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Abstract  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

Aegilops tauschii (DD, 2n=14)  is the diploid progenitor of the D genome in bread wheat 

(Triticum aestivum). Ae. tauschii  possess a lot of genetic variation that can be useful for 

wheat breeding. The introduction of the D genome in wheat improved adaptation and the 

bread-making quality traits; however it is the same D genome in bread wheat  that encodes 

alpha-gliadin proteins that harbour the most Celiac Disease-toxic epitopes. Celiac Disease is 

an auto immune intestinal disorder caused by ingestion of wheat gluten. A key step towards 

elimination of gluten toxicity for celiac disease patients would be to select Ae. tauschii 

genotypes with less or no toxic epitopes for hybridization with tetraploid wheat varieties with 

a lower CD toxic epitope load to produce synthetic hexaploids with reduced CD toxicity. To 

estimate the CD toxicity of Ae. tauschii, a custom pipeline for deep 454 transcript 

sequencing and sequence expression analysis was developed. In the analysed region of 

alpha gliadin proteins a total of 206 unique nucleotide variants coding for 134 unique alpha- 

gliadin proteins were obtained. The majority of the alpha gliadin proteins encoded CD toxic 

epitopes, only eight of the obtained alpha-gliadins did not encode CD toxic epitopes. The 

expression profiles of the Ae. tauschii genotypes predicted a high HLA-DQ2 CD toxicity for 

most of the genotypes except for only one genotype. Several epitope variants for the three 

Glia-Ŭ1, Glia-Ŭ2 and Glia-Ŭ3 epitopes were found in the Ae. tauschii genotypes. Most of 

these variants were new variants that were never before found in T.aestivum. Based on the 

amino acid sequences of these variants, most of them were estimated to be toxic to CD 

patients. A comparison of the Ae. tauschii sequences with the D genome sequences of T. 

aestivum showed that the absence of the 33-mer peptide in Ae.tauschii was due to an extra 

QLPYPQP insertion in the epitope region of T. aestivum. Evolutionary relationship analysis 

of the Ae. tauschii alpha- gliadin together with T. aestivum showed that T. aestivum and Ae. 

auschiiare are closely related. The study showed that there is much more variation in terms 

of CD epitopes in Ae. tauschii than in T.aestivum. Ae .tauschii genotypes can be selected 

and used in breeding programmes aimed at reducing CD toxicity in wheat.   
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INTRODUCTION 
Wheat is an important source of food for humans. The wheat grain is processed into a 

variety of foods and beverages that are consumed in different parts of the world. The 

industrial qualities of  wheat are mainly determined by the presence of gluten proteins [1]. 

Gluten proteins are water insoluble and the major storage proteins  in wheat forming 80% of 

the wheat storage proteins [2-6] .They  are comprised of a heterogeneous mixture of Ŭ, ɓ, ◓, 

ɤ gliadins plus high and low molecular weight glutenins, all of which are encoded by multi-

gene families that possess genetic variation [3-7]. The gluten proteins determine the 

viscoelasticity and extensibility properties of wheat, the necessary properties for use of 

wheat in the food industry and also the bread making quality [3, 8-10].  Gluten is also 

increasingly being used as an additive in food and other products including medicine [1, 11]. 

Gluten proteins are among the most consumed proteins considering that wheat is a major 

source of energy and nutrition in the human diet [12, 13]. Unfortunately, the consumption of 

the gluten proteins or the homologous proteins from barley and rye causes Celiac Disease 

(CD) in genetically susceptible individuals [1, 14, 15]. 

Celiac disease (CD) 
CD is an auto-immune intestinal disorder of both children and adults who are genetically 

predisposed [16, 17]. It is characterised by an inflammation and destruction of the villous 

structure of the small intestines [15]. In children the symptoms include diarrhoea, abdominal 

distension and growth retardation while adult patients display anaemia, diarrhoea weight 

loss and neurological symptoms [18]. Currently, the only cure of CD is a lifelong gluten free 

diet and failure to adhere to a gluten free diet is  associated with an increased risk of 

anemia, osteoporosis, intestinal lymphoma and infertility [18]. CD is one of the most common 

immune-mediated disorders in Western countries with a prevalence of about 0.5 - 1% of the 

population, the prevalence is said to be increasing over the past decades  [19, 20]. Some 

authors have attributed the increase in prevalence of CD  to environmental factors affecting 

the development of CD such as increased  uptake of gluten after infancy [21]. Others believe 

that the perceived increase in prevalence may be just improved diagnosis [22]. The  amount 

and the duration of exposure to gluten is known to have a sway on the onset of the disease 

[2], the introduction of small amounts of gluten to children  who are still breast feeding might 

lower the risk of CD while total exclusion of breast feeding at the time of introduction of 

gluten foods in the diet might elevate the risk of CD in infants [23].  

CD has a strong association with the human leukocyte antigen HLA [15, 24-26]. CD patients 

are either HLA-DQ2 or DQ8 positive individuals, the majority of them being HLA-DQ2 

positive [16, 27].  Unlike other dietary proteins, gluten is partially digested into relatively large 

gluten peptides in the human intestines [7]. These large gluten peptides bind to the HLA-

DQ2/8 receptors in HLA-DQ2 or DQ8 positive individuals and trigger CD4 T cell responses. 

HLA-DQ2/8 receptors have a high affinity for peptides with negatively charged amino acids; 

such peptides are not present in the gluten peptides implicated in CD. However the gluten 

epitopes implicated in CD can be modified to suit the requirements of the receptors. The 

modification entails the conversion of the uncharged amino acid glutamine (Q) into a 

negatively charged amino acid glutamate (E) by the enzyme tissue transglutaminase (TG2) 

[15, 27, 28]. HLA-DQ2 favours negative charges in bound peptides at either position p4, p6 

or p7 of the peptide [27]. A shared characteristic of the CD epitopes is the existence of many 



2 
 

proline and glutamine residues which makes them perfect substrate for the enzyme TG2 

which deamidates specific glutamine residues and increase immunogenicity of the peptides. 

[7, 18]. The nature of the COOH- terminal flanking amino acids influence  deamidation of 

glutamine residues [29]. Proline (P) plays a crucial role in deamidation of gluten peptides, in 

a QP sequence the Q is not deamidated by TG2 also in a QXXP sequence (where X is any 

amino acid) P has a negative effect on the deamidation of Q. On the other hand P has a 

positive influence on deamidation of Q in the sequence QXP [29].  

!ÌÐÈÁ ɉɻɊ ÇÌÉÁÄÉÎÓ ÁÎÄ ÔÈÅ #$ ÅÐÉÔÏÐÅÓ  
The Ŭ-gliadin proteins are the most abundant among the glutenins and gliadins, forming 15-

30% of the wheat seed protein [12]. In hexaploid wheat, they are encoded by the Gli-2 loci 

(Gli A2, Gli B2 and Gli D2) located on the short arms of three homologous chromosomes 

(6AS, 6BS and 6DS) [1, 29]. Many different Ŭ- gliadin genes exist (25-35 to even 150 genes 

per haploid genome) within the Ŭ-gliadin gene family, yet most of them (72- 95%) have in 

frame stop codons and are presumably pseudo-genes [29]. Due to the variation that exists in 

the coding Ŭ-gliadins genes, a number of different Ŭ-gliadin proteins with diverse amounts of 

CD epitopes may also be present in a single wheat cultivar.  

A number of different CD T cell stimulatory epitopes have been identified in wheat gluten 

and homologous proteins in barley and rye [7, 14, 30, 31]. Some of these identified  epitopes 

appear to be more important, because they are recognized by the majority of CD patients 

[18] . A number of studies have shown that  of all the gluten epitopes identified, the epitopes  

encoded by the multi-gene family of Ŭ gliadins are  the most active in triggering CD [3, 10, 

11, 13, 14]. The proteolytic-resistant 33-mer peptide (amino acid sequence 

LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF) that harbours six partially overlapping  

CD epitopes including the dominant Glia Ŭ1 epitope, is encoded by the Ŭ gliadin genes [14, 

32]. Moreover the p31-43/49 (amino acid sequence PGQQQPFPPQQPY) epitope 

associated with the innate immune response in CD is found only in the Ŭ gliadins [14]. 

 The three major CD epitopes  HLA-DQ2- Glia Ŭ1, Ŭ2 and Ŭ3 are found in the  first variable 

domain (86-282 base pairs long)  of the Ŭ gliadin protein. The Ŭ-gliadin CD epitopes are 

genetically diverse, a number of epitope sequence variants with one or two amino acid 

substitutions exist [5, 14]. Some of the amino acid substitutions in the epitopes result in non-

toxic epitopes for example in the Glia Ŭ1 epitope (amino acid PFPQPQLPY) a proline (P) to 

serine (S) substitution at p3 or p8 eliminates the toxicity of the epitope [14]. 

The D genome of wheat 
Hexaploid wheat Triticum aestivum (AABBDD, 2n = 42) is formed from the natural 

hybridization of a tetraploid wheat carrying the AB genome and Aegilops tauschii [11, 33] . 

Aegilops tauschii (DD, 2n=14) is a wild diploid species and progenitor of the D genome of 

hexaploid wheat [34]. Ae. tauschii possess a lot of genetic variation and desirable genes that 

can be used for wheat breeding [35]. It has been shown that the introduction of the D 

genome in wheat improved adaptation, the bread-making quality and resistance to pest and 

diseases in wheat [11, 33, 34]. Only a few diploid D genome genotypes have been 

hybridized to form hexaploid wheat, and a lot of unexplored variation still exists in the diploid 

D genome wheat species [36]. Ae. tauschii is distributed across the Caucasian region, Iran, 

Central Asia, Afghanistan, China, Pakistan, and westward to east of Turkey, having a centre 

of distribution in the south Caspian area in Iran [37].. 
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 All hexaploid wheat have the D genome and it is the Ŭ-gliadins from this D-genome that 

harbour the most CD-toxic epitopes [14, 31]. Subsequent analysis of the natural variation in 

CD toxic epitopes in the wild D genome species will offer the potential to reduce CD epitope 

load in wheat by selecting D genome genotypes with less CD epitopes. Since CD epitope 

load varies among wheat varieties, it is possible that variation also occurs in the different 

varieties (genotypes) of Ae. tauschii. These selected genotypes can be used in the 

hexaploid wheat gene pool to be used in plant breeding programmes aimed at the reduction 

of CD epitopes in wheat, by making ósynthetic hexaploidsô. However, there might be a 

problem of the expression of the genes in a hexaploid background. Genes that expressed 

ólow CD toxicityô in a diploid may be down regulated or silenced in a hexaploid background 

because of the allelic expression variation that often occurs in hybrids [38]. The expression 

of the genes in a hexaploid background can only be studied in the synthetic hexaploids 

themselves. Selection of both modern and old varieties of hexaploid, tetraploid and diploid 

wheat varieties with low CD toxicity, the use of deletion lines and re-synthesis of hexaploid 

wheat from diploid and tetraploid ancestral species are some of the strategies developed to 

produce non or less CD toxic wheat varieties. 

Next generation sequencing  
Various methods have been used to identify, quantify and compare the genetic variation in 

CD epitopes in different wheat species, for instance antibodies[11] and proteomics[2, 39, 

40]; however these methods each had its own limitations. Proteomics research on gluten 

genes is extremely complicated because of the large numbers of similar gluten proteins 

within each cultivar and the heterogeneity among cultivars. The use of antibodies to 

determine genetic variation in epitopes has the disadvantage that new epitope variants with 

no known specific antibodies will not be recognized and that the gluten antibodies that are 

available[41] may not be sensitive enough to discriminate epitope variants with single amino-

acid changes in the epitope regions.  

The recent developments of Next-generation sequencing technologies has revolutionized 

the study of genetic variation, it has allowed a more complete and comprehensive view of  

the evolution of genetic variation within and among populations [42]. Next generation 

sequencing has enabled whole genome sequencing of many organisms and is now also 

being applied in sequencing of specific genes (amplicon sequencing) rather than the whole 

genome [43]. Amplicon sequencing is a new application on the genome sequencer system, it 

permits the identification and quantification of known and new sequence variations by deep 

sequencing of pcr products ( ROCHE 454). Amplicon sequencing enables the generation of 

exact sequences of all expressed alleles and it may also reveal genetic variation at 

extremely low frequency of expression.  

In this study the variation in CD toxicity of different Aegilops tauschii wheat genotypes was 

analysed using deep RNA amplicon sequencing of the alpha-gliadin gene family.  

 Study Objectives:  
 

¶ Select Ae. tauschii genotypes with reduced CD epitope content in gluten 
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o Asses Ae. tauschii genotypes for  genetic differences in CD epitopes 

composition  of transcribed Ŭ-gliadin genes using deep RNA amplicon 

sequencing 

o To determine differences in the expression profile and level of the CD 

epitopes among wheat varieties 

¶ To determine the genetic differences that exist between Aegilops tauschii  

genotypes and the D genomes of bread wheat (Triticum aestivum)  
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MATERIALS AND METHODS 

Plant Material  
A set of 43 Aegilops tauschii accessions and one tetraploid accession from different sources 

were obtained from Nick Gosman, NIAB, Cambridge, UK (Table 1). The tetraploid accession 

Premadur (MID-49) was used as the positive control for the 454 sequencing.   

Table 1 Details of Ae. tauschii accessions 

Study 
no. 

Sample 
name 

Diversity 
group. 

Acc. No Country of 
origin 

Seed source 

Ent-109 MID-22 1 PI 508263 China NSGC 
Ent-111 MID-18 1 PI 511363 Afghanistan NSGC 
Ent-392 MID-15 1 1602 China Kansas State University 
Ent-274 MID-03 2 AE 476 Armenia IPK Gatersleben 
Ent-389 MID-13 2 1592 Turkey Kansas State University 
Ent-112 MID-01 3 PI 511366 Afghanistan NSGC 
Ent-248 MID-34 3 AE 257 Kyrgyzstan IPK Gatersleben 
Ent-417 MID-07 3 155 Tajikistan Kansas State University 
Ent-426 MID-42 3 193 Uzbekistan Kansas State University 
Ent-176 MID-33 4 AE 1055 Azerbaijan IPK Gatersleben 
Ent-408 MID-14 4 141 China Kansas State University 
Ent-062 MID-28 5 2220031 Afghanistan JIC 
Ent-113 MID-05 5 PI 511367 Afghanistan NSGC 
Ent-378 MID-23 5 121 Uzbekistan Kansas State University 
Ent-395 MID-38 5 1652 Tajikistan Kansas State University 
Ent-093 MID-29 6 PI 220326 Afghanistan NSGC 
Ent-230 MID-11 6 AE 233 Tajikistan IPK Gatersleben 
Ent-424 MID-19 6 191 Uzbekistan Kansas State University 
Ent-400 MID-20 7 2380 Pakistan Kansas State University 
Ent-072 MID-04 8 CIae 2 Pakistan NSGC 
Ent-153 MID-32 8 IG 142406 Tajikistan ICARDA 
Ent-189 MID-26 8 AE 189 Tajikistan IPK Gatersleben 
Ent-398 MID-39 8 2374 Pakistan Kansas State University 
Ent-270 MID-16 9 AE 291 Turkmenistan IPK Gatersleben 
Ent-367 MID-06 9 2501 Turkey Kansas State University 
Ent-385 MID-24 9 1588 Turkey Kansas State University 
Ent-422 MID-41 9 189 Uzbekistan Kansas State University 
Ent-429 MID-08 9 305 Tajikistan Kansas State University 
Ent-053 MID-27 10 2220021 Afghanistan JIC 
Ent-095 MID-10 10 PI 220641 Afghanistan NSGC 
Ent-118 MID-30 10 PI 603255 Armenia NSGC 
Ent-179 MID-44 10 AE 1211 Armenia IPK Gatersleben 
Ent-361 MID-35 10 2188 Georgia Vavilov Institute 
Ent-131 MID-31 11 IG 48561 Tajikistan ICARDA 
Ent-419 MID-40 11 157 Tajikistan Kansas State University 
Ent-310 MID-48 12 1339 Uzbekistan Vavilov Institute 
Ent-323 MID-46 12 2316 Krygyzstan Vavilov Institute 
Ent-303 MID-25 13 403 Uzbekistan Vavilov Institute 
Ent-316 MID-02 13 1270 Taijikistan Vavilov Institute 
Ent-356 MID-21 13 608 Georgia Vavilov Institute 
Ent-387 MID-36 14 1590 Turkey Kansas State University 
Ent-388 MID-37 14 1591 Turkey Kansas State University 
Ent-390 MID-17 14 1593 Turkey Kansas State University 
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The accessions were selected based on the SSRs (Simple Sequence Repeats) dendogram  

that revealed 14 diversity groups. The 43 genotypes are therefore a representatives of the 

14 diversity groups 

RNA extraction and purification  
The plants were grown in the green house. Seeds from individual plants were harvested at 

21 days after anthesis (late milk ripening stage) and mRNA was extracted. The mRNA was 

extracted from the seeds (100mg maximum) by grinding them in 750 µl of Trizol followed by 

incubating them at room temperature for 5 minutes and subsequently adding 150 µl of 

chloroform then vortexing for 15 seconds, incubating at room temperature for 3 minutes, 

centrifuging for 10 minutes at 13000 rpm and finally transferring 200 µl of the supernatant to 

clean 1.5 ml tubes. The RNA was purified using the RNeasy MiniKit (Qiagen) protocol 

(Appendix II). In summary, the RNA adsorbed on the spin column membrane was purified by 

washing the membrane once with 700µl of Qiagen buffer RW1 and twice with 500 µl Qiagen 

buffer RPE. Finally the RNA was eluted from the membrane by adding 30 µl of RNase free 

water directly to the spin column membrane and then centrifuging for 1min at 10000 rpm.  

One microliters of the eluted RNA was used to check RNA quality on the spectrophotometer 

and three microliters were used to check the RNA quality on 1% agarose gel The final 

concentration of RNA (measured by the spectrophotometer) in all the samples was ranging 

from 25ng/ µl to over 1000 ng/ µl.  

 DNAse treatment and cDNA synthesis  
DNAse treatment was carried out using TURBO routine DNAse treatment (Ò200 Õg nucleic 

acid per ml).  0,1 volume ( RNA volume,  20-50 µl per sample) 10X TURBO DNAse buffer  

and 1 µl TURBO DNAse was added to the RNA and mixed gently. The mixture was then 

incubated for 30 min at 37oC and afterwards, 0.1 volume (RNA volume) resuspended 

DNAse Inactivation Reagent was added and mixed well. The mixture was subsequently 

incubated at room temperature for 5 minutes after which it was centrifuged at 10 000 for 1.5 

minutes and finally transferred to a fresh tube. 

For the synthesis of cDNA, the iScript cDNA synthesis kit was used. 11 µl of DNAse treated 

RNA (1 µg RNA), 5 µl 5x iScript reaction Mix, 1 µl iScript reverse transcriptase and 4 µl 

RNAse free water was mixed together. The complete reaction mix was incubated under the 

following conditions: 5 minutes at 25oC, 30 minutes at 42oC, 5 minutes at 85oC and finally 

held at 10oC. 
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Alpha gliadin gene amplification  and sequencing   

The Ŭ-gliadin genes were amplified in two PCR amplification events. The first amplification 

was done using gene specific primers. Table 2 shows the names and nucleotide sequences 

of the different primers. This amplification event had three replications on three different 

PCR machines so that amplification bias is minimised while increasing the reliability and 

validity of the amplification results. Amplification was performed in 20 µl reaction containing 

4.0 µl Phusion buffer, 0.8 µl dNTP (5mM),  0.25 µl Adaptor primer(10pmol/µl),  0.25 

µlSpecific primer (10pmol/µl),  12.6 µl MQ, 0.1 µl Phusion Taq and 2.0 µl cDNA. The PCR 

amplification was done under the following conditions 98oC for 30 seconds followed by 30 

cycles at 98oC for 5 seconds, 50oC for 10seconds and 72oC for 30seconds, and finally an 

extension of 5 min at 72oC.  The products of the three amplifications were pooled together 

and used as a template for the second PCR amplification event which made use of 454 

adapter primers and specific primers (table 2), and was also replicated thrice. The specific 

primers had barcode sequences (multiplex identifier tags (MIDs)) that enabled the 

identification of sequences from different genotypes. So all in all there were 44 different 

specific primers. The second amplification event was performed in 30 µl reaction containing 

4.0 µl Phusion buffer, 0.8 µl dNTP (5mM),  0.5 µl 454-Adaptor primer(10pmol/µl),  0.5 µl 454-

Specific primer(10pmol/µl),  14.1 µl MQ, 0.1 µl Phusion Taq and 10.0 µl first PCR product. 

The PCR amplification conditions were the same as that for the first PCR event. The PCR 

products from the three replicates of the second PCR event were pooled together and 

analysed on 1% agarose gel. The PCR products of all samples were equimolar pooled and 

subsequently size fractioned using a 1% agarose gel. The fragment of 370 bp was cut from 

gel, purified using Qiagen gel extraction kit and sent for sequencing. The  Ŭ-gliadin gene  

fragments  obtained were sequenced in reverse to forward direction ( from the end of the 

gene to the signal peptide direction), in this way many sequences were yielded because 

signal peptide was cut off instead of the epitopes.  

Table 2: Primers used in alpha-gliadin amplification 

Gene specific primers Primer sequence 

AlphaR01 5ô-ctgctgctgtgaaattggtt-3ô  

AlphaR02 5ô-ctgctgctgtgaaattggat-3ô 

AlphaR03 5ô-ctgctgctgtgaaattagtt-3ô 

AlphaR04 5ô-ctgctgctgtgaaattagat-3ô 

454 adapter and specific primers  

Aplha1Fdeg454 рΩ-ATGAARACMTTTCYCATC-оΩ 

AlphaR454 рΩ-ctgctgctgtgaaattrgwt-оΩ 

454adptA рΩ-CGTATCGCCTCCCTCGCGCCATCAG-оΩ 

454adpB рΩ-CTATGCGCCTTGCCAGCCCGCTCAG-оΩ  
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Characterisation and analysis of variation of the sequences in the epitope 

regions and in expression  

The sequence reads obtained were trimmed based on base quality, bad sequences were 

discarded. After the trimming the remaining sequences were screened for the presence of 

identified barcodes and conserved start and end motif. The resultant sequences were 

clustered and corrected for a typical 454 homopolymer. The resulting clusters (consensus 

nucleotide sequences) and their total number of reads across the genotypes were exported 

to Excel for further analysis. The exported sequences in excel were was manually checked 

and corrected for small frame shift mistakes by aligning the correct sequence with the wrong 

sequence using a computer programme  MEGA 5. After corrections were made, identical 

nucleotide and amino acid sequences were identified and their sequence reads were pooled 

together and identified as one sequence variant. Sequences with less than a total of 20 

reads across all the genotypes were discarded. The resultant amino acid sequences coding 

for unique proteins were explored for the presence of different epitope variants using a text 

explorer program (Pattern Research,). The toxicity of the epitope variants (if not previously 

tested for T cell proliferation) was scored as highly likely to be toxic (*T), likely to be not toxic 

(*NT) and likely to have decreased toxicity (*RT) depending on the amino acid composition 

of the epitope variant. Table 3 shows the epitope classes and the rules for classification. The 

toxicity levels of the different protein sequences was scored by counting the amount of toxic 

(tested for T cell proliferation) and highly likely to be toxic epitopes per protein relative to the 

total number of epitopes in the protein. The toxicity scores of the genotypes was calculated 

as the sum total of all the toxicity scores for all the different protein reads in a genotype. 

Table 3: Classification rules for the epitopes 

Epitope class Classification Rule 

Toxic (T)  ¶ T cell stimulation 

Reduced Toxicity (RT) ¶ Invitro T cell stimulation is 100 times reduced 

compare to the canonical epitope 

   Not Toxic (NT)  ¶ T cell stimulation abolished or 1000 times reduced 

compared to canonical epitope 

  ¶ Amino acid S at position 8 for epitope Glia-Ŭ1 and 

Glia-Ŭ2 
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  ¶ Amino acid P at position 2 for epitope Glia-Ŭ3 

Expected to be toxic (*T) ¶ One amino acid change 

  ¶ No change in deamidation part 

Expected to be reduced 

toxic (*RT) 

¶ One amino acid change with a change in 

deamidation pattern 

  ¶ Gli-Ŭ1: P1 to K1 change, P5 to L5/Q5 change 

  ¶ Gli-Ŭ2: P3 to L3 change,L5 to Q5 change 

  ¶ Glia-Ŭ3: P2 toL2 change 

Expected to be non-Toxic  ¶ Two or more amino acid change 

 

 For the comparison of the amount and type of epitope sequence variants that exist between 

Ae.tauschii genotypes and D genome sequences of T. aestivum, previously detected 

epitopes assigned to the D genome of T. aestivum were compiled from relevant literature 

[14] and compared with those found in A. tauschii. 

The expression frequency of the different protein variants in the 44 genotypes was 

calculated as the number of transcript reads per protein variant relative to the total number of 

transcripts reads in a genotype, only protein variants per genotype with more than five 

transcript reads in a genotype were considered in the analysis The expression profile was 

generated by hierarchal clustering using the MeV software.   

Sequence similarity  analysis  

To learn more about the CD epitope similarities and differences that exists between the Ŭ-

gliadin sequences in Ae. tauschii and the hexaploid (T. aestivum) (D genome) Ŭ-gliadin 

sequences, expressed and genomic sequences were downloaded from NCBI and included 

in an alignment with the 454 Ae. tauschii sequences. All the sequences were truncated to 

the region that contains the epitopes. Sequence alignment was done using the computer 

programme MEGA 5. The alignment was used to compare the A. tauschii sequences with 

the hexaploid sequences.  
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To find out if Ae.tauschiiŬ-gliadin proteins were common and unique for a particular 

geographical area, a Neighbour Joining tree analysis was done in MEGA5. The evolutionary 

distances were computed using the p-distance method and are in the units of the number of 

base differences per site. The analysis involved 170 amino acid sequences. There were a 

total of 74 positions in the final dataset.  
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RESULTS 

454 sequence analysis pipeline  

The sequence reads yielded a total of 184097 transcript reads which were the trimmed 

based on the base quality. Bad sequences and sequences less than 200 base pairs were 

eliminated. The remaining 116946 sequences after trimming were then screened for the 

presence of identified barcodes and conserved start and end motif. 96932 sequences had 

identified barcodes and conserved start and end motif. The 96932 passed sequences were 

then clustered, first at 100% homology to identify similar sequences, then at 99.5% 

homology. The resultant clusters (52440 clusters) were then corrected for a usual 

homopolymer 454- sequencing error and trimmed up to the first variable domain of alpha 

gliadins which has a size of about 86 - 282 base pairs. This region of the Ŭ-gliadins is the 

one that harbours the main CD epitopes. The truncated sequences were again clustered at 

99.5% homology using the (USEARCH V4.0) software. The clustering resulted in 1623 

clusters which were exported to Excel for further analysis. The overview of the 454 

sequence analysis pipeline is as shown in Fig 1 below.  
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Figure 1: Overview of the 454 sequence analysis pipeline 

Epitope variants  
In the analysed Ŭ-gliadin region a total of 206 unique nucleotide variants coding for 134 

unique Ŭ-gliadin proteins (first variable domain; > 20 reads per variant) were expressed.  The 

134 proteins were given names (e.g. C10) for convenience sake. The search for T-cell 

stimulatory epitope variants yielded a number of different HLA-DQ2 Gli-Ŭ1, HLA-DQ2 Gli-Ŭ2 

and HLA-DQ2 Gli-Ŭ3 epitope variants (Table 3, 4, 5). In addition to the canonical T-cell 

stimulatory epitopes, a number of variants with one or two amino acids substitution were 

detected in the Ae. tauschii transcriptome. Most of the T cell stimulatory variants found in 

Ae.tauschii transcriptome have never been found and described before. Not much is known 

about their toxicity but since target sites for the enzyme TG2 can be determined by the C 

terminal flanking amino acids[29], the toxicity of the new variants can be assumed. Some of 

the variants found in the  Ae.tauschii transcriptome were before found only in the Ŭ-gliadin 

sequences assigned to the A or B genome and not the D genome of hexaploid wheat. Glia- 
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Ŭ1- var8 (PFSQPQLPY) is an example of a protein that was previously found in hexaploid 

sequences assigned to the A genome while in the current study found in the alpha-gliadin 

proteins from Ae.tauschii only and not in those shared between the Ae. tauschii and the 

control tetraploid. Tables 3 shows the detected variants for  the Ŭ1 epitope, assumed toxicity 

of the variants, the number of proteins that express them and the  total number of transcript 

reads per epitope variant.  

Table 4: DQ2-Glia-alpha 1 variants expressed in Ae.tauschii 

9ǇƛǘƻǇŜ ʰм ǾŀǊƛŀƴǘ Toxicity protein count Number of reads 

PFPQPQLPY T 71 63026 

PYPQPQLPY T 27 16385 

KFPQPQ[t¸ό ʰм-var2) *RT 5 744 

PFPQPQLĻ ό ʰм-var3) *RT 1 383 

PFPQLQ[t¸ό ʰм-var4) *RT 4 528 

PFPQPQQt¸ό ʰм-var6) *RT 1 149 

PFPPPQ[t¸ό ʰм-var7) *T 1 73 

PFSQPQ[t¸ό ʰм-var8) RT 4 167 

PFPQPQLŞ ό ʰм-var9) NT 1 57 

PFPHPQLPY( h м-var10) T 2 92 

PYPQPQLĻ ό ʰм-var11) *RT 8 1228 

PYPHPQ[t¸ό ʰм-var12) *T 5 244 
Expressed variants of the HLA-DQ2-Glia Ŭ1 epitope in Ae.tauschiirepresented by >5 transcripts assumed level of toxicity and 

number of proteins which express them. T= toxic, *T=highly likely to be toxic, RT=decreased toxicity and NT=not toxic. 

Underlined: amino acid variation. Bold and red : targets for TG2 deamidation 

All the three canonical epitopes were highly expressed by many proteins while the variants 

were expressed by just a few proteins. Some variants were expressed by few proteins but in 

relatively higher amounts than the others, for example variant Glia-Ŭ2-var6 (Table 4). Ŭ2- 

var10 ,Ŭ2- var12 (Table 4) are also some of the epitope variants that were previously found 

in alpha-gliadin sequences that were previously assigned to B genome of hexaploid wheat 

while in the current study was also found in some Ae. tauschii sequences. Table 4 shows the 

detected variants for the Glia-Ŭ2 epitope, assumed toxicity of the variants, the number of 

proteins that express them and the  total number of transcript reads per epitope variant.  

Table 5: DQ2-Glia-alpha 2 variants expressed in A. tauschii 

9ǇƛǘƻǇŜ ʰн ǾŀǊƛŀƴǘ Toxicity protein 
count 

Number of 
reads 

PQPQLPYPQ T 58 51311 

PQPQLĻ tvό ʰн-var2) *RT 15 8860 

PQPQLPYSvό ʰн-var3) NT 11 4236 

PQLQ[t¸tvό ʰн-var4) *RT 4 528 

PQPQQt¸tvό ʰн-var5) *RT 1 149 

PQPQLPYPHό ʰн-var6) *T 10 8225 

PHPQ[t¸tvό ʰн-var7) *RT 15 8408 

PQPQLPYLvό ʰн-var8) *RT 2 99 

PQPQLPYSHό ʰн-var9) NT 4 806 

FPPQ[t¸tvό ʰн-var10) *NT 5 392 
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PPPQLPYSvό ʰн-var11) NT 1 73 

FLPQ[t¸tvό ʰн-var12) *NT 5 369 

SQPQLPYPHό ʰн-var13) *NT 3 140 

PHPQLĻ tvό ʰн-var14) *NT 3 200 

PQPQLSYSvό ʰн-var15) NT 1 57 

SQPQLPYSvό ʰн-var16) NT 1 27 
Expressed variants of the HLA-DQ2-Glia Ŭ2 epitope in Ae.tauschii represented by >5 transcripts ,assumed level of toxicity and 

number of proteins which express them. T= toxic, *T=highly likely to be toxic, RT=decreased toxicity, NT= not toxic, *NT likely 

to be not toxic and *RT=likely to have decreased toxicity. Underlined: amino acid variation. Bold and red : targets for TG2 

deamidation 

Variants of the Glia-Ŭ3 epitope were by far the most expressed variants in all the proteins.In 

the Glia Ŭ-3 variants a substitution from arginine (R) to proline (P) at  amino acid position p2 

was common (Table 5).  Epitope variants Glia-Ŭ3-var Glia-8, Glia-Ŭ3-var-11 and Glia-Ŭ3-

var12 (Table 5) were also previously found to be expressed only in transcripts assigned to 

the B genome of T. aestivum  and not the D genome , however in this current study they 

have also been detected in the Ae. tauschii which has D genome. Table 5 below shows  the 

detected variants for  the Glia-Ŭ3 epitope, assumed toxicity of the variants, the number of 

proteins that express them and the  total number of transcript reads per epitope variant.  

Table 6: DQ2-Gli-alpha 3 variants expressed in A. tauschii 

9ǇƛǘƻǇŜ ʰо ǾŀǊƛŀƴǘ Toxicity protein 
count 

Number of 
reads 

FRPQQPYPQ  T 94 63773 

FPPQvt¸tvό ʰо-var2) NT 119 70868 

FPQQvt¸tvό ʰо-var3) *T 1 266 

FPPQQPYAvό ʰо-var4) NT 8 2304 

FPSQvt¸tvό ʰо-var5) NT 12 2630 

FLPQvt¸tvό ʰо-var6) *RT 2 187 

FPPQLt¸tvό ʰо-var7) NT 5 392 

FPPQQPYPHό ʰо-var8) NT 2 115 

FLPQLPYPQ( h о-var9) *NT 5 369 

SRPQvt¸tvό ʰо-var10) *T 1 51 

FPAQvt¸tvό ʰо-var11) NT 2 152 

FPPQQŞ tvό ʰо-var12) NT 3 275 

FPPQQPYLvό ʰо-var13) NT 1 27 

FRPQKt¸tvό ʰо-var14) *T 1 33 

FRQQvt¸tvόʰо-var15) *RT 1 27 

FPPQQPYTvό ʰо-var16) NT 1 78 
Expressed variants of the HLA-DQ2-Glia Ŭ3 epitope in Ae. tauschii represented by >5 transcripts, assumed level of toxicity and 

number of proteins which express them. T= toxic and *T=highly likely to be toxic. Underlined: amino acid variation. Bold and 

red : targets for TG2 deamidation 

A comparison of the HLA-DQ2 Glia-Ŭ1, Glia-Ŭ2 and Glia-Ŭ3 epitope variants in Ae. tauschii 

(Tables 3-5) with the variation previously found for the HLA-DQ2 Glia-Ŭ1, Ŭ2 and Ŭ3 epitopes 

in the D genome of hexaploid wheat (Table 6) shows that there is much more variation in 

terms of epitopes in Ae. tauschii than in the D genome of T.aestivum. Few variants were 

present in T. aestivum and absent in Ae.tauschii e.g. the Gli-Ŭ1 and Gli-Ŭ2 variants, 

PFPQAQLPY and PQAQLPYSQ respectively. The expression of the canonical epitopes in T. 
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aestivum was also higher than that of the variants. Interestingly the 33 mer peptide 

(LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF) with superior T cell stimulatory epitopes 

which is usually found only in the D genome transcripts of hexaploid wheat was not found in 

the Ae. tauschii transcriptome. 

Table 7: Glia alpha 1, 2 and 3 epitope variants expressed in T. aestivum 

Epitope variants Toxicity Tested for stimulation Number of 
reads 

Glia-ʰм variants    

PFPQPQLPY  T yes 520 

PYPQPQLPY  T yes 93 

PFPQPQLSY  NT yes 54 

PFPHPQLPY  T yes 29 

PFPQAQLPY RT yes 6 

Glia-ʰн ǾŀǊƛŀƴǘǎ    

PQPQLPYPQ T yes 607 

PQPQLSYPQ NT yes 54 

PQPHLPYPQ *NT no 30 

PHPQLPYPQ T yes 29 

PQAQLPYSQ RT yes 6 

Glia-ʰо variants    

FRPQQPYPQ T yes 449 

FPPQQPYPQ NT yes 606 

FPSQQPYPQ *NT no 8 

FRPQQSYPQ *RT no 157 

FLPQQPYPQ *RT no 8 

FRPQQQYPQ *T no 6 
Expressed variants of the HLA-DQ2-Glia-Ŭ1, Ŭ2 and Ŭ3 epitope in T. aestivum represented by >5 transcripts, assumed  and/ or 

tested toxicity and whether variant has been tested for toxicity. T=toxic, nt=not toxic, *NT= likely to be not toxic,RT= decreased 

toxicity and *T= highly likely to be toxic. Underlined: amino acid variation. Bold and red : targets for TG2 deamidation. Table  

adapted from Mitea et al 2010[14] 

Protein toxicity  
The 134 unique proteins (epitope containing regions) found in the Ae. tauschii included 17 

proteins (all proteins named P) that were previously found in some tetraploid wheat 

genotypes (containing the A and B genomes). The other 117 (all proteins named C) proteins 

were unique to A. tauschii. Protein P1 which was previously expressed by all the tetraploid 

genotypes had a quite high number of reads and was expressed by 23 Ae. tauschii 

genotypes (control genotype included). P20 and P29 were only expressed in a tetraploid 

wheat genotype (MID-49, used as a positive control for the 454 sequencing) genotype and 

not in the Ae. tauschii genotypes. The toxicity score (see material and methods) of all the 

proteins ranged from 0-100 with the majority having a score of 50 and above (Table 7). 25 

proteins (bold and underlined, Table 7) did not express any of the tested toxic and highly 

likely to be toxic epitopes and were assumed to be safe (Toxicity score =0). All of the 

assumed safe proteins were lowly expressed compared to the other proteins. Most of the 

highly expressed proteins also had a high toxicity score. Protein C22 was the only protein 

expressed in all the Ae. tauschii genotypes (>0.1% expression) but not in the tetraploid 

control genotype. Some proteins were expressed in only one genotype. Table7 shows the 
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total number of reads for each protein, the number of genotypes in which it was expressed, 

the frequency of expression of the different epitopes in each protein and the toxicity score. All 

the 134 proteins expressed at least two variants of the detected T-cell stimulatory epitopes 

and only 25 proteins did not express any of the tested and toxic epitopes ( Glia-Ŭ1-var1, Glia 

Ŭ1-var5, Glia Ŭ1- var 10, Glia Ŭ2-var1, Glia Ŭ2- var 7 and Glia Ŭ3-var1). Some of the proteins 

only expressed variants of the Glia Ŭ3 epitope and all the proteins expressed at least one 

variant of the Glia Ŭ3 epitope. Some proteins expressed more than one copy of one epitope 

variant for example protein C60 expresses five Glia-Ŭ3-variants of which 3 copies  are the 

Glia-Ŭ3-var2. 

Table 8: Epitope load and expression in alpha-gliadin proteins 

 

Expressed proteins represented by> transcripts. #epitopes in protein= number of epitopes in protein.  hl epitopes= epitopes 

assumed to be highly likely toxic, less toxic= all the epitopes that are not toxic (NT) + those that have reduced toxicity (RT) 

+those that are likely to be not toxic (*NT) + those that are likely to have reduced toxicity (*RT). Toxicity score= (sum of tested 

toxic + sum of highly toxic / number of epitopes per protein)*100 
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Number of reads 1175061441452 573 543 423 383 378 315 266 253 250 246 243 229 190 184 176 168 162 157 155 149 134 132 129 120 119 119 117 114 106 101 98

Genotype count 43 34 34 3 15 2 34 1 21 2 6 35 26 11 35 36 35 6 26 22 1 2 3 3 23 20 24 25 2 26 25 18 9 18

#epitopes in protein 4 5 4 6 4 4 4 4 5 4 6 4 2 4 2 4 4 3 4 3 4 6 6 4 4 4 5 2 5 4 4 5 4 4

ʅʰм ǾŀǊ 1 1 1 2 1 1 1 1 1 1 2 1 0 1 0 1 1 0 2 1 1 2 2 0 2 1 2 0 2 1 1 2 0 1

ʅʰн var 1 2 1 2 1 1 1 1 2 1 2 1 0 1 0 1 1 0 1 1 1 2 2 1 1 2 1 0 1 1 1 1 1 2

ʅʰо var 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 1 1 2 2 2 3 1 1 2 2 2 2 2 2 3 1

ʅ¢ 3 3 3 2 2 3 1 3 3 2 1 2 1 2 0 3 3 0 4 3 3 3 1 0 3 2 3 1 4 3 3 4 0 1

ʅ ϝ¢ ŜǇƛǘƻǇŜǎ0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1

ʅw¢ 1 2 1 4 2 1 3 1 2 1 5 2 1 2 2 1 1 3 0 0 1 3 5 4 1 1 2 1 1 1 1 1 4 2

Toxicity score 75 60 75 33 50 75 25 75 60 75 17 50 50 50 0 75 75 0 100 100 75 50 17 0 75 75 60 50 80 75 75 80 0 50
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Number of reads 91 88 85 84 77 75 74 73 70 68 66 65 64 62 61 60 60 58 58 57 56 55 54 54 52 51 51 51 51 51 50 48 47 43

Genotype count 18 18 23 1 1 18 16 2 4 2 1 17 3 3 6 7 11 15 6 1 1 17 11 2 14 11 2 10 7 16 3 10 10 12

#epitopes in protein 4 4 3 4 4 5 4 4 4 5 4 6 2 6 5 6 6 3 6 4 4 5 5 6 2 4 5 3 4 2 6 4 3 1

ʅʰм ǾŀǊ 1 1 0 1 1 1 1 1 1 0 1 0 0 2 1 2 2 0 2 1 2 2 1 2 0 1 2 1 0 0 2 1 0 0

ʅʰн var 2 1 0 1 1 2 1 1 1 1 1 1 0 2 2 2 2 0 2 1 1 1 2 2 0 1 1 1 1 0 2 1 1 0

ʅʰо var 1 2 3 2 2 2 2 2 2 4 2 5 2 2 2 2 2 3 2 2 1 2 2 2 2 2 2 1 3 2 2 2 2 1

ʅ¢ 3 3 0 3 2 2 1 1 2 0 2 1 0 1 2 3 1 0 4 1 3 4 2 2 0 2 3 3 0 1 2 1 1 0

ʅ ϝ¢ ŜǇƛǘƻǇŜǎ0 0 0 0 0 1 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0

ʅw¢ 1 1 3 1 2 2 2 2 2 5 2 5 2 4 2 3 5 3 2 3 1 1 2 4 2 2 1 0 4 1 4 3 2 1

Toxicity score 75 75 0 75 50 60 50 50 50 0 50 16.7 0 33 60 50 17 0 67 25 75 80 60 33 0 50 80 100 0 50 33 25 33 0
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Number of reads 42 42 41 41 41 41 41 40 40 40 40 38 38 36 35 35 35 33 33 33 31 30 30 30 29 29 28 27 27 27 27 27 26 25

Genotype count 3 5 2 12 14 13 12 3 10 10 8 3 4 9 3 2 1 9 6 4 7 9 1 7 1 2 5 9 5 7 1 5 2 3

#epitopes in protein 4 4 5 4 4 2 4 6 5 1 5 4 6 5 2 4 4 4 4 4 5 4 4 3 4 3 4 2 4 4 4 4 5 5

ʅʰм ǾŀǊ 1 1 1 1 1 0 1 2 1 0 1 0 2 1 0 0 1 1 1 1 1 1 1 0 1 0 1 0 1 1 0 1 2 2

ʅʰн var 1 1 2 1 1 0 2 2 2 0 1 1 2 2 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1

ʅʰо var 2 2 2 2 2 2 1 2 2 1 3 3 2 2 2 3 2 2 2 2 3 2 2 1 2 2 2 2 2 2 3 2 2 2

ʅ¢ 2 3 2 1 2 0 2 1 2 0 3 0 1 2 0 0 3 2 3 1 3 1 3 1 2 0 2 1 2 3 0 0 4 3

ʅ ϝ¢ ŜǇƛǘƻǇŜǎ0 0 1 0 0 0 0 1 1 0 0 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0

ʅw¢ 2 1 2 3 2 2 2 4 2 1 2 4 4 2 2 4 1 2 1 2 2 2 1 2 2 3 2 1 2 1 4 4 1 2

Toxicity score 50 75 60 25 50 0 50 33 60 0 60 0 33 60 0 0 75 50 75 50 60 50 75 33 50 0 50 50 50 75 0 0 80 60

Protein name C
1

1
8

C
1

2
0

C
1

2
2

C
1

2
4

C
1

2
8

C
1

3
1

C
1

C
2

C
3

C
4

C
5

P
1

P
6

P
2

8

C
6

C
7

C
8

C
9

C
1

0

C
1

1

C
1

2

P
8

2

C
1

3

C
1

4

P
7

7

C
1

5

C
1

6

C
1

7

C
1

8

C
1

9

C
2

0

C
2

1

Number of reads 25 24 23 22 21 20 107 257 48 173 143 2426 78 213 1743 164 352 98 7593 628 1913 12218 164 245 11218 190 211 915 146 64 47 86

Genotype count 5 6 5 5 2 1 1 28 12 10 14 23 9 4 41 33 34 15 34 32 10 42 31 13 43 31 17 25 26 17 4 18

#epitopes in protein 5 4 2 3 4 5 4 2 4 5 4 4 4 4 3 3 2 5 5 5 4 5 4 3 4 3 4 4 2 2 4 5

ʅʰм ǾŀǊ 2 1 0 0 2 2 1 0 1 2 1 1 1 0 0 0 0 1 1 1 2 2 2 1 1 1 1 1 0 0 1 2

ʅʰн var 1 1 0 0 1 1 1 0 1 1 1 1 1 1 0 0 0 2 2 2 1 1 1 1 1 1 1 1 0 0 1 1

ʅʰо var 2 2 2 3 1 2 2 2 2 2 2 2 2 3 3 3 2 2 2 2 1 2 1 1 2 1 2 2 2 2 2 2

ʅ¢ 4 2 0 0 3 4 3 0 3 4 3 2 2 0 0 1 1 2 2 3 3 4 3 2 3 2 2 2 0 0 2 4

ʅ ϝ¢ ŜǇƛǘƻǇŜǎ0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

ʅw¢ 1 2 2 3 1 1 1 2 1 1 1 2 2 4 3 2 1 2 2 2 1 1 1 1 1 1 2 2 2 2 2 1

Toxicity score 80 50 0 0 75 80 75 0 75 80 75 50 50 0 0 33 50 60 60 60 75 80 75 67 75 67 50 50 0 0 50 80
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Alpha gliadin expression profile of Ae. tauschii  genotypes 
All the 43 Ae. tauschii genotypes expressed all the three canonical epitopes in different 

fractions. Figure 2 shows the average expression fractions of the canonical Gli-Ŭ1, Ŭ2 and 

Ŭ3 epitopes across the genotypes. MID-06 expressed a very low fraction of the Glia-Ŭ2 

epitope and MID 49 (the tetraploid control genotype, AB-genome) did not express the Glia-

Ŭ2 canonical epitope. MID-44 expressed the highest average fraction of the three canonical 

epitopes while MID-49 expressed the lowest fraction. Among the Ae. tauschii genotypes 

MID-06 expressed the lowest fraction of all the three canonical epitopes. 

 

Figure 2: Average expression fractions of the CD Glia- alpha 1, 2 and 3 canonical 
epitopes (average number of epitopes per transcript) 

The three epitope classes (tested and toxic epitopes (T), expected to be toxic epitopes (*T) 

and the less toxic epitopes) were also distinctively expressed in the genotypes. Figure 3 

shows the expressed fractions of the three epitope classes across the genotypes. The tested 

and toxic class had a higher expression fraction in most of the genotypes followed by less 

toxic class and finally the highly likely to be toxic class. Some genotypes did not express the  

expected to be toxic class of epitopes (Figure 3). 
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Figure 3: Average expression fractions of the HLA-DQ2 epitope classes in Ae.tauschii 

Hierarchal clustering of the 44 genotypes (43 D-genomes and 1 AB-genome) using the MeV 

software yielded three main expression groups and  17 expression sub groups (including a 

group unique for the tetraploid control,MID-49) composed of genotypes that show a 

somewhat similar expression profile. Appendix II shows the expression profile of the Ae. 

tauschii genotypes and the tetraploid control. The 16 Ae. tauschii groups differed mainly in 

the type and level of expression of some proteins for example group 1 differed from the other 

groups because it expressed relatively higher amounts of the proteins C55, C1 and C28 

while group 2 genotypes differed from other groups mainly because they expressed the 

proteins C26 and C40 (Appendix II).There were proteins that were unique to a particular 

group. Some groups had only one genotype while the largest group had ten genotypes. The 

17 expression sub groups and their respective genotypes as well as the toxicity scores for 

the genotypes is shown in (Table 8). The 43 Ae. tauschii genotypes  were from 14 genetic 

backgrounds previously determined using SSRs markers, and from our grouping (using 

hierarchical clustering) based on alpha-gliadin proteins , only one of our sub-groups (sub-

group 10) was the same as the SSRs diversity group 14 ( Table 1) which consists of 

genotypes MID- 36, MIS-37 and MID-17. All the genotypes in this group originated in Turkey. 

Genotypes in sub-group 4 and 13 were all from Afghanistan and Tajikistan respectively, and 

itôs only these two sub-groups together with sub-group 10 that consisted of genotypes with 

the same country of origin. The average toxicity scores of the expression groups was 

calculated and all the sub-groups predicted a quite high average HLA-DQ2 CD toxicity 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
 M

ID
-0

1

 M
ID

-0
2

 M
ID

-0
3

 M
ID

-0
4

 M
ID

-0
5

 M
ID

-0
6

 M
ID

-0
7

 M
ID

-0
8

 M
ID

-1
0

 M
ID

-1
1

 M
ID

-1
3

 M
ID

-1
4

 M
ID

-1
5

 M
ID

-1
6

 M
ID

-1
7

 M
ID

-1
8

 M
ID

-1
9

 M
ID

-2
0

 M
ID

-2
1

 M
ID

-2
2

 M
ID

-2
3

 M
ID

-2
4

 M
ID

-2
5

 M
ID

-2
6

 M
ID

-2
7

 M
ID

-2
8

 M
ID

-2
9

 M
ID

-3
0

 M
ID

-3
1

 M
ID

-3
2

 M
ID

-3
3

 M
ID

-3
4

 M
ID

-3
5

 M
ID

-3
6

 M
ID

-3
7

 M
ID

-3
8

 M
ID

-3
9

 M
ID

-4
0

 M
ID

-4
1

 M
ID

-4
2

 M
ID

-4
4

 M
ID

-4
6

 M
ID

-4
8

 M
ID

-4
9

A
ve

ra
g
e

/t
ra

n
sc

ri
p

t 

Ae. tauschii genotypes 

Expressed fraction of the HLA-DQ2 epitope classes in Ae.tauschii genotypes 

T

*T

RT



19 
 

(above 50 on a scale of 1 to 100). Sub-group 8 with only one genotype had the highest 

average toxicity score,  

The minimal number of different proteins expressed (>0.1% expression) per genotype 

ranged from 12 to 56 and the toxicity score per genotype was quite high ranging from 59 to 

80%. Genotype MID-06 expressed the lowest number of different proteins and also had the 

lowest toxicity score but genotype MID-22 which expressed the highest number of proteins 

did not have the highest toxicity score. MID-44 had the highest toxicity score and expressed 

only 13 proteins. Expression sub-groups 16 and 17 had a somewhat expression similar 

profile and almost the same average toxicity.  

Table 9: Alpha-gliadin expression groups in Ae. tauschii 

 Group  Genotype Country of 
Origin 

Protein 
count (>0.1% 
expression 
frequency) 

Genotype 
Toxicity 
score 

 Average 
toxicity 
score/group 

GROUP1 MID-44 Armenia 13 79.76 79.76 

GROUP2 MID-18 Afghanistan 41 76.26   

  MID-46 Kyrgyzstan 46 76.04 76.15 

GROUP3 MID-04 Pakistan 51 76.12   

  MID-31 Tajikistan 46 76.67   

  MID-23 Uzbekistan 41 75.24 76.01 

GROUP4 MID-10 Afghanistan 49 73.77   

  MID-27 Afghanistan 48 75.50 74.64 

GROUP5 MID-26 Tajikistan 48 75.83   

  MID-28 Afghanistan 46 76.29   

  MID-34 Kyrgyzstan 49 75.20 75.77 

GROUP6 MID-20 Pakistan 51 75.83 75.83 

GROUP7 MID-48 Uzbekistan 35 75.72   

  MID-02 Tajikistan 42 77.86   

  MID-01 Afghanistan 39 77.34 76.97 

GROUP8 MID-05 Afghanistan 36 78.31 78.31 

GROUP9 MID-38 Tajikistan 36 75.92   

  MID-30 Armenia 40 75.44   

  MID-03 Armenia 41 78.70   

  MID-16 Turkmenista
n 

46 76.51   

  MID-42 Uzbekistan 29 76.50   

  MID-24 Turkey 47 75.51   

  MID-25 Uzbekistan 39 76.02   

  MID-22 China 56 75.88   

  MID-15 China 46 76.04   

  MID-39 Pakistan 35 71.56 75.81 

GROUP10 MID-36 Turkey 33 76.38   

  MID-37 Turkey 55 75.81   

  MID-17 Turkey 49 74.07 75.42 
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GROUP11 MID-29 Afghanistan 45 73.78   

  MID-11 Tajikistan 39 73.98   

  MID-21 Georgia 31 74.65   

      

  MID-41 Uzbekistan 29 76.23 74.66 

GROUP12 MID-19 Uzbekistan 28 75.42   

  MID-35 Georgia 27 76.50   

  MID-14 China 37 75.95   

  MID-33 Azerbaijan 31 76.59 76.12 

GROUP13 MID-32 Tajikistan 38 69.97   

  MID-08 Tajikistan 34 70.33   

  MID-07 Tajikistan 39 70.28 70.19 

GROUP14 MID-13 Turkey 39 67.78 67.78 

GROUP15 MID-40 Tajikistan 29 62.47 62.47 

GROUP16 MID-06 Turkey 12 57.17 57.17 

GROUP17 MID-49   15 57.35 57.35 

Sequence similarity analysis  
The comparison between Ae. tauschii transcripts (RNA 454-amplicon sequencing) and 

hexaploid sequences assigned to the  D genome of T.aestivum (ESTs and genomic 

sequences) showed that a 33 mer peptide, that  harbours six partially overlapping T cell 

epitopes, is present in some of the T. aestivum  sequences while it is absent in Ae. tauschii 

transcript sequences. The sequence alignment showed that those T. aestivum sequences 

that have the 33 mer peptide had an extra QLPYPQP insertion in the epitope region 

compared to the Ae. tauschii sequences and other hexaploids sequences..  
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Figure 4: Partial alignment of the T cell stimulatory region of the alpha gliadin protein 

Neighbour joining analysis  
The evolutionary history was inferred using the Neighbour-Joining method. The optimal tree 

with the sum of branch length = 2.29933453 is shown in Figure 5. The tree is drawn to scale, 

with branch lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. The Neighbour joining tree of the deduced amino acid sequence (45 to 71 

amino-acids) of the epitope containing regions of expressed alpha-gliadins yielded a tree 

with two main branches. All the T. aestivum sequences (red circles) and the óPô proteins 

(proteins in Ae.tauschii but also found in tetraploid wheat, blue circles) were found in one of 

the branches and most of them clustered together in sub-branches. The clustering of the 

proteins showed that there are no proteins that are unique for a certain geographical region 

neither are they unique to the SSR diversity groups. Proteins from different regions were 

clustering together e.g. all the proteins in the smaller main branch are commonly found in 

accessions from all the different geographical regions. The NJ tree also shows that D 

genome sequences from T. aestivum are closely related to those sequences from Ae. 

tauschii. 
























