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Abstract Nineteen novel full-ORF o-gliadin genes and
32 pseudogenes containing at least one stop codon were
cloned and sequenced from three Aegilops tauschii acces-
sions (T15, T43 and T26) and two bread wheat cultivars
(Gaocheng 8901 and Zhongyou 9507). Analysis of three
typical o-gliadin genes (Gli-At4, Gli-G1 and Gli-Z4)
revealed some InDels and a considerable number of SNPs
among them. Most of the pseudogenes were resulted from
C to T change, leading to the generation of TAG or TAA
in-frame stop codon. The putative proteins of both Gli-Az3
and Gli-Z7 genes contained an extra cysteine residue in the
unique domain II. Analysis of toxic epitodes among 19
deduced «-gliadins demonstrated that 14 of these contained
1-5 T cell stimulatory toxic epitopes while the other 5 did
not contain any toxic epitopes. The glutamine residues in
two specific ployglutamine domains ranged from 7 to 27,
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indicating a high variation in length. According to the
numbers of 4 T cell stimulatory toxic epitopes and gluta-
mine residues in the two ployglutamine domains among the
19 a-gliadin genes, 2 were assigned to chromosome 6A, 5
to chromosome 6B and 12 to chromosome 6D. These
results were consistent with those from wheat cv. Chinese
Spring nulli-tetrasomic and phylogenetic  analysis.
Secondary structure prediction showed that all a-gliadins
had high content of -strands and most of the a-helixes and
p-strands were present in two unique domains. Phyloge-
netic analysis demonstrated that «-gliadin genes had a high
homology with y-gliadin, B-hordein, and LMW-GS genes
and they diverged at approximate 39 MYA. Finally, the
five a-gliadin genes were successfully expressed in E. coli,
and their expression amount reached to the maximum after
4 h induced by IPTG, indicating that the o-gliadin genes
can express in a high level under the control of T,
promoter.

Introduction

Wheat is one of the most important crops in the world and is
primary used as human staple food. Its flour, which mainly
consists of the endosperm part of the wheat grain, can be
used to make a variety of food products, such as various
breads, noodles, pasta, etc. It contains about 80% of the total
protein of the grains, most of these being storage proteins
that are classically divided into glutenins and gliadins
according to their polymerization properties (Shewry and
Halford 2002). Polymeric glutenins consist of the high-
molecular-weight glutenin subunits (HMW-GS) and low-
molecular-weight glutenin subunits (LMW-GS) while the
monomeric gliadins are classified into three groups: o/f3-,
y-,and w-gliadins based on their electrophoretic mobilities
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during polyacrylamide gel electrophoresis at low pH
(Shewry et al. 2003; Wieser 2007).

The quality of wheat flour is basically determined by the
complex storage protein components presented in the
wheat endosperm (Shewry and Halford 2002; Ma et al.
2005; Gao et al. 2007). The polymeric glutenins are held
together by intermolecular disulphide bonds and form
complex gluten polymers. It is known that the visco-elas-
ticity and extensibility properties of gluten dough are
mainly determined by glutenins and gliadins, respectively
(Ma et al. 2005). Additionally, the proportions of gliadins
and glutenin and the size distribution of the glutenin
polymers also have important effects on gluten quality
(Wieser 2007). The o-gliadins with average molecular
weight of 31 kDa, containing 15-30% of the whole pro-
teins of the wheat grain, are most abundant among glute-
nins and gliadins. Therefore, o-gliadins are the most
consumed storage proteins in human life (Chen et al. 2008;
Gu et al. 2004; Van Herpen et al. 2006).

It is well known that all storage proteins are encoded by
multiple gene families and possess extensive allelic vari-
ations (Huo et al. 2007; Bai et al. 2009; Anderson et al.
2009). Previous studies showed that a large number of
glutenin and gliadin genes are located in few major chro-
mosomal regions, suggesting that these genes are physi-
cally closely linked or clustered (Gao et al. 2007). The
gliadin loci are mainly located on the short arms of chro-
mosome 1 (Gli-1) and 6 (Gli-2) homologous groups
(Shewry et al. 2003; Chen et al. 2008). In particular,
o-gliadin genes are encoded by the Gli-2 loci on the
chromosome 6A, 6B, and 6D (Anderson et al. 1984).
Moreover, a-gliadins appear to be the most abundant multi-
gene families present in each of the three loci in hexaploid
common wheats, and the estimated gene copies range from
25-35 (Harberd et al. 1985) to 100 (Okita et al. 1985) or
even up to 150 (Anderson et al. 1997) in individual haploid
genome. These differences have probably contributed to
the duplication and deletion of chromosome segments
(D’Ovidio et al. 1991). In addition, Anderson and Greene
(1997) speculated that about half «-gliadin genes were
inactive or pseudogenes.

The a-gliadins were shown to be the most active protein
in triggering celiac disease (CD) owing to their containing
several peptides referred to as toxic epitopes that constitute
the main toxic components in CD (Arentz-Hansen et al.
2000; Vader et al. 2003; Van Herpen et al. 2006; Vaccino
et al. 2009). The toxic epitopes of «-gliadins showed to
have genetic diversity, and the quantity and distribution of
toxic epitopes can be used to assign o-gliadins to specific
chromosome loci (Vader et al. 2003; Van Herpen et al.
2006). According to Van Herpen et al. (2006), the o-gli-
adin genes derived from chromosome 6A of bread wheat
almost invariably contain epitopes glia-09 (PFPQPQLPY)
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and glia-020 (FRPQQPYPQ), but never the intact epitopes
glia-o (QGSFQPSQQ) and glia-a2 (PQPQLPYPQ). A
number of «-gliadin genes from chromosome 6B do not
contain any of the 4 T cell epitopes whereas the o-gliadin
genes from chromosome 6D are found to contain all of
these T cell epitopes in variable combinations per gene.
The A genome codes for a significantly larger average
number of glutamine residues in polyglutamine domain I
(QI) than the B and D genomes. In polyglutamine domain
II (QII), the B genome showed a significantly larger
number of glutamine residues than those of the other two
genomes.

Heterologous expression, such as in E. coli, yeasts and
cultured insect cells, is a detection method of gene activity
in protein level. In the past years, some HMW-GS and
LMW-GS genes have been successfully expressed in
E. coli and transferred to different wheat cultivars (Galili
1989; Barro et al. 1997; Li et al. 2007, 2008a, b; Zhang
et al. 2008; Yan et al. 2009). To date, however, expression
of gliadin genes in E. coli is seldom reported (Tamas and
Shewry 2006). The high-level expression in vitro of gliadin
genes is still difficult, and the genetic and biochemical
mechanisms remain unknown.

It is generally accepted that Aegilops tauschii
(2n = 2x = 14, DD) is the D genome donor of hexaploid
wheat, which is presumed to have arisen from interspecific
hybridization between T. dicoccum (AABB) and Ae. tau-
schii coupled with subsequent chromosome doubling in
southwestern Asia about 8,000—12,000 years ago (Dvorak
et al. 1998; Zhang et al. 2008). It has been reported that
Ae. tauschii accessions contain extensive variations in
storage protein compositions, which may provide potential
new gene sources for wheat quality improvement (Yan
et al. 2003). In order to further explore the gliadin
dynamics in nature for wheat improvement, in this work,
we have focused on cloning novel o-gliadin full-ORFs
from Ae. tauschii. A thorough characterization of these
cloned genes has been carried.

Materials and methods
Plant materials

Three accessions of Ae. tauschii, T15, T26, and T43 were
kindly provided by GenBank (Braunschweig, Germany).
Two bread wheat cultivars, Zhongyou 9507 and Gaocheng
8901 (Triticum aestivum L.), were collected from the
Department of Plant Genetics and Breeding, China Agri-
cultural University. The group 6 nulli-tetrasomic lines of
Chinese Spring were provided by the Institute of Crop
Science, Chinese Academy of Agricultural Science
(CAAS).
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mRNA extraction and RT-PCR

The mRNA from seed endosperm of 15 days after flow-
ering was isolated by using RNA plant Reagent (Tiangen,
Beijing, China). cDNA synthesis was carried out with oligo
(dT) from about 100 ng mRNA by using Superscript first-
strand synthesis system (Invitrogen, Beijing, China).

Coding sequence of «-gliadin genes were amplified by
primers designed according to the previously reported
sequences: L1 (5-ATGAAGACCTTTCTCATCCTTG-3')
and R1 (5-TCAGTTRGTACCRAAGATGCC-3"). Primers
were synthesized by Sangon Biotech (Shanghai, China).
RT-PCR amplifications were performed in 50 pl reaction
volume containing 2.5 U La Taq polymerase (TaKaRa),
60 ng of template DNA, 25 ul 2 x GC buffer II (MgCl,
plus), 0.4 mM dNTP, 0.5 pM of each primer, and making
up to 50 pl with ddH,O. The reaction was carried out in a
PTC-100 (MJ Research) using the following protocol:
heating lid, pre-denaturation at 94°C for 4 min, cycled 35
times at 94°C for 45 s, 60°C for 1 min and 72°C for 45 s,
and a final extension at 72°C for 10 min.

Molecular cloning and sequencing

PCR products were separated by 1.0% agarose gels and the
expected fragments were purified from the gels by Gel
Extraction Kit (Omega). Subsequently, the purified prod-
ucts were ligated into pGEM-T Easy vector (Promega,
Beijing, China) and transformed into competent cells of
E. coli DH-5u strain. DNA sequencing from three clones
was performed by TaKaRa Biotech (Dalian, China).

Sequence comparison, SNPs and InDels identification,
and secondary structure prediction

Sequence comparison and identification of single-nucleotide
polymorphisms (SNPs) and insertions/deletions (InDels)
presented in «-gliadin genes were based on multiple align-
ments by software Bioedit 7.0. Prediction of secondary
structure of deduced amino acid sequences was carried out
by PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/
psiform.html) according to Li et al. (2007).

Identification of toxic epitopes and chromosomal
location

The toxic epitopes in the gliadins were identified according
to Cornell and Wills-Johnson (2001). Chromosomal loca-
tion of cloned a-gliadin genes was assigned based on the
method of Van Herpen et al. (2006). The results of chro-
mosomal location were further confirmed by using group 6
nulli-tetrasomic lines of Chinese Spring and phylogenetic
analysis.

Phylogenetic analysis

Phylogenetic tree was constructed for the deduced amino
acid sequences using software DNAMAN 5.2.2. According
to the full-ORF of prolamin genes and other genes from
related species, a neighbor-joining tree was constructed by
setting the evolutional rate parameter to 6.5 x 107°
(Allaby et al. 1999) in calculating the divergence times of
storage protein genes as well as different genomes by using
software MEGA 4 (Tamura et al. 2007).

Results
Molecular characterization of 19 novel a-gliadin genes

A total of 19 full-ORF genes were isolated through RT-PCR
amplification, cloning and sequencing. These include 4 from
Aegilops tauschii accessions T15 (Gli-Atl), T43 (Gli-At2),
T26 (Gli-At3 and Gli-At4), 8 from cv. Zhongyou 9507
(Gli-Z1, Gli-Z2, Gli-Z3, Gli-Z4, Gli-Z5, Gli-Z6, Gli-Z7 and
Gli-Z8), and 7 from cv. Gaocheng 8901 (Gli-G1, Gli-G2,
Gli-G3, Gli-G4, Gli-G5, Gli-G6 and Gli-G7). In addition to
the 19 full-ORF genes, 32 genes from both Ae. tauschii and
bread wheat cultivars were obtained containning at least one
in-frame stop codon. Most of these pseudogenes resulted
from C to T substitution, leading to the generation of a TAA
or TAG stop codon. Sequence comparison demonstrated that
all cloned genes possessed typical structural features of
previously characterized «-gliadin genes, i.e., no introns and
ending at a stop codon TGA. The multiple alignment of
deduced amino acid sequence (Fig. 1) showed that the 19
full-ORF o-gliadin genes had highly similar structures with
the 6 typical a-gliadin genes in the GenBank, which were
isolated from common wheat and relative species, including
accession numbers DQ140351 (Triticum turgidum subsp.
dicoccoides), DQ246446 (Triticum aestivum), DQ401696
(Triticum wurartu), DQ401698 (Triticum monococcum),
DQ401700 (Triticum monococcum subsp. aegilopoides) and
AJ130948 (Triticum spelta). The deduced protein sequences
had a common structure model: a short signal peptide with 20
amino acid residues followed by 5 distinct domains: a
repetitive domain containing N-terminal with 5 amino acid
residues in the beginning, a polyglutamine domain I, a
unique domain I, a polyglutamine domain II and a unique
domain II containing C-terminal in the end. Apparently, the
sizes of a-gliadin genes mainly depend on the repetitive
domains and polyglutamine domains. All 19 genes were
deposited in GenBank (accession number EF561270 to
EF561288).

Comparative analysis of 25 deduced «-gliadin subunits
demonstrated that, in the N-terminal repetitive domains,
Gli-G3 and Gli-Z1 had an extra LPYPQPQ insertion
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Fig. 1 Mutliple alignment of the deduced amino acid sequences of
25 alpha-gliadin genes. Black frames show the position of cysteine
residues. Dashes represent the deletions. The gray segments of the
aligned sequences show the position of the peptides, which had
activity in celiac disease (in the N-terminal domain) and were
associated with adenovirus type 12 infections (in the C-terminal
domain)

compared to Gli-Atl, Gli-G4, and Gli-Z7. In the unique
domains, 6 highly conserved cysteine residues were pre-
sented in all subunits; however, both Gli-At3 and Gli-Z7
contained an extra cysteine residue instead of serine in the
unique domain II.

Three typical «-gliadin genes, Gli-At4, Gli-G1, and
Gli-Z4 were used to detect SNPs and InDels variations by
comparison with 9 other o-gliadin genes reported previ-
ously (Table 1). A total of 8, 39 and 33 SNPs were detected
in Gli-At4, Gli-G1, and Gli-Z4, respectively. An insertion
(TCGACC) at the position 937-942 was presented in
Gli-G1 while a deletion (TTGCAACAACAACAACA
GCAGCAACTGCAACAA) at position 676708 and an
insertion (TCGACC) at the position 937-942 were identi-
fied in Gli-Z4. In addition, there were 6, 19, and 18 non-
synonymous substitutions in Gli-A#4, Gli-G1, and Gli-Z4,
respectively.

Identification of specific toxic epitopes related to some
diseases and chromosomal location of cloned a-gliadin
genes

Toxicity epitopes of celiac disease were showed to link to
the presence of PSQQ and QQQP motifs in the N-terminal
repetitive domains (Cornell and Wills-Johnson 2001). As
shown in Fig. 1, the N-terminal repetitive domains of
Gli-G2, Gli-G7, Gli-Z3, Gli-Z4, and Gli-Z6 subunits
contained a 19-residue motif (LGQQQPFPPQQPYPQPQ
PF) that was considered to have activity in celiac disease
(Wieser 2001). In addition, another short motif (LGQG
SFRPSQQN) was presented in the C-terminal domain of
Gli-G2, Gli-G7, Gli-Z2, Gli-Z3, and Gli-Z6 subunits,
which could be associated with adenovirus type 12 infec-
tions (Kasarda and D’Ovidio 1999).

The number of 4 T cell stimulatory toxic epitopes and
glutamine residues in the two ployglutamine domains in
the 19 o-gliadins were identified and listed in Table 2.
Considerable variations in toxic epitope compositions
existed in the 19 a-gliadins. Four previously reported celiac
disease toxic epitopes, viz. glia-o2 (PQPQLPYPQ), glia-09
(PFPQPQLPY), glia-«20 (FRPQQPYPQ), and glia-o
(QGSFQPSQQ. Cornell and Wills-Johnson 2001), were

Table 1 The positions of SNPs and InDels identified between Gli-At4, Gli-G1, Gli-Z4, and other nine «-gliadin genes

o-gliadin genes 23 63 67 144 163 167 195 227-244 245 257 259 266 292 298 305
Gli-At4 C €C G G C C G ---------mmmmmmam e T T C€C C C C G
Gli-G1 C T G G C A G ------------mmmmmmmoo c ¢ T T C T C
Gli-Z4 T T T A G A T ------mmmmi i amao c € T T A C C
Other 9 o-gliadingenes C T G A C C G TGCAG/ACTGCAACCATTTC c T ¢ C C C G
o-gliadin genes 329 343 344 345 354 372 375 376 377 378 466 501 527 537 540 548 554 561 563
Gli-At4 C T T G G G G ¢C A G T A G A T G C G T
Gli-G1 A C T A A A A G C A T C cC A T A C G T
Gli-Z4 C C C G A A A G C A C C C T A A G A A
Other 9 o-gliadin genes C T C G A G G C A G T A G A T A C G T
o-gliadin genes 564 576 585 593 594 613 638 652 666 669 672 675 676-708

Gli-At4 G G G G G C T C A A A A -
Gli-G1 A G AT G A C A C C C C -------mmmmm oo
Gli-Z4 G A GTTCT C A A A A TTGCAACAACAACAACAGCAGCAACTGCAACAA

Other 9 a-gliadingenes G G G G G C T C A A A A - e e mmm e m e
o-gliadin genes 747 753 777 790 797 800 807 818 828 831 840 841 846 851 869 872 918 931 937-942 953
Gli-At4 G G A G G C G A G C T G G €C A A C T ------ A
Gli-G1 A G GG A T €C G T A T C€C G A A C A C C TCGACC C
Gli-Z4 G A A G G T A A G C T T G A A C G T ------ C
Other 9 o-gliadingenes G G A G G C G A G C€C T G G A A A C T ------ C

Horizontal dashes indicate the deletions of nucleotide. Other nine «-alpha-gliadin genes include DQ140351 (Qi et al. 2006), DQ245447 (Jia et al.
2006), DQ246446, DQ246447, DQ246448, DQ401696, DQ401698, DQ401700, and AJ130948 (Kasarda and D’Ovidio 1999)
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Table 2 Number of 4 T cell stimulatory toxic epitopes and glutamine residues in the two polyglutamine domains presented in 19 full-ORF
a-gliadin genes from Ae. tauschii and bread wheat cultivars and their chromosomal locations

o-gliadin genes Glio-o0 Glio-02 Glia-09 Glio-020 QI QII Chromosomal location
Gli-Atl 1 1 1 1 17 13 6D
Gli-Ar2 1 1 1 1 22 7 6D
Gli-At3 - 1 1 1 16 16 6D
Gli-At4 - - - 1 16 8 6D
Gli-G1 - - - - 19 27 6B
Gli-G2 - - 1 1 17 8 6A
Gli-G3 1 2 1 1 20 13 6D
Gli-G4 - 1 1 1 13 7 6D
Gli-G5 - 1 1 1 12 16 6D
Gli-G6 - - - - 18 27 6B
Gli-G7 - - - 1 18 8 6D
Gli-Z1 1 2 1 1 21 11 6D
Gli-Z2 - - - - 17 8 6B
Gli-Z3 - - 1 1 19 8 6A
Gli-Z4 - - - - 12 16 6B
Gli-Z5 1 1 1 1 15 16 6D
Gli-Z6 - - - 1 18 8 6D
Gli-Z7 1 1 1 - 10 9 6D
Gli-Z8 - - - - 15 27 6B

found in most «-gliadins. In total, 14 o-gliadins contained
1-5 toxic epitopes while 5 (Gli-G1, Gli-G6, Gli-Z2, Gli-Z4
and Gli-Z8) had no toxic epitopes.

It is clear that the 4 o-gliadin genes from Ae. tauschii
were located on the Gli-D2 locus of D genome. The
number of the 4 T cell stimulatory toxic epitopes and
glutamine residues in the two ployglutamine domains
(Table 2) were used to determine the chromosomal loca-
tions of the 15 a-gliadin genes isolated from the 2 bread
wheat cultivars. The deduced protein sequences of both
Gli-G2 and Gli-Z3 genes contained glia-29 and glia-220,
the number of glutamine residues in polyglutamine domain
I was larger, and there was no presence of glia-o or glia-o2.
Based on these facts, they could be assigned to the chro-
mosome 6A. Similarly, 5 a-gliadin genes (Gli-G1, Gli-G6,
Gli-Z2, Gli-Z4, and Gli-Z8) were assigned to chromosome
6B because their amino acid sequences do not contain any
4 T cell epitopes and had a significantly larger number of
glutamine residues in the polyglutamine domain II. The
remaining 8 genes (Gli-G3, Gli-G4, Gli-G5, Gli-G7,
Gli-Z1, Gli-Z5, Gli-Z6, and Gli-Z7) contained at least one T
cell epitopes, making them to be assigned to chromosome
6D. In order to test the reliability of these assigning strat-
egies, the 4 a-gliadin genes (Gli-Atl, Gli-At2, Gli-At3 and
Gli-At4) from Ae. tauschii were also applied with these
assigning methods and the results showed that they were all
assigned to the Gli-D2 locus on chromosome 6D.

@ Springer

Furthermore, analysis of nulli-tetrasomic lines of Chinese
Spring as well as phylogenetic tree (see below) also con-
firmed the validity of chromosomal locations described
above (Fig. 2).

8 9 10 11 12 13 14 15 16 CS M

1000bp

1000bp

Fig. 2 Chromosomal location of 19 «-gliadin genes by using group 6
nulli-tetrasomic lines of Chinese Spring (CS). I N6AT6B (Gli-G2). 2
NOATOD (Gli-Z3). 3 N6BTOA (Gli-G1). 4 N6BT6D(Gli-G6). 5 T15.
6 T26. 7 T43. 8 Zhongyou 9507. 9 Gaocheng 8901. /0 N6BT6A
(Gli-Z2). 11 N6BT6D (Gli-Z4). 12 N6BT6D (Gli-Z8). 13 N6DT6A
(Gli-Atl). 14 N6BT6A (Gli-G2). 15 N6DT6A (Gli-Z3). 16 N6DT6B
(Gli-G6). 17 N6AT6D (Gli-Atl). 18 N6DTO6B (Gli-At2). 19 N6DT6A
(Gli-At3). 20 N6DT6B (Gli-At4). 21 N6DT6B (Gli-G3). 22 N6DT6A
(Gli-G4). 23 N6DT6B (Gli-G5). 24 N6DT6A (Gli-G7). 25 N6BT6D
(Gli-Ar2). 26 N6DT6B (Gli-Z1). 27 N6DT6A (Gli-Z5). 28 N6DT6B
(Gli-Z6). 29 N6AT6D (Gli-G3). 30 N6DT6A (Gli-Z7). 31 N6AT6D
(Gli-G4). 32 N6BT6D (Gli-G5). 33 N6AT6D (Gli-Z1)
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Table 3 Secondary construct predictions of 19 deduced o-gliadins

o-gliadins  Secondary ~Account Number Distribution
structure (%)
A B C D E
Gli-Atl o-helix 19.5 6 0o 0 4 0 2
p-strand 5.8 5 0O 0 O 1 4
Gli-At2 o-helix 234 6 0 0 35 05 2
p-strand 5.6 5 0O 0 O 0 5
Gli-At3 o-helix 243 6 0o 0 4 0 2
f-strand 59 5 0O 0 O 0 5
Gli-At4 o-helix 23.5 5 0 0 35 05 1
f-strand 5.7 5 0O 0 O 0 5
Gli-G1 o-helix 12.3 5 0O 0 25 05 2
p-strand 7.9 7 0O 0 O 1 6
Gli-G2 a-helix 24.9 6 0O 0 4 0 2
p-strand 7.6 5 0 0 1 05 35
Gli-G3 o-helix 23.0 9 0o 0 4 0 5
p-strand 6.3 2 0O 0 O 0 2
Gli-G4 o-helix 24.9 5 0 0 35 05 1
p-strand 10.0 5 0O 0 O 0 5
Gli-G5 o-helix 24.6 6 0o 0 4 0 2
p-strand 52 5 0O 0 O 0 5
Gli-G6 o-helix 17.1 5 0O 0 3 0 2
p-strand 7.5 6 0O 0 O 0 6
Gli-G7 o-helix 234 5 0O 0 25 05 2
p-strand 5.7 4 0O 0 O 0 4
Gli-Z1 o-helix 29.4 6 0O 0 4 0 2
p-strand 4.5 5 0O 0 O 0 5
Gli-Z2 o-helix 25.9 7 1 0 35 05 2
p-strand 7.0 6 0O 0 0 0 6
Gli-Z3 o-helix 25.8 5 0O 0 25 05 2
p-strand 5.6 5 0O 0 0 0 5
Gli-Z4 a-helix 24.0 6 0O 0 4 0 2
p-strand 5.6 5 0O 0 0 0 5
Gli-Z5 a-helix 24.0 6 0O 0 4 0 2
p-strand 5.5 5 0O 0 0 0 5
Gli-Z6 o-helix 21.4 5 0O 0 25 05 2
p-strand 8.5 4 0O 0 O 0 4
Gli-Z7 o-helix 16.5 5 0O 0 25 05 2
p-strand 34 3 0O 0 O 0 3
Gli-Z8 o-helix 18.7 6 0o 0 4 0 2
f-strand 9.7 8 0 0 1 0 7

A N-terminal domain

B Polyglutamine domain I
C Unique domain I

D Polyglutamine domain II

E Unique domain II

Secondary structure prediction of deduced a-gliadins

The secondary structure of the mature protein subunits of
the 19 deduced a-gliadins were predicted by the PSIPRED
server (Table 3). In general, the positions of «-helix and

p-strand of the o-gliadins were relatively conservative,
which were mainly presented in the unique domains and
C-terminal domain. All o-gliadins showed to have high
content of f-strands. Particularly, more o-helixes and
f-strands occurred in unique domain II. Of the 19 a-gliadins,
only one o-helix of Gli-Z2 was presented in the N-terminal
domain and no secondary structures were found in the
polyglutamine domain I. The numbers of «-helix and
f-strand in the 19 o-gliadins ranged from 5 to 9 (17.1-29.4%)
and 2 to 8 (6.3-9.7%), respectively. In the polyglutamine
domain II, 9 a-gliadin subunits (Gli-At2, Gli-At4, Gli-G1,
Gli-G4, Gli-G7, Gli-Z2, Gli-Z3, Gli-Z6, and Gli-Z7) had
half o-helixes, while only Gli-Atl and Gli-G2 contained
one and half f-strands, respectively. It is obvious that the
numbers and distributions of the o-helix and fS-strand are
not evenly distributed in the different mature o-gliadins.

Phylogenetic analysis among o-gliadin genes and other
cereal storage protein gene family

A homology tree was constructed for the deduced amino
acid sequences of the 19 full-ORF «-gliadin genes obtained
in this work and 18 GenBank, prolamin genes from com-
mon wheat, related species and barley, viz. 12 «-gliadin
genes: AJ130948 (Kasarda and D’Ovidio 1999);
AJ133605, AJ133609, and AJ133610 (Arentz-Hansen et al.
2000); DQ401696, DQ234066, DQ234067, DQ246447,
DQ246448, K03074, U51303, and X02539 (Sumner-Smith
et al. 1985); 2 w-gliadin genes: AF280605 and AY667097;
a y-gliadin gene M11077 (Okita et al. 1985); and 3 barley
hordein genes: B-hordein AY695368, C-hordein X60037,
and D-hordein D82941.

As shown in Fig. 3,37 prolamin genes were clustered into
four subgroups, corresponding to D-hordeins, w-gliadins
and C-hordeins, y-gliadins and B-hordeins, and «-gliadins.
The «-gliadins were closely related to y-gliadins and B-horde-
ins with 53% homology. The w-gliadins and C-hordeins had
76% homology while y-gliadins and B-hordeins shared 79%
homology. The D-hordeins was isolated from other prolamins
and shared only 36% homology.

In order to further investigate the evolutionary rela-
tionships among different storage protein genes, a neigh-
bor-joining tree was constructed with the deduced amino
acid sequences of 7 typical «-gliadin genes obtained in this
work and 16 previously characterized storage protein genes
(Fig. 4). An estimation of divergence time (million years
ago, MYA) among the 23 genes was shown in Table 4. As
shown in Fig. 4, the 23 genes from common wheat and
related species were apparently clustered into 5 clades, viz.
HMW-GS and D-hordein genes, w-gliadin and C-hordein
genes, y-gliadin genes, B-hordein and LMW-GS genes, and
a-gliadin genes, which were generally consistent with the
results from phylogenetic tree described above. The HMW-
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Fig. 3 Homology tree based on the coding regions of deduced amino acid sequence of 19 cloned alpha-gliadin genes and 18 other prolamin
genes from related species. The suffixes of GenBank accession numbers indicate the different types of genes

GS and D-hordein genes were divergent at 17.00 MYA,
and their divergence with other storage genes occurred
about 69 MYA. The o-gliadin genes, classified into an
independent clade indicated by broken line ellipse,
diverged with the near clade (y-gliadin, B-hordein and
LMW-GS genes) at approximately 39 MYA. In addition,
relatively late divergence between w-gliadin and C-hord-
ein, LMW-GS and B-hordein genes occurred about 18 and
25 MYA, respectively. The divergent times estimated
between individual storage protein genes (Table 4)
displayed similar results, and the o-gliadin genes from the
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Gli-D2 locus of Ae. tauschii and bread wheat cultivars
diverged more recently, generally less than 5 MYA.
Discussion

Allelic variations, molecular structures and functions
of the a-gliadin genes

The gliadin storage protein genes were shown to have
extensive allelic variations, which were closely related to
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Alpha-gliadin genes 50.30

69.23

17.00

0.1

HMW-GS genes

Fig. 4 Neighbor-joining tree based on the deduced amio acid
sequence of 9 cloned o-gliadin genes (Gli-Ar2, Gli-G1, Gli-G3,
Gli-G5, Gli-G7, Gli-Z2, Gli-Z4, Gli-Z6 and Gli-Z8) and 16 other
related genes (a-glidin DQ246448, DQ401698, w-gliadin AF280605,
AY667097, y-gliadin FJ441103, FJ595936, B-hordein DQ267478,

flour quality (Metakovsky et al. 1997; Wang et al. 2008). A
total of 111 gliadin alleles, including 19 «-gliadins among
360 common wheat cultivars have been identified in the
past (Metakovsky 1991). The estimated number of «-glia-
din genes ranges from 25 to 150 copies in different wheat
genotypes. However, approximately 50% (Anderson and
Greene 1997), even 87% (Van Herpen et al. 2006) of the
a-gliadin genes are pseudogenes, mainly resulting from C to
T change. In the current work, more than 60% of separated
o-gliadin genes were pseudogenes and C to T substitution
accounted for about 70% of the causal. In plants, as much
as 20% of the total residues can be methylated and meth-
ylation at the 5-position of cytidine is the most common
modified DNA base. This could result in C to T substitution
in a higher percentage (Anderson and Greene 1997).

So far, secondary structure features of o-gliadins have
not been reported. In this study, we predicted the secondary
structures of the 19 full-ORF «-gliadins and demonstrated
that the a-helixes and ff-strands of «-gliadins were mainly
presented in the unique domain II, while the N-terminal
domain and polyglutamine domain I had few or no

\ 46080

18.77 4y Omega-gliadin genes

A
&
\‘Q

E009X

C-hordein genes

S
q,)@
S9

D-hordein genes

AY659367, C-hordein M36941, X60037, D-hordein EF417989,
D82941, LMW-GS DQ217663, AY542896 and HMW-GS
FM955452, FJ404595. The divergent times were specified by the
numbers, and the unit was million years ago (MYA)

secondary structures. Furthermore, the numbers and per-
centage of a-helix and f-strand were highly variable
among the 19 w«-gliadins. Our results suggested that the
unique domain II in the w«-gliadins could be the most
important domain for the formation of gluten macropoly-
mer in conjunction with HMW and LMW glutenins
through inter-molecular disulfide bonds.

The a-helixes and f-strands, mainly presented in the
C-terminal domain, are the key factors for the formation of
gliadin secondary structures. More o-helixes and f-strands
could be beneficial for increasing viscosity and elasticity of
doughs. Therefore, the high variations in the numbers of
o-helixes and f-strands among o-gliadins will result in a high
variation in dough physical qualities, making it possible to
achieve desirable wheat qualities through screening o-gli-
adins based on their secondary structural features. Addi-
tionally, a long repetitive domain and an extra cysteine
residue present in Gli-At3 and Gli-Z7 could have a positive
influence on flour quality (An et al. 2006; Li et al.
2008a). Two polyglutamine domains encoded by micro-
satellite-like sequences are characteristically presented in

@ Springer
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the a-gliadins, and their amino acid residues ranged from 7
to 27 in this work (Table 2). A high proportion of gluta-
mine residues in the repeats appeared to be helpful for
improving visco-elasticity properties of doughs since inter-
molecular interactions of the large numbers of glutamine
side chains act as good hydrogen bond donors and accep-
tors (Masci et al. 2000).

The o-gliadins generally contain six cysteine residues
with conserved positions in two unique domains, which
could form three intra-molecular disulfide bonds and result
in a smaller and more compactly folded globular protein
(Khatkar et al. 2002). In this study, both Gli-At3 and
Gli-G7 had an extra cysteine residue in the unique domain
II. Changes in the numbers and positions of cysteine resi-
dues might affect the pattern of disulfide bond formation,
and strongly correlate with flour quality. An odd number of
cysteine residues tended to join the disulfide cross-linked
gluten matrix, with a positive effect on dough quality
(Kasarda et al. 1984; Shewry et al. 2003). Thus, two spe-
cific polyglutamine domains present in the a«-gliadins,
especially the polyglutamine domain II with some
o-helixes and ff-strands, and the presence of extra cysteine
residues could play important roles in the formation of
gluten macropolymer, and consequently insert positive
effects on wheat dough quality. A high level of genetic
variation in the a-gliadin loci is expected to be valuable
sources for wheat quality improvement.

Phylogenetics and evolution of the o-gliadin gene
family

Recent research in the genomic organization and evolu-
tionary mechanism of the Gli-2 loci have revealed that
abundant retrotransposons, such as Sabrina, Fatima, and
Wis-related retroelements, are presented in the GIi-2
regions, which are considered to participate in shaping the
Gli-2 regions during the genome evolution and to be pri-
marily responsible for the genome expansion of wheat and
other cereals (Gu et al. 2004). The «-gliadin genes showed
to be not evenly distributed in the Gli-2 region, which were
separated by numerous retrotransposons and their distance
varied significantly. It is suggested that the Gli-2 regions
were not stable, and underwent considerable dynamic
changes during wheat evolution process, mainly resulting
from the frequent gene amplification/deletion, single-base
change and rapid amplification and insertion of retro-
transposons (Anderson and Greene 1997; Gu et al. 2004).
More recently, duplication and deletion of large fragments
occurring in Glu-D-1-1 alleles and the generation of a
LMW-GS chimeric gene were found to attribute to ille-
gitimate recombination in addition to unequal homologous
recombination (Li et al. 2008b; Zhang et al. 2008). The
characteristics of genome organization and gene structure

of the Gli-2 loci, especially the separated gene arrangement
and the presence of repetitive sequences and microsatellite-
like sequences encoding two polyglutamine domains,
would facilitate the occurrence of illegitimate recombina-
tion events.

It was shown that the o-gliadin genes were divergent
earlier than the separation of the various wheat genomes
(Gu et al. 2004). Our results demonstrated that the o-glia-
dins were closely related to y-gliadin, LMW-GS, and bar-
ley B-hordein genes, and diverged at approximately 39.62
MYA. On the contrary, a distant evolutionary relationship
existed between «-gliadins and w-gliadin, C and D-hordein,
and HMW-GS genes. The a-gliadin genes from Gli-D2 loci
of Ae. tauschii and hexaploid common wheat were diver-
gent more recently (Table 4) and displayed a high
homology (Fig. 3), being consistent with the previous
result that Ae. tauschii is the D genome donator of
T. aestivum (Dvorak et al. 1998; Yan et al. 2003). The
cultivated wheat (AABBDD) was considered to arise by
hybridization between T. dicoccum (AABB) and Ae. tau-
schii (DD), and the recent origin of the AABBDD wheat is
no earlier than 9,000 years ago (Allaby et al. 1999). Recent
investigation demonstrated that the hybridization event
occurred at least four times (Zhang et al. 2008). It could
deduce that the divergent time of «-gliadin genes at Gli-D2
loci is much earlier than these hybridizations.

The phylogenetic analysis showed that the 19 cloned
full-ORF o-gliadin genes had high homology (92%) with
the 12 other o-gliadin genes, particularly closely related to
y-gliadin and barley B-hordein genes. In addition, 19
o-gliadins were divided into three subgroups, generally
corresponding to the A, B, and D chromosome assignment.
For instance, the 10 genes assigned to chromosome 6D and
the 4 to chromosome 6B were clustered into two separate
subgroups. This further confirmed the results of chromo-
somal assignment based on the polyglutamine domains and
4 T cell stimulatory toxic epitopes compositions.

Toxic epitopes and their application in chromosomal
location and wheat quality improvement

To date, two major types of allergy related to wheat glia-
dins have been well characterized, viz. bakers’ asthma and
wheat-dependent exercise-induced anaphylaxis (WDEIA),
with the ws-gliadins being the major protein group
(Tatham and Shewry 2008). It was known that gluten-specific
T cell responses in the small intestine were highly related
to the inflammatory response in CD. Some specific a-gli-
adins as well as other gluten peptides could bind to HLA-
DQ2/8 and induce lamina propria CD4 T cell responses,
and consequently result in damage of the small intestine
mucosa (Vader et al. 2002). Recent investigations have
shown that the w«-gliadins from diploid Triticum species

@ Springer



1250

Theor Appl Genet (2010) 121:1239-1251

form distinct groups, and the number of the 4 T cell
stimulatory epitopes (glia-o, glia-02, glia-09 and glia-220)
appears to be genome specific (Van Herpen et al. 2006). In
the present work, based on the numbers and distributions of
the toxic epitopes, the 19 full ORF «-gliadin genes were
successfully assigned to 6A, 6B, and 6D genomes. In
particular, 8 a-gliadin genes from bread wheat cultivars and
the 4 from Ae. tauschii were assigned to Gli-D2 locus of
the chromosome 6D. These results were further confirmed
by the analysis of group 6 nulli-tetrasomic lines of Chinese
Spring (Fig. 2) and phylogenetic tree (Fig. 3), strongly
suggesting that this assigning method for the w«-gliadin
genes is reliable.

The toxic epitopes present in the o-gliadin genes
appeared to be genetically diverse (Vader et al. 2003; Van
Herpen et al. 2006). More presence of T cell-stimulatory
epitopes (glia-a2/09) was found in the D genome species
compared to A and B genome species; a number of
o-gliadin genes from S* (T. speltoides) and B genome species
did not contain any of the 4 T cell stimulatory epitopes
(Spaenij-Dekking et al. 2005). In the present study, the
number of the 4 T cell-stimulatory epitopes of o-gliadin
genes from 6A, 6B, and 6D genomes was found to be 4, 0,
and 41, respectively (Table 2), which is consistent with the
previous findings. Additionally, large variations of gluta-
mine residues in the two ployglutamine domains were also
found to present in different «-gliadin genes (Table 2). This
could be useful for reducing the gliadin toxicity in wheat
breeding program, especially for the D genome. In the past
years, many useful genes have been found in Ae. tauschii,
including different resistance and tolerance genes (Cox
et al. 1995) as well as glutenin genes related to quality
(Yan et al. 2003; Zhang et al. 2006). These genes had been
introgressed and utilized in wheat cultivar improvement
programs via crosses between bread wheat or tetraploid
species and Ae. tauschii (Hsam et al. 2001). It is expected
that the SNPs and InDels could be sources of molecular
markers for reducing the o-gliadin content of the D genome
in transferring valuable genes from Ae. tauschii to bread
wheat.
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