02G413800,TRAESCS3B02G437300,TRAESCS3D02G018000,T

RAESCS3D02G249100,TRAESCS3D02G319200,TRAESCS4A02G013700,TRAESCS4A02G050200,TRAESCS4A02G149300,TRAESCS4A02G256800,TRAESCS4A02G281500,TRAESCS4A02G40900

0,TRAESCS4B02G031500,TRAESCS4B02G042600,TRAESCS4B02G239700,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4B02G385200,TRAESCS4D02G007200,TRAESCS4D02G0113

00,TRAESCS4D02G167100,TRAESCS4D02G229400,TRAESCS4D02G240600,TRAESCS4D02G254200,TRAESCS4D02G289100,TRAESCS4D02G304500,TRAESCS5A02G049100,TRAESCS5A02G0

69800,TRAESCS5A02G094300,TRAESCS5A02G132300,TRAESCS5A02G155900,TRAESCS5A02G295700,TRAESCS5A02G395200,TRAESCS5A02G466100,TRAESCS5A02G485700,TRAESCS5B02

G054200,TRAESCS5B02G058400,TRAESCS5B02G100400,TRAESCS5B02G154100,TRAESCS5B02G177800,TRAESCS5B02G185200,TRAESCS5B02G265400,TRAESCS5B02G299900,TRAESCS5B02

G378700,TRAESCS5B02G400000,TRAESCS5B02G405700,TRAESCS5B02G426000,TRAESCS5D02G048400,TRAESCS5D02G051200,TRAESCS5D02G076100,TRAESCS5D02G106600,TRAESCS5D

02G161000,TRAESCS5D02G192100,TRAESCS5D02G238500,TRAESCS5D02G242900,TRAESCS5D02G328300,TRAESCS5D02G396600,TRAESCS5D02G403200,TRAESCS5D02G404500,TRAESCS

5D02G411100,TRAESCS5D02G521800,TRAESCS6A02G075400,TRAESCS6A02G117100,TRAESCS6A02G226600,TRAESCS6A02G227900,TRAESCS6A02G234000,TRAESCS6A02G254900,TRAES

CS6A02G258600,TRAESCS6A02G418900,TRAESCS6A02G420800,TRAESCS6B02G100100,TRAESCS6B02G201100,TRAESCS6B02G253900,TRAESCS6B02G256000,TRAESCS6B02G262800,TRAE

SCS6B02G270600,TRAESCS6B02G299700,TRAESCS6B02G352100,TRAESCS6B02G408800,TRAESCS6B02G450700,TRAESCS6D02G040500,TRAESCS6D02G040600,TRAESCS6D02G159400,TRA

ESCS6D02G168400,TRAESCS6D02G210400,TRAESCS6D02G236200,TRAESCS6D02G258000,TRAESCS7A02G066300,TRAESCS7A02G070100,TRAESCS7A02G076500,TRAESCS7A02G120300,T

RAESCS7A02G133500,TRAESCS7A02G135000,TRAESCS7A02G135100,TRAESCS7A02G135200,TRAESCS7A02G146400,TRAESCS7A02G250800,TRAESCS7A02G250900,TRAESCS7A02G25140

0,TRAESCS7A02G287000,TRAESCS7A02G287400,TRAESCS7A02G357500,TRAESCS7B02G028500,TRAESCS7B02G071400,TRAESCS7B02G094000,TRAESCS7B02G139700,TRAESCS7B02G1833

00,TRAESCS7B02G197600,TRAESCS7B02G363200,TRAESCS7D02G072200,TRAESCS7D02G117800,TRAESCS7D02G127400,TRAESCS7D02G128900,TRAESCS7D02G133100,TRAESCS7D02G13

5000,TRAESCS7D02G249500,TRAESCS7D02G265600,TRAESCS7D02G284900,TRAESCS7D02G313500,TRAESCS7D02G344400,TRAESCS7D02G365200,TRAESCS7D02G383400,TRAESCS7D02

G525900,TRAESCSU02G068900,TRAESCSU02G207000 

GO:CC amyloplast GO:0009501 5.66E-06 5.25 22 393 6 32923 TRAESCS1D02G427400,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7B02G183300,TRAESCS7D02G117800,TRAESCS7D02G284900 

GO:CC isoamylase complex GO:0043033 4.20E-05 4.38 3 393 3 32923 TRAESCS7A02G251400,TRAESCS7B02G139700,TRAESCS7D02G249500 

GO:CC chloroplast isoamylase complex GO:0010368 4.20E-05 4.38 3 393 3 32923 TRAESCS7A02G251400,TRAESCS7B02G139700,TRAESCS7D02G249500 

GO:CC RNAi effector complex GO:0031332 1.36E-04 3.87 4 393 3 32923 TRAESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4D02G029200 

GO:CC RISC complex GO:0016442 1.36E-04 3.87 4 393 3 32923 TRAESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4D02G029200 

GO:CC CCR4-NOT core complex GO:0030015 2.87E-04 3.54 27 393 5 32923 TRAESCS1A02G304400,TRAESCS1D02G303900,TRAESCS4D02G011300,TRAESCS5A02G295700,TRAESCS6A02G418900 

GO:CC DNA polymerase III complex GO:0009360 4.24E-04 3.37 15 393 4 32923 TRAESCS4B02G090000,TRAESCS4D02G086000,TRAESCS7B02G214800,TRAESCS7D02G310800 

GO:CC Set1C/COMPASS complex GO:0048188 2.86E-03 2.54 10 393 3 32923 TRAESCS4A02G050200,TRAESCS4B02G254400,TRAESCS4D02G254200 

GO:CC CCR4-NOT complex GO:0030014 2.86E-03 2.54 70 393 6 32923 TRAESCS1A02G304400,TRAESCS1D02G303900,TRAESCS4A02G225800,TRAESCS4D02G011300,TRAESCS5A02G295700,TRAESCS6A02G418900 

GO:CC transferase complex GO:1990234 3.45E-03 2.46 580 393 18 32923 

TRAESCS1B02G233500,TRAESCS2A02G270000,TRAESCS2D02G269000,TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS4A02G050200,TRAESCS4B02G042600,TRAESCS4B02G09000

0,TRAESCS4B02G254400,TRAESCS4D02G086000,TRAESCS4D02G240600,TRAESCS4D02G254200,TRAESCS5D02G403200,TRAESCS6A02G154400,TRAESCS7B02G048700,TRAESCS7B02G214

800,TRAESCS7D02G282200,TRAESCS7D02G310800 

GO:CC DNA polymerase complex GO:0042575 3.72E-03 2.43 27 393 4 32923 TRAESCS4B02G090000,TRAESCS4D02G086000,TRAESCS7B02G214800,TRAESCS7D02G310800 

GO:CC 

AP-type membrane coat adaptor 

complex GO:0030119 4.01E-03 2.40 50 393 5 32923 TRAESCS2B02G191200,TRAESCS2D02G172100,TRAESCS3A02G421500,TRAESCS6D02G251100,TRAESCS7D02G128900 

GO:CC clathrin adaptor complex GO:0030131 7.34E-03 2.13 33 393 4 32923 TRAESCS2B02G191200,TRAESCS2D02G172100,TRAESCS6D02G251100,TRAESCS7D02G128900 

GO:CC catalytic complex GO:1902494 8.81E-03 2.05 1156 393 27 32923 

TRAESCS1A02G137000,TRAESCS1A02G233200,TRAESCS1B02G155600,TRAESCS1B02G233500,TRAESCS2A02G270000,TRAESCS2A02G320700,TRAESCS2D02G269000,TRAESCS3A02G29270

0,TRAESCS3B02G327500,TRAESCS4A02G050200,TRAESCS4B02G042600,TRAESCS4B02G090000,TRAESCS4B02G254400,TRAESCS4D02G007200,TRAESCS4D02G086000,TRAESCS4D02G2406

00,TRAESCS4D02G254200,TRAESCS5B02G299900,TRAESCS5D02G403200,TRAESCS6A02G154400,TRAESCS7A02G251400,TRAESCS7B02G048700,TRAESCS7B02G139700,TRAESCS7B02G214

800,TRAESCS7D02G249500,TRAESCS7D02G282200,TRAESCS7D02G310800 

GO:CC AP-4 adaptor complex GO:0030124 8.95E-03 2.05 4 393 2 32923 TRAESCS2B02G191200,TRAESCS3A02G421500 

GO:CC histone methyltransferase complex GO:0035097 1.23E-02 1.91 18 393 3 32923 TRAESCS4A02G050200,TRAESCS4B02G254400,TRAESCS4D02G254200 

GO:CC 

1,3-beta-D-glucan synthase 

complex GO:0000148 1.27E-02 1.90 40 393 4 32923 TRAESCS3A02G292700,TRAESCS3B02G327500,TRAESCS6A02G154400,TRAESCS7B02G048700 

GO:CC elongin complex GO:0070449 1.93E-02 1.71 6 393 2 32923 TRAESCS1A02G043600,TRAESCS1D02G044200 

GO:CC signal recognition particle GO:0048500 1.97E-02 1.71 46 393 4 32923 TRAESCS1D02G329300,TRAESCS3A02G402600,TRAESCS3B02G436000,TRAESCS3D02G397600 
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GO:CC membrane coat GO:0030117 2.01E-02 1.70 154 393 7 32923 TRAESCS1B02G257500,TRAESCS2B02G191200,TRAESCS2D02G172100,TRAESCS3A02G195200,TRAESCS3A02G421500,TRAESCS6D02G251100,TRAESCS7D02G128900 

GO:CC clathrin coat GO:0030118 2.01E-02 1.70 47 393 4 32923 TRAESCS2B02G191200,TRAESCS2D02G172100,TRAESCS6D02G251100,TRAESCS7D02G128900 

GO:CC coated membrane GO:0048475 2.01E-02 1.70 154 393 7 32923 TRAESCS1B02G257500,TRAESCS2B02G191200,TRAESCS2D02G172100,TRAESCS3A02G195200,TRAESCS3A02G421500,TRAESCS6D02G251100,TRAESCS7D02G128900 

GO:CC cytoplasm GO:0005737 2.01E-02 1.70 7523 393 114 32923 

TRAESCS1A02G158800,TRAESCS1A02G165700,TRAESCS1A02G419600,TRAESCS1A02G425100,TRAESCS1B02G094700,TRAESCS1B02G169100,TRAESCS1B02G173200,TRAESCS1B02G20020

0,TRAESCS1B02G224200,TRAESCS1B02G233500,TRAESCS1B02G257500,TRAESCS1B02G449700,TRAESCS1D02G198800,TRAESCS1D02G281000,TRAESCS1D02G329300,TRAESCS1D02G4274

00,TRAESCS1D02G434100,TRAESCS2A02G104500,TRAESCS2A02G159300,TRAESCS2A02G359000,TRAESCS2A02G386700,TRAESCS2A02G400900,TRAESCS2A02G455000,TRAESCS2A02G5

17100,TRAESCS2B02G175500,TRAESCS2B02G191200,TRAESCS2B02G213800,TRAESCS2B02G325100,TRAESCS2B02G609800,TRAESCS2D02G155200,TRAESCS2D02G172100,TRAESCS2D02G

196900,TRAESCS2D02G358000,TRAESCS2D02G426700,TRAESCS2D02G565300,TRAESCS3A02G077600,TRAESCS3A02G111500,TRAESCS3A02G154400,TRAESCS3A02G186200,TRAESCS3A0

2G195200,TRAESCS3A02G402600,TRAESCS3A02G421500,TRAESCS3B02G281200,TRAESCS3B02G376000,TRAESCS3B02G413800,TRAESCS3B02G436000,TRAESCS3B02G437300,TRAESCS3D

02G190200,TRAESCS3D02G397600,TRAESCS4A02G013700,TRAESCS4A02G025100,TRAESCS4A02G149300,TRAESCS4A02G281500,TRAESCS4B02G031500,TRAESCS4D02G007200,TRAESCS

4D02G240600,TRAESCS4D02G277500,TRAESCS4D02G289100,TRAESCS4D02G318400,TRAESCS4D02G327300,TRAESCS5A02G094300,TRAESCS5A02G106300,TRAESCS5A02G132300,TRAES

CS5A02G395200,TRAESCS5A02G466100,TRAESCS5A02G485700,TRAESCS5A02G501900,TRAESCS5B02G058400,TRAESCS5B02G100400,TRAESCS5B02G111300,TRAESCS5B02G185200,TRAE

SCS5B02G299900,TRAESCS5B02G400000,TRAESCS5B02G405700,TRAESCS5D02G106600,TRAESCS5D02G192100,TRAESCS5D02G328300,TRAESCS5D02G388600,TRAESCS5D02G404500,TRA

ESCS5D02G411100,TRAESCS5D02G521800,TRAESCS5D02G550700,TRAESCS6A02G234000,TRAESCS6A02G250800,TRAESCS6A02G254900,TRAESCS6B02G148100,TRAESCS6B02G262800,TR

AESCS6B02G270600,TRAESCS6B02G274600,TRAESCS6B02G299700,TRAESCS6B02G450700,TRAESCS6D02G109700,TRAESCS6D02G164900,TRAESCS6D02G236200,TRAESCS6D02G251100,T

RAESCS6D02G258000,TRAESCS7A02G070100,TRAESCS7A02G120300,TRAESCS7A02G133500,TRAESCS7A02G251400,TRAESCS7A02G268600,TRAESCS7A02G287000,TRAESCS7A02G28740

0,TRAESCS7A02G516000,TRAESCS7B02G071400,TRAESCS7B02G139700,TRAESCS7B02G166900,TRAESCS7B02G183300,TRAESCS7B02G363200,TRAESCS7D02G117800,TRAESCS7D02G1289

00,TRAESCS7D02G133100,TRAESCS7D02G249500,TRAESCS7D02G284900 

GO:CC protein-containing complex GO:0032991 2.70E-02 1.57 4863 393 78 32923 

TRAESCS1A02G043600,TRAESCS1A02G137000,TRAESCS1A02G233200,TRAESCS1A02G304400,TRAESCS1B02G155600,TRAESCS1B02G233500,TRAESCS1B02G257500,TRAESCS1D02G04420

0,TRAESCS1D02G303900,TRAESCS1D02G329300,TRAESCS1D02G383400,TRAESCS2A02G270000,TRAESCS2A02G297400,TRAESCS2A02G320700,TRAESCS2B02G191200,TRAESCS2B02G409

900,TRAESCS2D02G172100,TRAESCS2D02G269000,TRAESCS2D02G295300,TRAESCS3A02G195200,TRAESCS3A02G292700,TRAESCS3A02G402600,TRAESCS3A02G414700,TRAESCS3A02G

421500,TRAESCS3B02G327500,TRAESCS3B02G436000,TRAESCS3D02G397600,TRAESCS4A02G025100,TRAESCS4A02G050200,TRAESCS4A02G225800,TRAESCS4A02G256800,TRAESCS4A02

G281500,TRAESCS4B02G031500,TRAESCS4B02G042600,TRAESCS4B02G090000,TRAESCS4B02G254400,TRAESCS4B02G268800,TRAESCS4D02G007200,TRAESCS4D02G011300,TRAESCS4D0

2G029200,TRAESCS4D02G086000,TRAESCS4D02G240600,TRAESCS4D02G254200,TRAESCS4D02G277500,TRAESCS5A02G106300,TRAESCS5A02G295700,TRAESCS5B02G111300,TRAESCS5

B02G299900,TRAESCS5D02G048400,TRAESCS5D02G238500,TRAESCS5D02G242900,TRAESCS5D02G388600,TRAESCS5D02G403200,TRAESCS5D02G521800,TRAESCS6A02G075400,TRAESC

S6A02G117100,TRAESCS6A02G154400,TRAESCS6A02G418900,TRAESCS6B02G100100,TRAESCS6B02G148100,TRAESCS6B02G201100,TRAESCS6D02G021800,TRAESCS6D02G040500,TRAES

CS6D02G040600,TRAESCS6D02G109700,TRAESCS6D02G251100,TRAESCS7A02G251400,TRAESCS7B02G028500,TRAESCS7B02G048700,TRAESCS7B02G139700,TRAESCS7B02G214800,TRAE

SCS7D02G127400,TRAESCS7D02G128900,TRAESCS7D02G249500,TRAESCS7D02G282200,TRAESCS7D02G310800,TRAESCS7D02G383400,TRAESCSU02G068900 

GO:CC nuclear exosome (RNase complex) GO:0000176 2.71E-02 1.57 8 393 2 32923 TRAESCS1A02G137000,TRAESCS1B02G155600 

GO:CC nuclear speck GO:0016607 2.71E-02 1.57 27 393 3 32923 TRAESCS6A02G254900,TRAESCS6B02G270600,TRAESCS6D02G236200 

GO:CC methyltransferase complex GO:0034708 2.71E-02 1.57 27 393 3 32923 TRAESCS4A02G050200,TRAESCS4B02G254400,TRAESCS4D02G254200 

GO:CC nucleoplasm GO:0005654 4.20E-02 1.38 489 393 13 32923 
TRAESCS1A02G043600,TRAESCS1D02G044200,TRAESCS2A02G270000,TRAESCS2D02G269000,TRAESCS4A02G050200,TRAESCS4A02G256800,TRAESCS4B02G042600,TRAESCS4B02G25440

0,TRAESCS4D02G254200,TRAESCS5D02G403200,TRAESCS6A02G254900,TRAESCS6B02G270600,TRAESCS6D02G236200 
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Supplementary Table 4.10. Papain family cysteine proteases (CysProt) genes and inhibitors of 

CysProt genes differentially expressed (DE) in E82 leaf tissue. 

  
Leaf 

WT vs E82 

Gene name Gene ID Log2FC FDR 

CysProt inhibitor 

genes 
   

Icy1-2 TraesCS1B02G322100 -1.49 * 

Icy1-2 TraesCS1D02G310300 -1.48 ** 

Icy8 (HvCPI8) TraesCS2A02G126100 -2.33 *** 

Icy8 (HvCPI8) TraesCS2D02G128900 -2.23 *** 

Icy2 (HvCPI2) TraesCS5D02G502200 7.20 * 

CysProt genes    

RD19D TraesCS2A02G187400 4.37 *** 

Triticain beta 

(HvPap7) 
TraesCS2A02G545700 -3.82 *** 

Psy1-D1 TraesCS3D02G232500 7.86 *** 

HvPap14 ortholog TraesCS3A02G348500 6.15 ** 

HvPap1 ortholog TraesCS5A02G326100 -1.03 * 

NA TraesCS4A02G252800 -1.26 * 

NA TraesCS4B02G062500 -1.35 * 

HvPap4 ortholog TraesCS5B02G138300 7.15 * 

HvPap4 ortholog TraesCS5D02G152400 7.84 ** 

NA: non-assigned. 

FC: Fold-Change. 

FDR: False Discovery Rate. 

*, FDR < 0.05; **, FDR < 0.01; ***, FDR < 0.001. 

 

Supplementary Table 4.11. Differentially expressed (DE) genes encoding serine-type proteases 

in E82 leaf against the wild type (WT). 

 
Leaf 

WT vs E82 

Gene ID Log2FC FDR 

TraesCS1A02G178200 -1.47 * 

TraesCS1A02G178300 -1.33 * 

TraesCS1A02G187300 6.75 *** 

TraesCS1B02G110400 -10.12 *** 

TraesCS1B02G246100 6.91 * 

TraesCS1B02G434100 -2.97 *** 

TraesCS1B02G472100 1.35 * 

TraesCS2A02G398900 5.76 * 

TraesCS2A02G401000 7.64 ** 

TraesCS3A02G181400 5.85 * 

TraesCS3A02G182700 6.89 ** 

TraesCS3B02G211400 6.90 *** 

TraesCS3B02G212700 8.18 ** 

TraesCS3B02G337400 -2.06 ** 

TraesCS3B02G431900 8.16 ** 
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Leaf 

WT vs E82 

Gene ID Log2FC FDR 

TraesCS4B02G352100 -8.37 ** 

TraesCS4D02G076000 -1.28 * 

TraesCS4D02G350300 7.33 ** 

TraesCS5A02G318800 6.21 * 

TraesCS5A02G526000 -7.63 * 

TraesCS5B02G404600 9.58 *** 

TraesCS6A02G161600 -1.38 * 

TraesCS6A02G220500 1.11 * 

TraesCS6B02G041200 7.60 ** 

TraesCS6D02G319900 -3.18 *** 

TraesCS7A02G124000 3.82 * 

TraesCS7A02G510000 7.42 * 

TraesCS7B02G128300 9.54 ** 

TraesCS7B02G168100 -1.62 ** 

TraesCS7D02G121200 -1.40 * 

TraesCS7D02G470100 8.04 *** 

TraesCS1A02G178200 -1.47 * 

TraesCS1A02G178300 -1.33 * 

TraesCS1A02G187300 6.75 *** 

TraesCS1B02G110400 -10.12 *** 

FC: Fold-Change. 

FDR: False Discovery Rate. 

*, FDR < 0.05; **, FDR < 0.01; ***, FDR < 0.001. 

 

Supplementary Table 4.12. Differentially expressed (DE) genes encoding sugar and amino acid 

transporters in the leaf of E82. 

  
Leaf 

WT vs E82 

Gene name Gene ID Log2FC FDR 

SUT1A TraesCS4A02G016400 -1.67 *** 

SUT1C TraesCS4B02G287800 -1.65 ** 

SUT1D TraesCS4D02G286500 -1.60 ** 

TaCWIN TraesCS2B02G311900 5.18 * 

TaCWIN TraesCS2D02G293200 5.20 * 

TaSWEET13b-6D TraesCS6D02G367300 -2.09 *** 

TaSWEET13d-6B TraesCS6B02G421700 -2.57 *** 

TaSWEET13e-6A TraesCS6A02G382600 -2.88 ** 

TaSWEET13f-6D TraesCS6D02G367400 -2.87 *** 

TaSWEET13g-6B TraesCS6B02G421800 -2.76 ** 

TaSWEET13h-6B TraesCS6B02G421500 -2.94 ** 

TaSWEET13i-6B TraesCS6B02G421600 -2.38 *** 

TaSWEET15a-7D TraesCS7D02G149000 -10.77 *** 

TaSWEET15b-7A TraesCS7A02G147300 -2.76 ** 

TaSWEET15c-7B TraesCS7B02G050500 -9.18 *** 

TaSWEET1a1-3B TraesCS3B02G441800 4.76 ** 

TaSWEET4a-6A TraesCS6A02G218800 -1.26 * 

TaSWEET4b-6B TraesCS6B02G248300 -1.51 ** 
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Leaf 

WT vs E82 

Gene name Gene ID Log2FC FDR 

TaSWEET6b17-7D TraesCS7D02G160600 2.58 * 

TaAAP1-1D TraesCS1D02G264700 -1.83 * 

TaAAP12-4A TraesCS4A02G215300 -1.81 ** 

TaAAP12-4B TraesCS4B02G100800 -1.51 * 

TaAAP14-5A TraesCS5A02G115100 -1.64 * 

TaAAP14-5B TraesCS5B02G116100 -1.73 * 

TaAAP14-5D TraesCS5D02G125700 -2.00 ** 

TaAAP15-5B TraesCS5B02G120800 -2.66 ** 

TaAAP15-Un TraesCSU02G134900 -2.77 ** 

TaAAP17-6D TraesCS6D02G265800 -2.47 * 

TaAAP2-2A TraesCS2A02G268200 -2.73 ** 

TaAAP22-7A TraesCS7A02G356639 6.46 ** 

TaAAP3-2D TraesCS2D02G331800 -2.08 * 

TaAAP6-2A TraesCS2A02G499800 9.02 *** 

TaAAP8-3A TraesCS3A02G388000 8.11 * 

TaAAP9-3A TraesCS3A02G388100 -2.85 * 

TaAAP9-3B TraesCS3B02G420600 -3.32 *** 

TaAAP9-3D TraesCS3D02G381400 -2.76 *** 

TaANT6-6D TraesCS6D02G235500 10.55 *** 

TaATLa1-3D TraesCS3D02G340400 -4.26 ** 

TaATLa6-7A TraesCS7A02G517100 6.12 ** 

TaATLb2-2A TraesCS2A02G052500 8.22 ** 

TaATLb3-2D TraesCS2D02G280800 -2.42 * 

TaAUX2-1B TraesCS1B02G287300 6.51 * 

TaAUX3-3A TraesCS3A02G369200 -1.51 * 

TaAUX3-3B TraesCS3B02G401000 -2.00 ** 

TaBAT4-3A TraesCS3A02G484600 -11.34 *** 

TaCAT5-4B TraesCS4B02G013800 9.07 *** 

TaLHT3-2D TraesCS2D02G402900 8.99 *** 

TaLHT5-5A TraesCS5A02G089400 9.68 *** 

TaLHT5-5B TraesCS5B02G095400 9.09 *** 

TaProT1-2B TraesCS2B02G287200 1.45 * 

TaProT2-3A TraesCS3A02G414300 -3.29 ** 

TaProT2-3B TraesCS3B02G449100 -4.17 *** 

TaProT2-3D TraesCS3D02G408800 -3.76 *** 

TaProT3-4A TraesCS4A02G179500 -2.01 *** 

TaTTP3-4A TraesCS4A02G083100 2.73 *** 

FC: Fold-Change. 

FDR: False Discovery Rate. 

ns: non-significant; *, FDR < 0.05; **, FDR < 0.01; ***, FDR < 0.001. 
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CHAPTER V 

________________________________ 

Unraveling the celiac disease-related immunogenic complexes in a 

set of wheat and tritordeum genotypes: implications for low-

gluten precision breeding in cereal crops 
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Abstract 

The development of low-gluten immunogenic cereal varieties is a suitable way 

to fight the increment of pathologies associated with the consumption of cereals. 

Although RNAi and CRISPR/Cas technologies were effective in providing low-gluten 

wheat, the regulatory framework, particularly in the European Union, is an obstacle to 

the short- or medium-term implementation of such lines. In the present work, we carried 

out a high throughput amplicon sequencing of two highly immunogenic complexes of 

wheat gliadins in a set of bread and durum wheat, and tritordeum genotypes. Bread 

wheat lines harboring the 1BL/1RS translocation were included in the analysis and their 

amplicons successfully identified. The number of celiac disease (CD) epitopes and their 

abundances were determined in the alpha- and gamma-gliadin amplicons, including 

40k-γ-secalin ones. Bread wheat genotypes not containing the 1BL/1RS translocation 

showed a higher average number of both alpha- and gamma-gliadin epitopes than those 

containing such translocation. Interestingly, alpha-gliadin amplicons not containing CD 

epitopes accounted for the highest abundance (around 53%), and the alpha- and gamma-

gliadin amplicons with the highest number of epitopes were present in the D-

subgenome. The durum wheat and tritordeum lines showed the lowest number of alpha- 

and gamma-gliadin CD epitopes. Our results allow progress in unraveling the 

immunogenic complexes of alpha- and gamma-gliadins and can contribute to the 

development of low-immunogenic varieties within precision breeding programs, by 

crossing or by CRISPR/Cas gene editing. 

Keywords: amplicon, alpha-gliadins, gamma-gliadins, precision breeding, wheat, 

CRISPR/Cas 

  



162 
 

Resumen 

El desarrollo de variedades de cereales con bajo contenido en gluten 

inmunogénico es una vía para combatir el incremento de patologías asociadas al 

consumo de cereales. Si bien las tecnologías ARNi y CRISPR/Cas fueron efectivas para 

proporcionar trigo bajo en gluten, el marco regulatorio, particularmente en la Unión 

Europea, es un obstáculo para la implementación a corto o medio plazo de dichas líneas. 

En el presente trabajo, llevamos a cabo la secuenciación de alto rendimiento de 

amplicones de dos complejos altamente inmunogénicos de gliadinas en un conjunto de 

genotipos de trigo harinero y duro, y tritórdeo. Las líneas de trigo harinero que 

albergaban la translocación 1BL/1RS se incluyeron en el análisis, y sus amplicones se 

identificaron con éxito. Se determinó el número de epítopos relacionados con la 

enfermedad celíaca (EC) y sus abundancias en los amplicones de alfa- y gamma-

gliadinas, incluidos los de 40k-γ-secalinas. Los genotipos de trigo harinero que no 

contenían la translocación 1BL/1RS mostraron un número promedio más alto de 

epítopos de alfa- y gamma-gliadinas que aquellos que contenían dicha translocación. 

Curiosamente, los amplicones de alfa-gliadinas que no contenían epítopos de la EC 

representaron la mayor abundancia (alrededor del 53%), y los amplicones con el mayor 

número de epítopos estaban presenten en el subgenoma D. Las líneas de trigo duro y 

tritórdeo mostraron el número más bajo de epítopos de la EC de alfa- y gamma-

gliadinas. Nuestros resultados permiten avanzar en el desentrañamiento de los 

complejos inmunogénicos de las gliadinas y pueden contribuir al desarrollo de 

variedades de baja inmunogenicidad dentro de los programas de mejora de presión, 

mediante cruce o edición de genes por CRISPR/Cas. 

Palabras clave: amplicón, alfa-gliadinas, gamma-gliadinas, mejora de precisión, trigo, 

CRISPR/Cas 
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1. Introduction 

Bread wheat (Triticum aestivum L.) is the dominant crop in temperate countries 

widely used in the human diet and livestock feed. It is an essential source of nutrients 

and other beneficial compounds. World production of this crop reaches 760 million 

tons per year, representing 30% of all harvested cereals (FAO, 2022). Wheat grains 

contain around 9-15% of protein, and derived wheat flour is processed into a great 

variety of food products that humans consume daily, such as bread, cakes, noodles, 

biscuits, etc. Grain proteins can be classified according to their extractability in a 

series of solvents: albumins (soluble in water), globulins (soluble in salt), gliadins 

(soluble in alcohol), and glutelins (insoluble in other solvents and extracted in alkali). 

In wheat, glutelins are mainly composed of glutenins which are, in fact, prolamin 

subunits not extractable with alcohol/water solvents due their polymeric nature by 

inter-chain disulphide bonds (Shewry, 2019). Both groups, gliadins and glutenins, 

comprising gluten, and they are also divided into different fractions; the first one 

into three structural groups: omega-, alpha-, and gamma-gliadins; and the second 

one into two types of subunits: the High Molecular Weight (HMW), and the Low 

Molecular Weight (LMW) glutenin subunits (Shewry, 2009). Despite the ability to 

provide breadmaking properties, these proteins present epitopes that can trigger the 

immune response in patients suffering from celiac disease (CD), an autoimmune 

enteropathy provoked by the presence of certain gluten peptides which are 

deamidated by the tissue transglutaminase 2 (tTG2) in the human gut. These 

peptides are presented by the human leukocyte antigen (HLA)-DQ2 and DQ8 

haplotypes to the CD4 T cells, triggering the immunogenic response in the small 

intestine and leading to a cascade of symptoms like intestine inflammation, the 

atrophy of intestinal villus, malabsorption of nutrients, among others (Sollid, 2002; 

Ludvigsson et al., 2013). 

However, not all the HLA-DQ molecules are linked to the same level of risk. The 

HLA-DQ2.5 molecule binds to more gluten peptides compared to HLA-DQ2.2 and 

forms stable complexes with the gluten T-cell epitopes (Vader et al., 2003; Fallang et 

al., 2009). Over the years, many HLA-DQ2.5 epitopes have been characterized in 

gluten proteins; showing that they are mainly present in the gliadin fraction of gluten 

(Sollid et al., 2012; 2020). Particularly, the alpha-gliadins of wheat contain the 33-mer 

peptide, one of the most immunogenic peptides known so far. This peptide contains 

six overlapping copies of three epitopes and shows high stimulatory properties in 

relation to CD (Shan et al., 2002). In addition, the alpha-gliadins of wheat also present 

the p31-43 peptide, which is associated with the innate immune response in CD non-

T cell-dependent (Maiuri et al., 2003). In the wheat gamma-gliadins, it was identified 

another highly immunogenic peptide denoted as 26-mer, which is also highly 

resistant to intestinal brush border membrane proteolysis and contains many 

overlapping epitopes (Shan et al., 2005). 

In wheat, the alpha- and gamma-gliadin proteins are encoded by two multigene 

families in the Gli-2 and Gli-1 loci located, respectively, in the short arm of the 
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homoeologous chromosome 6 (Huo et al., 2018b) and 1 (Altenbach et al., 2020; 

Anderson et al., 2012). Both loci contain a large number of duplicated genes arranged 

in tandem that, in addition to the wheat polyploid nature, the high content of 

repetitive DNA and the large size of the genome, make it difficult to obtain high-

quality sequences for these gene families. In fact, for the alpha-gliadins between 25 

to 150 copies in wheat cultivars and ancestral species were proposed (Harberd et al., 

1985). Recently, a droplet digital PCR (ddPCR) assay revealed the copy number 

variation of different wheat lines, obtaining 70-76 copies of alpha-gliadins in 

tetraploid wheat lines (AABB), and 86-95 copies in synthetic hexaploid wheat lines 

(AABBDD) (Jouanin et al., 2020). 

There is a high variation of the immunogenicity among wheat varieties (Spaenij–

Dekking et al., 2005), which is tightly linked to the variation of CD-immunogenic 

epitopes present in the gluten proteins. The characterization of the epitope content 

and the identification of lines with low immunogenic potential is the starting point 

in precision breeding programs and would facilitate the development of non-

genetically modified low-gluten wheat lines. In addition, these CD low-epitope lines 

could be the targets for genomic editing as their reduced structural complexity will 

facilitate the use of Cas enzymes to develop low-immunogenic lines. 

In previous work, we analyzed di-, tetra-, and hexaploid wheat accessions by 

amplicon-based Next-Generation Sequencing (NGS) to study the origin and 

evolution of different types of alpha-gliadins (Ozuna et al., 2015). This amplicon 

expands the p31-43 and 33-mer, allowing the identification of both peptides along 

with the DQ2.5_glia_α3, which overlaps partially with the 33-mer peptide. This 

approach provided an excellent tool for addressing the structural complexity of the 

immunogenic alpha-gliadins, and for the selection of wheat varieties with very low 

CD immunogenic epitopes. In this work, we report the characterization of the 

gamma-gliadin immunogenic complex by NGS amplicon sequencing, and the utility 

of both alpha- and gamma-gliadins amplicons to study a wide range of cereal lines 

comprising bread, durum wheat, and the amphiploid tritordeum (AABBHchHch), a 

fertile cross between the wild barley Hordeum chilense and durum wheat, which 

showed lower immunogenic properties than bread wheat (Haro et al., 2022). Based 

on their alpha- and gamma-gliadins CD epitopes abundance, we can anticipate their 

immunogenic potential concerning gluten-related disorders (GRDs). More 

interestingly, we can identify wheat varieties containing rye translocations and their 

associated epitopes. Results reported in this work are important not only for 

selecting potential low-immunogenic cereals but also to select wheat varieties with 

low gliadin complexity, which can be used as targets for genome editing by 

CRISPR/Cas (Sánchez-León et al., 2018). 
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2. Materials and methods 

2.1. Plant material 

A total of 44 lines were analyzed comprising 37 bread wheat lines, two lines of 

durum wheat, and five lines of tritordeum (Supplementary Table 5.1). Among the 

bread wheat lines, 14 of them presented rye translocation (1BL/1RS translocation) as 

denoted by the presence of the allele Gli-B1l in the mature grains gliadin proteins 

profiles by A-PAGE (Metakovsky et al., 2018) (Supplementary Figures 5.1 and 5.2). 

The protocol followed for A-PAGE gels of total gliadin proteins is described in Gil-

Humanes et al. (2012). For the lines BIOINTA2004 and INIACondor, the allele A-

PAGE protein profile was not as clear as the other bread wheat lines with rye 

translocation, but both presented amplicons annotated as 40k-γ-secalins from genes 

located in the 1RS chromosome of rye (Qi et al., 2013). Per duplicate, all the plants 

were grown in a greenhouse and the leaves were collected in the first stages of the 

plant and frozen at -80 °C. 

2.2. DNA extraction, PCR and NGS sequencing 

The total DNA was extracted for each leaf sample following the CTAB protocol 

(Murray and Thompson, 1980). The DNA concentration was determined by 

NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, United States). The 

primers aGli900F1 (5’-GTTAGAGTTCCAGTGCCACAA-3’) as forward and 

33mer1R2-Ok (5’-GGTTGTTGTGGTTGCGRATA-3’) as reverse, and γgliF3 (5’-

GCCAATATRCAGGTCGACCC-3’) as forward and γgliR3 (5’-

GGGTTCAWCTGTTGTTGTAG-3’) as reverse were used to amplify the alpha and 

gamma-gliadin amplicons, respectively. The primers of the alpha-gliadin amplicon 

were previously designed by Ozuna et al. (2015) in a conserved region of the genes 

coding the first repetitive domain of the alpha-gliadin proteins which comprises the 

p31-43 region associated with the innate response in CD and the 33-mer peptide 

(Figure 5.1A). The primers for the gamma-gliadin amplicon were designed in the 

present work to amplify the gene sequence coding part of the N-terminal and the 

first repetitive domain of gamma-gliadin proteins comprising a high number of CD 

epitopes, including the 26-mer peptide (Figure 5.1B). These primers also amplified 

the 40k-γ-secalins (located in the short arm of chromosome 1R) which have high 

homology with gamma-gliadins of wheat (Qi et al., 2013). The amplicon sequencing 

was carried out by Fundación Parque Científico de Madrid (Cantoblanco, Madrid) 

by the MiSeq system (https://www.illumina.com) producing paired-end reads of 

2x280 bp. The amplicon lengths were checked by the Agilent 2100 Bioanalyzer 

system (Agilent Technologies, Santa Clara, CA 95051). 
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Figure 5.1. Schematic diagram of amplicon-encoded proteins of the (A) alpha and (B) gamma 

gliadins. The amplicons are located in the first repetitive domain of both gliadin proteins. 

Mapping of different DQ2.5 celiac disease (CD) epitopes were shown using the Geneious 

v2019.0.3 software (https://www.geneious.com). The consensus sequences of alpha- and 

gamma-gliadins from BW208 clones, the NCBI, and RefSeq v1.1 reference genome 

annotation of bread wheat were used for the representation. 

 

2.3. Amplicon analysis 

A GNU/Linux Ubuntu v 18.04 (https://ubuntu.com) server with 64 cores and 128 

GB of RAM was used for sequences analysis. For the amplicon, the raw reads were 

analyzed by Usearch v9.2.64 (Edgar, 2010). Briefly, the raw paired-end reads were 

merged (-fastq_mergepairs), filtered (-fastq_filter), de-replicated (-fastx_uniques), 

and denoised (-unoise2) to obtain the unique denoised amplicons for all the lines 

(Figure 5.2). From now on, the unique denoised amplicons will be referred to as 

‘amplicons’ for ease of reading. This protocol was run independently for alpha- and 

gamma-gliadins/secalins. 

 

Figure 5.2. The pipeline of the amplicon analysis. 

 

https://www.geneious.com/
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A non-redundant amplicon database was constructed for alpha- and gamma-

gliadins separately. In addition, alpha- and gamma-gliadin gene sequences obtained 

from the National Center for Biotechnology Information (NCBI), the RefSeq v1.1 

bread wheat reference genome annotation (Appels et al., 2018), and in-house 

sequences of the wheat variety BW208 clones by Sanger sequencing were included. 

The primers were aligned to these sequences to extract the corresponding amplicon 

sequence and, subsequently, those primers were removed from all the database 

entries by Usearch (-fastx_truncate) (Figure 5.2). For the gamma-gliadin amplicon 

analysis, seven 40k-γ-secalin sequences were included from the NCBI. The 

amplicons sequences obtained by Usearch were aligned in the NCBI database, the 

RefSeq v1.1, and the BW208 clones’ sequences by blastn (Johnson et al., 2008) to avoid 

redundancy. Unique sequences were kept for the alpha- and gamma-gliadin/secalin 

amplicon databases. 

After primer trimming, the alpha- and gamma-gliadin/secalin reads for each line 

were searched in both databases respectively with an identity score of 0.99 (-

usearch_global -id 0.99) to calculate the abundance of the amplicons. The amplicons 

with less than 0.25% of abundance in at least four samples were discarded for the 

analysis. The abundance of each amplicon was normalized by the total number of 

reads of the amplicons present in each line. The mean of the two biological replicates 

per line was calculated for further analyzes. 

2.3.1. Epitope search and amplicon types 

For analyzing the potential immunogenicity of wheat and tritordeum lines based 

on the NGS data, the amplicons were translated to peptides for searching the non-

deamidated CD epitopes in their sequence with Python custom scripts 

(https://github.com/MiriamMarinS/wheatAHP). As reported in Sollid et al., (2012), 

the DQ2.5_glia_ω1, DQ2.5_hor_1, and DQ2.5_sec1 share the same epitope sequence; 

like the DQ2.5_hor_2 and DQ2.5_sec2. Therefore, they were denoted as ‘sec1’ and 

‘sec2’ (Supplementary Table 5.2). In addition, 1-mismatch epitopes were considered 

and characterized in the alpha-gliadin amplicon analysis. The abundance of CD 

epitopes was calculated for each line according to the abundance of the amplicons 

containing them. We have also classified the alpha- and gamma-gliadin amplicons 

into ‘types’ considering the total number of DQ epitopes present in them, e.g. the 

Alpha_0 ‘type’ comprises all the alpha-gliadin amplicons with no epitopes, while the 

Alpha_7 amplicons contain 7 epitopes. For the alpha-gliadin amplicon, the p31-43 

peptide was analyzed independently, and it was not included in the amplicons 

‘types’ classification. The abundance of amplicon ‘types’ was also calculated as 

described previously. 
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2.4. Ranking of cereal lines’ immunogenic potential by Analytic Hierarchy 

Process (AHP) 

In order to study the immunogenic potential of the lines assayed in the present 

work, we got a synthetic value (score) to rank the lines crossing their epitope 

abundance with a previous immunogenicity screening of prolamin peptides 

encompassing CD epitopes (Tye-Din et al., 2010). We searched for the known CD 

epitopes in the list of oligopeptides and crossed their scores with our values of 

epitope abundance in each line based on the AHP method (Saaty, 2008) implemented 

with AHPy library. We added the abundance data from the amplicons ‘types’ to the 

process, getting a scheme with one criterion of first level and two criteria of second 

level (Figure 5.2). The complete methods were described on 

https://github.com/MiriamMarinS/wheatAHP. To calculate the final score for the 

alternative lines (Figure 5.2), the log2(FC) of the abundance was calculated for each 

pair-wise comparison between each pair of lines, and this measure was transformed 

into intensity values according to the AHP method. In the first criterion comprising 

the epitopes vs amplicons ‘types’ comparison, we gave equal or more weight to the 

first one in order to highlight the epitope sequence rather than the number of copies 

across the amplicon. Once the intensity values favoring the amplicons ‘types’ were 

removed, the remaining nine possible values were used for this criterion, giving nine 

immunogenic potential scores for each line. From this, the mean and the standard 

error were used in the ranking representation. The source code is available at 

https://github.com/MiriamMarinS/wheatAHP. 

3. Results 

A summary of the alpha and gamma-gliadin amplicons is presented in Table 5.1. 

The abundance of each amplicon for each line is provided in Supplementary Tables 

5.3 and 5.4. As shown, for the set of genotypes analyzed, we have found a higher 

number of different amplicons for the alpha- than for the gamma-gliadins. Stop 

codons were found in 21 of 76 alpha-gliadin amplicons and in 9 of 41 gamma-gliadin 

ones (Table 5.1). All the epitopes listed in Sollid et al., (2020) were searched in the 

translated amplicon sequences, and 17 non-deamidated ones were found. The 

number of CD epitopes found in the same amplicon varied between 0 and 7 for the 

alpha-gliadins, and between 0 and 14 for the gamma-gliadins/secalins (Table 5.1). 

Interestingly, 39% of the alpha-gliadin amplicons do not contain CD epitopes while 

only 15% of the gamma-gliadin/secalin ones were free of them. The total number of 

amplicons per species, and their distribution in putative genes and pseudogenes are 

in Supplementary Table 5.5. It is remarkable that bread wheat genotypes not 

containing the 1BL/1RS translocation showed a higher average number of both 

alpha- and gamma-gliadin epitopes than those containing such translocation. 
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Table 5.1. General description of the alpha and gamma-gliadin amplicons in the set of 

wheat and tritordeum genotypes used in this study. 

Features 
Alpha-

gliadin 

Gamma-

gliadin 

Total number of different amplicons 76 41a 

Putative genes. Amplicons with no-stop codons 55 32b 

Pseudogenes. Amplicons with stop codons 21 9 

Range of amplicon length (bp) 201 - 279 216 - 507 

Range of CD epitopes per amplicon. Only putative genes 0 - 7 0 - 14 

Number of amplicons not containing CD epitopes (putative 

genes) 
31 (25) 6 (3)c 

a 7 of them are secalins 
b 4 of them are secalins 
c all of them are secalins 

 

3.1. Epitope abundance in the set of cereal genotypes 

Next, the abundance of the CD epitopes in the three species was calculated 

considering the abundance of the amplicons which carry them in each genotype 

(Supplementary Tables 5.6 and 5.7). The list of epitopes/peptides found comprises 

the p31-43 and four DQ2.5 epitopes for the alpha-gliadin amplicons; and 12 DQ2.5 

epitopes, including two secalin ones, for the gamma-gliadin/secalin amplicons. 

Although the bread wheat lines showed the highest abundance of epitopes, they also 

had wider heterogenicity on their abundance profiles than the other cereals (Figure 

5.3). In contrast, durum wheat lines had the lowest number of epitope matches. 

In the alpha-gliadin amplicons, there were notable differences between the three 

cereal species for the abundance of the CD immunogenic epitopes. In the bread 

wheat lines, the DQ2.5_glia_α1a was the highest abundant among the three epitopes 

included in the 33-mer peptide (Figure 5.3A) while DQ2.5_glia_α1b was the less one. 

If bread wheat lines with and without the rye translocation were compared, the 

significant effects in the alpha-gliadin epitopes were shown, involving a less 

abundance of DQ2.5_glia_α3 epitope and p31-43 peptide (Figure 5.3A). In contrast 

to bread wheat, durum wheat and tritordeum lines had null or closer to zero 

abundance of the DQ2.5_glia_α1b and DQ2.5_glia_α2 epitopes (Figure 5.3A). 

In the case of the gamma-gliadin/secalin amplicons, the DQ2.5_glia_γ4c epitope, 

included in the 26-mer peptide, stood up in all three cereal species (Figure 5.3B). In 

addition, the DQ2.5_glia_γ1, DQ2.5_glia_γ2b, and DQ2.5_glia_γ3 epitopes had also 

high abundance in all the cereal crops studied. The last two epitopes had the same 

abundance because they were present in the same gamma-gliadin amplicons 

(Supplementary Table 5.4). The rest of the epitopes were poorly represented in 

durum wheat and tritordeum lines, while for bread wheat, other epitopes such as 
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Figure 5.3. The abundance of CD epitopes in the (A) alpha- and (B) gamma-gliadin amplicons 

of putative genes. For bread wheat lines, the presence (Y) or not (N) of the rye translocation is 

indicated. The blue dots indicate the mean, the grey dots indicate the outliers, and the black 

horizontal line represents the median value. The statistical analysis for each epitope and the 

immunogenic peptide between the lines containing (Y) or not (N) the rye translocation was 

performed by the non-parametric Mann-Whitney-Wilcoxon test, and by the t-test for the 

DQ2.5_glia_α1b, DQ2.5_glia_γ1, DQ2.5_glia_γ2a, DQ2.5_glia_γ4c and DQ2.5_glia_γ4d 

epitopes that were normally distributed across the lines. The epitopes contained in the 33-mer 

and 26-mer regions are shaded. BW: bread wheat; DW: durum wheat; HT: tritordeum. 

 

the DQ2.5_glia_γ5 included in the 26-mer peptide, had also a high abundance 

(Figure 5.3B). Comparing the abundance of bread wheat lines with and without the 

rye translocation, the most abundant epitope DQ2.5_glia_γ4c was equally 

represented in both. Interestingly, the epitopes DQ2.5_sec1 can also be found in the 

gamma-gliadins amplicons (Figure 5.1B), in fact, there were no differences in the 

abundance of this epitope between bread wheat with and without the rye 

translocation (Figure 5.3B). On the other hand, the abundance of the DQ2.5_sec2 

epitope was significantly higher in the lines containing the rye translocation (Figure 

5.3B), since this epitope was only present in one 40-k-γ-secalin (Supplementary Table 

5.4), Moreover, epitopes DQ2.5_glia_γ4b and DQ2.5_glia_γ4c were also present in 

rye secalins. 

3.2. Gliadin amplicons are grouped into different types depending on the 

number of CD epitopes 

The 33-mer is one of the most immunogenic peptides described for the alpha-

gliadins, and it is related to the presence of six overlapping copies of three CD 

epitopes (Shan et al., 2002). However, the 33-mer region showed a high sequence 
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heterogeneity in the alpha-gliadin amplicons and not all of them presented the full 

33-mer with the six epitopes (Figure 5.1A). This is clear for the durum wheat and 

tritordeum lines, which only contained 2 of the 3 epitopes of the complete 33-mer. 

Similarly, the gamma-gliadin amplicons presented regions that comprise many 

overlapping epitopes with a high sequence variability (Figure 5.1B). The total 

amplicons for both the alpha and gamma-gliadins/secalins differed in the number of 

CD epitopes in their peptide sequences, comprising a range of 0 - 7 and 0 - 14 epitopes 

respectively (Table 5.1). Based on these differences, we were able to group the alpha 

and gamma-gliadin/secalin amplicons into 7 and 14 ‘types’, respectively, named 

accordingly as Alpha_0 to Alpha_7 and Gamma_0 to Gamma_14 (Figures 5.4 and 

5.5). In addition, their abundance was calculated for each genotype and summarized 

in Supplementary Tables 5.8 and 5.9. 

As shown, the Alpha_0 - not containing CD epitopes - stood out as the alpha-

gliadin amplicon ‘type’ with the highest overall abundance (53.4%), being comprised 

mainly of putative genes, followed by the Alpha_2 and Alpha_1 ‘types’ (Figure 

5.4A). On the other hand, only two alpha-gliadin amplicons contained seven CD 

epitopes (Alpha_7) with an abundance of 1.1% in all the lines (Figure 5.4A). The 

Alpha_7 amplicons presented the six overlapping epitopes comprising the 33-mer 

and the DQ2.5_glia_α3 downstream epitope (Figure 5.4E), showing the same epitope 

distribution represented in Figure 5.1A. Next, we assigned each amplicon to the A, 

B, and D-subgenomes by finding specific motifs in their translated peptide sequence 

as described in van Herpen et al. (2006). In addition, the Chinese Spring (CS) alpha-

gliadin genes (Huo et al., 2018b) were also included in the phylogenetic tree as 

references. However, not all the sequences in a cluster were assigned to the same 

subgenome, i.e. there was no homogeneity in the subgenome assignation despite the 

sequence similarity of the elements in the cluster (Figure 5.4B). The most abundant 

alpha-gliadin amplicon in almost all the lines from the three genotypes belonged to 

the B-subgenome (Figure 5.4B,D). This amplicon, and most of the B-subgenome ones 

- except three of them which contain one epitope - were classified as Alpha_0 ‘type’. 

In addition, only one B-subgenome amplicon had the p31-43 peptide, but this 

peptide was mainly overrepresented in the A-subgenome amplicons (Figure 5.4B). 

On the other hand, amplicons with a high number of epitopes, including the 

Alpha_7, belong to the D-subgenome (Figure 5.4B). The lines OlaetaArtillero and 

ACA321 showed the highest abundance for the Alpha_7 ‘type’, being both bread 

wheat lines without the rye translocation (Figure 5.4F, Supplementary Table 5.8). 

Interestingly, the abundance of the Alpha_3 to Alpha_7 ‘types’ was very low or even 

absent for the durum wheat and tritordeum lines. In contrast, the Alpha_2 stood out 

for these two crop species and comprised amplicons harboring the DQ2.5_glia_α1a 

and DQ2.5_glia_α3 epitopes (Figure 5.4F,E). About 27% of the alpha-gliadin 

amplicons presented premature stop codons and were considered pseudogenes 

(Table 5.1). Some of them proceed from the mutation of C → T in the glutamine 

codons (Figure 5.4C). These pseudogene amplicons were mainly presented in the A-

subgenome as well, followed by the B-subgenome (Figure 5.4B).
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Figure 5.4. Characterization of the 

alpha-gliadin’s amplicons ‘types’. 

(A) The abundance of each alpha-

gliadin ‘type’. (B) Phylogenetic tree 

using the maximum-likelihood 

method in MEGA 10.1.7 from a 

MUSCLE sequence alignment 

(default parameters). From outside 

to inside: (i) the abundance for all the 

lines of each amplicon 'type', (ii) 

presence of premature stop codons, 

(iii) hits of the p31-43 peptide, and 

(iv) the number of DQ2.5 epitopes in 

their translated peptide sequence. 

(C) Stop codons generated by the C 

→ T mutation. (D) Number and mean 

abundance (%) per subgenome. (E) 

Frequency with which epitope 

appears in each amplicon ‘type’: the 

number of amplicons containing 

each epitope divided by the total 

amplicons classified in this ‘type’. (F) 

The abundance of each alpha-

gliadin’s amplicon ‘type’ for each 

wheat and tritordeum line based on 

putative genes. BW N: bread wheat 

without rye translocation; BW Y: 

bread wheat with rye translocation; 

DW: durum wheat; HT: tritordeum. 

The dot sizes ranged from the lowest 

(smallest) to the highest (biggest) 

abundance of all lines within each 

amplicon ‘type’. 
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Regarding the gamma-gliadins/secalins analysis, there were only six amplicons 

without CD epitopes with a low mean abundance of 1.47 %, being only present in 

bread wheat lines with rye translocation as these amplicons were the 40k-γ-secalins 

(Figure 5.5A). However, these lines presented also the Gamma_14 ‘type’, which 

contained the highest number of epitopes matches in the set of amplicons ‘types’. 

This ‘type’ consisted of five DQ2.5 gamma-gliadin epitopes repeated across the 

amplicon sequences and had a very low abundance (Figure 5.5B,D; Supplementary 

Table 5.9). The most abundant gamma-gliadin ‘types’ were Gamma_5 and 

Gamma_7, with a high variability of DQ2.5 epitopes combinations in their amplicon 

sequences, and comprising 9 and 6 putative genes respectively (Figure 5.5A,D). The 

first one was found in all the lines, including bread and durum wheat, and 

tritordeum lines, however, their abundances were slightly lower for many of the 

bread wheat lines with the rye translocation (Figure 5.5E). In the case of Gamma_7, 

it was only present in bread wheat lines, except for the tritordeum line Aucan, being 

proINTAGaucho – not containing the rye translocation – the line with the highest 

abundance for this gamma-gliadin amplicon ‘type’ (Supplementary Table 5.9; Figure 

5.5E). As for the alpha-gliadins, the gamma-gliadin amplicons were assigned to 

subgenomes, using the CS genes as references. The most abundant amplicons were 

from the D-subgenome, followed by B and A ones (Figure 5.5B,C). Interestingly, the 

Gamma_14 was only present in the D-subgenome, and the Gamma_0 was found 

only in the secalin amplicons, as stated before (Figure 5.5B). The pseudogenes were 

found in all three subgenomes, with a slightly higher proportion in the B one and 

secalin amplicons (Figure 5.5B). The Gamma_10, Gamma_13 and Gamma_4, only 

found in the B-subgenome, were absent in bread wheat lines with rye translocation. 

As an exception, the Gamma_13 presented only a low abundance in BIONTA2004, 

which had not the complete Gli-B1l allele in the A-PAGE profile (Supplementary 

Table 5.9; Supplementary Figure 5.1). 

3.3. Clustering of wheat and tritordeum lines based on CD epitopes profile 

A Principal Component Analysis (PCA) and unsupervised hierarchical 

clustering were carried out for the alpha- and gamma-gliadin/secalin amplicons 

separately, comprising variables such as the abundance of the CD epitopes, the p31-

43 peptide, and the amplicons ‘types’. Other parameters, like the number of CD 

epitopes and the number of putative genes and pseudogenes, were included in the 

PCA (Figure 5.6). 

The lines assayed were separated into four clusters based on the alpha-gliadin 

amplicon results (Figure 5.6B). One of the clusters comprised the durum wheat and 

tritordeum lines. Interestingly, two bread wheat lines – RelmoSiriri and THA85 – 

were in this cluster (Figure 5.6B). The main features of lines from this cluster were a 

lower abundance for all the CD epitopes and alpha-gliadin amplicons ‘types’, but 

not for the p31-43 peptide, the Alpha_2, and the DQ2.5_glia_α3. The other three 

clusters were comprised of bread wheat lines and were clearly separated in the PCA 
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Figure 5.5. Characterization of the gamma-

gliadin’s amplicons ‘types’ (A) The 

abundance of each gamma-gliadin ‘type’. 

(B) Phylogenetic tree using the maximum-

likelihood method in MEGA 10.1.7 from a 

MUSCLE sequence alignment (default 

parameters). The amplicons were assigned 

to each subgenome by their similarity with 

the gamma-gliadin genes identified in Huo 

et al. (2018a) for the Chinese Spring 

cultivar. From outside to inside: (i) the 

abundance for all the lines of each 

amplicon ‘type’, (ii) presence of premature 

stop codons, (iii) hits of the p31-43 peptide, 

and (iv) the number of DQ2.5 epitopes in 

their translated peptide sequence. (C) 

Number and mean abundance (%) per 

subgenome. (D) Frequency with which 

epitope appears in each amplicon ‘type’: 

the number of amplicons containing each 

epitope divided by the total amplicons 

classified in this ‘type’. (E) The abundance 

of each gamma-gliadin’s amplicon ‘type’ 

for each wheat and tritordeum line based 

on putative gene amplicons. BW N: bread 

wheat without rye translocation; BW Y: 

bread wheat with rye translocation; DW: 

durum wheat; HT: tritordeum. The dot 

sizes are ranged from the lowest (smallest) 

to the highest (biggest) abundance of all 

lines within each amplicon ‘type’. 
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analysis (Figure 5.6A,B). The second and third ones - from left to right side in Figure 

5.6B - had an opposite abundance profile concerning epitopes like the 

DQ2.5_glia_α1a, DQ2.5_glia_α3, the p31-43 peptide, and the Alpha_2 amplicon 

‘type’, which were abundant in the third cluster and poorly represented in the 

second one. In contrast, the Alpha_0 was less abundant in the third cluster than in 

the second one (Figure 5.6B). The remaining five bread wheat lines were clustered 

together and presented a high abundance for all de the CD epitopes and amplicon 

‘types’, except for the Alpha_2, and Alpha_0 (Figure 5.6B). OlaetaArtillero and 

ACA321 stood out because of their high abundance of Alpha_7, which contains the 

full 33-mer peptide (Figure 5.6B). 

Regarding the gamma-gliadin/secalin amplicon, the hierarchical clustering 

provided four clusters (Figure 5.6D). The durum wheat and tritordeum lines were 

grouped together in one of them and presented lower abundance for almost all the 

CD epitopes and gamma-gliadin amplicon ‘types’ (Figure 5.6D). Interestingly, the 

bread wheat lines were well separated by the presence of rye translocation, and only 

BIOINTA2004 line (containing the rye translocation) was grouped with the bread 

wheat lines without secalins (Figure 5.6C,D). In general, bread wheat lines grouped 

in the second and third clusters - from left to right side in Figure 5.6D - had a high 

variability of profiles. However, the first cluster located on the far left, comprising 

bread wheat lines with the rye translocation, had a contrasting profile than the 

durum wheat and tritordeum lines, particularly, the Gamma_0 amplicon ‘type’ was 

higher abundant in this cluster than in the rest of them, as for the DQ2.5_sec2 epitope 

and Gamma_14 in some of the lines (Figure 5.6D). 

The linkage of the abundance of the epitopes and the amplicons ‘type’ of all the lines 

with previous immunogenic screening of oligopeptides encompassing CD epitopes 

gave as a result the ranking of the lines based on their immunogenic potential score 

(Figure 5.6E). As it is shown, the durum wheat-based lines had the lower scores, far 

away from the first-positioned bread wheat lines (Figure 5.6D). Comparing this 

ranking with the lines clusterization in Figure 5.6B and D, OlaetaArtillero was 

maintained as one of the most potential immunogenic lines as it was present among 

the first places in the ranking, while ACA321 had a much lower score despite having 

a 33-mer abundance similar to OlaetaArtillero. This was due to ACA321 presenting 

low overall epitope abundance for the gamma-gliadin amplicons, close to the durum 

wheat-based lines (Figure 5.6E). Many of the first-ranked lines had a high content of 

alpha-gliadin epitopes and the 33-mer peptide, and a low abundance of the Alpha_0 

‘type’ (Figure 5.6E). Interestingly, the presence of the rye translocation did not seem 

to have a significant role in this ranking, as all the bread wheat lines with secalins 

were intercalated with the others (Figure 5.6E). 
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Figure 5.6. Principal Component Analysis (PCA) for the (A) alpha- and (C) gamma-gliadin amplicons. The contribution of each variable to the variance of the model is indicated by a color code. 

The big size dots indicate the center of the ellipses with 95 % of confidence per each group of lines. Because of the high number of variables for the gamma-gliadin amplicon, the top 25 variables 

that most contribute to the variance of the model were included to improve the visualization of the results. Heatmap of the scaled abundance of the CD epitopes and the amplicons ‘types’ for 

alpha- (B) and gamma-gliadin (D) amplicons. The dendrogram based on Pearson and Spearman correlation distance, for alpha- and gamma-gliadin amplicons respectively, is represented for the 

epitopes and amplicons ‘types’, and for the bread wheat (BW), durum wheat (DW), and tritordeum (HT) lines. The rye translocation is indicated with Yes/No in the Rye legend. (E) Ranking of 

lines based on their immunogenic potential score. The bars indicate the mean plus the standard error. 
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3.4. Identification of CD alpha-gliadin epitopes with one mismatch 

The CD alpha-gliadin epitopes containing one mismatch with respect to the 

canonical ones were identified, and their abundance was also calculated (Figure 5.7). 

Next, the log2(FC) between them and their canonical epitopes was measured 

(Supplementary Table 5.10). Only for three of them, the log2(FC) mean was higher 

than zero, which means that these epitope variants were more abundant than the 

canonical ones in most of the lines (Figure 5.7A). The S variant of DQ2.5_glia_α2 

(PQPQLPYSQ) had higher abundance in durum wheat and tritordeum lines, while 

the P variant of DQ2.5_glia_α3 and the p31-43 P variant were more abundant in 

bread wheat lines, being the last one overrepresented in the lines containing the rye 

translocation (Figure 5.7B). 

 

Figure 5.7. Analysis of epitopes’ variants (one mismatch). (A) Mean of the log2(FC) between 

the abundance of the epitopes’ variants and the canonical epitopes, or the immunogenic 

peptide in the case of p31-43. (B) Boxplots for the three epitopes’ variants with the log2(FC) 

> 0 for wheat and tritordeum lines (left) and for the presence of the rye translocation only in 

bread wheat lines (right). The log2(FC) was calculated as follows: the abundance of the 

epitope’ variant/abundance of the canonical epitope. For the rye boxplots, the Mann-

Whitney-Wilcoxon test was performed, and only the significant P-value was indicated. The 

blue dots indicate the mean value. 

4. Discussion 

RNAi technology has been used to down-regulate the genes encoding for the 

gliadins, the major responsible for triggering CD. As a result, a reduction of up to 98 

% for these proteins was reported in some wheat lines (Gil-Humanes et al., 2010). 

More recently, CRISPR gene editing was used to knock out the alpha-gliadins 

multigene family (Sánchez-León et al., 2018). The use of these techniques is not 

without controversy, particularly in the European Union, where they are subject to 
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very strong regulation, which greatly limits the development and marketing of such 

products. The identification of wheat varieties with low content of immunogenic 

epitopes related to CD is still an important objective to develop final food products 

or to use them as parents in future breeding programs, either by classical breeding 

or by biotechnological tools. In particular, for the use of gene editing techniques, it is 

essential to use wheat varieties with low gliadin structural complexity, either with a 

low number of genes or with a low number of epitopes. This is now facilitated by 

using embryogenesis-related transcription factors such as BABY BOOM (Bbm), 

GROWTH-REGULATING FACTORs (GRFs) or Wuschel-related homeobox 5 

(WOX5), which improve embryogenesis, tissue culture regeneration and plant 

transformation efficiency, and allowing the genotype-independent transformation in 

plants (Bilichak et al., 2018; Debernardi et al., 2020; Wang et al., 2022). 

Diverse approaches involving long-read sequencing, RNA and DNA amplicon 

sequencing, and proteomic analysis have been used to study the CD epitopes in the 

gliadin sequences of wheat. Most of them were focused on the potential 

immunogenicity of alpha-gliadins in Triticum turgidum, Triticum aestivum and their 

ancestors, being studied to look for the T cell stimulatory CD epitopes (Huo et al., 

2018b; Ozuna et al., 2015; Salentijn et al., 2013; Schaart et al., 2021; Halstead-Nussloch 

et al., 2021). However, there are fewer studies involving other gliadin groups such 

as the gamma-gliadins in terms of the presence and abundance in CD epitopes 

(Wang et al., 2017; Cho et al., 2018). In this work, we have analyzed the immunogenic 

gliadin complexes located on the repetitive domain of the alpha- and gamma-

gliadins in a set of bread and durum wheat, and tritordeum lines by high throughput 

amplicon sequencing. The two amplicon databases obtained were compared to the 

gene sequences of the alpha- and gamma-gliadins published for the CS cultivar (Huo 

et al., 2018b; 2018a). Assignment to the three wheat subgenomes of the gamma-

gliadin amplicons by their proximity to the gene sequence from CS in the 

phylogenetic tree resulted in a total of 7, 13, and 14 amplicons assigned to A-, B- and 

D-subgenomes respectively. In addition, seven 40k-γ-secalin amplicons were 

identified, as they are located in the short arm of the 1R chromosome of rye (Kozub 

et al., 2014), present on the bread wheat lines with the 1BL/1RS rye translocation. 

However, the subgenome assignation of alpha-gliadin amplicons either by searching 

subgenome-specific motifs around the 33-mer region (van Herpen et al., 2006) or by 

their similarity to CS reference genes (Huo et al., 2018b) had discrepancies. Actually, 

the motifs employed for subgenome assignation were searched in the CS reference 

genes, aligning themselves in genes from different subgenomes to that of the motif 

itself. However, most of the A-subgenome amplicons by alpha-gliadin motifs were 

clustered together, as were many of the D- and B-subgenomes. 

Both the alpha- and gamma-gliadins presented a high rate of pseudogenes due 

to the high percentage of glutamine residues encoded by CAA and CAG codons that 

can be mutated into stop codons through C→ T transition (Huo et al., 2018b; Paris et 

al., 2021). We report 27.6% and 22.0% of pseudogenes for the alpha- and gamma-
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gliadin amplicons, and many of them presented the mutation of the glutamine into 

a stop codon, mainly in the alpha-gliadins. However, the number of pseudogenes 

could be underestimated because the amplicon does not cover the entire sequence of 

both gliadins genes as reported by Sánchez-León et al. (2021). In fact, there was 

previously described 45% of pseudogenes in alpha-gliadins, while the gamma-

gliadin-genes presented 21% of them, close to our results for this family (Huo et al., 

2018a; Huo et al., 2018b). The alpha-gliadin amplicons that presented premature stop 

codons in the first repetitive domain could be regulated by a mechanism called 

nonsense-mediated mRNA decay (NMD) at the post-translational level so that the 

production of truncated proteins is prevented (Hug et al., 2016). We have shown that 

pseudogenes were strongly ligated to the subgenomes A and B, mainly for the alpha-

gliadins. Moreover, this high rate of pseudogenes in both subgenomes could partly 

explain the less immunogenicity of durum wheat and tritordeum genotypes 

(Auricchio et al., 1982; Vaquero et al., 2018). 

Recently, Vriz et al. (2021) proposed a ranking of CD epitopes based on their 

enzymatic degradation, HLA-DQ binding affinity, and T cell activation, including 

the data from Tye-Din et al. (2010), which allows for determining their potential to 

trigger CD. In this ranking, the alpha-gliadin epitopes were the most 

immunodominant. However, there was an exception for the DQ2.5_glia_α3 epitope 

because of its chymotrypsin degradation decreasing its adequate binding to HLA-

DQ receptors. Interestingly, for the set of genotypes analyzed in this work, about 

40% of the alpha-gliadin amplicons which an overall abundance of 53.4%, mainly 

located in the B-subgenome, had no CD epitopes. This is in agreement with previous 

works which reported that alpha-gliadin genes containing few CD epitopes or a few 

copies of them were in the B-subgenome (Wang et al., 2017; Halstead-Nussloch et al., 

2021). Among the amplicons with CD epitopes, there were two epitopes included in 

the 33-mer peptide with a low or null abundance in durum wheat and tritordeum 

lines. In those lines, the epitope with a high abundance was DQ2.5_glia_α3, which is 

the less immunogenic alpha DQ2.5 epitope as mentioned before (Anderson et al., 

2006). The fact that the durum wheat and tritordeum lines lack two of the epitopes 

included in the 33-mer implies that this peptide cannot be found in these lines, and 

therefore they also lack the Alpha_7 amplicon ‘type’, which comprises the six 

overlapping epitopes of the 33-mer and one DQ2.5_glia_α3 downstream. The 33-mer 

was only present in alpha-gliadin amplicons from the D-subgenome, and at low 

frequency, which means that there are only few copies of the gene coding this 

peptide. The low frequency of the 33-mer in bread wheat was reported previously 

(Ozuna et al., 2015; Huo et al., 2018b). The same works proposed that the origin of 

the 33-mer was probably due to variation events of Aegilops tauschii alpha-gliadin 

genes, supporting the fact that this immunogenic peptide can only be found on the 

D-subgenome. 

In addition to the 33-mer, the p31-43 peptide was reported to activate the innate 

immune response inducing a non-HLA-mediated inflammatory reaction. Its 
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immunogenicity was proved in both in vitro and in vivo studies (Gianfrani et al., 

2005; Barone et al., 2014; Maiuri et al., 1996). This peptide was mainly present in the 

alpha-gliadin amplicons from the A-subgenome, in agreement with the work of 

Halstead-Nussloch et al. (2021). This peptide had a conserved high abundance in 

most of the lines compared to some of the alpha-gliadin DQ2.5 epitopes. In addition, 

the p31-43P epitope variant, which has been described as an immunogenic peptide 

for CD patients (Maiuri et al., 1996, 2003), was more represented overall than the 

canonical peptide in bread wheat lines, especially for the lines containing the rye 

translocation. There were also other epitope variants more abundant than the 

canonical epitopes. For example, the DQ2.5_glia_α2 PQPQLPYSQ variant (P to S 

substitution) showed comparable T-cell proliferation and anti-33-mer binding 

capacity than its canonical CD epitopes (Ruiz-Carnicer et al., 2019), one of the major 

epitopes recognized by most of CD patients (Tye-Din et al., 2010). Interestingly, this 

variant was more abundant on tritordeum lines and was found only in the A-

subgenome (Ruiz-Carnicer et al., 2019). Overall, there is a strong relationship 

between the CD epitope subgenomes and their immunogenicity, those with the 

highest immunogenic potential the ones from the A- and, mainly, the D-subgenome 

(Halstead-Nussloch et al., 2021). Thus, durum wheat and tritordeum lines would 

have a weak immune response in CD patients and fewer gluten immunogenic 

peptides (GIPs) are expected in the excretion of healthy individuals (Auricchio et al., 

1982; Vaquero et al., 2018). However, there was a high heterogeneity of the alpha-

gliadin amplicon abundance profile from the three subgenomes in bread wheat lines, 

so there are lines with a low-immunogenic potential as they have clustered together 

with the durum wheat and tritordeum lines: RelmoSiriri and THA85, for example. 

Actually, THA85 is the only bread wheat line in which we have not found the 

complete 33-mer peptide. Although this will have to be corroborated in subsequent 

analyses, it is ranked as one of the best candidates for precision breeding programs 

in order to obtain low-immunogenic wheat. This clusterization also allowed us to 

identify five bread wheat lines with the highest immunogenic potential based on the 

alpha-gliadin amplicon results, including only one line with the rye translocation. 

Clearly these lines should be avoided in breeding programs to obtain varieties with 

low immunogenicity. 

As mentioned before, there are very few studies that have simultaneously 

categorized the CD epitope content in both the alpha- and gamma-gliadins in wheat 

genotypes. Actually, the gamma-gliadin genes have more diverse and numerous CD 

epitopes, as described in Wang et al. (2017). A total of 10 gamma-gliadin HLA-DQ2.5 

epitopes and two epitopes of secalins were mapped to the gamma-gliadin/secalin 

amplicons which include the 26-mer region. This peptide is highly resistant to 

intestinal brush border membrane proteolysis and, as it is multivalent, the intact 26-

mer peptide is more antigenic compared to its smaller monovalent counterparts 

(Shan et al., 2005). Like the 33-mer, the 26-mer is only present in the D-subgenome, 

and at a low frequency in the transcripts of bread wheat (Salentijn et al., 2012). Of the 

epitopes included in this region, the most abundant was DQ2.5_glia_γ4c in all the 
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lines, independently of their genetic background, as it presents a high number of 

copies along the gamma-gliadin amplicon. In addition to this, other epitopes also 

presented in the 26-mer region had a higher abundance in bread wheat, with 

significant differences between those with and without the rye translocation. The 

bread wheat lines with the 1BL/1RS translocation had a higher abundance of the 

epitope DQ2.5_glia_γ5, reported as one of the gamma-gliadin epitopes with higher 

immunological relevance (Vriz et al., 2021). Only one 40k-γ-secalin amplicon showed 

the epitope DQ2.5_sec2, in combination to DQ2.5_glia_γ4b and DQ2.5_glia_γ4c, 

while the rest of secalin amplicons do not contain any epitope matches. As shown in 

previous research, the 40k-γ-secalins present few epitope hits, including the 

DQ2.5_glia_γ4c between them. In fact, this secalin type has less epitope than the rest 

of rye prolamins such as ω-secalins or 75k-γ-secalins, whose genes are present in the 

2R chromosome (Lexhaller et al., 2019; Kozub et al., 2014). The other 40k-γ-secalins 

found on these bread wheat lines comprised the Gamma_0 ‘type’, only present in 

wheat lines containing the rye translocation. However, these lines were also the only 

ones to present the gamma-gliadin amplicon with the highest number of CD epitopes 

(Gamma_14), which belonged to the D-subgenome. There were three amplicons 

‘types’ present only in the B-subgenome. All of them were absent in the bread wheat 

lines with the 1BL/1RS translocation, as 1BS chromosome were fully or partially 

depleted in those lines. However, the BIOINTA2004 line was the exception, as it had 

one of those amplicons ‘types’ at low abundance. The Gli-B1l allele, associated with 

this translocation, was not complete in its A-PAGE protein profile, so a partial 

translocation could explain the differences between BIOINTA2004 and the other 

lines with the rye translocation. 

The durum wheat and tritordeum genotypes had a lower abundance for most of 

the epitopes and amplicon ‘types’, including the Gamma_14. Like alpha-gliadins, the 

gamma-gliadins presented less immunogenic elements for those lines, which makes 

them good candidate for obtaining varieties with low-immunogenic gluten by 

precision breeding programs. This also applies to the bread wheat lines clustered 

with the durum wheat and tritordeum lines which have a low epitopes’ abundance 

profile, including one line with the rye translocation (BIOINTA2004). The rest of the 

bread wheat lines containing the translocation were clustered together and 

presented a high abundance of many epitopes and amplicon ‘types’, including 

Gamma_0. 

The clusterization of lines by the alpha- and gamma-gliadin amplicons allowed 

us to identify groups of lines that could be potential candidates for precision 

breeding programs. However, the hierarchical clustering reflects only the abundance 

of the set of epitopes and amplicons ‘types’, and does not consider information on 

how much immunogenic each epitope is as they do not contribute equally to trigger 

the CD response. Connecting the results of the amplicon analysis with the scores 

presented for the 20-mer oligopeptides in the work of Tye-Din et al. (2010) gave rise 

to the ranking of the lines assayed in this work, ordered by their immunogenic 
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potential score. Furthermore, this score comprises the data from both immunogenic 

complexes, taking into account the differences in their immunoreactivity. In this 

ranking, the durum wheat and tritordeum lines were in the last positions, which 

means that they presented a lower immunogenic potential. Close to these, the 

THA85 and RelmoSiriri bread wheat lines also stood out for their low scores. The 

score was more influenced by the epitope data from alpha-gliadins, since this 

complex has more immunological relevance than the gamma-gliadins (Vriz et al., 

2021), also reflected in the results of Tye-Din et al. (2010). In line with the alpha-

gliadins immunodominance, the bread wheat lines with the rye translocation, 

despite of the full or partial depletion of the 1BS chromosome containing the gamma-

gliadin loci, were intercalated in the ranking with the other bread wheat lines, not 

having the translocation a decisive role in their immunogenic potential. Despite this 

ranking being based on previous IFN-γ ELISpot assays with PBMCs from CD 

patients, a further ELISpot assay is needed to know the immunoreactivity of the lines 

selected for future screening. In addition, this ranking could be improved with NGS 

data from the omega-gliadin genes, as they have an important role in the 

immunogenic response in CD (Vriz et al., 2021). 

As shown in this work, there is a high variability of the immunogenic potential 

between wheat and tritordeum lines. The durum wheat-based lines stand out for 

their low abundance of epitopes, mainly the high immunogenic alpha-gliadin ones, 

and therefore they possess a great potential as candidates for precision breeding 

programs. However, there was a high epitope abundance heterogeneity among 

bread wheat lines, the lines with an epitope profile comparable to that of durum 

wheat and tritordeum lines the best to further develop low-immunogenic varieties. 

The rye translocation in bread wheat lines can be detected and quantified, playing 

an important role in the classification of genotypes by their gamma-gliadin amplicon 

profiles. Although the rye translocation provides varieties with a lower number of 

epitopes, the translocation did not imply a lower immunogenic potential compared 

to the rest of the wheat lines. Even though all the lines described in this work contain 

gluten, there are marked differences between them, both in the number of epitopes 

and in the number of amplicons and their abundances, which can be used for 

effective variety selection towards the development of low-gluten products, or as 

starting material for the application of biotechnological tools such as CRISPR/Cas. 
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7. Supplementary Materials 

 

Supplementary Figure 5.1. Composition of A-PAGE gels of lines with rye translocation. The 

position of the allele Gli-B1l described in Metakovsky et al. (2018) is indicated in a red box. The 

original gels are in the Supplementary Figure 5.2. 
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Supplementary Figure 5.2. A-PAGE gels of lines assayed in the present work. The protocol 

followed for A-PAGE gels of total gliadin proteins is described in Gil-Humanes et al. (2012). 

 

Supplementary Table 5.1. Lines of bread wheat with and without rye translocation, durum 

wheat and tritordeum used in the present study. BW: bread wheat, DW: durum wheat, HT: 

tritordeum, Y: with rye translocation, N: without rye translocation. 

Genotype Genus Rye translocation 

ACA201 BW N 

ACA202 BW N 

ACA321 BW N 

ACA903B BW Y 

Antequera BW N 

ANZA BW N 

ARAGON03 BW N 

ArturNick BW N 

Aucan HT N 

Baquette9 BW N 

BIOINTA1001 BW Y 

BIOINTA1004 BW N 

BIOINTA1005 BW N 
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Genotype Genus Rye translocation 

BIOINTA2004 BW Y 

BuckBaqueano BW Y 

BuckBrasil BW N 

BuckHuanchen BW Y 

BuckNorteno BW Y 

BuckPuelche BW Y 

Bulel HT N 

CATEDRAL DW N 

DMarioAtlax BW N 

DonPedro DW N 

Escacena BW N 

HT435 HT N 

HT444 HT N 

HT460 HT N 

INIACondor BW Y 

Jerezano BW N 

KleinDonEnrique BW Y 

KleinGavilan BW Y 

KleinLeon BW N 

KleinRayo BW N 

KleinRendidor BW N 

KleinTigre BW Y 

MarcosJuarez BW N 

OlaetaArtillero BW N 

proINTAGaucho BW N 

proINTAGranar BW Y 

proINTAGuazu BW Y 

proINTAOasis BW Y 

RelmoSiriri BW N 

THA85 BW N 

XEIXA BW N 

 

Supplementary Table 5.2. List of epitopes searched in the alpha-gliadin and gamma-

gliadin/secalin amplicons. The epitopes were collected from the work of Sollid et al. (2020). The 

original and deamidates sequences are represented. 

Epitope name Original sequence Deamidated sequence 

DQ2.5_glia_α1a PFPQPQLPY PFPQPELPY 

DQ2.5_glia_α1b PYPQPQLPY PYPQPELPY 

DQ2.5_glia_α2 PQPQLPYPQ PQPELPYPQ 

DQ2.5_glia_α3 FRPQQPYPQ FRPEQPYPQ 

DQ2.5_glia_γ1 PQQSFPQQQ PQQSFPEQQ 

DQ2.5_glia_γ2 IQPQQPAQL IQPEQPAQL 

DQ2.5_glia_γ2a FPQQPQQPF FPEQPEQPF 
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Epitope name Original sequence Deamidated sequence 

DQ2.5_glia_γ2b YPQQPQQPF YPEQPEQPF 

DQ2.5_glia_γ3 QQPQQPYPQ QQPEQPYPQ 

DQ2.5_glia_γ4a SQPQQQFPQ SQPEQEFPQ 

DQ2.5_glia_γ4b PQPQQQFPQ PQPEQEFPQ 

DQ2.5_glia_γ4c QQPQQPFPQ QQPEQPFPQ 

DQ2.5_glia_γ4d PQPQQPFCQ PQPEQPFCQ 

DQ2.5_glia_γ4e LQPQQPFPQ LQPEQPFPQ 

DQ2.5_glia_γ5 QQPFPQQPQ QQPFPEQPQ 

DQ2.5_glia_ω1 PFPQPQQPF PFPQPEQPF 

DQ2.5_glia_ω2 PQPQQPFPW PQPEQPFPW 

DQ2.5_glut_L1 PFSQQQQPV PFSEQEQPV 

DQ2.5_glut_L2 FSQQQQSPF FSQQQESPF 

DQ2.5_hor_1 PFPQPQQPF PFPQPEQPF 

DQ2.5_hor_2 PQPQQPFPQ PQPEQPFPQ 

DQ2.5_hor_3a PIPQQPQPY PIPEQPQPY 

DQ2.5_hor_3b PYPQQPQPY PYPEQPQPY 

DQ2.5_sec1 PFPQPQQPF PFPQPEQPF 

DQ2.5_sec2 PQPQQPFPQ PQPEQPFPQ 

DQ2.5_sec3 PFPQQPFQI PFPEQPFQI 

DQ2.5_ave_1a PYPEQQEPF PYPEQEEPF 

DQ2.5_ave_1b PYPEQQQPF PYPEQEQPF 

DQ2.5_ave_1c PYPEQQQPI PYPEQEQPI 

DQ2.2_glut_L1 PFSQQQQPV PFSEQEQPV 

DQ2.2_glia_α1 QGSVQPQQL EGSVQPQEL  

DQ2.2_glia_α2 QYSQPQQPI QYSQPEQPI 

DQ8_glia_α1 QGSFQPSQQ EGSFQPSQE 

DQ8_glia_γ1a QQPQQPFPQ EQPQQPFPQ 

DQ8_glia_γ1b QQPQQPYPQ EQPQQPYPE 

DQ8_glia_γ2 PQQSFPQQQ PQQSFPEQE 

DQ8_glut_H1 QGYYPTSPQ QGYYPTSPQ 

DQ8.5_glia_α1 QGSFQPSQQ EGSFQPSQE 

DQ8.5_glia_γ1 PQQSFPQQQ PQQSFPEQE 

DQ8.5_glut_H1 QGYYPTSPQ QGYYPTSPQ 
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Supplementary Table 5.3. Abundance of alpha-gliadin amplicons per line. The DNA and peptide sequence of each amplicon and the number of the CD epitopes 

matched are indicated. 
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Supplementary Table 5.4. Abundance of gamma-gliadin/secalin amplicons per line. The DNA and peptide sequence of each amplicon and the number of the 

CD epitopes matched are indicated. 
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Supplementary Table 5.5. The number of alpha- and gamma-gliadin/secalin amplicons, and 

epitopes distribution per line in the set of genotypes used in the study. The mean and range are 

indicated. Mean: average for all the lines classified in each specie category. Range: the minimum 

and maximum value found for the lines of each specie. Rye YES: bread wheat with rye 

translocation; Rye NO: bread wheat without rye translocation. 

 Bread wheat Durum wheat Tritordeum 

 Rye YES Rye NO   

 Mean Range Mean Range Mean Range Mean Range 

Alpha-gliadin 

amplicon 
        

Number of amplicons 31.0 (22-40) 34.2 (23-45) 33.0 (32-34) 31.8 (31-32) 

Number putative 

genes 
24.5 (21-30) 26.4 (21-32) 21.0 (20-22) 19.8 (19-20) 

Number pseudogenes 6.5 (1-12) 7.8 (1-13) 12.0 (12-12) 12.0 (12-12) 

Ratio pseudogenes/p. 

genes 
0.26 

(0.05-

0.44) 
0.28 

(0.05-

0.48) 
0.57 

(0.55-

0.60) 
0.61 

(0.60-

0.63) 

Total number of 

epitopes 
49.9 (35-77) 57.5 (36-80) 46.5 (46-47) 42.6 (42-43) 

Gamma-

gliadin/secalin 

amplicon 

        

Number of amplicons 15.0 (12-20) 17.3 (13-22) 8.0 (8-8) 8.4 (8-10) 

Number putative 

genes 
11.5 (8-16) 14.3 (10-18) 5.0 (5-5) 5.0 (5-5) 

Number pseudogenes 3.5 (3-4) 3.0 (1-5) 3.0 (3-3) 3.4 (3-5) 

Ratio pseudogenes/p. 

genes 
0.32 

(0.21-

0.50) 
0.21 

(0.06-

0.38) 
0.60 

(0.60-

0.60) 
0.68 

(0.60-

1.00) 

Total number of 

epitopes 
73.0 (51-125) 123.0 (90-156) 54.0 (54-54) 58.8 (54-78) 
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Supplementary Table 5.6. Abundance of CD epitopes in alpha-gliadins’ putative gene amplicons. 

Genotype Specie Rye p31-43 DQ2.5_glia_α1a DQ2.5_glia_α1b DQ2.5_glia_α2 DQ2.5_glia_α3 

ACA201 BW N 28.99 50.08 15.79 42.66 31.38 

ACA202 BW N 28.14 49.66 15.59 42.95 31.26 

ACA321 BW N 16.66 29.55 10.89 26.62 19.4 

ACA903B BW Y 17.59 28.97 8.3 22.55 20.17 

Antequera BW N 17.35 31.35 10.79 27.49 19.97 

ANZA BW N 18.42 30.17 8.78 23.46 20.78 

ARAGON03 BW N 27.68 37.54 5.92 16.05 34.55 

ArturNick BW N 28.62 36.85 5.52 14.63 35.22 

Aucan HT N 31.19 22.18 0 0.72 23.27 

Baquette9 BW N 36.45 50.38 8.95 23.09 45.91 

BIOINTA1001 BW Y 16.83 30.49 9.69 26.04 19.14 

BIOINTA1004 BW N 17.48 31.69 9.99 27.17 20.32 

BIOINTA1005 BW N 26.85 36.42 5.76 15.07 34.49 

BIOINTA2004 BW Y 35.42 48.15 7.48 20.12 45.45 

BuckBaqueano BW Y 26.68 50.59 17.15 46.46 31.34 

BuckBrasil BW N 26.71 37.1 6.47 16.48 33.83 

BuckHuanchen BW Y 15.38 28.38 9 24.72 17.25 

BuckNorteno BW Y 16.99 30.59 9.44 25.73 19.09 

BuckPuelche BW Y 13.25 32.13 11.59 29.61 20.5 

Bulel HT N 34.06 33.61 0 0 32.28 

CATEDRAL DW N 29.05 31.4 0 0.31 30 

DMarioAtlax BW N 27.51 37 5.38 14.71 34.76 

DonPedro DW N 33.21 33.04 0 0.29 31.56 

Escacena BW N 17.77 30.63 8.92 24.26 19.29 

HT435 HT N 34.25 33.72 0 0 32.39 

HT444 HT N 33.08 32.85 0 0 31.4 
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Genotype Specie Rye p31-43 DQ2.5_glia_α1a DQ2.5_glia_α1b DQ2.5_glia_α2 DQ2.5_glia_α3 

HT460 HT N 33.42 23.81 0 0.77 25.08 

INIACondor BW Y 26.39 35.2 5.17 14 33.45 

Jerezano BW N 17.64 28.87 8.5 22.43 19.69 

KleinDonEnrique BW Y 17.31 32.03 10.26 27.97 19.62 

KleinGavilan BW Y 16.63 30.23 9.45 25.75 18.7 

KleinLeon BW N 26.4 36.6 6.14 16.21 33.41 

KleinRayo BW N 26.78 35.08 4.47 12.51 33.51 

KleinRendidor BW N 27.64 49.49 15.71 43.26 30.72 

KleinTigre BW Y 25.38 36.12 4.77 13.27 34.46 

MarcosJuarez BW N 31.53 42.98 7.31 18.84 39.47 

OlaetaArtillero BW N 26.69 50.48 18.79 48.15 32.21 

proINTAGaucho BW N 17.4 29.47 9.07 24.23 20.01 

proINTAGranar BW Y 13.16 31.03 11.1 28.08 19.83 

proINTAGuazu BW Y 26.34 36.07 5.72 15.25 33.1 

proINTAOasis BW Y 17.46 30.03 8.8 24.31 19.01 

RelmoSiriri BW N 27.19 34.64 3.66 11.27 32.98 

THA85 BW N 27.63 31.39 0 3.83 32.48 

XEIXA BW N 17.51 31.27 10.83 27.32 19.87 
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Supplementary Table 5.7. Abundance of CD epitopes in gamma-gliadins/secalins’ putative gene amplicons. 
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ACA201 BW N 92.08 27.12 57.52 57.52 15.05 21.3 220.65 11.62 25.48 52.97 4.33 0 

ACA202 BW N 98.27 20.69 53.65 53.65 23.77 27.16 206.21 9.78 28.14 61.49 4.39 0 

ACA321 BW N 90.13 23.84 65.5 65.5 11.5 14.37 206.67 9.33 15.68 37.46 3.25 0 

ACA903B BW Y 88.81 46.35 32.3 32.3 32.3 22.01 204.53 11 44.15 87.81 0 0.36 

Antequera BW N 92.05 27.29 51.25 51.25 15.15 18.42 218.3 7.92 20.57 46.65 7.92 0 

ANZA BW N 93.67 21.5 60 60 18.8 21.79 200.28 6.34 22.48 47.59 2.94 0 

ARAGON03 BW N 89.37 25.59 57.3 57.3 17.59 17.65 215.21 9.42 23.15 56.37 4.39 0 

ArturNick BW N 89.08 26.19 62.15 62.15 11.65 16.11 209.45 8.01 17.23 43.93 3.1 0 

Aucan HT N 75.38 10.98 67.3 67.3 0 4.46 169.82 0 0 2.9 0 0 

Baquette9 BW N 95.06 42.23 42.85 42.85 13.93 25.86 246.35 10.7 20.62 49.44 4.49 0 

BIOINTA1001 BW Y 85.47 28.16 36.95 36.95 36.95 28.72 168.65 6.92 45.04 89.24 0 0.27 

BIOINTA1004 BW N 92.56 31.56 56.5 56.5 10.2 16.34 228.05 7.7 15.49 36.7 7.7 0 

BIOINTA1005 BW N 96.79 23.5 59.67 59.67 19.2 21.18 212.84 5.83 24.44 47.17 2.61 0 

BIOINTA2004 BW Y 85.5 21.65 57.55 57.55 10.85 19.78 194.12 7.35 15.35 37.89 7.35 0 

BuckBaqueano BW Y 87.19 59.15 23.8 23.8 23.8 18.05 237.42 10.55 37.04 80.92 0.57 0.3 

BuckBrasil BW N 95.6 38.24 47.05 47.05 14.65 22.61 238.26 10.99 21.22 45.54 3.82 0 

BuckHuanchen BW Y 73.88 44.52 30.75 30.75 30.75 17.65 199.25 12.3 42.79 97.67 0 0 

BuckNorteno BW Y 77.3 45.88 33.65 33.65 33.65 18.53 207.41 12.8 45.97 104.06 0 0.38 

BuckPuelche BW Y 79.48 45.76 30 30 30 21.65 205.25 14.9 41.71 98.91 0 0 

Bulel HT N 72.14 14.25 61.95 61.95 0 2.21 168.72 0 0 4.42 0 0 
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CATEDRAL DW N 65.61 17.27 53.1 53.1 0 2.73 161 0 0 5.46 0 0 

DMarioAtlax BW N 98.6 10.82 52.75 52.75 41.73 38.56 173.36 3.28 43.27 81.74 1.31 0 

DonPedro DW N 70.97 15.41 59.7 59.7 0 2.4 168.62 0 0 4.8 0 0 

Escacena BW N 91.24 31.37 47.3 47.3 17.46 24.47 212.08 8.67 21.7 50.92 3.44 0 

HT435 HT N 67.2 13.31 57.05 57.05 0 1.83 157.86 0 0 3.66 0 0 

HT444 HT N 65.56 13.23 56.25 56.25 0 2.24 153.66 0 0 4.48 0 0 

HT460 HT N 68.54 11.49 60.5 60.5 0 1.89 156.61 0 0 3.78 0 0 

INIACondor BW Y 85.84 35.36 36.6 36.6 36.6 29.16 195.73 10.38 46.25 103.91 0 0.26 

Jerezano BW N 87.56 22.08 53.15 53.15 17.37 20.01 207.73 8.55 22.68 56.07 8.55 0 

KleinDonEnrique BW Y 87.9 52.35 26.35 26.35 26.35 20.8 236.54 7.07 38.44 82.73 7.32 0.3 

KleinGavilan BW Y 89.47 33.57 33.05 33.05 33.05 29.87 193.12 6.58 40.07 82.94 0 0.27 

KleinLeon BW N 99.68 33.94 55.6 55.6 11.3 28.99 250.68 9.24 20.36 40.7 9.24 0 

KleinRayo BW N 96.02 22.84 57.1 57.1 18.3 24.84 210.22 7.1 25.7 51.29 3.33 0 

KleinRendidor BW N 98.56 24.43 56.6 56.6 13.35 21.8 227.91 10.01 20.28 51.33 10.01 0 

KleinTigre BW Y 78.83 45.18 28.3 28.3 28.3 25.68 222.6 11.15 41.93 106 11.15 0.58 

MarcosJuarez BW N 91.13 20.89 50.05 50.05 23.35 25.75 202.18 10.12 27.55 66.12 3.29 0 

OlaetaArtillero BW N 94.31 26.11 54.15 54.15 16.25 19.19 215.03 11.58 21.76 48.06 5.34 0 

proINTAGaucho BW N 96.28 6.67 56.55 56.55 44.2 35.33 161.48 3.32 45.95 85.14 1.46 0 

proINTAGranar BW Y 89.9 34.36 35.7 35.7 35.7 26.21 192.49 7.24 41.81 79.63 0 0.26 

proINTAGuazu BW Y 86.24 49.29 27.1 27.1 27.1 21.73 228.13 6.8 38.78 83.23 7.11 0.28 

proINTAOasis BW Y 76.26 52.65 29.3 29.3 29.3 17.35 215.85 14.7 44 104.68 0 0.39 

RelmoSiriri BW N 94.35 18.15 63.45 63.45 17.9 19.63 198.53 4.73 21.5 45.45 1.96 0 

THA85 BW N 90.61 25.65 52.2 52.2 25.05 19.93 190.68 5.15 30.44 61.31 0 0 

XEIXA BW N 89.46 28.45 53.66 53.66 16.15 17.09 215.98 10.56 23.04 56.6 3.61 0 
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Supplementary Table 5.8. Abundance of alpha-gliadins’ amplicons ‘types’ for each line. Each ‘type’ was established by the number of epitopes matched in the 

putative gene amplicon peptide sequences. 
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ACA201 BW No 38.3 6.23 16.98 12.55 12.47 0.38 1.47 

ACA202 BW No 38.34 6.16 16.14 13.23 12.24 0.43 1.46 

ACA321 BW No 50.32 3.88 9.94 7.15 6.27 0 2.31 

ACA903B BW Yes 49.99 4.06 10.66 7.73 4.74 0 1.78 

Antequera BW No 49.36 3.94 10.71 7.44 7.44 0.29 1.53 

ANZA BW No 49.46 4.38 11.11 7.65 5.01 0.27 1.75 

ARAGON03 BW No 36.26 1.21 27.41 5.07 4.2 0 0.86 

ArturNick BW No 36.97 1.23 27.74 4.92 2.86 0 1.33 

Aucan HT No 48.69 1.09 21.46 0.72 0 0 0 

Baquette9 BW No 28.54 1.36 36.24 6.75 5.83 0 1.56 

BIOINTA1001 BW Yes 50.08 3.84 10.3 7.6 7.51 0.3 0.94 

BIOINTA1004 BW No 52.93 4.32 10.19 8.5 7.05 0.32 1.31 

BIOINTA1005 BW No 39.39 1.01 27.11 4.96 2.94 0 1.41 

BIOINTA2004 BW Yes 28.94 1.28 35.51 6.91 3.98 0 1.75 

BuckBaqueano BW Yes 37.88 6 15.28 13.86 13.25 0.5 1.7 

BuckBrasil BW No 39.68 0.98 27.09 4.65 4.25 0 1.11 

BuckHuanchen BW Yes 52.02 3.75 8.91 7.53 7.38 0 0.81 

BuckNorteno BW Yes 51.04 4.13 10.17 7.75 7.37 0.27 0.9 

BuckPuelche BW Yes 51.49 4.04 10.07 8.29 7.59 0.28 1.86 

Bulel HT No 40.48 1.33 32.28 0 0 0 0 

CATEDRAL DW No 36.5 1.4 29.69 0.31 0 0 0 
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DMarioAtlax BW No 37.4 1.04 27.67 5 3.28 0 1.05 

DonPedro DW No 40.4 1.48 31.27 0.29 0 0 0 

Escacena BW No 48.22 4.19 11.1 7.17 7.15 0.27 0.75 

HT435 HT No 40.53 1.33 32.39 0 0 0 0 

HT444 HT No 41.34 1.45 31.4 0 0 0 0 

HT460 HT No 47.24 1.27 23.04 0.77 0 0 0 

INIACondor BW Yes 39.49 1.04 26.37 4.85 2.79 0 1.19 

Jerezano BW No 49.36 4.25 10.69 7.08 4.93 0.27 1.65 

KleinDonEnrique BW Yes 51.46 4.27 10.05 8.36 8.14 0.3 0.91 

KleinGavilan BW Yes 50.41 4.08 9.85 7.71 7.45 0.28 0.86 

KleinLeon BW No 38.79 0.95 26.53 4.93 4.14 0 1 

KleinRayo BW No 39.36 0.98 27.04 4.53 2.55 0 0.96 

KleinRendidor BW No 37.79 6.2 15.74 13.2 12.57 0.42 1.36 

KleinTigre BW Yes 34.38 1.09 27.62 4.74 2.75 0 1.01 

MarcosJuarez BW No 33.2 1.24 31.45 5.5 4.75 0 1.28 

OlaetaArtillero BW No 37.32 5.68 15.44 13.47 12.59 0.4 2.9 

proINTAGaucho BW No 50.41 4.13 10.18 7.82 5.33 0.28 1.73 

proINTAGranar BW Yes 48.66 3.76 10.29 7.58 7.44 0.26 1.7 

proINTAGuazu BW Yes 38.38 1.03 26.54 4.67 4 0 0.86 

proINTAOasis BW Yes 50.57 3.92 10.6 7.56 7.1 0 0.85 

RelmoSiriri BW No 38.91 1.06 27.03 4.42 2.72 0 0.47 

THA85 BW No 39.85 1.09 27.56 3.83 0 0 0 

XEIXA BW No 49.18 3.94 10.84 7.21 7.46 0.27 1.55 
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Supplementary Table 5.9. Abundance of gamma-gliadins’ amplicons ‘types’ for each line. Each ‘type’ was established by the number of epitopes matched in 

the putative gene amplicon peptide sequences. 
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ACA201 BW No 0 0.33 0 57.79 4.63 22.79 3.42 0.41 0.46 5.26 0.41 0 

ACA202 BW No 0 0.42 3.54 58.44 2.8 28.13 0 0 0.32 4.47 0.67 0 

ACA321 BW No 0 0 0 68.38 0 13.81 4.9 0 0.52 3.66 0.84 0 

ACA903B BW Yes 2.48 0.72 0 32.65 11.65 32.3 0 0 1.69 10.16 0 0 

Antequera BW No 0 0.58 2.69 49.97 9.4 23.07 0 0 0.47 4.95 0.92 0 

ANZA BW No 0 0 0 61.23 4.8 20.8 2.6 0 0 3.68 0.56 0 

ARAGON03 BW No 0 0.29 2.94 56.48 0.31 21.95 3.64 0 0.31 5.54 1.55 0 

ArturNick BW No 0 0 0 65.37 0.33 14.07 4.56 0 0.44 5.14 1.09 0 

Aucan HT No 0 0 0 67.3 3.62 3.01 0 0 0 0 1.45 0 

Baquette9 BW No 0 0.56 3.56 47.39 8.88 26.22 0 0 0.4 6.57 1.65 0 

BIOINTA1001 BW Yes 1.5 0.27 0 35.37 5.06 36.95 0 0 0.43 7.66 0 0 

BIOINTA1004 BW No 0 0.52 0 56.24 9.88 16.77 3.38 0 0.27 5.02 0.48 0 

BIOINTA1005 BW No 0 0 0 57.94 10.42 24.19 0 0 0 3.77 0.47 0 

BIOINTA2004 BW Yes 9 0.27 0 58.66 0 17.64 3.48 0 0.32 4.18 0.95 0 

BuckBaqueano BW Yes 2.78 0.3 0 28.3 21.85 24.37 0 0 0.92 12.05 0 0.27 

BuckBrasil BW No 0 0.3 3.48 50.01 8.42 26.24 0 0 0.42 6.15 0.58 0 

BuckHuanchen BW Yes 2.1 0.46 0 29.95 0.68 30.75 7.46 0 1.77 10.27 0 0 

BuckNorteno BW Yes 3.33 0.38 0 30.95 0.38 33.65 8.06 0 0.82 11.5 0 0 

BuckPuelche BW Yes 3.35 0.35 0 36.55 0.87 30 6.57 0 1.01 10.7 0 0 

Bulel HT No 0 0 0.36 61.95 7.62 0 0 0 0 0 2.21 0 
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CATEDRAL DW No 0 0 0.7 53.1 9.08 0 0 0 0 0 2.73 0 

DMarioAtlax BW No 0 0.28 1.24 47.83 1.98 45.18 0 0 0.27 1.55 0.27 0 

DonPedro DW No 0 0 0.66 59.7 8.21 0 0 0 0 0 2.4 0 

Escacena BW No 0 0.46 0 53.94 8.81 19.97 2.76 0 0.33 4.37 0.87 0 

HT435 HT No 0 0 0.5 57.05 7.82 0 0 0 0 0 1.83 0 

HT444 HT No 0 0 0.56 56.25 6.51 0 0 0 0 0 2.24 0 

HT460 HT No 0 0 0.33 60.5 5.82 0 0 0 0 0 1.89 0 

INIACondor BW Yes 2.06 0.26 0 39.28 0.31 36.6 5.09 0 0.72 8.65 0 0.28 

Jerezano BW No 0 0.71 3.58 50.82 0 25.6 2.68 0 0.39 5.24 1.22 0 

KleinDonEnrique BW Yes 2.38 1.09 0 20.5 21.1 33.67 0 0 0.64 11.45 0 0 

KleinGavilan BW Yes 2.21 0.54 0 36.18 12.95 33.05 0 0 0.77 6.25 0 0 

KleinLeon BW No 0 0.26 0 51.68 10.13 31.13 0 0.66 0 4.8 1.02 0 

KleinRayo BW No 0 0 0 57.78 8.81 24.08 0 0.42 0.32 4.13 0.48 0 

KleinRendidor BW No 0 0.59 4.32 59.51 2.92 23.63 0 0 0.39 6.54 0.66 0 

KleinTigre BW Yes 2.45 1.23 0 25.1 0 39.45 6.77 0 1.83 11.8 0 0 

MarcosJuarez BW No 0 0.6 3.4 55.77 0 26.34 3.5 0 0.41 4.09 0.52 0 

OlaetaArtillero BW No 0 0 4.95 57.15 3.8 21.97 0 0 0.53 4.98 1.4 0 

proINTAGaucho BW No 0 0 0.79 47.92 0 45.66 0.83 0 0 1.75 0.16 0 

proINTAGranar BW Yes 1.84 0.26 0 33.19 14.9 35.7 0 0 0.35 5.76 0 0 

proINTAGuazu BW Yes 2.7 1.04 0 21.45 18.45 34.21 0.3 0 1.27 10.03 0 0.38 

proINTAOasis BW Yes 3.77 0.7 0 31.66 0.29 29.3 7.86 0 1.4 12.9 0 0.4 

RelmoSiriri BW No 0 0.26 0 64.92 4.37 19.81 1.39 0 0.39 3.21 0.27 0 

THA85 BW No 0 0 0.26 51.55 7.68 25.05 0 0 0.52 4.87 0.68 0 

XEIXA BW No 0 0.35 3.94 56.5 0.49 19.8 2.98 0.13 0.85 6.26 1.14 0 
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Supplementary Table 5.10. The log2(FC) of the abundance for all the CD epitopes and p31-41 peptide variants found in the alpha-gliadins amplicons for each 

line. The mean of the log2(FC) for all the lines was calculated for each variant. The variants with the mean higher than zero are indicated in bold. FC: fold-

change. 
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CONCLUSIONS 

 

I) Gliadin silencing by RNAi showed a strong efficiency despite the high 

temperature and nitrogen availability environmental conditions, providing 

these lines could be further tested in field trials. 

 

II) During grain filling, the strong silencing of gliadins by RNAi leads to stress-

like transcriptomic changes. 

 

III) The silencing of wheat gliadins provides evidence for the coregulation of 

prolamins, other proteins (α-amylase/trypsin inhibitors, avenin-like 

proteins) and starch in the RNAi lines, and highlights the possible 

implication of new transcription factors in the regulation of the synthesis of 

these components in the grain. 

 

IV) Globulins, which are mostly participating in grain protein compensation of 

the RNAi lines, are not subject to the network of transcription factors that in 

cascade regulate the synthesis of prolamins. 

 

V) There is an active sink-source communication as a consequence of gliadins 

silencing to supply the metabolic components to readjust the protein 

composition by increasing the non-gluten proteins, mainly globulins. 

 

VI) The developed amplicon-based pipeline is an efficient throughput tool for 

the screening of celiac disease immunogenic epitopes in cereals, allowing the 

identification of low-immunogenic varieties as potential candidates for 

precision breeding programs. 
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