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Abstract

Background: High-molecular-weight glutenin subunits (HMW-GSs) have been considered as
most important seed storage proteins for wheat flour quality. | Ay subunits are of great interest
because they are always silent in common wheat. The presence of expressed |Ay subunits in
diploid and tetraploid wheat genotypes makes it possible to investigate molecular information of

active |Ay genes.

Results: We identified | Ay subunits with different electrophoretic mobility from 141 accessions
of diploid and tetraploid wheats, and obtained the complete ORFs and 5' flanking sequences of IAy
genes including 6 active and 3 inactive ones. Furthermore, the 5' flanking sequences were
characterized from 23 wild diploid species of Triticeae. All 6 active | Ay possess a typical HMW-GS
primary structure and some novel characteristics. The conserved cysteine residue within the
repetitive domain of y-type subunits was replaced by phenylalanine residue in subunits of | Ay (Tu-
el), 1Ay (Tu-e2), |Ay (Ta-e2) and |Ay (Td-e). Particularly, /Ay (Ta-e3) has an unusual large
molecular weight of 2202 bp and was one of the known largest y-type HMW-GSs. The translations
of IAy (Tu-s), 1Ay (Ta-s) and |Ay (Td-s) were disrupted by premature stop codons in their coding
regions. The 5' flanking sequences of active and inactive /Ay genes differ in a few base substitutions
and insertions or deletions. The 85 bp deletions have been found in promoter regions of all /Ay

genes and the corresponding positions of 6 species from Aegilops and Hordeum.

Conclusion: The possession of larger molecular weight and fewer conserved cysteine residues are
unique structural features of /Ay genes; it would be interested to express them in bread wheat and
further to examine their impact to processing quality of wheat. The Ay genes from T. urartu are
closer to the genes from T. turgidum dicoccon and T. aestivum, than those from T. monococcum
aegilopoides. The 85 bp deletion and some variations in the 5'flanking region, have not interrupted
expression of /Ay genes, whereas the defects in the coding regions could be responsible to the
silence of the /Ay genes. Some mutational events in more distant distal promoter regions are also

possible causes for the inactivation of /Ay genes.
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Background

In wheat and its relatives, seed storage proteins are mainly
composed of glutenins and gliadins [1]. High-molecular-
weight glutenin subunits (HMW-GSs) are important stor-
age proteins in endosperm of wheat and its related species
[1]. HMW-GSs play a key role in determining wheat glu-
ten and dough elasticity which promote the formation of
the larger glutenin polymer [2,3]. The allelic variation in
HMW-GS compositions has been reported to account for
up to 70% of the variation in bread making quality among
European wheats, even though they only account for
about 10% of seed storage proteins [2,4]. Therefore,
HMW-GS genes are important and useful in molecular
modification to improve the wheat grain quality.

HMW-GSs are encoded by the Glu-1 loci on the long arms of
chromosomes 1A, 1B and 1D, and each locus consists of 2
tightly linked genes encoding an x-type and a y-type subunit,
respectively. Theoretically, hexaploid wheat could contain 6
different HMW-GSs, however, gene silence resulted in varia-
tion of HMW-GS number: from 3 to 5 subunits in hexaploid
bread wheat and from 1 to 3 subunits in durum wheat [5,6].
Among all 6 HMW-GSs, 1Dx, 1Dy and 1Bx are always active,
and 1Ax and 1By sometimes appear silent. In hexaploid
wheat, the gene encoding 1Ay subunit is always silent. How-
ever, 1Ay subunits have been reported in some diploid and
tetraploid wheats [7]. Although the expressed 1Ay subunits
in 2 accessions of wheat have been reported [8,9], such sub-
units have never been confirmed by further molecular char-
acterization. To date, more than 20 HMW-GS alleles have
been isolated from wheat and its related species [10-30], and
these information has greatly improved our understanding
in structure, heredity and expression of HMW-GSs. However,
our knowledge on 1Ay genes is still deficient. The expression
of 1Ay subunits in some wild diploid and tetraploid wheats
offers an opportunity to isolate and analyze nucleotide
sequences of active HMW glutenin 1Ay genes [7,19,31,32].
Triticum urartu (AA, 2n = 14), Triticum monococcum aegilo-
poides (AA, 2n = 14) and Triticum turgidum dicoccon (AABB,
2n = 28) are important species possibly involved in the evo-
lution process of hexaploid wheat. These species possess
many excellent characteristics such as high content of seed
protein and high resistance to stripe rust, scab and stress,
which could be potentially employed to improve the agro-
nomic traits of common wheat [33].

In this study, we reported the identification of expressed
1Ay subunits from total 141 accessions of T. urartu, T.
monococcum aegilopoides and T. turgidum dicoccon, and the
characterization of the coding and promoter region
sequences of 6 active and 3 inactive 1Ay genes. To further
understand the control of this allele expression, we also
characterized the 5' flanking sequences of y-type HMW-
GS genes from 23 wild diploid species of Triticeae. The
objectives of this study are: 1) to compare promoter and
coding region structures of active and inactive 1Ay alleles,
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and further to understand the control of 1Ay gene expres-
sion; 2) to compare the primary structure of 1Ay subunits
with other known HMW-GSs and analysis the evolution
of Glu-A1-2 alleles; 3) to provide the basis of the genetic
transformation of active 1Ay gene to verify their effect on
wheat processing quality.

Results

SDS-PAGE profiles of HMW-GSs

The SDS-PAGE profiles of HMW-GSs showed that 1Ay sub-
units were differentially expressed in T. urartu, T. monococ-
cum aegilopoides and T. turgidum dicoccon, whereas 1Ax
subunits were expressed in all accessions of these 3 species
(Figure 1). In T. urartu and T. turgidum dicoccon, 1Ay subu-
nits displayed an electrophoretic mobility similar to that of
1Dy12 subunit. 1Ay subunits from T. monococcum aegilo-
poides migrated slower than those of T. urartu, showing a
similar electrophoretic mobility with 1By8. Interestingly,
1Ay subunit in one accession (P1306526) of T. monococcum
aegilopoides migrated slower than all y-type subunits and
1Bx7. To our knowledge, the y-type HMW-GS with such
slower electrophoretic mobility has never been reported,
indicating that this subunit might possess a molecular mass
larger than other y-type subunits. We also found that for the
expression frequency of 1Ay subunits, diploid wheats are
higher than tetraploid wheats (Additional file 1).

Characterization of | Ay coding sequences from diploid
and tetraploid wheats

In genomic PCR, there is only one amplified fragment in
each of T.urartu and T.monococcum aegilopoides, whereas 4
fragments were amplified in 2 T.turgidum dicoccon acces-
sions. The amplified fragments in T. urartu and T.monococ-
cum aegilopoides ranged from1800 to 2202 bp (Figure 2).
It is close to the size of those typical y-type HMW-GS
genes except for the fragment of 2202 bp. In T.turgidum
dicoccon accessions, the molecular weight of fragments is
between 1.8 and 2.5 kb (Figure 2). All amplified products
were cloned. By terminal sequencing and enzyme diges-
tions, the ORFs representing different 1Ay alleles were
determined. The full length sequences of 1Ay ORFs were
obtained by using the method of nested deletion. The 9
sequences were named as 1Ay (Tu-el), 1Ay (Tu-e2) and
1Ay (Tu-s) to represent the ORFs of 1Ay subunits from T.
urartu; 1Ay (Ta-el), 1Ay (Ta-e2), 1Ay (Ta-e3) and 1Ay (Ta-
s) to represent the ORFs of 1Ay subunits from T. monococ-
cum aegilopoides; and 1Ay (Td-e) and 1Ay (Td-s) to repre-
sent the ORFs of 1Ay subunits from T.turgidum dicoccon
(the letter e and s represent the expressed and silenced
subunits, the numbers represent different alleles.). All
sequences were deposited in NCBI database with Gen-
bank accession numbers from:EU984503 to EU984511.

The primary structures of deduced |Ay proteins
After translating the DNA into protein sequences, analysis
of amino acid sequence indicated that the ORFs of 6 active
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SDS-PAGE analysis of high-molecular-weight glutenin subunits (HMW-GSs) of diploid and tetraploid wheat
species. a Diploid accessions of T. urartu: (Tul) P1428309, (Tu2) PI 428308, (Tu3) Pl 428318, (Tu4) P1 428310; b, c: Diploid
accessions of T. monococcum aegilopoides: (Tal) Pl 427928, (Ta2) Pl 427759, (Ta3) Pl 428007, (Ta4) Pl 427622, (Ta5-6) Citr

17665, (Ta7-8) P1 277123, (Ta9—10) P1 306526; d: Tetraploid wheat accessions of T. turgidum dicoccon: (TdI-2) Pl 355475,
(Td3—4) P1 355477; CS: Chinese spring. The SDS-PAGE profiles of HWM-GSs showed | Ay subunits were differentially
expressed in some accessions of T. urartu, T. monococcum aegilopoides and T. turgidum dicoccon while | Ax subunits were
expressed in all accessions (marked by tailed-arrows). The expressed | Ay subunits were marked by solid and the hollow
arrows indicated the area where the absent subunit band might have been.

1Ay genes possess a typical primary structure shared by
other published HMW-GSs, although these subunits dif-
fer greatly in sizes (Figure 3 and Table 1). Each of these
deduced subunits consists of a signal peptide with 21
amino acids (aa), a conserved N-terminal region, a central
repetitive domain and a C-terminal region. The N-termi-
nal regions of these 6 subunits contain 104 aa and the C-
terminal regions have 42 aa. Central repetitive domains of
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Figure 2

PCR amplification of HMW-GS ORFs. Lanel-3: Pl
428309, P1 428318, Pl 428308 (T. urartu); lane 4-7: P1 428007,
P1 277123, P1 306526, PI 427928 (T. monococcum aegilopoides)
and lane 8 and 9: PI355475, P1355477 (T. turgidum dicoccon);
Mis | Kb DNA ladder.

these subunits are composed of a similar repeat structure
to other known y-type subunits. The subunit 1Ay (Ta-e3)
is composed of 732 aa, larger than all other known y-type
HMW-GSs. The difference between 1Ay (Ta-e3) and other
y-type HMW-GSs were entirely due to variations of the
number of repeat motifs. Compared to other 1Ay subu-
nits, 13 extra hexapeptides and 5 extra nonapeptides have
been inserted into the repetitive domain of 1Ay (Ta-e3),
which resulted in 123 aa increases in its molecular mass.

All conserved cysteine residues presented in known
HMW-GSs from wheat and its relative grasses were
observed in the aa sequences of 1Ay (Ta-el) and 1Ay (Ta-
e3). For 1Ay (Ta-el) and 1Ay (Ta-e3), the distributions of
the 7 cysteine residues are conserved with 5 in N-terminal
region, 1 at the end of central repetitive domain and 1 in
C-terminal region. However, the conserved cysteine resi-
dues at the end of the central repetitive domain of 1Ay
(Tu-el), 1Ay (Tu-e2), 1Ay (Ta-e2) and 1Ay (Td-e) was
replaced by phenylalanine residues (Figure 3, Table 1).
The translation of the sequence of 1Ay (Tu-s), 1Ay (Ta-s)
and 1Ay (Td-s) were disrupted by in-frame premature stop
codons (Figure 3). In the coding sequences of 1Ay (Tu-s)
and 1Ay (Ta-s), there is 1 stop codon located in the N-ter-
minal and C-terminal region, respectively; and 4 stop
codons were located in the repetitive domain of 1Ay (Td-
s). If the premature stop codons were ignored, the resulted
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Table I: Summary of primary structure properties of expressed | Ay subunits compared to those of previously reported y-type

subunits.
Number of amino acid residues Number of cysteine residues
N-terminal Repetitive C-terminal Total N-terminal Repetitive C-terminal Total
domain domain domain Domain Domain domain
1Ay (Tu-el) 104 438 45 597 5 0 | 6
1Ay (Tu-e2) 104 417 45 566 5 0 | 6
Ay (Ta-el) 104 461 45 610 5 | | 7
|Ay (Ta-e2) 104 417 45 566 5 0 | 6
IAy (Ta-e3) 104 583 45 732 5 | | 7
Ay (Td-e) 104 417 45 566 5 0 | 6
I1By9 104 535 45 684 5 [ [ 7
IDyl0 104 478 45 627 5 | | 7
IDyl2 104 490 45 639 5 | | 7

All y-type HMW-GS genes of hexaploid wheat have a conserved cysteine residue at the end of repetitive domain. However, this cysteine residue

was found not always present in wild wheats.

peptides of 1Ay (Tu-s), 1Ay (Ta-s) and 1Ay (Td-s) would
also have typical characteristics of HMW-GSs.

Structural features of the 5' flanking promoter regions of
Glu-Al-2 alleles and those in 23 Triticeae species

The 5' flanking promoter regions of both active and inac-
tive 1Ay from diploid and tetraploid wheat species were
amplified using the primers P3 and P4. In previous study,
regulatory elements (TATA box, complete HMW
enhancer, partial HMW enhancer, E motif and N motif)
have been identified in the study of promoter activity in
wheat endosperm [34,35]. D'Ovidio (1996) previously
reported the sequence locations of 5' flanking promoter
regions of 1Ay alleles in T. urartu to the positions of -595
bp upstream of translational start codon. In this study, we
extended the sequences to the positions -845 bp to cover
all recognized elements mentioned above. It's more scien-
tific to carry out the promoter comparison using the
sequences including all recognized elements. Although
comparative analysis of promoter could not directly
decide difference in function, it would useful in identifica-
tion of regulatory elements variations which are relevant
to gene function and evolution.

All characterized promoter regions of 1Ay were aligned to
the homologous regions of 1Ay (Cheyenne) (from com-
mon wheat cv. Cheyenne), 1By9 and 1Dy10. The 5' flank-
ing promoter regions of both inactive and active 1Ay from
T.urartu, T.monococcum aegilopoides, T.turgidum dicoccon
and T. aestivum were compared. A few base substitutions
and insertions or deletions were found even though the
alignment showed high similarity (Figure 4). The N motif,
E motif, complete enhancer and TATA box were well con-
served in all compared alleles. An 85 bp deletion, in
which the partial HMW enhancer was also included, was
observed in the 5' flanking promoter regions of all 1Ay
genes from diploid, tetraploid and hexaploid wheats
when compared to 1By9 and 1Dy10 (Figure 4). Our inves-

tigation in the region extended to -845 bp did not find any
obvious basis for differential expression. The y-type
HMW-GS promoter regions are conserved out to -1200 bp
even though some of these genes diverged 4-5 million
years ago and the non-coding sequences of wheat diverge
fast. Some potential regulatory elements might be in the -
845 to -1200 bp region.

In order to further understand the control of HMW-GS
1Ay gene expression, we also characterized the corre-
sponding 5' flanking regions from 23 diploid species of
Triticeae. The length of entire 5' flanking regions in 23
Triticeae species varied from 845 to 915 bp (GenBank:
EU4233-EU4242, EU4245-EU4257). Multiple sequence
alignment showed the 5' flanking of 23 Triticeae species
regions were conserved but have more variations than
those of Glu-A1-2 alleles (Additional file 2). A few substi-
tutions were found in the elements of E motif, N motif,
Partial enhancer and Enhancer. Interestingly, the 85 bp
deletion was also found in the corresponding regions of y-
type HMW-GS and D-hordein genes from six diploid spe-
cies of Aegilops umbellulata (U), Ae. uniaristata (N), Hor-
deum bogdanii (H), H. brevisubulatum (H), H. bulbosum (I)
and H. spontareaum (H) (Figure 5).

Evolutionary analyses of Glu-Al-2 alleles

The phylogenetic analysis was conducted to investigate
the evolutionary relationships among the alleles encoded
by Glu-A1-2, Glu-B1-2 and Glu-D1-2 (Figure 6). The 5'
flanking sequences plus the sequences encoding the signal
peptides and N-terminal domain were chosen to con-
struct the phylogenetic tree under several principles for
the sequence selections [36]. Firstly, we found that the
regulatory elements that control the tissue specificity and
expression level of different HMW-GS genes are well con-
served in HMW-GS alleles from 23 diploid species. Sec-
ondly, the sequences encoding signal peptides and N-
terminal domain are also relative conserved. Therefore,
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1Ay (Ta-62)  MARRLVLFATVVIGLVALTVAFGEASROLICERELUESSLEACRLVVDUQLAGRLPWSTGLUNRCCAULRDISAKCRPVAVSAVARY GUTAVPPRGGSFTPRETTPLAULAUGIFGGTS
1Ay (Ta-s) MAKRLYVLFATVVIALVALTVAEGEASRQLOCERELQESSLEACRLYVDQQLAGRLPUSTGLOMRCCQQLRD ISAKCRPVAVSQVARQYGOTAVPPKGGSFYPRETTPLOQQLOAQGIFGGTS
1Ay (Ta-e1) MAKRLYVLFATVVIALVALTVAEGEASRQLOCERELQESSLEACRLYVNQQLAGRLPUSTGLOMRCCQQLRD ISAKCRPVAVSQVARQYGOTAVPPKGGSFYPRETTPLAQLOAQGIFGGTS
1Ay (Td-e) HAKRLYVLFATVVIGLYALTVAEGEASRQLOCERELQESSLEACRLYVDQQLAGRLPUSTGLOMRCCQQLRD ISAKCRPVAVSQVARQYGOTAVP PKGGSFYPRETTPLAQLOQGIFGGTS
1Ay (Tu-82) MAKRLYLFATVVIGLVALTVAEGEASRQLOCERELQESSLEACRLYVDQQLAGRLPUSTGLOMRCCQQLRD ISAKCRIVAVSQVARQYGOTAVP PKGGSFYPRETTPLQQLOAQGIFGGTS
1Ay (Tu-e1) MAKRLYLFATVVIGLYALTVAEGEASRQLOCERELQESSLEACRLYVDQQLAGRLPUSTGLOMRCCQQLRD ISAKCRPDAVSQVARQYGOTAVP PKGGSFYSRETTPLAQLOQGIFGGTS
1Ay (Tu-s ) MAKRLVLFATVVIGLVALTVAFGEASROLECERELQESSLEACRLVVDQQLAGRLPWSTGLOMRC CQQLRD ISAKCRPVAVSOVARIYGQTAVP PKGGSFYSRETTPLQQLOQGIFGGTS
1Ay (Ta-e3)  MAKRLVLFATVVIALVAFTAAFGEASROLQCERELQESSLEACRQVVDQQLAGRLPWSTGLOMRCCQQLRDVSAKCRPVAVSUVARIYEQTAVLPKGGSFYPSETTPLQQLOQVIFUGTS
1Ay (Td-s)  MAKRLVLFATVVIGLVSPTVAEGEASROLUCEHELQESSLEACRLVVDQQLAGRLPUSTGLOMRCCOQLRDISAKCRPVAVSQVARIYGQTAVPPRGGSFYPRETTPLQQLAQEIFGGTS
1Ay(Cheyerne)  MARRLYLFATVYIGLVSLTVAEGEASKOLOCERELQESSLEACRLYVDQQLASRLPUSTGLOMRCCQULRD ISAKCRPVALSQVARQYGOTAVP PKGGP FYHRETTPLOQLOQGIFGGTS
1Ay (Ta-62) SQTVOBYYPSVISPQQGSYYPGUASPQQ----—~ PGKWQELGQGQUGYYPTSLOQPGAGAQ-----~ GYYRTSLQQPGQGQQ
1Ay (Ta-s) SQTVQBYYPSVTSPQQGSVYPGUASPQQ----—~ PGKWQEPGQGUQGYYPTSLOQPGAGQQTGQGUQGYYPTSLAAPGAGAL
1Ay (Ta-e1) SQTVQBYYPSVTSPQQGSYYPGUASPQQ-----~ PGKWQEPGQGUQGYYPTSLOQPGAGQQTGUGUQGYYPTSLUUPGAGAN
1Ay (Td-e) SQTVQBYYPSVISPQQGSYYPGUASPQQ------PGKWQELGQGQUGYYPTSLOQPGAGAQ-- -~~~ GYYRTSLQQPGQGQQ
1Ay (Tu-62) SQTVQBYYPSVISPQQGSYYPGUASPOQ- -GYYRTSLOQPGQGQQ
1Ay (Tu-e1) SOTVQGYYPSVISPQQGSYYPGQASPOQ- -GYYRTSLOQUPGOGQUQ------GYYRTSLQQPGQAGA0-~
1Ay (Tus )
1Ay (Ta-83)
1Ay (Td-s)
1Ay(Cheyenne)
1Ay (Ta-82)  --—=-=-—========== IGOWQQGYYPTSPOHPGQGQQPGOVUKIGQGUQPEKGOQLGUEQQUIGAGAQ PGQGY
1Ay (Ta-s) IGQWQQGYYPTSPUHPGAGQQPGOVAUIGQGUUPEQGEQPGQGRAIGAGAN IGQGQUPEQGQ
1Ay (Ta-e1) IGOWQQGYYPTSPOHPGAGOQPGUVONIGQGUUPEQGEQPGOGUUIGAGAN IGQGQQUPEQGQ
1Ay (Td-e) IGQWQQGYYPTSPOHPGAGOQPGUVOKIGQGUUPEKGOQLGUEQQIGAGAQ PGOGO
1Ay (Tu-82) IGQUQUGYYPTSPUHPGOGQQPGOVOKIGOGUQPEKGUQLGUEQQIGQGQQ PGQGY
1Ay (Tu-e1) IGQUQQGYYPTSPUHPGOGQQPGOVOKIGOGUQPEKGUQLGUEQQIGQGAQ PEQGQQPGOGQ
1Ay (Tu-s ) IGQWQQGYYPTSPOHPGAGQQPGOVOKIGQGUQPEKGOQLGUEQQIGAGQQ-~~PEQGOQPGUGQQPEKGAQLGUEQQ - ==mm= = IGOGQQPEQGQQPGAGY
1Ay (Ta-e3) QRQQPROGOOIGUEQQPGOWQUGYYPTSPQUPGAGQQPGQUNTGQGUQPKOEQQSGAGUUTGOPGERQUPGOGUQTEAGA0IEQEQQSGOVQQEYYPTS PQK- ==~~~ PGQGQQPGOSQ
1Ay (Td-8)  —=—=========m=oe IGOWQQGYYPTSPOHPGQGQQPGOVUKIGQGUQPEKGOQLGQEQQUIGAGAQ PEQGQQPGQGQ
1AY(Choyenns) ===========m==— IGQWQQGYYPTSPUHPGAGOQPGUVOKIGQGUUPEKGQQLGUEQQUIGQGAQ PEQGQQPGUGQ
1Ay (Ta-e2) RPGOGOQGYYPTSLOQPRAGOY - PGOUQQ PGQGQQGYYPTSLOOPGQGUQGHY PASQHQPGUGOQGHHPASLOUSGUGUQEHHSASLOOPG
1Ay (Ta-s) QPGQGQQGYYPTSPQHLGOGQ-~~PGOUQQLGQWQQ-~~====~~ PGOUQQPGQGQQPGUGANGYYPTSLOOPGOGQUGHY PASOHQPGOGOUEHHPASLOUSGUGUQGHHPASLOOPG
1Ay (Ta-e1) QPGQGQQGYYPTSPQHLGOGQ-~~PGOWQQLGAWQQ-~~====~~ PGOUQQPGQGOQPGUGANGYYPTSLOQUPGQGQQGHY PASQHQPGUGOQEHHPASLOUSGIGAQGHHPASLOQPG
1Ay (Td-e) QPGQGQQGYYPTSLQQPROGAN - PGQUQQ PGQGQQGYYPTSLOOPGQGQQGHY PASQHQPGUGOQGHHPASLOUSGUGAQEHHS PSLOQPG
1Ay (Tu-62) QPGOGQQGYYPTSLOQPROGQD - PGQUQQ PGQGQQGYYPTSLOOPGQGQQGHY PASQHQPGOGOQGHHPASLOUSGUGAQEHHSASLOQPG
1Ay (Tu-el) QPGOGQQGYYPTSPQUPROGQQ - PGQUQQ PGQGUKGYYPTSLOOPGQGQQGHY PASQHQPGUGOQGHHPASLOUSGUGUQGHHPASLOQPG
1Ay (Tu-s ) QPGOGQQGYYPTSPQQPROGQN - PGOUQQ PGQGQQGYYPTSLONPGQGQQGHY PASQHQPGOGOQGHHPASLOUSGOGAQGHHPASLOQPG
1Ay (Ta-e3) QPGQGQQGYYPTSQQQ0GUGUUGHY PASQQQPGAGQHGLYPTSQQQ-~ === mm === == PGOGQAQGHYPTSQQQAGQGUQGHY PASLOEPGOGOQGHS PASLOUPGKGOQGHYLASLOQLG
1Ay (Td-s) 0PGOGIOGYYPTSLOQPGEGLD - PGOUQQ PGOGOQGYYPTSLUOPGUGOUGHY PASQHQPGOGAQGHHPAS LOUSGOGQQGHHPAS LHOPG
1Ay(Cheyerne) (PGOGQQGYYPTSLOQPGQGOQ - PGQUQQ PGOGOQGYYPTSLOQPVQGOUGHY PASQHOPGQGAQGHAPAS LHOSG0GQQGHHPASLQOPG
1Ay (Ta-62) QGKQTGQREQRQQPGQGUOTGIGANPEQEQQPGAGQQGYYPTYLOQPGQGQQPEQUQQLGAGUQGHY PASLOQSGUGAQGHY PASLOQPGQGQPGOTOQPGAGOH- -~~~ mm == PEQE
1Ay (Ta-s) QGKQTGQREQRQQPGQGUOTGRGANPEQEQQPGAGQQGYYPTSPQQPGQGQQPEQUEQPGQGUQGHY PASLOQPGUGAQGHY PASLOQPGQGQPGQTO0PGAGA-PGOTQQPGAGQPGET
1Ay (Ta-e1) QGKQTGOREQRQQPGQGUQTGRGANPEQEQQPGAGQQGYYPTSPQQPGQGQQPEQUEQPGQGUQGHY PASLOQPGUGQQGHY PASLOQPGQGQPGQTOQPGAGA-PGOTQQPGQAGQPGET
1Ay (Td-e) QGKQTGQREQRQQPGAGOUTGAGANPEQEQQPGAGQQGYYPTYLOQPGQGQQPEQUQQLGAGUQGHY PASLOQSGUGAQGHY PASPQQPGQGQPGQTOQP GQGQH:
1Ay (Tu-02) QGKQTGQREQRQQPGAGOQTGAGANPEQEQQPGAGQQGYYPTYLOQPGQGQQPEQUQQLGAGQQGHY PASLOQSGAGAQGHY PASLQQPGQGQPGATQQP GAGQH
1Ay (Tu-e1) QGKQTGQREQRQQPGAGUQTGAGANPEQEQQPGAGQQGYYPTYPQQPGQGQQPEQUQQPGQGQQRHY PASLQQSGAGANGHY PASLQAQPGQGQPGATQQP GAGAH
1Ay (Tus ) QGKQTGQREQRQQPGAGUQTGAGANPEQEQQPGAGQQGYYPTYPQQPGQGQQPEQUIQPGAGQQRHYPASLOQSGAGAQGHYPTSLOQPGQGAPGATQQPGAGAH-
1Ay (Ta-e3) QGQQIGQPGORYAPGAGUQIGAGANPEQEQQPGAGQQGYYPTYPQQPGEGQQSGOSQQPGAGQQGYYPTSLOQPGAGAQGHYPASLOQPGQGHPGORQQPGAGAN-
1Ay (Td-s) QGKQTGQREQKQQPGAGUQTGAGAAPEQEQQPGAGQQGYYPTYMQQPGAGQQPEQUIQPGAGQQGHYPASLOQSGAGAQGHYPAPLOQPGQGAFGATQQPGAGAN-
1Ay(Cheyerne)  QGKQTGQREQRQQPGQGAQTGAGUQPEQEQQPGQGUAGYYPTYLIQPGAGQQPEQUQQPGAGAQGHY PASLQQSGUGQUGHYPASLQQLGAGAPGQTQQPGAGQ0
1Ay (Ta-62) EQPGQGQQGYYPTSPQQ-—-———=== == —mmmmmm e e PGQGQRPE—QGQQGH?PTSGQ-—-—AOQPGQGQQIEQAQQI-EQGQQGYYPTSLQQPGREQQSGQGQQLGQEHQPGQGQDSGQE
1Ay (Ta-s) 005GQGQQGYYPTSPQQ- === mmmmmm === mmm e PGQGAQPGUGQQGHEPTSPOUPGOAQQPGOGQNTGAVAQLGQGAUGYYPTSLOUPGIEQNSGQGU0LGAGHIPEQGQQSGOE
1Ay (Ta-a1) 005GQGQQGYYPTSPQQ-~ -PGOGQQPGAGAQGHCFTS POOPGOAQQPGAGQQTGAVAALGAGUNGTYPTSLOQPGUEQQSGQG00LGOGHQPEQGQQSGOE
1Ay (Td-e) EQPGQGQQGYYPTSPQQ-—---—————=——————= == PGQGQQPGAGQQGHFPTSGO----AQQPGAGQQIGQAQQLGAGQQGYYPTSLQQPGQEQQSGAGQQLGQGHOPGQGQQSGOE
1Ay (Tu-e2)  EQPGQGQQGYYPTSPQQ-—-========m=mmmmmmmm PGQGQQPGAGQQGHFPTSG0-~--AQQPGOGUQIGAAQOLGUGAAGYYPTSLAQPGQEQQSGAGQ0LGAGHAPGAGUQSGAE
1Ay (Tuet)  EQPGQGQQGYYPTSPQQ-- -PGQGAQPGUGUQGHFPTSGQ-~--AQQPGUGUQIGOAQQLGAGQQGYYPTSLOQPGUEQQNSGAGUQLGAGHAPGAGIASGAE
1Ay (Tus ) EQPGQGQQGYYPTSPQQ--———-———————m——m—emm PGOGQQPGAGQQGHFPTSGA----AQQPGUGQQIGHAQQLGAGQAUGYYPTSLAQPGUEQQSGUGQQLGOGHOPGOGOQSGOE
1Ay (Ta-e3) QQPGOGQEGYYPTSPQOPGQGIOLGAGA0GTYPTSPQUPGOGAORGAGOORHCPTS PAQTGOAQD PGAGUITGAVAOPGAGIAGYYPTSLUASGAG00S6QGA0SGAGHIPGAGINSGQE
1Ay (Td-s) EQ3GQGQQGYYPTSPQQ-==mmmmmmmmmmmm e e PGOGOQPGAGQQGHFPTSG0----A00PGOGUQIGQAQOLGAGAAGYYPTSLAQPGQEQQSRAGAOLGAGHAPGOGIQSGAV
1Ay(Cheyerne) EQSGQGQQGYYPTSPQQ ---PGQGAQ GHFPTSG0----AQQPGOGUQIGAAQOLGAGAAGYYPTSLAQPGAEQQSGGA0LGAGHAPGOGOQSGQE
1Ay (Ta-e2) Ql]GY'DSPYHVS'JEUQMSPKVILKAHHPVA—EII.P'I'HEUMEGGDALSASQ 587
1Ay (Ta-s) QQFYDNPYHVSMEQQVVS PKVAKARFPTA-QLPTHCQMEGGDALSASQ| 630
1Ay (Ta-e1) QQFYDNPYHVSVEQLVAS PKVAKAH-LTA-RLPTHCQMEGGDALSASQ| 630
1Ay (Td-e) QQFYDS PYHVSVEQQALS PKVAKAHHPVA-QLPTUCQMEGGDALSASQ| 587
1Ay (Tu-62) QQFYDS PYHVSVEQQAAS PKVAKAHHPVA-QLPTHCQMEGGDALSASQ| 587
1Ay (Tu-e1)  QQGYDSPYHVSVEQQAASPKVAKAHHPVA-QLPTHCQMEGGDALSASQ| 608
1Ay (Tu-s ) QQFYDSPYHVSVEQQALS PKVAKAHHPVA-QLPTUCQMEGGDAL SASQ| 637
1Ay (Ta-e3) QQGVNNPYHVSAEQQMASPEKVAKAR-QPATOLPINCRMEGGEPLSASY 732
1Ay (Td-s) QQGYDSPYHVSVEQQAASPRVAKAHHPVA-QLPTHCQMEGGDALSAS]| 604
1Ay{Cheyerne)  QQGYDSPYHVSVEQQALS PKVAKAHHPVA-QLPTHCOMEGGDALSASQ| 601

Figure 3

http://www.biomedcentral.com/1471-2229/9/16

Comparison of the primary structure of | Ay subunits from different wheat species. Signal peptide was under-
lined; N-terminal and C-terminal regions were boxed, respectively. Conserved cysteine residues were indicated by
solid arrows while the substitutions of cysteine residues with phenylalanine residue (F) were marked by hollow arrows. The in-

frame stop codons were represented by asterisks and boxed.
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1Ay (Tu-e1) ACGEARACACAL TCCAC ATGCACAGGG CCCEEEGCOACEAACAAACACATCCAGATC ATAGR ACRAT ATAAGACCT T ARACA TAGGACCAGG ATATAATGGACAATT ARATC CACAT TACTT GRACT CATTT GGGALGTG —885
1Ay (Tu-22) AGCCCAAAGACAL TCGAC ATGCAGAGCGGCGEGGOCCAGCAACAAACACATCCACGATCATACAACAAC ATAACACCT T AAACA TACGAGCAGCATATAATCCACAATTAAATC CACAT TACTT GAACTCATTT GCGAAGTG —685
1Ay (Tu-s) ACCEARACHCAL TCCAC ATGCAGAGGG GGG CECOACEAACAAACA CATGCAGATC ATAGA AGRAT ATARGAGCT T AAACA TAGCACCAGEATATAATGGACAATT ARATC CACAT TACTT GRACT CATTT GGGALGTG —885

1Ay (Ta-e1) ACGCARAGACALTCCAC ATGCACAGAG GCGGE COCtACGARCAAACACATCCAGATC ATAGA CCAAL ATAAGAGCT T AAACA TAGGACGAGC ATATAATGRACAATT AAATC CACAT TACTT GAACT CATTT GGGALGTG —685
1Ay (Ta-e2) ACCEARACACAA TCCAC ATCCACACAGCCCEE COTCACCAACARACA CATCOAGATC ATAGA CCAAC ATALC ACCT T AAACA TACGACGAGCATATAATCCACAATT ALATC CACAT TACTT GRACT CATTC GGGALGTCE —684
1Ay (Ta-e3) ACGGAAAGACALTCCACATGCAGAGACGCGGGCOTCAGGARACAAACACATCCAGATC ATAGA GGAAC ATAAGAGGT T AAACA TAGGACGAGCATATAATGGACAATT AAATC CACAT TACTT GAACT CATTCGGGAAGTG —684

1Ay (Ta-s) ACCGAAAGACAATCGAC ATGCAGAGACGCCEGCCTCACGAACAAACACATCCAGATC ATACA CCAAC ATAACAGCTT AAACA TAGGACCAGCATATAATCCACAATT ABATC CACAT TACTT GAACT CATTC GGGAAGTG —684
1Ay (Td-e) AGGGARAGACAL TGGAC ATGCAGAGGG GOGEG GOCGA GEAAGARACA CATGEAGATC CTAGAAGALC ATAAG AGGT T ARACA TAGGA GGAGGATATAATGGACAATT ARATC CACAT TACTT GRACT CATTT GGGAAGTG —884
1Ay (Td-s) AGGGAAAGACAR TCGAC ATGCAGGGEG LG GGCCACEAAGAAACA CAT-CAGATC ATAGAAGACC ATAAGAGGT T AAACA TAGGAGGAGGATAT- ATGGACAATT ARATC CACAT TACTT GAACT CATTT GGGAAGTG —685
1Ay(Cheyenne) ACGGAAAGACAATGGACATGCAGAGCGCCGEEGECOACEARCARACACATCGAGATC ATAGAAGAAC ATAAGACGTT ALACA TAGGA CGAGGATATAATGCACAATT AAATC CACAT TACTT GAACT CATTT GGGAACTG —887
1By8 -750
1Dy10 AGGGARAGACAL TGGAC ATGCAGAGAG GOGG6 GGCGG GRMAG AACA CATGE AGRTC ATAGA AGAAC ATARG AGGT T ARACA TAGGAGGAGG ~TATAATGG- CAATT ARATC CACAT TACTT GRACT CATTT -GGAAGTG ~782
687
1Ay (Tu-e1) GARAAATCCCCTATTCT GATGT ARATCAACT ARTTGACGCGAGTTT TCTCT CARGATCCTATGTTAATTTT AGACA TGAAT GACCARAGGT TTCAGTTAGT TGAGT CTTGT CATCGARAGG TGTTTACATAAGCCC AR —545
1Ay (Tu-e2) GAABARTCCCCTATTCT GRIGT ARATCRAACT AATTCACGCGAGTTT TCTCT CAAGATCCTATCTTAATTTTAGACA TGAAT GACCAAACGT TTCACTTAGT TGAGT CTTGT CATCCAAAGG TGTTTACATAAGCCCAAL —545
1Ay (Tu-s) AN TCCCCTATTCT CRIGT ARATCRAACT AATTCACGCCAGTTT TCTCT CARGATCCTATGTTAATTTTAGACA TGAAT GACCAAACET TTCACTTAGT TGACGT CTTCT CATCCARACG TCTTTACATAAGCCCARL -545

1Ay (Ta-e1) CARAAAT-COCT ATTCT CRICT ARATC AR CT AT TCACGTGAGT TT TCTCT CARGATCCTATCT TAATTTTAGACA TCAAT GACCAAAGCT TTCACTTAGT TGACT TTTGT CATCCARACC TCTTTACATAACCCC ALY ~545
1Ay (Ta-e2) CARMAAT-CCCTATTCT GRICTARATCRAACT AATTCACCTGACTTT TCTCT CAAGATCCTATCTTAATTTTAGACATGAAT GACCAAACCT TTCACTTACT TGACT TTTGT CATCCAAAGGTCTTTACATAACCCCAAL —545
1Ay (Ta-e3) CARAAAT-CCCTATTCT GRICT ARATCRAACT AATTCACCTGAGTTT TCTCT CAAGATCCTATCT TAATTTTAGACATGALT GACCALAGET TTCAGTTACT TGACT TTTGT CATCCARAGG TCTTTACATAAGCCCALL ~545

1Ay (Ta-s) GARAAAT-CCCTATTCT GRIGTARATCIR AR T ARTTCACGTGAGTTT TCTCT CARGA TCCTA TGT TAATTTTAGACA TEAAT GACCARAGGT TTCAGTTAGT TEAGT TTTGT CATCEARAGG TCTTTACATAAGCCC AR —545
1Ay (Td-e) CARAAATCCCCTATTCT GRTGT ARATCIR AT T AR TTCACGCEAGTTT TCTCTCARGATCCTATGT TAATTTTAGACA TRART GACCARMGET TTCAGTTACT TRAGT CTTGT CATCEARAGG TCTTTACATAAGCCC AR —545
1Ay (Td-s) GAAAAATCCCCTATTCT GETCT ARATCRAACT AATTGACGCGAGTTT TCTCT CAAGATCCTA TGTTAATTTT AGACA TGAAT GACCARAGGT TTCAGTTAGT TGAGT CTTGT CATCGARAGGTGTTTACATAAGCCCARY - 545
1Ay(Cheyenne) GCRAMAATCCCCTATTCT CATGT AAATCIAACT AATTGACGCGACTTT TCTCTCAMGA TCCTATCTTAATTTT AGACA TCAAT GACC- AAGGT TTCACTTAGT TGACT CTTGT CATCGARAGE TCTTTACATAACCCCARS — 548
1By8 GAGTTT TCTCTGAAGATCCTATGTTARTTTT AGACA TGART GACCA AMGGT TTCAGTTAGT TGAGT TTTGT CATCG ARG TCTTT ACATAAGTCCARR —B54
10y10 ARRARAT-COCCTATCT -GICTARATCAAACT ARTTGACCCGAGTTT TCTCTGAAGATTCTATGT TAATTTT AGACA TGAAT GACCARAGGT TTCAGTTAGT TGAGT TTTGT CATCGARAGG TCTTTACATAAGTCCARE —644
E motif =
1Ay (Tu-e1) AATTCTACCAGCTTTTE GTAR G OTOo0 TCATAGEACA CATAR AT T T GOGAGTCATT GGATA GATAT THT AL CTCRTAGCAT GCATT TCTGT TOEC T AR ARA TTCAAC TAC - ATCALRAGAAACARA ACKTA RATGTGAT 400
1Ay (Tu-e2) & TTCTACCASCTTTTGGTACGGTECOTCATAGCACACATAAATGTT GOGAGTCATT GEATAGATAT TTGACTCATIAGCAT GCATT TCTCT TECC T ALAAA TTCARCTAC- ATCAL RACAR ACARAACATARATCT GAT —408
1Ay (Tu-5) AATTCTACCAGC TTTTGGTACGOTECGTCATAGCACACATAAATGTT GCGAGTCATT GEATAGATAT TATGAGTCATIAGCAT GCATT TCTGT TECCTAMAAA TTCARCTAC- ATGAL RAGRR ACAAL ACATAMATGTGAT —408
1Ay (Ta-e1) ATTTCTACCAGC TTTTGGTACGGTECGTCATAGCACA CATAAATGTT GOGAGTCATT GGATA GATAT TTGAGTCATIAGCAT GCATT TCTGT TGCCT COARA TTCAACTAC- ATGAARAGAR ACAGARCATARLTGTGCT —408

Ay (Ta62) 4 1PTCTACCACC TTTTECTACGETCOCTCATACCACACATALATCTT CCGAGTCATT COATAGATAT TATCACTCATIAGCAT CCATT TOTCT TCCCTCEAAATTCAACTAC- ATCAL AAGAA ACACAACATA AATCTCCT -408
Ay (Ta-63) 4 1TTCTACCAGCTTTTEGTACGETGOG TCATAGCACACATARATGTT GOGAGTCATT GRATA GRTAT TRTGAGTCATIAGCAT GEATT TETCT TECCT GRARA TTCARCTAC- ATGAA RAGAR ACAGARCATAARTGTECT —408

1Ay (Te-s) ATTTCTACCAGC TTTTGCTACGOTGCGTCATACCACACATALATCTT CCGAGTCATT GRATAGATAT TRTGAGTCATIAGCAT GCATT TCTCT TGCCT CEAAA TTCAACTAC- ATCALAAGAA ACAGAACATAALTGTGCT —408
1Ay (Td-e) AATTCTACCAGCTTTTGGTACGGTGCG TCATAGCACACATAAATCTT CCCGAGTCATT GGATAGATAT TATGAGTCATIAGCAT GCATTCGTGT TGCCT AAAAA TTCAACTAC-ATCAA AAGAA ACAAL ACATAAATCTGAT —408
Ay (Td-s) AATTCTACCAGCTTTTGGTACGGTGCG TCATAGCACACATAAATCTT CCGAGTCATT GGATAGATAT TATGAGTCATIAGCAT GCATT TGTGT TGCCT AAAAA TTCAACTAC- ATCAA AAGAA ACAAL ACATAAATGT GAT —408
: Qﬁc"""“n") AATTCTACCAGC TTTTGGTACGOTRCGTCATAGCACACATAAATGTT GOGAGTCATT GEATA GATAT TATGAGTCATIAGCAT GCATT TGTGT TRCCTALAAA TTCARCTAC - ATGAL RAGRA ACAAL ACATAAATGTGAT —400
gy ARTTCTACCACC TTTTGCTACCGTGOG TCATACCACAGATAAATCTT CTGAT TCATT AGATAGATAT TRTGACTCATAGCAT GGATT TETGT TCCCT GRARA TCCARCT-AC ATGAC ARGAR AC-AAACATARATGECCT -516

4 AATTCTACCAGC TTTTGCTACGGCACG TCACA GAACAGATAR ATGET CTGAG TCATT GGATAGATAT TATGAGTCATIAGCAT GGATT TETGT TECCTGRARA TCTARCT——- ATGAC ARGAR ACARAACATARRTGECCT —507

—371 N motif
1Ay (Tu-e1) TTTGARAGATGATTTAT CAACT TTCCT TATCCATGCARGCTACCTTCCACTG CAT -374
1Ay (Tu-e2) TTTGAAAGATGATTTAT CAACT TTCCT TATCCATCCAAGCTACCTTC CACTC: T -374
1Ay (Tu-s) TTTCAALACATGATTTAT CAACT TTCCT TATCCATCCAACCTACCTTCCACTC T -374
1Ay (Ta-e1) TTTGARAGETGATTTAT CAACT TCCCT TATCCATGCARGCTACCTTCCACTA. CAT 374
1Ay (Ta-e2) TTTGARAGATGATTTAT CARCT TCCCT TATCCATGCARGCTACCTTC CACTA CAT -374
1Ay (Ta-e3) TTTGARAGATGATTTAT CARCT TCCCT TATCCATGCARGCTACCTTC CACTA CAT -374
1Ay (Ta-s) TTTGAAAGATGATTTAT CAACT TCCCT TATCCATCCAAGCTACCTTC CACTA. T 374
1Ay (Td-€) TTTGAAAGATGATTTAT CAACT TTCCT TATCCATGCAAGCTACCTTCCACTG CAT -374
1Ay (Td-s) TTTGARAGATGATTTAT CAACT TTCCT TATCCATGCARGCTACCTTCCACTG CAT =371
1Ay(Cheyenne) TTTGAR AGATGATTTAT CAACT TTCCT TATCCATGCARGCTACCTTCCACTG CAT -374
1By8 TTTGAAGGATGATTTAT CAACT TACCT TATCCATGCAAGCTACCT TCCAT TAGTCCGACATGCTTAGAAGCT TTTAGTGACC! 0 CAATGGCTAACAGAC ACATATTCTC CCAAACCCCAAGAAGTAT -378
1Dy10 TTTGAARGATGATTTAT CAACT TACCT TATCCATGCARGCTACCTTC CACTAGTC-GACATG CTTAGAAGCT TTTAG TGACC GOAGS CAATGGCTARCAGAC A-———~——-CCCAAACCCCAAGAAGCAT -375
Partial enhancer =227

1Ay (Tu-e1) AACCACTTCTTT TAGATARARA TAGCAGATCGATATACARAC ~GCTCTACACT TCTGT ARACA GTACC CARAR GCCAGAATTAGGATT GAACT GATTACGTCGCTTTAGCAGA CCOTC CARRAATCTG TT TS CARAGCIC —235
1Ay (Tu-e2) AACCACTTCTTT TAGAT AAAMA TACCAGATCCATATACAAAC-GTCTACACT TCTGT AAACACTACC CAAALCCCAGAATTAGGATT GAACT GATTACGTGGCT TTAGCAGACCCTC CAAAAATCTGTTTIFCAAAGCTC -235
1Ay (Tu-s) AACCACTTCTTT TAGATAAAAA TAGCAGATCGATATACARAC —~CTCTACACT TCTCT ARACAGTACC CAAAAGCCAGAATTAGGATT GAACT GATTACGTCGCTTTAGCAGA COOTC CARRA ATCTG TTT TS CAMAGCTC 235

1Ay (Ta-e1) AACCACTTCTCT TAGATAARAA TAGCAGATCGATATACARAC ~CTCTACACT TCTGT AAACAATACC CAGALGCCAGAATTAGGAT T GAACT GATTACGTGGCTTTAGCAGACCGTC CARAAATCTATTCIIGCALAGCTC 235
1Ay (Ta-e2) AACCACTTCTCT TAGAT AAARA TAGCAGATCGATATACAAAC ~CTCTACACT TCTCT AAACAATACC CAGAA GCCAGAATTAGGATT GAACT CGATTACGTGGCT TTAGCAGACCOTC CARAAATCTATTTTIFCAAAGCTC —235
1Ay (Ta-e3) AACCACTTCTCT TAGAT AAAAA TAGCAGATCGATATACAAAC-GTCTACACT TCTGT AAACAATACC CAGAAGCCAGAATTAGGATT GAACT GATTACGTCGCT TTAGCAGACCGTC CARAAATCTATTTTSCAAAGCTC —235

1Ay (Ta-s) AACCACTTCTCT TAGAT ARAAA TAGCAGATCGATATACAARC-CTCTACACT TCTGT AAACAATACCCAGAAGCCAGAATTAGGATT GAACT GATTACCTGGCT TTAGCAGACCCTC CAAARATCTATTTIGCAAAGCTC -235
1Ay (Td-€) AACCACTTCTTT TAGAT ARMAA TAGCAGATCCATATACAGAC ~CTCTACACT TCTCT ARACA CTACC CARAL CCCACAATTAGGATT GAACT GAT TACGTGE CTTTAGCAGACCCTC CARAAATCTC TTTICARAGCTC —235
1Ay (Td-s) AACCACTTCTTT TAGAT AAMAA TAGCAGATCCATATACARAC -GCTCTACACT TCTGT AAACAGTACC CAALAGCCAGAATTAGGATT GAACT GATTACGTCGCTTTAGCAGACCGTC CARAAATCTCTTTTGCARAGCTC —232
1Ay(Cheyenne) 4 aCCACTTCTTT TAGATARAAATAGCAGATCGATATACARAC -CTCTACACT TCTGT ARACAGTACC CAAAA GCCAGAATTAGGAT T GAACT GAT TACGTGG CTTTAGCAGACCGTC CAMAAATCTG TT TS CARAGCTC ~235
1By9 AACCACTTCTCT TAGAT AAAAA TAGCAGATCGATATACAAAC-GTCTACACT TCTGC AAACACTACC CAGAAGTCAGAATTAGGATT GAACC GATTACGTCGCT TTAGCAGACTGTC CARAAATCTCTTTTSCALAACTC ~237
10y10 AACCACTTCTCT TAGAT ARRAA TAGCAGATCGATATACARAC CETCTACACT TCTGC ARACAATACC CAGRAGCCAGAATTAGGAT T CAACC GATTACGTGGCTTTAGCAGACCCTC CARAAATCTGTTTISCAMAGCTC 235
1Ay (Tu-e1) CARTTGCTCCTTGCTTATCCAGCTTCT TTTCT G-TTCGCABATTGCT -CTTT TACALCTGAC TTTAT TCTTC TCCTG-TTTC TICTTAGGCT GAACT AACAT CA-CCGTACACACAA CCATT GTCATGAACCTTCACCAC -gg
1Ay (Tu-e2) CAATTGCTCCTT GCTTATCCAGCTTCT TTTGT G-TTGGCARATTGCT -CTTT TACAACTGAC TTTAT TCTTC TCGTG-TTTC TICTTAGGCT GAACT AACAT CA-CCGTACACACAACCATT GTCATGRACCTTCACCAC -89
1Ay (Tu-s) CAATTGCTCCTT GCTTATCCAGCTICT TTTGT G-TTGGCARATTGCT -CTTT TACAACTGAC TTTAT TCTTC TCCTG-TTTC TTCTTAGGCT GAACT AACAT CA-CCCTACACACAALCCATT CTCAT GAACC TTCACCAC —99

1Ay (Ta-el) CAATTGCTCCTTGCTTATCCAACTICT TTTGT G~-TTGGCARATTGCT ~CTTT TACAACTAACTTTAT TCTTCTCTTG~TTTC TTCTT AGGCT GAACT AACAT CA-CCGTACACACAACCATT GTCATGAACCTTCACCAC -99
1Ay (Ta-e2) CAATTGCTCCTTGCTTATCCAACTICT TTTGT G~TTCCCARATTGCT ~CTTT TACAACTGACTTTAT TCTTCTCTTG~TTTC TTCTT AGGCT GAACT AACAT CA-CCGTACACACAACCATT GTCATGRACCTTCACCAC -299
1Ay (Ta-e3) CAATTGCTCCTT GCTTATCCAACTTCT TTTGCT G-TTCGCARATTGCT -CTTT TACARCTGAC TTTAT TCTTC TCTTG-TTTC TICTTAGGCT GAACT AACAT CA-CCGTACACACAACCATT GTCATGRACCTTCACCAC -89

1Ay (Ta-s) CAARTTGCTCCTT GCTTATCCAACTTCT TTTGT G-TTGGCARATTGCT -CTTT TACAACTGAC TTTAT TCTTC TCTTG-TTTC TICTTAGGCT GAACT AACAT CA-CCGTACACACAACCATTGTCATGAACCTTCACCAC -89
1Ay (Td-e) CARTTGCTCCTT GCTTATCCAGCTTCT TTIGT G-TTGGCARATTGCT -CT TT TACAACTGAC TTTAT TCTTC TTGTG-T——— TTCTTAGGCT GAACT AACAT CA-CCGTACACACAACCATT GTCATGAACC TTCACCAC —88
1Ay (Td-s) CAATTGCTCCTTGCTTATCCAGCTICT TTTGT G-TTGGCARATTGCT ~CTTT TACAACTGAC TTTAT TCTTC TTGTG~T--~TTCTT AGGCT GAACT AACAT CA-CCGTACACACAACCATT GTCATGRACCTTCACCAC -99
1Ay(Cheyenne) CAATTGCTCCTTGCTTATCCAGCTTCT TTTGT G-TTGGCARATTGCT -CTTT TACAACTGACTITAT TCTTC TTGTG-TTTC TTCTTAGGCT GAACT AACAT CA-CCCTACACACAACCATT CTCATGAACC TTCACCAC —99
1By9 CAARTTCCTCCTT CCTTATCCAGCTICT TTTCT GCTTCCCALLTTCCT CCTTT TCCAACTGAC TTTAT TCTTC TCACG-TTTC TTCTTACCCT AMACT AAC-CACACCOTCCACACAA CCATT CTCCCGAACC TTCACCAC —99
1Dy10 CARTTGCTCCTT GCTTATCCAGCTTCT TTTGT G-TTCGCARATTCTT -CTTT TCCAACCAAC TTTAT TCTTT TCACACTTTC TICTTAGGCT GAACT AAC-TCG-CCGTCCACACAACCATT GTCCTGRACCTTCACCAC —80
1Ay (Tu-e1) GTCCC msmggcc.m CAATCCCCACAAT CTCAT CATCACCCACARCACCGAGCACCACARAAT AGAGATCAAT TCACT GACAGTCCACC! GiuL\TG
1Ay (Tu-e2) CTCCCTATAMALGCCCARCCARTCCCCACART CTCAT CATCACCCAC AACAC CRACC ACCAC AAMAT AGAGATCALT TCACT GACAGTCCAC CRALATG
1Ay (Tu-s) GTCCCTATAAMAGCCCAACCAATCCCCACAAT CTCAT CATCACCCACAACACCCAGCACCACAAMAT ACAGATCAAT TCACT GACAGTCCACCGAAATG

1Ay (Ta-a1) GTCCCTATAAAAGCCCAACCAATCTCCACAAT CTCAT CATCACCCACAACACCGAGCACCACAAAAT AGAGATCAAT TCACT GACAGTCCACCGAGATG
1Ay (Ta-e2) CTCCCTATAMALGCCCARCCARTCTCCACAAT CTCAT CATCACCCAC RACACCGACC ACCACAAAAT AGAGA TCART TCACT GACAGTCCACCGAGATG
1Ay (Te-e3) CTCCCTATAMALGCCCARCCARTCTCCACART CTCAT CATCACCCAC RACACCGACC ACCAC AAAAT AGAGATCART TCACT GACAGTCCACCGAG ATG

1Ay (Ta-s) GTCCCTATAARAGCCCAACCAATCTCC ACAAT CTCAT CATCACCCAC AACACCGAGC ACCAC AARAT AGAGA TCART TCACT GACAGTCCAC CGAG ATG
1Ay (Td-e) GTCCCTATARMAGCCCAMCCAR TOOCC ACALT CTCAT CATCACCCAL AACACCGAGC ACCAC AARAT AGAGA TCAAT TCACT GACAGTCCAC CGAA ATG
1Ay (Td-s) GTCCCTATARMAGCCCAACCAR TCCCC ACAAT CTCAT CATCACCCAC AACAC CGAGC ACCAC AMAT AGAGA TCART TCACT GACAGTCCAC TGAR ATG
AY(Cheyenne) o 1eeCT ATANRLGEACA ROCAATCOCCACRAT CTCAT CATCACCCAC ARCADCRAGE ACCAC RARAT AGAGA TCART TCACT ARCAGTCCAT COALATG
18y0 CTCCCTATAAMACCCCAACCAATCTCC ACALT CTCAT CATCACCCAC AACAC CAGC ACCAC AMMAT AGAGA TCAAT TCACT AACAGTCCAT CGAG ATG
ey10 GTCCCTATARRAGCCCARCCAR TCTCC ACART TTCAT CATCACCCAC AACACCOAGC ACCAC ARRAT AGAGA TCART TCACT GACAG TCCACCAR ATG
.
Figure 4

Comparison of the 5' flanking sequences of 9 Glu-Al-2 alleles characterized in this study with those of Glu-Al-2,
Glu-BI-2 and Glu-DI-2, represented by I Ay (Cheyenne), IBy9 and IDyl0. The regulatory elements E motif, N motif,
partial HMW enhancer and complete HMW enhancer were boxed and labelled, respectively. TATA box was indicated by
asterisks; and translational start codon was underlined. This comparison showed that the 85-bp fragment (marked by shadow)
was deleted at the 5' flanking sequences of all alleles of Glu-Al-2. The 5' flanking sequences of Glu-A[-2 alleles from wild diploid,
tetraploid and hexaploid wheat species shared high degree of homology.
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CACTACTCGACATGCTTAGAAGCTTTGAGTGECCEGCEAATTTGCAAGAGCAATGGCTAACAGACACATATTTTGCCAAACCCCEGTGAAGGATAATCAC
CACTACTCGACATGCTTAGAAGCTTITGAGTGECCEGCEAATTT GCAAGAGCAATGGCTAACAGACACATATTITTGCCAAACCCCETGAAGGATAATCAC
CACTACTCGACATGCTTAGAAGCTC- GAGTGCACACTGATTTGTAAAAGCAA -~~~ ~~~~~—— CACATATTCTGCCTAAACCCAAGAACGATAATCAC
CACTACTCGACATTCTTAGAAGCTTGGATTGCCCGCGGATTTGCAAAAACAATGGCTAACAGACACATATTCTGCCAAACCCAARAGAAGGATAATCAL
CACTACTCGACATGCTTAGAAGCTTTGAGTGGCCGCGGATTTGCAAGAGCALATGGCTAATAGACACATATTCTGCCAAACCCCAAGAAGGATAATCAC
CACTACTCGACATGCTTAGAAGCTTTGAGTGEGCCGCEGGATTTGCAAAAGCAATGGCTAA- -~ —CACATATTCTGCCAAACCCAAAGAAGGATAATCAC
CACTACTCGACATGCTTAGAAGCTTTGAGTGEGCCEGCAGATTTGCAAAAGCAATGGCTAACAGACACATATACGECCARAACCCCAAGAAGGATAATCAC
CACTACTCGACATGCTTAGAAGCTTTGAGTGECCEGCAGATTTGCAAAAGCAATGGCTAACAGACACATATACGECCAAACCCCAAGAAGGATAATCAC
CACTACTCGACATGC-—~~-——~ CTTTGAGTGTCEGCEGATTTGCAMAAGCAATGGCTAAC- -~ ACACATATTCTGCCAAACCCAAAGAAGGATAAGCAC
CACTACTCGACATGCTTAGAAGCTTTGAGTGGCCGTAGATTTGCAAAAGCAATGGCTAACAGACACATATTCTGCCAAACCCCAAGAAGGATAATCAC

CACTACTCGACATGCTTAGAAGCTTTGAGTGGCCGTAGATTTGCAAAAGCAATGGCTAACAGACACATATTCTGCCAAACCCCAAGAAGGATAATCAC

Aegifops tauschii
Aegilops speltoides
Secale cereale
Secale strictum
Secale sylvestre

(EU074251) CACTAGTCGACATGCTTAGAAGCTTT TAGTGACCGCAGATTTGCAAAAGCAATGGCTAACAGACAC-——-~——~ CCAAACCCCAAGAAGCATAACCAC
(EUD74252) CACTAGCCGACATGCTTAGAAGCTTTTAGTGACCGCAAATTTGCAAAAGCAATGGCTAACAGACACATATT -~ - CTAAACCCCAAGAAGCATAACCAC
(EU074253) CACTACTCGACATGCTTAGAAGCTTTGAGTGACCACAGATTTGCAAAAGCAATGGCTAACAAACACATATTCTGCCAAACCCTAAGAAGCATAACCAC
(EUD74254) CACTACTCGACATGCTTAGAAGCTTTGAGTGACCACAGATTTGCARAAGCAATGGCTAACAAACACATATTCTGCCARACCCTAAGAAGCATAACCAC
(EUD74255) CACTACTCGACATGT TTAGAAGCTTTGAGTGACCACAGATTTGCAALAGCAATGECTAACAAGCACATATTCTGCCAAACCCTAAGAAGCATAACCAC

Taeniatmeru caput-medusae (EUD74256) CACTAGTCGACATGCTTAGAAGCTTTGAGTGACCGCAGATTTGCAAAAGCAATGGCTAACAGACACATATTCTGCCAAACCTCAAGAAGGATAACCAC

Aegilops umbelluiata (EU074245) CACGGC-

Aegilops uniaristata (EU074246) CcACTGC-

Hordeum brevisubuiatum — (EUD74247) CACTAC-

Hordeum bogdanii (EUQ74248) CACTAC-

Hordeurn bulbosum (EU074249) CACTAC-

Hordeum spontareaum (EU074250) CACTAC-
Figure 5

Comparative analysis of partial 5' flanking region sequences of y-type HMW-GSs from 23 wild diploid relative
species of wheat. The deletion of 85 bp fragment (marked by shadow) was also observed in six diploid species of Ae. umbel-
lulata (U), Ae. uniaristata (N), H. bogdanii (H), H. brevisubulatum (H), H. bulbosum (l) and H. spontaneaum (H).

high conservation with enough variations suggested these
HMW-GS sequences are phylogenetically informative.

The resulted phylogenetic tree was divided into 2 clusters,
comprising the Glu-A1-2 alleles at the top and the alleles
of Glu-B1-2 and Glu-D1-2 at the bottom. In the cluster of
Glu-A1-2 alleles, 1Ay genes from each species were clus-
tered together, respectively. The 1Ay genes have been fur-
ther divided into 3 clusters. 1Ay (Tu-e1), 1Ay (Tu-e2), 1Ay
(Tu-s), 1Ay (Td-e), 1Ay (Td-s) and 1Ay (Cheyenne) were
included one groupe showing close relationship; the
genes in this group are from T. urartu, T.turgidum dicoccon
and T. aestivum respectively. Three genes, 1Ay (Ta-el), 1Ay
(Ta-e2) and 1Ay (Ta-s) from T. monococcum aegilopoides,
were clustered together while 1Ay (Ta-e3) was put outside
of this cluster. In spite all 1Ay alleles from different wheats
show a close relationship, we noted 1Ay genes from T.
urartu, T.turgidum dicoccon and T. aestivum which were
important species involved in wheat evolution, were
tightly clustered together in one group; however the 1Ay
genes from T. monococcum aegilopoides exhibited a more
distant relationship to the genes of this group. And this
group is supported by high bootstrap values, indicating
that strong statistic support for the close relationship of
the Glu-A1-2 alleles from T. urartu, T.turgidum dicoccon and
T. aestivum.

Discussion

The HMW-GS 1Ay subunits are special because they are
always silent in hexaploid wheat. Relative fewer researches
have been conducted on this allele when compared to
other loci of Glu-B1 and Glu-D1 [20,32,37]. These infor-
mations are not sufficient to understand the expression
and heredity of 1Ay subunits. Our investigations on 1Ay
alleles with differential expressions would be useful to
enhance our knowledge on Glu-A1-2 alleles. In genomic

PCR, the high fidelity polymerase was used to ensure that
the amplified fragments are the accurate representative of
interest genes. To avoid potential mistakes introduced by
amplification and sequencing, each nucleotide sequence
of coding and 5' flanking promoter was determined by
using sequencing results of multiple independent clones.
Therefore, the molecular information we generated for
1Ay genes is reliable and effective for exploring structural
differentiation and evolution of Glu-A1 alleles.

The structure variations and evolution of Glu-Al-2 alleles
Previous genetic researches suggested that there are two
tightly linked HMW-GS genes for each genome of wheat
and its wild relatives. However, we have only amplified
one band representing y-type HMW-GS genes in genomic
PCR of T.urartu and T.monococcum aegilopoides. Bai et al
[32] reported their PCR amplification for HMW-GS ORFs
could not obtain x-type genes either. Liu et al. have shown
the similar results in the cloning of HMW-GS genes from
decaploid Agropyron elongatum [30]. Only 15 of 20 genes
can be isolated; the rest of 5 x-type ones can not be
obtained, and they proposed that the failure in amplifica-
tion was possibly due to the x-type genes were less con-
served or polymeric than y-type ones. In addition, either
deletion of sequences/genes or transposon insertions can
also prevent the amplification of interest fragments.
Therefore, sequence polymorphisms, deletion or transpo-
son insertions may be the reason why we could not obtain
the other fragment for x-type amplicon in diploid wheats.

The possession of larger molecular mass and fewer con-
served cysteine residues are unique characteristics of 1Ay
subunits tested in this study. 1Ay subunits differs from
each other and those of known HMW subunits by substi-
tutions, insertions or/and deletions involving single or
more amino acid residues (Figure 3). The repetitive
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g2r— 1Ay (Cheyenne) (7. aestivum)
74l —1Ay (Td-s)
ag [~ 1Ay (Td-e)

(T. turgidum dicoccon)

(T. turgidum dicoccon)

1Ay (Tu-e2) (T. urartu)
as| a1 1Ay (Tu-s) (T. urartu)
| a4 1Ay (Tu-e1) (T. urartu)
a9 1Ay (Ta-e2) (T. monococcum aegilopoides)
ga|[1AY (Ta-es) (T. monococcum aegilopoides)
87L1Ay (Ta-e1) (T. monococcum aegilopoides)
— 1Ay (Ta-e3) (T. monococcum aegilopoides)
I 1By9 (T. aestivum)
45— 1Dy10 (T. aestivum)
1Dx5 (T. aestivum)

Figure 6

Phylogenetic relationships of IAy alleles from diploid, tetraploid and hexaploid wheat species with previously
published HMW-GS genes encoded by Glu-BI-2 and Glu-DI-2 loci (represented by IBy9 and IDyl0, respec-
tively). The phylogenetic tree was created based on the multiple alignment of the 5' flanking sequences plus the sequences
encoding the signal peptides and N-terminal regions. The corresponding sequence of |Dx5 was used as outgroup, and boot-

strap analysis was conducted with 1000 replicates.

domains of 1Ay subunits possess most variations, whereas
the N- and C-terminal are relatively conserved only with
some substitutions of single amino acid. With a larger
molecular weight than other y-type subunits, 1Ay (Ta-e3)
is one of the known largest y-type HMW-GS genes. The
unusual large size of 1Ay (Ta-e3) is mainly due to the
insertions of repeat units in central repetitive region. Bel-
ton [38] and Feeney et al. [39] proposed a model in which
the gluten polymers interact via inter-chain hydrogen
bonds between the subunit repetitive domains, and more
stable interactions can be formed with longer subunits.
The positive relationship between the size of HMW-GSs
and their effect on dough strength has been reported [40].
The 1Ay (Ta-e3) is longer than other y-type subunits, so
we predicted it may have a potential ability to strengthen
the gluten polymer interactions.

The y-type HMW-GSs (i.e., Glu-B1-2 and Glu-D1-2
encoded subunits) in hexaploid wheat have a cysteine res-
idue at the end of repetitive domain. We found that this
cysteine residue is not always present in wild wheats. This
cysteine residue is replaced by phenylalanine since whose
codons, TTIT or TTC can be easily converted from cysteine
codons TGT or TGC. The number and distribution of
cysteine residues in HMW subunit proteins are relevant to

their ability to form high molecular polymers stabilized
by inter-chain disulphide bonds [41]. In previous report,
the substitutions of two cysteine residues in the N-termi-
nal of subunit 1Bx20 resulted in its negative effect on
dough strength [42]. This type of cysteine composition in
1Ay subunits has never been reported before our study, it
is unknown what would be the effect of the cysteine sub-
stitution within repetitive domain to their high order
structures. It would be important to express 1Ay subunits
in bread wheat to verify their impact to flour quality. In
addition, to expressing 1Ay subunit in bread wheat culti-
var with 5 native expressed subunits to construct novel
transgenic plants which allowed express all 6 x- and y-type
HMW-GSs would be considerable interesting.

Because relatively fewer Glu-Aly alleles were identified
and characterized, the evolution of these alleles has never
been reported. Prior to our study, the molecular informa-
tion on gene structure of Glu-A1-2 alleles was only availa-
ble for 1Ay from T. urartu and T.timopheevi [19,32]. In this
study, we are able to investigate the evolution of these
alleles based on the identification of novel 1Ay alleles
from more diploid and tetraploid wheats. The close rela-
tionship between 1Ay from T. urartu and those from T.tur-
gidum dicoccon and T. aestivum 1is supported by
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phylogenetic analysis and comparison of amino acid
sequences; while the 1Ay genes from T. monococcum aegilo-
poides have a little more distant relationship to those of
T.turgidum dicoccon and T. aestivum (Figure 3 and 6). For
the close relationship of these alleles, it may be explained
that T. urartu is generally accepted donor specie of A
genome of T.turgidum dicoccon and T. aestivum [43,44].

The evolution of new allelic subunit can be formed
through the variations of number and distribution of
cysteine residues [36]. For example, the good quality sub-
unit 1Dx5 is a novel subunit with an extra cysteine residue
in the repetitive domain [3]. In our finding, the conserved
cysteine residue at the end of the repetitive domain were
all replaced in 1Ay subunits from T. urartu, T.turgidum dic-
occon and T. aestivum while this cysteine residue is still in
1Ay subunits of T. monococcum aegilopoides. We suppose
that the substitution of this cysteine residue could be rel-
evant to the evolution of Glu-A1-2 alleles. The difference
in cysteine residue together with results of phylogenetic
analysis and protein sequence comparison further sup-
ported that 1Ay genes from T. urartu, T. turgidum dicoccon
and T. aestivum are closed, but differed from those of T.
monococcum aegilopoides.

Gene silencing in Glu-Al-2

We focused on both promoter and coding regions to
understand the silence of 1Ay alleles. The development of
the primers specific for the 5'flanking promoters of 1Ay
genes made it possible to extend these sequences to cover
all recognized elements and compare them. Our investi-
gations in the extended 5' flanking promoter sequences
identified a few base substitutions and insertions or dele-
tions among 1Ay alleles with differential expressions.
Because these substitutions and insertions or deletions are
not specific to active or inactive 1Ay genes, the correlation
between these variations and expression of 1Ay genes has
not been supported.

The deleted fragment of 85 bp contained partial HMW
enhancer which is a partial copy of complete HMW
enhancer. Halford et al. proposed that the 85 bp deletion
was responsible for the silencing of 1Ay gene [45],
whereas Colot et al. reported later that the corresponding
fragment of 1Dy12 was not essential for gene regulation
[46]. Prior to our study, it has been observed only in the
5' flanking regions of 1Ay alleles from T. urartu, cv. Chey-
enne and cv. Chinese spring [13,37,45]. In this study, the
85 bp deletion was also found in the corresponding
regions of all 1Ay genes from T. monococcum aegilopoides
and T. turgidum dicoccon (Figure 4). Further examinations
in the 5' flanking sequences of Glu-1-2 alleles from 23
wild diploid wheat species revealed that the 85 bp frag-
ment deletion was also present in 6 species of Aegilops and
Hordeum. Therefore, the 85 bp deletion is not specific for
inactive 1Ay genes. Anderson et al. and Li et al. reported

http://www.biomedcentral.com/1471-2229/9/16

there was a 185 bp insertion in the 5' flanking regions of
1Bx7 and 1Bx14 when compared to 1Bx17 and 1Bx20
[36,47]. They concluded that this insertion has not dis-
rupted the expression of 1Bx14 and 1Bx20. Because the
1Bx gene of cv. Chinese spring has apparently higher
expression than the allelic of cv. Cheyenne 1Bx gene, the
relationship of the 1Bx promoter cereal box duplication to
protein synthesis levels was examined. Since both 1Bx
genes contain the same duplication in the promoter, the
relationship between different levels of hexaploid 1Bx
genes and the duplication of regulatory elements is not
supported [47]. These finding further supported the 85 bp
deletion has not disrupted the control of 1Ay gene expres-
sion and is obviously not responsible for the silencing of
1Ay genes in diploid, tetraploid and hexaploid wheats.

Three silenced genes of 1Ay (Tu-s), 1Ay (Ta-s), 1Ay (Td-s)
characterized in this study together with 1Ay (Cheyenne),
showed that their translations were disrupted by the in-
frame premature stop codons. It indicated that they were
highly unlikely to be expressed as a full length protein. In
fact, such information is consistent with our SDS-PAGE
results. However, the silencing of 1Ay gene in cv. Chinese
spring is accompanied by the insertion of an 8 kb transpo-
son-like in its coding region [48]. The defects in the cod-
ing regions (premature stop codons and insertion of large
transposon-like elements) would be possibly responsible
for the silencing of the 1Ay genes in diploid, tetraploid
and hexaploid wheats (Table 2). However, the mecha-
nisms of gene expression and silencing are complicated
and could involve the interactions of a number of factors,
including specific nucleotide sequencing, chromosome
rearrangement, and methylation, etc. Some mutational
events in more distant distal promoter regions are possi-
ble causes for the inactivation of 1Ay genes; and more dis-
tal sequences are necessary to be examined. In addition,
the experiments of 1Ay promoter function in wheat are
required to further study the mechanism of the silencing
of Glu-A1-2 alleles.

Conclusion

The possession of larger molecular mass and fewer con-
served cysteine residues are unique characteristics of 1Ay
subunits tested in this study. Particularly, 1Ay (Ta-e3) with
an unusual large size, is one of known largest y-type HMW-
GS gene and may contribute more to the gluten polymers
than other known y-type subunits. It is also interested in
observing that the conserved cysteine residue within the
repetitive domain of the y-type genes of hexaploid wheat is
not always present in wild wheats. The 1Ay genes from T.
urartu have a closer relationship among, T.turgidum dicoccon
and T. aestivum than those from T.monococcum aegilopoides.
The 85 bp deletions are present not only in the promoter
regions of Glu-A1-2 alleles with different expressions but
also in the corresponding positions of 6 species of Aegilops
and Hordeum. The 85 bp deletion and some variations in
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Table 2: Comparative analysis of the 5' flanking and coding sequence characteristics in Glu-Al-2 alleles from diploid, tetraploid and

hexaploid wheats.

Sequence characteristics

HWM-GS alleles Species Genome  Gene expression 5'flanking regions Coding Region References

1Ay (Tu-el) T. urartu AA active 85 bp deletion This study

Ay (Tu-e2) T. urartu AA active 85 bp deletion This study

1Ay (Tu-s) T. urartu AA inactive 85 bp deletion Stop codon This study

1Ay (Ta-el) T. monococcum AA active 85 bp deletion This study
aegilopoides

Ay (Ta-e2) T. monococcum AA active 85 bp deletion This study
aegilopoides

Ay (Ta-e3) T. monococcum AA active 85 bp deletion This study
aegilopoides

Ay (Ta-e) T. monococcum AA inactive 85 bp deletion Stop codon This study
aegilopoides

1Ay (Td-e) T. turgidum dicoccon AABB active 85 bp deletion This study

|Ay (Td-s) T. turgidum dicoccon AABB inactive 85 bp deletion Stop codon This study

|Ay (Cheyenne) T. aestivum AABBDD inactive 85 bp deletion Stop codon Forde et al. (1985)

|Ay (Chinese spring)  T. aestivum AABBDD inactive 85 bp deletion transposon-like Harberd et al. (1987)

insertion

Both active and inactive /Ay genes from T. urartu, T. monococcum aegilopoides, T. turgidum dicoccon and T. aestivum shared high homology promoter
sequences including 85 bp deletions. Nevertheless, the defects (premature stop codons and transposon-like insertion) were found in the coding

regions of all silenced /Ay genes.

the 5'flanking region, have not interrupted expression of
1Ay genes, whereas the defects in the coding regions (pre-
mature stop codons and insertion of large transposon-like
element) would be possibly responsible to the silencing of
1Ay genes. Some mutational events in more distant distal
promoter regions might also be the possible cause of the
inactivation of 1Ay gene.

Methods

Plant materials

One hundred and forty-one accessions of T.urartu, T. mono-
coccum aegilopoides, T. monococcum monococcum and T. turgi-
dum dicoccon were used in SDS-PAGE analysis. All accessions
were kindly provided by USDA-ARS http://www.ars-
grin.gov. Fifty-three accessions with expressed 1Ay subunits
were screened out from 141 accessions, and 6 accessions
with expressed 1Ay subunit plus 3 ones without 1Ay subunit
were chosen for cloning experiments (Table 3).

SDS-PAGE

HMW-GSs of T. urartu, T. monococcum aegilopoides and
T.turgidum dicoccon were extracted from single half seed
according to Mackie et al [49]. SDS-PAGE was conducted
as described in Wan et al. [19]. HMW-GSs from hexaploid
wheat cv. Chinese Spring (null, 1Bx7+1BysS,
1Dx2+1Dy12) were used as references.

Characterization of the complete ORFs of |1 Ay from
diploid and tetraploid wheats

CTAB method was carried out to extract genomic DNA
from the leaves of two-week-old single plant [50]. For
amplifying the complete coding sequence of 1Ay, a pair of

primers, P1 (5'-ATGGCTAAGCGGC/TTA/GGTC-
CICTTTG-3') and P2  (5'-CTATCACTGGCTG/
AGCCGACAATGCG-3'), were designed according to the
nucleotide sequences conserved in the 5' or 3' ends of the
ORFs of published HMW-GSs. The LA Taq polymerase
(TaKaRa) with GC buffer for GC-rich template was used in
the PCR amplification to avoid introducing errors into the
sequence. The cycling parameters was 94 °C for 5 min, fol-
lowed by 30 cycles of 94°C for 40 sec, 68°C for 5 min,
and a final extension step at 68°C for 15 min[51]. PCR
products were separated in 1% agarose gels and all DNA
fragments were recovered and purified from agarose gels,
and ligated into the pMD18-T vector (TaKaRa). Then the
ligation mixtures were transformed into Escherichia coli
DH50 competent cells. To obtain the full-length
sequence, the strategy of primer walking and the nest dele-
tion method according to Sambrook et al. [52] were used.
The sequencing was performed by Invitrogen Company
(Shanghai, China). The final nucleotide sequences for
each ORF of 1Ay were determined from the sequencing
results of 3 independent clones.

Isolations of the 5' flanking promoter region of | Ay genes
Based on the alignment of the sequences of published
HMW glutenin genes 1Ax1 (GenBank: X61009), 1Ax2*
(GenBank: M22208), 1Bx7 (GenBank: X13927), 1Bx17
(GenBank: JC2099), 1Dx2(GenBank: X03346), 1Dx5
(GenBank: X12928), 1Ay (GenBank: X03042) 1By9 (Gen-
Bank: X61026), 1Dy10 (GenBank: X12929), 1Dy12 (Gen-
Bank: X03041) and 1Dy12.1t (GenBank: AY248704), a
pair of primers (P3 and P4) specific for the promoter
region of 1Ay was designed. The P3 primer (5'-AGGGAAA-
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Table 3: Some accessions of diploid, tetraploid wheat species chosen for further cloning experiments based on the results of SDS-

PAGE.

Species Accession No. Genome HMW-GS composition | Ay alleles GenBank No.

Glu-Al Glu-BI Glu-DI

x Y x y x vy

T. urartu P1 428309 AA + o+ Ay (Tu-el) EU984503
T. urartu P1 428318 AA + o+ [Ay (Tu-e2) EU984504
T. urartu P1 428308 AA + - [Ay (Tu-s) EU984505
T. monococcum aegilopoides P1 428007 AA + + Ay (Ta-el) EU984506
T. monococcum aegilopoides P1 277123 AA + o+ Ay (Ta-€2) EU984507
T. monococcum aegilopoides Pl 306526 AA + o+ Ay (Ta-e3) EU984508
T. monococcum aegilopoides Pl 427928 AA + - Ay (Ta-s) EU984509
T. turgidum dicoccon P1 355477 AABB + 0+ o+ o+ [Ay (Td-e) EU984510
T. turgidum dicoccon Pl 355475 AABB + - + o+ |Ay (Td-s) EU98451 1
T. aestivum cv. Chinese spring AABBDD - - 7 8 2 12

Plus (+) and minus (-) signs indicate the presence or the absence of the

GACAATGGACATG-3') was designed from the sequence
which was strictly conserved in the 5' flanking regions of
all Glu-1 loci, whereas the P4 primer (5'-CATCT-
GGAGCCCCGTGCTC-3') was derived from the sequence
coding for 6 amino acid residues (STGLQM) which
existed only in y-type HMW-GSs. The amplification pro-
file was 94 °C for 5 min, followed by 35 cycles of 94°C for
40 sec, 60°C for 1 min, and 72°C for 1 min 30 sec, and a
final extension step at 72°C for 7 min. PCR products were
purified, cloned into pMD18-T, and sequenced. The final
nucleotide sequences for 1Ay promoter were also con-
structed on sequencing at least 3 independent clones.

Further investigation of the corresponding 5' flanking
promoter regions of 23 different diploid wheat species
When carrying out the present studies, we found that all
the 5' flanking regions of both inactive and active 1Ay
genes from T. urartu, T. monococcum aegilopoides, T. turgi-
dum dicoccon and T.aestivum, shared an 85 bp deletion.
This deletion has only been identified in the 5 flanking
regions of Glu-A1-2 alleles but not in any other locus. To
ensure the 85 bp deletion was either specific for Glu-A1-2
alleles or also present in other alleles, we focused on the
corresponding regions of Glu-1-2 of other diploid species
of Triticeae. It will be helpful to understand the relation-
ship between HMW-GS gene expression and their 5' flank-
ing sequence variations. Then, the 5' flanking sequences
of Glu-1-2 were characterized by using primers P3 and P4
from 23 diploid species of Triticeae. The PCR amplifica-
tion, cloning and sequencing were the same 1Ay promoter
characterization mentioned above.

Nucleotides and protein sequence analyses and
evolutionary relationship investigations

The translation of nucleotide sequences was performed by
DNAman software package (V5. 2. 10; Lynnon Biosoft).

corresponding HMW glutenin subunit, respectively.

Multiple alignments were carried out with Clustal W
(V1.83) for comparisons of DNA or protein sequences
[53]. The alignment was further improved by visual exam-
ination and manual adjustment. To investigate the phylo-
genetic relationship of 1Ay genes from different wheat
species with previously characterized Glu-1-2 alleles (rep-
resented by 1By9 and 1Dy10), we selected the nucleotide
sequences of the 5'flanking region plus the sequences
encoding signal peptides and N-terminal domain (the
corresponding region of 1Dx5 was used as outgroup) to
create a multiple alignment by the Clustal W program.
The software MEGA 4.02 was used to create phylogenetic
trees by neighbour-joining (NJ) method [54].
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Additional File 2

Full alignment of promoter sequences of 23 species of Triticeae. The
regulatory elements were labelled and indicated by box, respectively.
TATA box was indicated by asterisks. The 85-bp fragment deletions were
marked by shadow.
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