( BioMied Central

BIVIC Genomics The Open Access Publisher

This Provisional PDF corresponds to the article as it appeared upon acceptance. Fully formatted
PDF and full text (HTML) versions will be made available soon.

Quantitative and qualitative differences in celiac disease epitopes among durum
wheat varieties identified through deep RNA-amplicon sequencing

BMC Genomics 2013, 14:905 doi:10.1186/1471-2164-14-905

Elma MJ Salentijn (Elma.salentijn@wur.nl)
Danny G Esselink (Danny.esselink@wur.nl)
Svetlana V Goryunova (Orang2@yandex.ru)

Ingrid M van der Meer (Ingrid.vandermeer@wur.nl)

Luud JWJ Gilissen (Luud.gilissen@wur.nl)

Marinus JM Smulders (Rene.smulders@wur.nl)

ISSN 1471-2164
Article type Research article
Submission date 23 April 2013
Acceptance date 10 December 2013
Publication date 19 December 2013

Article URL http://www.biomedcentral.com/1471-2164/14/905

Like all articles in BMC journals, this peer-reviewed article can be downloaded, printed and
distributed freely for any purposes (see copyright notice below).

Articles in BMC journals are listed in PubMed and archived at PubMed Central.
For information about publishing your research in BMC journals or any BioMed Central journal, go to

http://www.biomedcentral.com/info/authors/

© 2013 Salentijn et al.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


mailto:Elma.salentijn@wur.nl
mailto:Danny.esselink@wur.nl
mailto:Orang2@yandex.ru
mailto:Ingrid.vandermeer@wur.nl
mailto:Luud.gilissen@wur.nl
mailto:Rene.smulders@wur.nl
http://www.biomedcentral.com/1471-2164/14/905
http://www.biomedcentral.com/info/authors/
http://creativecommons.org/licenses/by/2.0

Quantitative and qualitative differences in celiac
disease epitopes among durum wheat varieties
identified through deep RNA-amplicon sequencing

Elma MJ Salentijh
Corresponding author
Email: EIma.salentijn@wur.nl

Danny G Esselink
Email: Danny.esselink@wur.nl

Svetlana V Goryunovd
Email: Orang2@yandex.ru

Ingrid M van der Meér
Email: Ingrid.vandermeer@wur.nl

Luud JWJ Gilisseh
Email: Luud.gilissen@wur.nl

Marinus JM Smulders
Email: Rene.smulders@wur.nl

! Plant Research International, Wageningen UR, P.O. Box 16, Wageningen, AA
NL-6700, The Netherlands

% Vavilov Institute of General Genetics, Russian Academy of Sciences, Moscow
119991, Russia

Abstract

Background

Wheat gluten is important for the industrial quality of bread w{igaticum aestivum L.) and
durum wheat T. turgidum L.). Gluten proteins are also the source of immunogenic peptides
that can trigger a T cell reaction in celiac disease (Cidepts, leading to inflammatofy
responses in the small intestine. Various peptides with three magll epitopes involved in
CD are derived from alpha-gliadin fraction of gluten. Alpha-gliadires encoded by a large
multigene family and amino acid variation in the CD epitopes is knimwnfluence the
immunogenicity of individual gene family members. Current comialensethods of glutep
detection are unable to distinguish between immunogenic and non-immunG@eejuitope
variants and thus to accurately quantify the overall CD epitmgu df a given wheat variety.
Such guantification is indispensable for correct selection of wiaeggties with low potential
to cause CD.




Results

A 454 RNA-amplicon sequencing method was developed for alpha-gliadincriass
encompassing the three major CD epitopes and their variants. Thedmes used to scregn
developing grains on plants of 61 different durum wheat cultivars aondssions. A
dedicated sequence analysis pipeline returned a total of 304 uniqueledplratranscripts,
corresponding to a total of 171 ‘unique deduced protein fragments’ of-gliglkiéns. The
numbers of these fragments obtained in each plant were used t@tealpudntitative and
guantitative differences between the CD epitopes expressed endbsperm of these wheat
plants. A few plants showed a lower fraction of CD epitope-encodippa-gliadin
transcripts, but none were free of CD epitopes.

Conclusions

The dedicated 454 RNA-amplicon sequencing method enables 1) the gradipiviteat
plants according to the genetic variation in alpha-gliadin transcapd 2) the screening for
plants which are potentially less CD-immunogenic. The resulting -giddin sequence
database will be useful as a reference in proteomics anabgarding the immunogenic
potential of mature wheat grains.

Background

Wheat-containing products are worldwide an important part of the muwady menu.
Hexaploid bread wheafl( aestivum L., ABD genomes) and tetraploid durum wheat (
turgidum L., AB genomes) are the most common wheat species grown for food pooducti
The differences in food-technological qualities between both twhpecies are largely
determined by the composition of the gluten fraction in the graingtegl the water-
insoluble fraction of wheat seed-storage proteins, consists of the dmg low molecular
weight subunit glutenins (HMW-GS and LMW-GS) and the monomeridigka@/p-, y- and
o-gliadins) [1].

Gluten proteins are relatively resistant to proteolysis. Sewaratific bioactive gluten
peptides have been identified that survive proteolysis in the humatinatesd that can
stimulate T cells [2-5] and trigger celiac disease (CDgenetically susceptible individuals.
CD is a T cell mediated chronic inflammatory condition of thelsmgestine [5,6] with
prevalence between 0.5 and 2% in human populations [7,8]. The immunogenite pepti
sequences have highly specific cores of at least nine amids lacigth [5,9], and become
active after deamidation by the enzyme tissue transglutaminabe intestine [10]. There
are natural epitope variants that lack immunogenicity duentglesior multiple amino acid
substitutions. For instance, a P to S substitution at the epitope cdrerp8svas shown to

be sufficient to abolish T cell stimulation [11].

T cell clones isolated from intestinal celiac lesions showddrdiitial responses to diploid
Aegilops and Triticum species that are related to the ancestors of the A, B, amth@ngs
[12-14]. These differences in T cell responses between dipégidiops andTriticum species
especially related to the presence of three CD epitopes dérorachlpha-gliadins, DQ2.5-
Glia-al (PFPQPELPY), DQ2.5-Glia2 (PQPELPYPQ) and DQ2.5-Glie3 (FRPEQPYPQ);
in these epitopes glutamic acid (E) is originating from deamadglutamine (Q) [5,9,15,16].
The source of these epitopes, the alpha-gliadins, are encoded byigemeufamily located



on three homoeologous lo€gli-A2, Gli-B2 andGli-D2 on the short arms of wheat group 6
chromosomes (6AS, 6BS and 6DS). Estimates of the copy number of &fghasgrange
from 25 copies to even 150 copies per haploid genome, reflecting thedsngéexity of this
gene family [17-19]. The large majority (up to 87% in hexapldmeat) of the genes contain
internal stop codons and are presumably pseudogenes [20,21].

Limiting the abundance of CD epitopes in food products may reduceskhef sensitization

of the immune system of the group of people that are geneticatlgide for CD. In order

to breed and select for wheat varieties with significanttiuced immunogenic potential to
cause CD it is necessary to accurately estimate the guantl quality of the CD epitope
load in gluten. Up to now, the ability for high throughput quantification Df&pitopes by
presently available assays based on T cell clones and on monocldbalbiastis very
limited, mainly because of the high complexity of the wheat material on the ndedral the
laboriousness ain vitro T cell assays and the promiscuity of the monoclonal antibodies on
the other hand [22,23]. In addition, most commercial kits with monoclondlogintis detect
gluten, not CD epitopes.

Next-generation sequencing platforms offer now the possibilityfiofexit and accurate deep
sequencing of genetic variation at moderate costs [24,25], &l application of such
technologies in bread wheat is a big challenge due to the large g€t@nGbp, five times
the size of the human genome), the allohexaploid nature and the abunfiaepetitive
sequences [26]. To reduce difficulties with the alignment of sequdacdise detection of
single nucleotide polymorphisms (SNPs), often ‘reduced representdtrands’ are used
that include only a subset of sequences from several individualseefatge for different
populations [27,28] or from tissue-specific transcriptomes (RNAs29]) |n wheat, next-
generation sequence studies for SNP detection have been perfonmeadterial with a
reduced complexity such as the bread wheat transcriptome [30,31id dipgpl ops tauschii
[32], or specific subsets of DNA fragments [33].

RNAseq by lllumina sequencing produces short sequences. Short reahihafliadins
cannot readily be assembled as the members of the ger daenvery similar. Hence, such
a method would enable to calculate average presence/absend®@édut not show how
these epitopes are distributed across genes. Quantitative PlGBdmesquire the design of
specific primers for the amplification of specific familyembers. It can be done in gene
families when the members are sufficiently differentiated.(eene-specific primer pairs
were designed for each of the 31 Mal d 1 genes in apple, sowlaabf cause apple allergy
[34]), but the alpha-gliadins are far too similar and too numerous tdeedavelopment of
primers that would allow quantitative amplification of all members.

With the aim to develop a pre-screening tool for the classditadbf wheat varieties
according to their CD immunogenic potential, here a next geneisgmurencing technology
was developed and applied that uses a 454 sequencer to perform RNéearspfjuencing.
The 454 reads are sufficiently long to enable direct sequenciig oégion of alpha-gliadin
genes, that includes the three major CD epitopes. The comptéxitye alpha-gliadin gene
family was reduced by (a) focussing on the N-terminal, CDopgitcontaining region of
alpha-gliadins, and (b) avoiding silent pseudogenes by sequencing theglapia

transcriptome (cDNA) of developing seeds. The method is applicableheat species
regardless of ploidy level. A custom 454 sequence analysis pipasesed to quantify CD
epitopes and their variants in the alpha-gliadin transcriptomesetf@t 77 individual plants



from 61 different durum wheat accessions, by determining the nsedaliranscript
abundances for the respective CD epitopes and variants thereof.

Results

RNA-amplicon sequencing and sequence analysis pijed

To assess a large, diverse set of durum wheat landracesreatdhigle accessions for their CD
epitope content, a deep 454 RNA-amplicon sequencing pipeline was devieldpegkt the
genetic variation in the first repetitive domain of alpha-ghad{Figure 1, underlined in
blue), which contains the major CD epitopes DQ2.5-gliaDQ2.5-gliae2 and DQ2.5-glia-
a3. A custom sequence analysis pipeline (Figure 2) was developed &sPptbe 454-reads
derived from the RNA-amplicon and subsequently the variation in the abendanoique
alpha-gliadin transcripts was determined. In this way an estiofahe alpha-gliadin protein
composition and CD epitope composition was made for the 77 durum whetd fsbm 61
different durum wheat cultivars and accessions, including landracebraaeders material
(Additional file 1: Table S1).

Figure 1 Amino acid sequence of a typical alpha-gliadinAmino acid sequence of a typical
alpha-gliadin (gi|289718578|gh|ADD17012.1]) and location of CD epitopes. Consecutively
the signal peptide, repetitive domain (blue undelined), polyglutamine repeat 1, doigai

1, polyglutamine repeat 2 and unique domain 2 are shown (according to Anderson and
Greene [20]). In bold, conserved cysteins; underlined, location of PCR primer$cs) ita
motifs for sequence trimming.

Figure 2 Overview of the sequence analysis pipeline.

For 454 RNA-amplicon sequencing, alpha-gliadin amplicons derived fromAsDikom
developing seeds of single plants were uniquely labelled with a 10 hpficion (ID)
sequence and subsequently sequenced in three 454 runs to obtain detailedesequenc
information on the expressed alpha-gliadin fraction in developing sé&athe(1). In total
over all samples 420,947 454-reads derived from alpha-gliadin trassergre analysed
(average 4,478 reads per plant, 240-281 bp in size after trimming). In the processrafeseque
analysis these reads were organized into 304 ‘unique sequence cligsterage 68 clusters
per plant) that represented the CD epitope-containing regions of gllptar genes
expressed in the developing seeds. Based on the nucleotide sequencese ainthee
sequence clusters, 171 ‘unique deduced protein fragments’ (UPFspredreted (average
50 UPFs per plant) that represented the predicted amino acahtgadf the first variable
domain of alpha-gliadins that are expressed in the endosperm. AduiRFbe encoded by
one or more sequence clusters. In total 116 of the 171 UPFs werecdbygaalsingle unique
sequence cluster. On the other hand one UPF (UPF-P1) was engodsdniany as 34
sequence clusters and this was the only UPF that was presdniinpéants. The sequence
variation among the UPFs was studied in a neighbour joining anahgithieee groups were
recognised (Figure 3). Based on the presence of several anithmotifs (Table 2) that are
specific for the different sub-genomes of wheat, the UPFs assigned to a specific sub-
genome. Although durum wheat contains only the A and B genome, sixnph@gments
with a D-genomic signature were found. Four of these came fromebgek accession of a
landrace (CGNO08360, ‘Diha Dzhavakhetskaja’) that is known to consistnoixtare of
tetraploid and hexaploid genotypes with indistinguishable phenotypes [B%].a8Smixture is



not uncommon in genebank accessions [35,36]. The two other alpha-gliadin protein
fragments with a D genome signature showed also signatuties Bfgenome alpha-gliadins

and were present at low abundance in several breeding lirdsrwh wheat (normalised
transcript abundance 0.20 to 0.13). The great majority of the alplnglianscripts showed

an A-genomic signature (Figure 4) with normalised transcript enoas$ for UPFs that
ranged from 99 in the elite durum wheat variety ‘1X0Os9442’, to 76 arid &IM-10204", a

line from the International Maize and Wheat Improvement Ce@MNIYT), and in line
‘CGNO08006-2B’ respectively (Additional file 1: Table S1).

Table 1454 run statistics

Run FASOYMO002 GL4NQHJ02 G6WZP5402 Total
N samples 23 24 48 95
Raw data 123,965 258,722 580,979 963,666
Passed reads 74,038 197,945 356,862 628,845
Contigs > 20 reads 241 269 911 1421
Length (min, median, max) 177,261,321 177,261,305 173, 262, 300
Passed reads 42,162 158,054 222,085 422,301
% of raw reads 34% 61% 38%
% of passed reads 57% 80% 62%

Figure 3 Neighbor-joining topology tree of alpha-gliadins.Neighbor-joining topology tree
of alpha-gliadins (unique deduced protein fragments, UPFs). I, Il and Il inrodelsck NJ-
topology groups. Green triangles = signature of the D sub-genome; black triasigtature
of the A sub-genome; blue circles = signature of sub-genome B.

Table 2 Sub-genome specific amino acid motifs

Sub-genome specific motifs Sub-genome n
Motif of two amino acids, ‘YS’ A 118
PQLPYL, PPQLPYP, LPQLPYP, QLPYPQPQPFPP B 42
PQPQLPYPQ D 4
PQPQLPYPQ + B sub-genome motif D/B 2
No specific motif detected Not assigned 5
Total 171

Amino acid motifs in alpha-gliadin proteins that are specifiatierdifferent sub-genomes of
wheat. n = number of unique alpha-gliadin protein fragments (UPFs) with the speatific m

Figure 4 Alignment of the ten most abundant unique alpha-gliadin fragmentsThe
amino acid sequences of the ten overall most abundant unique alpha-gliadin protein
fragments (repetitive domain; UPFs) with in red the motifs that are indidat a specific
sub-genome of wheat. In grey, amino acid variation compared to UPF-P1. Overall%
normalised transcript abundances overall 94 samples

Each UPF contains three distinct loci for CD epitopes: DQ2.5edljadDQ2.5-gliae2 and
DQ2.5-gliae3. Variants in these three loci found across all durum wheat samplegeaténis
Table 3 and Additional file 1: Table S1. They included several marito the epitopes,
among which four novel CD epitope variants (marked with a * in Tablgt® two novel
variants of DQ2.5-gliatla, ala-variant 4 and -5, and the novel variant of DQ2.5-¢fia-



were observed in respectively three-, two- and in a single planbrmalised transcript
abundances of respectively maximally 10, 14 and 0.4. The other novel va@hg-Bliae2
variant 4, was found in multiple accessions in varying abundances (ranging franl@)1 t

Table 3The natural variation in CD epitopes inT. turgidum

CD epitope name Natural sequence variation
DQ2.5-glia-ala PEPOQPOLPY
DQ2.5-glia-alb PYPOPQLPY
ala-variant 1 PEQPQLPY
ala-variant 2 PFPQPQY
ala-variant 3 PEQPQLPY
ala-variant 4 PHPPQLPY*
ala-variant 5 PFPQLQLPY*
DQ2.5-glia-a2 POPOLPYPQO
a2-variant 1 PQPQLPSQ
a2-variant 2 SQPQLPYSQ
a2-variant 3 PQPQEY SQ
a2-variant 4 PPQLPYSQ*
a2-variant 5 LQPQLPY=Q
a2-variant 6 PPQLPYPQ
a2-variant 7 EPQLPYPQ
DQ2.5-glia-a3 FRPOOPYPO
a3-variant 1 PPQQPYPQ
a3-variant 2 EPQQPYPQ
a3-variant 3 EPQQPYPQ
a3-variant 4 PSQQPYPQ
a3-variant 5 PPQCEYPQ
a3-variant 6 RPQQPYPQ
a3-variant 7 FRPQQYPQ

The natural sequence variation in HLA-DQZ2.5 restricted T gélbpes involved in CD (in
their natural, non deamidated form); DQ2.5-gllea and DQ2.5-gliaslb, DQ2.5-gliaa2,
DQ2.5-gliaa3, as present in cDNAs of. turgidum accessions. Canonical CD epitope
sequences in bold. * variants that have not previously been folnaestivum [11].

Alpha gliadin expression profiles

Each 454 sample contained the alpha-gliadin fraction that is eggrigsdeveloping seeds of
a single durum wheat plant. For each sample, a list of UPFs atopespiariants were
obtained (qualitative output; Additional file 1. Table S1 and Additiofi@ 2). The
guantitative output of the sequence analysis pipeline consisted obthmalised transcript
abundance for UPFs (Additional file 1: Table S1 and Additional fil&dahle S3) and CD
epitopes and sequence variants of those epitopes. Across all s&é9dpleBNA samples,
taken from 77 individual plants of 61 accessions), the dominant alpliagipotein
fragment was UPF-P1 whereas all others were only prasentbsets of the plants analysed
(Table 4). To analyse the differential UPF profiles of the wissemples a hierarchical
clustering (Pearson’s correlation, average linkage) was dastie Based on the normalised
transcript abundances and differential presence of the UPFsathgles clustered into ten



groups which suggests ten different profiles for expressed gl@thns (alpha-gliadin
expression profile 1 to 10) (Figure 5). Due to the concerted presence of URdrsRbaets of
lowly abundant UPFs, the correlation among the different UPF @sofitas high. The
differential expression of several highly abundant (normalised tiphatundance >2) UPF
components alone already enabled to distinguish the ten distinct dikdia-gxpression
profiles (Table 4).



Table 4 The main unique alpha-gliadin protein fragments in ten different alpta-gliadin profiles

UPF 1 2 3 5 6 7 8 DQ2.5-glia-al to -u3 fragment
P1 32 25 60 60 62 67 54 20 PFPQPQERPQPFRPQQPYPQPQPQY
P2 7 15 15 23 PFPQPQLSQPQPFRPQQPYPQPQPQY
P3 18 6 PEPQPQLPSHPQPFRPQQPYPQPQPQY
P4 5 PEQPQLPYSQPQPFRPQQPYPQPQPQY
P5 15 PEPQPQLPYHPQPFRPQQPYPQPQPQY
P6 9 PEPQPQLPSQPQPFRPQQPYPQPQPQY
P7 5 8 9 15 _PFPQPOQLFEQPQPFRPQQPYPQPQPQY
P8 6 PEPQPQLPSQPQPFRPQQPYPQPQPQY
P9 19 3 _PFPQPQLFSQPQPFRPQQPYPQPQPQY
P10 14 PFPQQLPYSQPQPFRPQQPYPQPQPQY
P11 3 PALPQLPYPQPQPPPQQPYPQPQPQY
P12 8 _PFPQPQLPSQPQPFRPQQPYPQP®¥
P13 25 PEPQPQLPSQPQPRPQQPYPQPQPQY
P14 7 PBEQPQLPYSQPQPFRPQQPYPQPQPQY
P17 10 PEPQPQLPSQPQPFRPQQPYPQPQPQY
P18 20 PEPQPQLPSQPQPFRPQQPYPQPQPQY
P19 4 5 _PFPQPQLPSQPQPFRPQQPYPQP®H
P20 7 PEPQPQLPYQPQPFRPQQPYPQPQPQY
P22 7 PBQPQLPYL.QPQLFRPQQPYPQPQPQY
P23 9 PFPPQLPYSQPQPFRPQQPYPQPQPQY
P25 7 PEPQPQLPSQPQPFRPQQPYPQPQPQY
P27 5 PEPQPQLPYQPQPFRPQQPYPQPQPQY
P28 6 PE-PQLPYPQPQPPPQEYPQPQPQY
P31 4 PEPQPQLPYQPQPFRPQQPYPQPQPQY
P33 3 PFRPQLPYPQP@FPPQQPYP@QPQY
P35 4 PFPQPQOLPSQPQPFRPQQPYPQPQPQY
P37 4 PFPQPQLPSQPQPFRPQQPYPQPQPQY
P39 4 PFPQPQLPSQPQPFRPQQPYPQPQPQY
P42 3 PFRPQLPYPQAQPFA QQPYPQPQPQY
P43 11 PEPQPQLPYPQPQPFRPQQPYPQPQPQY
P46 3 PEPQPQLPSQPQPFRPQQPYPQPQPQY
P49 9 PFPPQLPYSQPQPFRPQQPYPQPQPQY
P55 3 PEPQPQLPYQPQPFRPQQPYPQPQPQY
P62 7 PEPQPQLPYPQPQPFRPQQPYPQPQPQY
P77 4 PEPQPQLPYPQPQPFRPQQPYPQPQPQY
P82 3 PEPQPOLPYPQPQLPYPQPQPFRPQQPYF
QPQY
Total 84 83 84 96 94 91 89 85

(%)

The main UPFs for expression profiles (n = 10) t&ir average normalised transcript abundanceshemen. The main UPF of profiles have

an average normalised transcript abundance > &ydémage over all samples with a specific profileg are expressed in all the plants with
that profile. The part of the amino acid sequenfcthe UPFs that harbours DQ2.5-gtid to 3 is depicted, with P to S substitutions and
other substitutions depicted in bold; underlined eanonical DQ2.5-glia al¢2 anda3 epitopes. Each expression profile, group 1-10,
represents a total of respectively, 33998, 2779188, 37917, 28857, 19863, 33105, 36973, 4325238140 alpha-gliadin transcript 454

sequences. In case of identical amino acid frageehe different proteins can be distinguished Biemnces in sequences outside the
depicted sequence.



Figure 5 Alpha-gliadin expression profiles of durum wheat plantsThe deduced unique
alpha-gliadin protein fragments (UPFs) were differentially presentnisdrgpts among the
samples, at normalised transcript abundances ranging from zero (lightayréy48

(2487/3295, for UPF- P1). The plants were clustered based on their UPF expression profiles
using hierarchical clustering (average linkage groups, Pearson coreléteat map:

normalised transcript abundances zero = light grey; normalised trarsmuipdance ~1 =

black; normalised transcript abundance ~1.5 to > 2 = clear red.

Reproducibility of the analysis

To test the reproducibility of the analysis, in 17 cases duplicBtdA samples from
developing seeds of the same plant were analysed. The corréletiroeen samples from the
same plants (biological replicates) was high (Pearson’s r infl)jcating a very good
reproducibility of the analysis (Figure 6). The breeding linemBdur’ was included in two
454 runs to confirm the technical reproducibility of an alpha-gliadpression pattern over
two 454 runs. The characteristic components UPF-P1, -P9, -P20 and -PpBasfladin
expression profile 7 (Table 4) were reproducible over the runs (@borelcoefficient of
expression profiles over two runs, Pearson’s r = 0.99) (Additional file 4: Table S4).

Figure 6 Correlations matrix of expression profiles.Comparison of the alpha-gliadin
expression profiles found in plants sampled from durum wheat accessions (Pear3ovos r
cDNA samples were analysed from each plant. accession hame; = expression profile
number;C = plant numberpD = cDNA sample number.

Sensitivity of the analysis

The 454 sequence analysis pipeline showed to be a sensitive pladfai@bect individual
wheat plants with specific alpha-gliadin expression profilesitPldat share the same alpha-
gliadin expression profile can be recognized by the presence oéctdrastic UPF
components (Table 4) together with a high correlation (Pearsos’€).99) in pairwise
comparisons between profiles (Figure 6).

Among plants that share the same alpha-gliadin expression profide®e¢he UPFs that are
characteristic for the profiles, minor differences in theij@afere detectable. For instance,
two different plants of accession Primadur (plant 20 and plant 19), btithewpression
profile 7 (Pearson’s r = 0.99), showed differences in the range ¢tbwee abundant alpha-
gliadins components (Additional file 4: Table S4). For the breeding INP400’ two
different stages of seed development were analysed (late nallsaft dough, plant 4 and
plant 5, Additional file 1: Table S1). The main components of expressiniile 3 were
present in both developmental stages and also in this case only &evgrabundant UPFs
were differentially present between plants and developmentgss{additional file 4: Table
S4). The same observation was made for differences in the yeaultvation (e.g.
CGNO07975), indicating the stable expression of sets of highly expredgha-gliadin gene
variants during endosperm development whereas the presence of dewdyahbundant’
alpha-gliadins (normalised transcript abundarc@) is more variable among plants and
under different conditions. Alternatively, at low abundance they ass t®nsistently
detected.



Differences in sequence depth may influence the number of lowlgssgu alpha-gliadins
detected. For 49 plants (6 sampled in duplo) with expression profilerithieer of unique
nucleotide clusters increased (range 33 to 129) with the number lgéeth@54-reads per
sample (Figure 7).

Figure 7 Sequence depth and number of unique alpha gliadin gene clusteiithe
correlation (Pearson’s r) between the sequence read depth of a sample and th@humber
different unique alpha-gliadin gene clusters detected in plants (n = 49) withstapneofile
3.

Heterogeneity within accessions

On the basis of transcript profiles of abundant UPFs (normaliaedctipt abundance >2) it
was possible to distinguish ten alpha-gliadin expression profiles. (@8f 37) accessions
from CIMMYT showed little variation in alpha-gliadin expressiprofile, and grouped
together in a cluster of 49 plants (55 samples) with expressioriepBfijFigure 5). For
landraces more variation within accessions was observed; ‘St. #piat (CGN07991),
Diha Dzhavakhetskaja (CGN08360) and ‘Dibillik Sinde’ (CGN08006) harboargdxture
of genotypes with different expression profiles. Among the five lixbbinde plants that
were analysed two different expression profiles were observedssipn profile 1 and 5. In
a mutual comparison of these two alpha-gliadin expression profitbe dive Dibillik Sinde
plants, identical expression profiles showed a high correlationg@téarr = 0.9) whereas
among different expression profiles a lower correlation was olitéRearson’s r = 0.6 to
0.8) indicating the sensitivity of the 454 sequence analysis maitaidtinguish the different
alpha-gliadin expression profiles. The material sampled fromreifferegions was diverse,
and a unique alpha-gliadin variation (expression profile 10) was fouhe iBgyptian durum
wheat accession ‘Dakar52’. Expression profiles 6 and 7 only occumredaterial from
Western Europe. Plants with expression profiles 10, 5 and 1 were foumaterial from the
Southern parts of the geographical region (Middle East, Turkey, Edhigpgure 8). Each of
the 10 alpha-gliadin expression profiles included several dominpha-gliadin protein
variants (UPFs with normalised transcript abundance >2; Tabland)some of these
harboured amino acid changes in the CD epitope region that, accordiitgaoet al. [11],
may eliminate the potential immunogenicity of the CD epitopes cores.

Figure 8 Geographical distribution of alpha-gliadin expression profilesNumbers 1 to 10
are the different alpha-gliadin expression profiles observed if. tiuegidum genotypes.
Some profiles are only found in Northern regions (6, 7) whereas others are limited to
Southern regions (10, 5 and 1).

CD epitope abundance across plants

The CD epitopes DQ2.5-gli@t and DQ2.5-gliax3 were present in all plants (Figure 9a and
9c, Additional file 1). However, in several plants with expressionilpréf (Figure 9a) the
normalised abundance of transcripts coding for DQ2.5edliaqas reduced by half. This was
observed in 1509 CM, ‘82715, ‘Durental’ , with normalised transcript alwreta for
DQ2.5-gliael of only respectively 47, 49 and 46 to 51. For CD epitope DQ2.5:8lithe
encoding transcript abundance in the endosperm was reduced byhauor¢0% in several
accessions with expression profile 1; e.g. in Dibillik Sinde (O8006-2B; normalised
transcript abundance 59) and ‘CIM-10182’ (normalised transcript abun8ané&ggure 9c).
CD epitope DQ2.5-glia2 was only found in high numbers in two out of four plants of the



landrace Diha Dzhavakhetskaja (CGNO08360, expression profile 2, Figure 9b), whectheve
only plants that expressed UPFs with a clear D genome signature.

Figure 9 CD epitope abundance in different alpha-gliadin expression profile Among

the 77 plants ten different alpha-gliadin expression profiles are recognigpedg&on profile
1-10). The number of CD-epitopes per 100 transcripts is shown for each profile (profile 1 to
10) for respectivelya) DQ2.5-gliaela and DQ2.5-glialb, (b) DQ2.5-gliae?2, (c) DQ2.5-
glia-a3 and(d) the total HLADQZ2.5 epitopes. Each data point is, the number per 100
transcripts for CD epitopesx=171 UPFs (number per UPF for a CD epitope core x
normalised transcript abundances per UPF), for a single plant.

Taken together, sequences coding for DQ2.5-restricted CD epitagresfound in alpha-
gliadin transcripts of all durum wheat samples with an averade8af+ 0.16 epitopes per
alpha-gliadin transcript (Figure 9d). A selection from landradsll® Sinde (CGN08006-
2B, profile 1) with 1.39 epitopes per transcript, the elite durum wbeléivar Durental
(expression profile 9) with 1.41-1.45 epitopes per transcript and selet§of CM
(expression profile 9) with 1.42 epitopes per transcript scorativellow compared to for
instance ‘CIM-10139’ (expression profile 3) with 1.98 epitopes per trighsd he lower
number of CD epitopes was due to the presence of alpha-gliadinw#Fs proline (P) to
serine (S) substitution on position p8 of both epitopes DQ2.5xfjliand DQ2.5-gliax2 (in
UPF-P2, Table 4) or an arginine (R) to proline (P) or glutamines(@stitution on position
p2 in DQ2.5-gliae3 (UPF-P28, UPF-P11 and UPF-P13, Table 3). Both changes lead to
peptides that are found to have lost the capacity to triggenaino response in HLA-DQ2.5
restricted T cell clones [11].

Discussion

The gluten fraction of wheat contains proteins that can triggercallTreaction in celiac
disease (CD) patients, leading to inflammatory responses imtak istestine. Major CD
epitopes, DQ2.5-Gliad, w2 and a3 [5] are found in the first variable domain of wheat
alpha-gliadins. To quantify the CD epitopes and their naturabmaripresent in wheat
varieties and accessions, and to investigate the possibility éot seheat varieties with a
reduced CD immunogenic potential, a high throughput 454 sequence anglgiisepivas
developed here to analyse the epitope-containing region in alpha-gliadia getetraploid
durum wheat. This region is between 240 bp and 282 bp (80 to 94 amino acgis)hich
is in range with the read-length of 454 sequences [37]. The ampieguenced ranged from
173 bp to 321 bp, with a median length of 262 bp, before sequence trimminglddeethe
many pseudogenes present in the alpha-gliadin loci the focus dfttislg was on alpha-
gliadin transcripts, and not on genome sequences [21]. In case of afmhasglmost
pseudogenes have premature stop-codons at specific positions [21]. Sbeseaenes may
be transcribed, and especially when the stop codon occurs nedreth@ & the gene they
may escape the nonsense-decay mechanism [38]. Such transeripgstaosf the amplicons,
but this is correct as, whenever the premature stop codon occurs mamstf the CD
epitopes coding region of the gene, they can be a source of immunogenic peptides.

The sequence analysis pipeline included a number of steps: sequence truncairaf,46pa
sequence mistakes, two rounds of sequence clustering, identificatimmgoe alpha-gliadin
transcripts, unique deduced alpha gliadin protein fragments (UPFs) CapgitOpe variants,
and count of 454-reads per variant. SNPs and InDels are the mosaabtorchs of DNA



sequence variation in common wheat and its relatives [39], whichcar@gmed in our
alpha-gliadins. The pipeline thus enabled the use of 44% of the 963,66& iptansads,
which coded for an overall number of 171 unique alpha-gliadin protein frag(hdfs; 18—
84 per plant).

Based on conserved amino acid stretches that are indicative lifmling from the
homoeologous lociGli-2A and Gli-2B [11,36] expression from th&li-2A locus was
estimated to be much higher (normalised transcript abundance of 76-48@rgcompared
to expression fronGli-2B ( normalised transcript abundance of 1-20 per plant). Unequal
transcription from homoeologous alpha-gliadin loci in wheat has beemshather studies
(e.g. [36]). Also, Kawaura et al. [40] observed tG#t2B transcripts were underrepresented
compared to their homoeologs from the A and D genomes in asgbr@ssed sequence tags
from dbEST. Two alpha-gliadin protein fragments with a combined D EBangenome
signature that were observed in a couple of breeding lines of dwhaat most likely
represent D-like alpha-gliadin genes expressed from the B gendraeprésence of such
alpha-gliadins with an intermixed genomic signature probablyeatsfl their common
ancestry. In gamma-gliadins sequences from different genomesem harder to distinguish
as separate groups [41].

Alpha-gliadin gene expression

The alpha-gliadin promoter is active in the wheat endosperm fromyslafter anthesis until
maturity, which is about 4 weeks after anthesis [42]. Kawaura et al. [43] obseavedie of
twelve intact alpha-gliadin genes of bread wheat were esguleim distinct patterns during
endosperm development, whereas three were not expressed. We hastetanflerescence
spikes at 21 days after anthesis of the first flower, from whkegds from the milk to soft
dough developmental stages were selected. The profiles of eegpepda-gliadins that are
shown in the present study were reproducible (among duplicate cDBbiAshe same plant,
among different plants, over different runs) and stable and the noaygronents (UPFs with
a normalised transcript abundance >2) of the profiles were ratedeto differences in
developmental stage or environmental conditions (year of harvest, dielgreenhouse
conditions).

In comparisons among plants sharing the same expression profileirtbe camponents
(UPFs with a normalised transcript abundarcg) of the expression profiles were more
prone to variation, which may be due to differences in sequence depiisdenvironmental
differences and /or differences in the genetic background of plants magy fulbey

However, it cannot be excluded that some early or late exprdpbedghiadin variants may
have been missed or are underrepresented but, it is unlikely thatgaaay are missing
because of selective amplification, as the reverse primdrhese covers all variants that are
present in a set of 3,000 expressed alpha-gliadin sequences from lWwheaadultivars and
various tissues and treatments [11] and the forward primer couebstatwo variants.
Furthermore, all alpha-gliadin ESTs of cultivar ‘Butte 86’ aseasbled by Altenbach et al.
[44] contained the forward and reverse primer sequences used here.

Several lines of evidence support the occurrence of differenegsipn patterns among
alpha-gliadin genes. First, differences among groups of alp@dirglIESTs were observed
between the genomes [40] and in developing endosperm [43] in terms of aurhiveads
per contig. Secondly, using pyrosequencing differences in expressmmgaalpha-gliadins



were shown in tetraploids, and some of them had differences ipp@bpes as well [36],
although the power of resolution of targeted 454 sequencing as usedpredkat study is
much higher.

Based on the genetic variation in the part of the alpha-gliadiesgamalysed here, as many
as 24 to 129 different alpha-gliadin genes are expressed in a sigiploid durum wheat
plant from the two combined homoeologdBk-2 loci. This number will be approximately
doubled when the variation in the signal peptide sequence would be takercaotmta
(results not shown), and even higher when the variation in thetrepeibmains towards the
3’-end of the genes, which we did not sequence here, is considered.

Alpha-gliadin protein profiles

Reproducible and stable gliadin protein profiles are applied as rmarkeheat breeding and
have been used to study crop genetic diversity in a global cotieotidurum wheat [45].
Blocks of protein bands in electrophoretic profiles of gliadins inteeyitinked groups and
display a stable co-dominant inheritance, indicating that thegrazeded by alpha-gliadin
genes from on&li-2 locus. The patterns of blocks are described in detail in a catabdgue
alleles [46-48]. Consistent with this, also some of the 171 alphduglprotein fragments
(UPFs) showed distinct and reproducible expression profiles amongitine dvheat plants
and accordingly the protocol presented may be useful to deteetigeariation among
wheat varieties. The material from CIMMYT showed low gendiwersity and nearly all of
these accessions displayed the alpha-gliadin expression profilelr@kdwa et al. [45] also
observed high similarity in gliadin protein profiles in materraini breeding centres, which
they considered to be the result of strong selection for plant hemaitg for breeding traits.
Some of the alpha-gliadin expression profiles observed by them exetusively found in
material from Northern regions (Russian and Ukrainian acce3sidwseas others were only
found in material from the South (Mediterranean region, the Middl&t, EEnd Trans
Caucasia) [45]. Similarly, in the material studied here dis@wmithern and Northern alpha-
gliadin expression profiles are observed using profiling of an alpha-gkddftamplicon by
454 sequencing. Unique alpha-gliadin transcript variation was observdte Egyptian
durum wheat accession Dakar 52 (Figure 6).

Differences in CD epitope composition among durum heat accessions

A wide variation in both gluten composition and T cell immunologicalatbn was found
among tetraploid farro wheat$r{ticum turgidum ssp. dicoccum) by Vincentini et al. [14],
some of these ‘dicoccum’ landraces possibly being low in CD-imnemogjluten proteins.
Here, mainly accessions ofiticum turgidum spp. durum were analysed and although some
variation in CD epitope content was found, none of the accessions mattey devoid of
CD epitopes, as transcripts (454-reads) with the major HLADQZ2tGcted CD epitopes
were present in all samples, albeit at different rates. tesson 1509 CM and the elite
cultivar Durental, both having alpha-gliadin expression profile 9, the nuofbeanscripts
coding for CD epitope DQZ2.5-gli@t, as determined by normalised transcript abundance,
was halved compared to samples with other alpha-gliadin expressfifesor Another
accession, a selection from landrace Dibillik Sinde (CGN08006-28) exipression profile

1, scored low for CD epitope DQ2.5-gli@. The reduction in CD epitopes in durum wheat
accessions with expression profile 9 is due to the high expression rate ofjigdplras with a
proline (P) to serine (S) substitution on position p8 in DQ2.5¢dliaand DQ2.5-gliax2,
which creates epitope variants that are not capable to trigger \@tro response in HLA-



DQ2.5 restricted T cell clones that are specific for tispeetive CD epitopes [11]. Using an
immunoblotting procedure with monoclonal antibodies against DQ2.5:fjl{@Ab-09) and
DQ2.5-gliaa3 (MAb-t20) Van den Broeck et al. [35] also selected several genotygesre
apparently low in both CD epitopes and in line with the results fieenRNA-amplicon
profiling shown here, a protein extract of a plant of landra&@lRiSinde (CGNO08006) was
selected by these authors as having the lowest affinity folig with the epitope-specific
antibody. Other accessions showed, however, no clear correlation dtweetvo studies.
Probably this is due to the limitations of antibodies, which have a shorter mneicoghition
site (7-mer rather than the 9-mer T cell epitope) and may nalbleeo detect all amino acid
substitutions. On the other hand transcripts undergo translation befgrertieup in the
protein bodies. In that respect integration of transcriptomic and prutetata will provide
the ultimate tool for determining the CD epitope load in individual wheat plants.

Conclusions

The dedicated 454 RNA-amplicon sequencing pipeline for alpha-gliadirctigisscan be
used as a tool to detect genetic diversity in wheat alphdiggiaUsing this tool, wheat
germplasm can be screened for plants that are potentiallyGBssnmunogenic. The
sequence data obtained in the process are providing a database for furtibenipscealysis
of the selected plants, regarding the immunogenic potential oh#ldegfuten composition in
mature grains. A few plants showed lower normalised transcript abcesléor specific CD
epitopes, but the fact that major CD epitopes were found to be pneseost alpha-gliadin
genes and in all accessions tested, indicates that among the wheah plants tested no
genotype has been found that is safe for CD patients. Moreoveegihs unlikely that
conventional selection and breeding within this tetraploid germplaginlead to the
development of varieties that are safe to individuals with CD. For that re@sarewurrently
screening commercial. monococcum spp. (A genome) varieties and accessions. As an
alternative, the 454 RNA-amplicon sequencing strategy will beuusefanalyse the CD
epitope profiles in wheat lines with induced mutations, such as pahedgliation hybrids
[49] and deletion lines [50], as potential starting material for breeding esai®wheat.

Methods

Plant material

Alpha-gliadin transcript sequences were amplified from developaeglss (cDNA) of 77
plants from 61 different. turgidum accessions. (Additional file 1: Table S1).

The panel of 61 accessions included seleturgidum accessions obtained from the Centre
for Genetic Resources (CGN, Wageningen, The Netherlands) gnodan field conditions in

the spring and summer (year 2005, 2007) in sandy soils fertilizedTwjklsuperfosfate
(45% P205) 108.97 kg/ha, Kali60 (60% K20) 108.97 kg/ha, Kalkammonsalpeter (27%
N;NH4NO3 + 6% CaCO03) 275 kg/ha. Furthermore, the panel included 16 iaoseBem

the core collection of tetraploid wheat obtained from the InstituioNa de la Recherche
Agronomique (INRA), Montpellier, France [51] and 38 lines obtained fromabnan
Nederland BV, Lelystad, The Netherlands. The latter two groups grewn in a climatised
greenhouse as in [50]



To obtain biological replicates, duplicate cDNA samples werentdkom 17 plants (4 to 5
seeds per sample from the same plant and the same spike), giving a total of 94arDNés

(77 + 17). The 17 plants that were sampled twice are: plant 2 (CGNQ78a5) 3
(CGNO07975), plant 4 (CGNO06560), plant 5 (CGN06560), plant 6 (CGNO07991), plant 11
(CGNO08262), plant 12 (CGN16072), plant 13 (CGN08360), plant 14 (CGN08360), plant 15
(INRA328) plant 16 (INRA351), plant 17 (INRA330548), plant 18 (INRA581), plant 19
(INRA395), plant 21 (INRA302), plant 22 (INRA437) and plant 23 (INRA344). Tite el
cultivar Durental was included in two of the three 454 runs.

On the basis of transcript profiles of abundant UPFs (normaliaedctipt abundance >2) it
was possible to distinguish 10 alpha-gliadin expression profiles. sSich&terogeneity for
expression profiles within accessions, for eight different somes several plants were
analysed. These accession were: Abbessinischer Emmer (CGN@789a5ts analysed), NP
400 (CGNO06560, 2 plants), St. 472 Ethiopia (CGNO07991, 2 plants), Probstdorfer pandur
(CGN08262, 2 plants), Diha Dzhavakhetskaja (CGN08360, 2 plants), Dibillik Sinde
(CGNO08006, 5 plants), Primadur (2 plants) and Neodur91 (4 plants). The ctampos$i
genebank accessions may be genetically heterogeneous becabse gofak to preserve
genetic variation and CGNO08006 and CGNO08360 were already known to herewixof
different genotypes [34]. CGN8360 was confirmed in flow cytomepicidy level
determination to be mixed with hexaploid genotypes that are pheraltypaentical to the
tetraploids [35]. Breeding material from INRA and Limagraias expected to be genetically
homogeneous within accessions [35]. Details of plant material weegiveen in Additional

file 1. Table S1. The geographic origin of the accessions isdadlto be able to determine
possible geography-related genomic difference in CD epitope quantity ang.qualit

RNA extraction, purification and cDNA synthesis

Developing seeds were harvested at 21 days after anthesidiofttHewers (ripening stages
of the seeds in the inflorescence spikes ranged from milk tadeafjh). The mRNA was
extracted from a mixture of 4 to 5 seeds (100 mg maximum) fremgie plant by grinding

in 750 ul of Trizol followed by incubation at room temperature for 5 misutéfter
extraction with 15Qul of chloroform, 200ul of the supernatant was transferred to a clean 1.5
ml tube. Subsequently, the RNA was purified using the RNeasy MifiXagen GmbH,
Hilden, Germany) and eluted in 30 RNase free water. One microliter of the elutate was
used to check RNA quality on a spectrophotometer (NanoDrop ND1000, kgmoD
products, Wilmington, Delaware, USA) and three microlitersnsthiwith GelRed, were
used for visual inspection of the RNA quality on agarose gel, 1% .(Whkg final
concentration of RNA as measured by spectrophotometer range@5roign1l to over 1000

ng/ul.
DNAse | treatment and cDNA synthesis
DNA treatment (TURBO DNA-free (Ambion, Austin, Texas, USA)dacDNA sythesis

(iScript cDNA synthesis kit, BioRad Laboratories Inc., Californi&gA) were performed
according to vendor protocols.

PCR amplification

The alpha-gliadin amplicons were prepared in two steps. Theafmptification was done
using gene specific primers, AlphalFdeg454at§aaracmtttcycatc:3for the MKTF[LP]I-



motif, Figure 1) and AlphaR454 '(btgctgctgtgaaattrgwt:3for the PISQQQ-motif, Figure
1). For each of the 94 samples this amplification event wasaggd on three different PCR
machines (3 x 94 PCRs) to minimise amplification bias whileeasing the reliability and
validity of the amplification results. Amplification was perfad in 20 ul reaction
containing 4ul Phusion buffer, 0.l dNTP (5 mM), 0.25u Adaptor primer (10 pmald),
0.25 ul Specific primer (10 pmal), 12.6 ul MQ, 0.1 ul Phusion High-Fidelity DNA
polymerase (2 Unitgl, Finnzymes-Thermo Scientific, Massachusetts, USA) anldcDNA.
The PCR cycling conditions were ®@8for 30 sec followed by 30 cycles of {88 for 5 sec,
50°C for 10 sec and 72 for 30 sec}, 5 min at PZ. Next, for each sample, the products of
the three amplifications were pooled together andull@f this mixture was used as a
template for a second PCR amplification event, applying fusionepsi (Additional file 5:
Table S5) that included the sequences needed for 454 sequencing, a géicepapeand a
10 bp ID sequence in a 30reaction volume containing 4 Phusion buffer, 0.8l dNTP (5
mM), 0.5ul 454-Adaptor primer (10 pmail), 0.5 ul 454-Specific primer (10 pmail), 14.1

ul MQ, 0.1l Phusion DNA polymerase, using otherwise the same PCR conditiorgaimd
on three different PCR machines (3 x 94 PCRs). After this secQil $2ep the three
amplifications of a sample were pooled resulting in 94 santbésvere sequenced in three
454 sequencing runs: two quarter 454 runs of respectively 23 and 24 s&mpldsid.
FASOYMO002 and run 2 id. GLANQHJO02) and a half 454 run of 47 samples (run 3 id.
G6WZP5402). The samples for each run were equimolarly pooled (super-pools of
respectively 23, 24 and 47 samples) and subsequently each of thsuihee@ools was size
fractioned using a 1% (w/v) agarose gel. The fragments of 350—-400rbmedrom the gel,
purified (gel extraction kit, Qiagen GmbH, Hilden, Germany) &eat for sequencing
(Roche/454 sequencing, dr. Elio GWM Schijlen, Plant Research atitamal, Wageningen,
The Netherlands).

Each sample for 454 sequencing contained alpha-gliadin transcriptsddigom developing
seeds (cDNA) of a single plant labelled with a uniquelO bp ID sequémdhe first run
several samples that contrasted in developmental stage weyseahakparately; e.g. for
CGNO06560 plant 4, late milk stage and plant 5, soft dough stage. In thévatheins 4 to 5
seeds were sampled from a single spike whereby developmeges stere mixed. In total,
the developing seeds of 77 plants were analysed of which 17 in dupseatsdction Plant
material) to test the reproducibility of the analysis, givanigtal of 94 samples. The statistics
for each run are given in Table 1.

454 sequence analysis

Roche/454 amplicon sequencing resulted in over 900,000 alpha-gliadin trassqupnces
(454-reads; minimum length 173 bp, median length 262 bp, maximum length 321 bp, befor
sequence trimming). Pre-processing of the transcripts, usingntW®ERL scripts, involved
renaming the sequences after the barcode-ID, allowing aatdkmof 1 bp, trimming of the
sequences to the repetitive domain of the alpha-gliadins (Figure luyrdaelined); removal

of the barcode, the forward alpha-gliadin primer sequence and tla¢ geptide, trimming of

the reverse alpha-gliadin primers; and correction of typical homopolymer d84nmors.

The resulting 628,845 transcript sequences, after trimming 240 bp to 281sipe iand
harbouring the major CD epitopes, were then clustered using USHARLO. First,
sequences were sorted by decreasing abundance since the most aleguaaicess likely to
be a correct sequence, while less common sequences may inolfidetsadue to sequencing
errors or PCR artefacts. This sorting by decreasing abundaaseaccomplished by



clustering the sequences at 100% homology (every gap and everytchistoanted as a
difference) and counting the number of sequences per cluster.thexiusters were sorted
by decreasing cluster size and subsequently the ‘cluster eapattge sequences’ of clusters
with more than 19 sequences per sequence run were clustered at 99.5%ghoAilter this
clustering step, only clusters with more than 20 sequences adr8dssamples passed (total
422,301 sequences). The output of the pipeline consisted of the consensuserdNAces
of these clusters (a total of 1,421 unique consensus DNA sequencesyjubeddamino acid
sequences (215 unique deduced protein fragments, abbreviated as URkshlieeof 454-
reads per cluster per sample, and the number of CD epitopes peAlBFerview of the
454 sequence analysis pipeline is shown in Figure 2.

Data analysis

The 454-read counts were normalised by calculating (‘454-read coubtPper ‘total 454-
read count of a sample’) x 100 and named ‘normalised transcript abundance’.

Only UPFs that were expressed at a threshold of a normalsettipt abundance of at least
0.1 and had a coverage (454-read count) of more than 5 sequencesast ahéeof the 94
samples were taken into account. Remaining for analysis waswalanumber of 420,947
sequences (44% of the raw 454-reads; range 1,228 to 10,211 per samplge 4wr8 per
sample), organized into 304 unique sequence clusters (range 24-129 gastsasnple,
average 68 per sample) (Additional file 2) that coded for 171 UPpisenting the variants
of the first variable domain of alpha-gliadins that were expdessé¢he endosperm (range
18-84 UPFs per sample, average 50 per sample; length 80 to 94 amino acids).

The final library of 171 UPFs was screened for variation inatheéo acid sequences of the
CD epitopes DQ2.5-Glial, DQ2.5-Gliae2 and DQ2.5-Gliax3 in their non-deamidated
forms (respectively PFPQPQLPY, PQPQLPYPQ and FRPQQPYBQ@sequently, the
normalised transcript abundances for UPFs and CD epitopes and thamtsvavere
calculated.

Statistics

Hierarchical cluster analysis (Pearson’s r, average linkagéande threshold 2.075) of
samples on basis of the normalised transcript abundances of UPHseM@sned using
MultiExperiment Viewer (MeV) software [52]. Other calculations werdgrered in Excel.

CD immunogenic potential

An estimate for the CD immunogenic potential was calculateddoring the number of
canonical HLA-DQZ2.5 CD epitope sequences, listed in Table 1 (in bold unedbriper UPF
and calculating the CD epitope frequency per transcript (454-aad)per sample. The
epitope frequency of a sample was calculated as ‘CD immunoget&ntial’ = 171 UPFs
(number of canonical DQ2.5 CD epitopes per UPF x normalised tranabtiptiances per
UPF)/100. In addition, all different sequence variants of the CD epitapee scored. The
number per transcript for a single CD epitope was calculat@das UPFs (number of that
CD epitope core per UPF x normalised transcript abundances per UPF)/100.



Sequence alignment and motif search

Sequence alignment and Neighbor-Joining analysis of deduced uniquegkepla-protein
fragments (UPFs) was performed using MEGA version 5 [53]. €haesces were assigned
to a sub-genome of wheat based on the presence of distinct sub-genoirfne aapeo acid
motifs [11,21] (Table 2).
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Additional files

Additional_file_1 as XLSX
Additional file 1: Table S1 Details of wheat accessions used, samples for 454 sequencing,
and summary of results of sequence analysis.

Additional_file_2 as FAS
Additional file 2 Unique alpha-gliadin nucleotide fragments: Unique alpha-gliadin
nucleotide fragments expressed in the durum wheat varieties analysed.

Additional_file_3 as XLSX
Additional file 3: Table S3 Normalised expression values.

Additional_file_4 as DOCX

Additional file 4: Table S4 Reproducibility. Normalised transcript abundances for wheat
accession Primadur over two 454 runs (plant 19 in duplo in run 2 and plant 20 in run 3) and
for NP400 in a comparison of seed developmental stage late milk (Lm) (plant 4) aoft the s
dough (Sd) staged (plant 5). In green: major and characteristic componentsessexpr

profile 7 and profile 3. In grey with black letters: differential abundance asamgles of

the same accession. In grey with white letters: conserved abundance ampiesf the

same accession.

Additional_file_5 as DOCX

Additional file 5: Table S5 Fusion Primers for 454 sequencing of alpha-gliadins. Fusion
primers contain sequences needed for 454 sequencing and a gene-specific pane@nde

A 10 bp ID sequence (in bold) that enabled the identification of sequences from agrarticul
sample was present in the forward primers. The products of three amplificagonpooled
together and used as a template for a second PCR amplification event usingsibese f
primers.



P31-43
— signal peptide—
MKTFLI LALLAIVATI'ATIAVR VPVPQLQPQNPSQQQPQEQVPLVQQQQFPGQQQPFPPQQPYPQPQPFP
DQ2.5-glia-al, a2 and a3

polyQ repeat 1 v
SQQPYLQLQPFPQPQLPYPQPQPFRPQQPYPQPQPQYSQPQQPISQQQQQQQQQQQQQQQILQQ

unique domain 1 — polyQ repeat2 — ¢
| LQQQLIPCRDVVLQQHSIAHGSSQVLQQSTYQLVQQALCCQQLWQIPEQSRCQAIHNVVHAII LHQQQQQRQQQQQQQ

unique domain 2
PLSQVSFQQPQQQYPSGOGSFQPSQON PQAQGSVQPQQLPQFEEIRNLALETLPAMCNVYIPPYCT IAPVGIFGTN
DQO8-glia-al
Figure 1



Pre-processing of sequences:

Raw

N=063,666 seq.

Identifying barcode ID ~
Renaming after barcode ID

Trimming to the first variable domain of
alpha-gliadins

Correction of typical 454 sequence errors

Two step clustering:

* Clustering at 100%

* Correction step

Final clustering at 99.5%
Clusters with >20 sequences
overall 94 samples pass

ANALYSED

UPFs with an expression frequency
>0.1% of the sample total & a coverage
of >5 seq. in at least one of the 94

samples.
N.orai=420,947 seq.
N= 304 seq. clusters
N=171UPFs

Passed
N=628,845 seq.
(65%)

Passed
N=422,301 seq.

(44%)

Consensus DNAs of 1,421 unique seq. clusters.
Deduced amino acid seq. = 215 UPFs.

The number of seq. per cluster per sample

CD epitopes per UPF.







no. Name  Overall aminoacid sequence sub
% genome
1 P1 56.1 VRVPVPQLQPONPSQQQPQEQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQPFPQPQLPYSQPQPFRPQQPYPQPQPQY A
2 P3 9.7 VRVPVPQLQPQNPSQQQPQEQVPLVQQQQFLGOQQPFPPQQPYPQPQPFPSQQPYLQLQPFPQPQLPY SHPQPFRPQQPYPQPQPQY A
3 P2 47 VRVPVPQLQPQNPSQQQPQEQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQPFPQPQLSY SQPQPFRPQQPYPQPQPQY A
4 P8 3.2 VRVPVQQLQPQONPSQQQPQEQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQPFPQPQLPY SQPQPFRPQQPYPQPQPQY A
5 P13 2.1 VRVPVPQLQPONPSQQQPQEQVPVNQQQQFLGQQQPFPPQOPYPQPQPFPSQQPYLQLOQPFPQPQLPY SQPQPFQPQOPYPQPQPQY A
6 P18 1.7 VRVPVPQLQPQHPSQQQPQEQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQPFPQPQLPY SQPQPFRPQQPYPQPQPQY A
7 P9 1.6 VRVPVPQLQPONPSQQQPQEQVPLVOQQQFLGQQQPFPQOQPYPQPQPFPSQQPYLQLOPFPQPQLPYSQPQPFRPQQPYPQPQPQY A
8 P7 1.5 VREPVPQLQPONPSQQQPQEQVPLVQOQQOQFLGQQQPFPPQOPYPQPQPFPSQLPYLQLOPFPQPQLPY SQPQPFRPQQPYPQPQPQY A
9 P6 1.3 VRVPVPQLQPONPSQQQPQEQVPLVOQQQFLGQQOPFPPQQPYTQPQPFPSQQPYLQLOPFPQPQLPY SQPQPFRPQQPYPQPQPQY A
]plg urd28 1.3 VRVPVPQLQPONPSQQQPQEQVPLVOQQQFLGQQOOQF PGOQOPEFPPQOPYPQPOPFL ————— PQLPYRPQPQPFEPQOSYPQPQPQY B
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