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Abstract The wild diploid wheat (Triticum urartu Thum.
ex Gandil.) is a potential gene source for wheat breeding,
as this species has been identified as the A-genome donor
in polyploid wheats. One important wheat breeding trait is
bread-making quality, which is associated in bread wheat
(T. aestivum ssp. aestivum L. em. Thell.) with the high-
molecular-weight glutenin subunits. In 7. wrartu, these
proteins are encoded by the Glu-Alx and Glu-AIAy genes
at the Glu-A"I locus. The Glu-Alx genes of 12 Glu-A"1
allelic variants previously detected in this species were
analysed using PCR amplification and sequencing. Data
showed wide diversity for the Glu-Alx alleles in T. urartu,
which also showed clear differences to the bread wheat
alleles. This variation could enlarge the high-quality
genetic pool of modern wheat and be used to diversify the
bread-making quality in durum (7. turgidum ssp. durum
Desf. em. Husn.) and common wheat.

Introduction

Wheat quality can be defined as the ability of a variety to
produce flour suitable for a specific product. Consequently,
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this parameter is a variable that will depend on consumer
preferences, the kind of product developed and the process
used in the manufacturing of the product. This trait is
strongly associated with grain components and their
physico-chemical properties. Among these components,
the endosperm storage proteins have been repeatedly
associated with gluten strength (see Wrigley et al. 2006 for
reviews). These proteins, also named prolamins, make up a
complex mixture that can range between 50 components
for hexaploid wheat and about 20 for diploid species
(Shewry et al. 1988) and are mainly constituted by two
fractions: gliadins, divided in a-, B-, y- and ®-gliadins; and
glutenins, classified in high- and low-molecular-weight
subunits (HMWGs and LMWGs, respectively). In bread
wheat (Triticum aestivum ssp. aestivum L. em. Thell.),
multiple analyses have revealed the main role of HMWGs
in flour quality (see Wrigley et al. 2006 for reviews).
Genetic studies have shown that the HMWGs are
encoded by the complex loci Glu-1 located on the long arm
of each chromosome of the homoeologous group-1, called
Glu-Al, Glu-Bl and Glu-DlI, respectively (Payne 1987).
Each locus consists of two closely linked genes that encode
for two types of subunits of different molecular weight and
hence different mobility in SDS-PAGE: the x-type subunit,
with higher molecular weight and lower mobility in SDS-
PAGE; and the y-type subunit, smaller and with greater
electrophoretic mobility (Harberd et al. 1986). The typical
structure of the HMWGs comprises three distinct domains:
two non-repetitive domains, amino-terminal (N-terminal)
and carboxyl-terminal (C-terminal) where most cysteine
residues involved in the disulphide bonds are found,
together with one central repetitive domain that comprises
hexa-, nona- and tri-peptide motifs, with the last only
present in x-type subunits (Shewry et al. 1992). Both non-
repetitive domains present a structure based on a-helices.
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The N-terminal domains of the x-type subunits have 81-89
residues, whereas the C-terminal domains include 42 res-
idues. In contrast, the repetitive domain shows one variable
length with B-turn structure, responsible for the main dif-
ferences in size of these genes (Shewry et al. 2002). This
structure has been associated with the properties of gluten,
mainly due to the number and distribution of disulphide
bonds present in the N- and C-terminal domains, together
with the properties and interactions of the repetitive
domain.

In recent times, due to the high and stable grain yields
for cultivated wheats, quality improvement has become the
main role in most wheat breeding programmes. Therefore,
the search for species that could be useful in contributing
genes for wheat improvement is of great importance
(Jauhar 1993). Of these species, the putative diploid
ancestors of the genomes of wheat have proved to be good
sources of useful genes (Srivastava and Damania 1989).
One of them 1is 7. wrartu Thum. ex Gandil
(2n = 2x = 14; A"A"), a wild wheat restricted to the
Fertile Crescent region, in Armenia, Azerbaijan, Iran, Iraq,
Lebanon, Syria and Turkey (Johnson 1975; Miller 1987).
Triticum urartu has been proposed as a donor of the A
genome in polyploid wheat species (Dvorak et al. 1993).

The variability of the endosperm storage proteins in one
wide collection (169 accessions) of T. urartu was evaluated
by SDS-PAGE analysis (Caballero et al. 2008, 2009;
Martin et al. 2008). For the HMWGs, these studies per-
mitted detection of up to 17 allelic variants, which were
catalogued from Glu-A"I-af to Glu-A"1-av alleles (Mcln-
tosh et al. 2011). Of these 17 alleles, 12 were detected in
162 accessions obtained from the National Small Grain
Collections (Aberdeen, Idaho, USA), which were origi-
nally collected in Lebanon (91 accessions), Turkey (66
accessions), Armenia (two accessions), Iraq and Iran (one
accession each).

The main goal of the current study was the molecular
characterisation of the Glu-Alx gene of 12 allelic variants
present at the Glu-Al locus in T. urartu, together with their
comparison with the main Glu-A Ix alleles present in durum
(T. turgidum ssp. durum Desf. em. Husn.) and bread wheat.

Materials and methods
Plant material

Twelve accessions of 7. wurartu representative of the
HMWGs variation detected in 162 accessions by Caballero
et al. (2008) were analysed. All these accessions were
obtained from the National Small Grain collection (Aber-
deen, Idaho, USA). The durum wheat cultivar Alaga
(subunit Ax1) was used as standard for comparison.
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DNA extraction and PCR amplification

DNA isolation was carried out from young leaf tissue using
the CTAB method (Stacey and Isaac 1994).

The primers reported by D’Ovidio et al. (1995) were
used to amplify the complete coding sequence of the Glu-
Alx gene (AxF: 5-AGATGACTAAGCGGTTGGTTC-3';
and AxR: 5-AAGCGAGCTGCAGAGAGTTC-3"). PCR
mixtures were carried out in 20 pl final volume using 1x
Optibuffer (Bioline), 150 ng of template DNA, 0.6 uM of
each primer, 2.5 mM MgCl,, 0.2 mM of each deoxyribo-
nucleotide, 1x Hi-Spec Additive and 2 U of BIO-X-ACT
Short DNA Polymerase (Bioline). DNA was subjected to
an initial denaturation step at 94 °C for 5 min, followed of
one step at 62 °C for 2 min. The amplification conditions
were for 30 cycles at 94 °C for 30 s, 62 °C for 1 min and
72 °C for 2 min and 30 s followed by a final incubation
step at 72 °C for 10 min.

The amplicons were separated on 1 % agarose gels in
TBE buffer. These amplicons were digested with Ddel
endonuclease and separated in PAGE gel with discontin-
uous Tris—HCI buffer system (pH: 6.8/8.8) at a polyacryl-
amide concentration of 10 % (w/v, C: 1.68 %).

DNA sequencing analysis

A set of specific primers was designed on the Glu-Al-1b
sequence (NCBI ID: EF055262) to amplify the two
extremes of the Glu-Alx gene. The Fragment 1, with size
of 495 bp, includes the N-terminal domain together with
the beginning of the repetitive domain (AxtNIF: 5'-
CTGCTCCACGCTAACATGGTATG-3' and AxtNIR: 5'-
TGACTAAGCGGTTGGTTCTTTT-3'); whereas the Frag-
ment 2 (336 bp) includes the bottom of repetitive domain
and C-terminal domain (AxtCF: 5-CCTGATTGTTGC
TTTTGTCC-3’ and AxtCR: 5-AATGGCTGCAATCAGG
GTACTA-3).

PCR mixtures for the specific primers were carried out
in 20 pl final volume using 1x Tag PCR buffer (Promega),
75 ng of template DNA, 0.4 uM of each forward and
reverse primer, 1.5 mM MgCl,, 0.2 mM of each dNTP and
1 U of Tag DNA polymerase (Promega). For the amplifi-
cation, genomic DNA was subjected to an initial denatur-
ation step at 95 °C for 5 min, following to 35 cycles at
95 °C for 1 min, 60 °C for 1 min and 72 °C for 1 min
followed by a final incubation step at 72 °C for 8§ min. The
amplicons were separated and excised from a 1 % agarose
gel, purified using the Favorgen Gel/PCR Purification Kit
(Favorgen Biotech Corp.) and cloned into pGEM T-easy
vector (Promega, Madison, WI, USA) for sequencing.
Inserts were sequenced from at least three different clones
using an ABI Prism 310 Genetic Analyzer (Applied Bio-
systems, Carlsban, CA, USA).
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DNA analyses were conducted by DNAsp ver. 5.0 (Librado _— vy

and Rozas 2009). Nucleotide diversity was estimated as
theta (0), the number of segregating (polymorphic) sites
(Watterson 1975), and pi (m), the average number of
nucleotide differences per site between two sequences (Nei
1987). Tests of neutrality were performed using Tajima’s
D statistic (1989). The synonymous (K;) and non-synony-
mous (K,) substitution rates and the relation K, /K, were
computed using DNAsp ver. 5.0 (Librado and Rozas 2009).
Divergence times were calculated by the mean divergence
times (2.7 million years ago, MYA) between the A and D
genomes estimated by Dvorak and Akhunov (2005).

Phylogenetic tree was constructed with MEGAS soft-
ware (Tamura et al. 2011) using the concatenate sequence
obtained from the merge of the Fragments 1 and 2 of each
line. Neighbour-joining cluster with all sequences analysed
was generated using the maximum composite likelihood
method (Tamura et al. 2004) and one bootstrap consensus
from 1,000 replicates was used (Felsenstein 1985).

Results

PCR analysis and digestion patterns of x-type genes
present at the Glu-Al locus

In a previous work (Caballero et al. 2008), 162 accessions
of T. urartu were analysed by SDS-PAGE means. In the
current study, the Glu-Alx gene from 12 of those T. urartu
accessions carrying different alleles was amplified. All
lines analysed presented amplification products with size
around 2.3 kbp. Small differences were detected among
them as was shown in the gel (Fig. 1). In order to evaluate
in detail, these differences in the PCR products were
digested with specific endonucleases, specifically with
Ddel restriction enzyme (Fig. 2). This endonuclease per-
mits differentiation of the N- and C-terminal domains from
the repetitive domain, and variation between the alleles
evaluated could be observed in both regions. Differences
were also detected in the repetitive domain, which were
related with sequence size. As these genes are intronless,
the gene size is equivalent to polypeptide size, which was
the basis for the previous classification in SDS-PAGE
(Caballero et al. 2008).

Two new pairs of primers were designed to amplify both
extremes of the gene. The first pair produced one amplicon
(Fragment 1) that included the signal peptide, the N-ter-
minal domain and the first 174 nucleotides of the repetitive
domain. The second pair produced one amplicon (Frag-
ment 2) that included the last 210 nucleotides of the
repetitive domain and the C-terminal domain (Fig. 2). Both

Fig. 1 PCR amplification of the complete coding region of Glu-Alx
genes. Lanes are as follows: 1 PI 428319 (Glu-Al-1af), 2 PI 428242
(Glu-Al-1ag), 3 P1428240 (Glu-Al-1ah), 4 P1428335 (Glu-Al-1ai),
5 PI1 538741 (Glu-Al-1aj), 6 PI 428230 (Glu-Al-1ak), 7 PI 428253
(Glu-Al-1al), 8 PI 427328 (Glu-Al-lam), 9 Pl 428327 (Glu-Al-
lan), 10 PI 428256 (Glu-Al-1ao), 11 Pl 428224 (Glu-Al-1ap), 12
PI 428228 (Glu-Al-laq), and A cv. Alaga (Glu-Al-1a)
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Fig. 2 PAGE separation of PCR products from the Glu-Alx genes
digested with Ddel

fragments were cloned and sequenced. Fragment 1 was
495 bp in size with the exception of alleles Glu-Al-Iaf,
Glu-Al-lai and Glu-Al-1aj of 486 bp and the Glu-Al-1am
allele of 477 bp (Table 1). In the first case this different
size is a consequence of one deletion of nine nucleotides
inside the N-terminal domain, whereas the second case
(Glu-Al-1am) was due to a deletion of 18 nucleotides in
the repetitive domain (Supplementary Material, FS1). One
similar deletion was detected in the sequence of the Glu-
Al-1b allele that coded the subunit Ax2* in wheat (Sup-
plementary Material, FS1). However, the Fragment 2 size
was equal in all sequences analysed (Supplementary
Material, FS2). These sequences were concatenated and are
available in the GenBank database.

The frequency and distribution of these alleles was very
variable. Glu-Al-I1af was the most frequent (43.3 %) and
was found in 71 accessions (64 from Lebanon and seven
from Turkey). The other two alleles with one deletion in
the N-terminal domain (Glu-Al-1ai and Glu-Al-1aj) were
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Table 1 Origin and sequence characteristics of the Glu-Alx genes evaluated

Allele! Ay subunit? Accession Size (bp) NCBI code
Fragment 1 Fragment 2
Glu-Al-1af Active PI 428319 486 336 J1X102646
Glu-Al-lag Non-active PI 428242 495 336 JX102638
Glu-Al-1ah Active PI 428240 495 336 J1X102644
Glu-Al-lai Active PI 428335 486 336 JX102636
Glu-Al-1aj Active PI 538741 486 336 1X102643
Glu-Al-lak Non-active PI 428230 495 336 JX102637
Glu-Al-lal Active PI 428253 495 336 JX102639
Glu-Al-lam Active PI 427328 477 336 JX102640
Glu-Al-lan Active PI 428327 495 336 JX102635
Glu-Al-lao Active PI 428256 495 336 1X102645
Glu-Al-lap Non-active PI 428224 495 336 JX102642
Glu-Al-lag Active PI 428228 495 336 J1X102641

! According to MclIntosh et al. (2011)
2 According to Caballero et al. (2008)

detected in 19 and five accessions, respectively; all were
from Lebanon, with exception of one Turkish accession for
Glu-Al-lai. Glu-Al-1am was only found in one accession
from Iraq (Table 2).

Sequence comparative analysis

A summary of DNA polymorphism found in the Glu-Alx
sequences evaluated is shown in Table 3. These data were
evaluated using the concatenate sequence (Fragment
1 4+ Fragment 2), without the repetitive domain that was
not sequenced. Up to 27 polymorphic sites were detected
in the overall sequences, with 28 mutations detected (#);
Fragment 1 was ~threefold more variable than Fragment
2 (Table 3). Of these mutations, 11 were synonymous

Table 2 Distribution of the alleles evaluated in the current study

Allele Total Armenia Iran Iraq Lebanon Turkey
Glu-Al-laf 71 - - - 64 7
Glu-Al-lag 30 2 - - 3 25
Glu-Al-lah 26 - - - - 26
Glu-Al-lai 19 - - - 18 1
Glu-Al-1aj 5 - - - 5 -
Glu-Al-1ak 5 - 1 - - 4
Glu-Al-lal 1 - - 1 - -
Glu-Al-lam 1 - - 1 - -
Glu-Al-lan 1 - - - 1 -
Glu-Al-lao 1 - - - - 1
Glu-Al-lap 1 - - - - 1
Glu-Al-laq 1 - - - - 1
Overall 162 2 1 2 91 66

@ Springer

(silent mutations) while the rest were non-synonymous,
which implied changes in the amino acid sequences. A
large degree of variation was detected in the N-terminal
domain, where 11 mutations were found (Table 3).
However, the highest number of non-synonymous substi-
tutions was in the repetitive domain (five each for Frag-
ments 1 and 2). The use of both fragments permitted
detection of up to nine different haplotypes or alleles
among the 12 sequences analysed (Table 3), the other
differences detected by SDS-PAGE (Caballero et al.
2008) were likely due to differences in the repetitive
domain (gene size).

Two statistics, = (Nei 1987) and 0 (Watterson 1975),
were used to estimate nucleotide diversity (Table 3). Both
values were similar in all cases, which is associated with a
drift-mutation balance. The values for the C-terminal
domain were lower than in the rest of the gene, which is in
consonance with the low values of diversity observed in
this domain compared to the other domains of the gene.
Tajima’s D values were not significant in any case, which
was consistent with a neutral equilibrium (Table 3).

Amino acid sequence comparison

The alignment of the deduced proteins from the 7. urartu
sequences, and their comparison with the amino acid
sequence of the Ax1 and Ax2* subunits detected in wheat
are shown in Fig. 3. The main differences were the pres-
ence of two InDels: one in the amino-terminal domain
located among the 83 and 85 residues (Phe-Tyr-Pro) and
other in the repetitive domain among the 132—137 residues
(Gly-GIn-Gly-GIn-Gln-Pro). The other changes were single
nucleotide polymorphisms (SNPs).
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Table 3 DNA polymorphism and test statistics for selection of the 12 sequences from 7. urartu evaluated
Fragment 1 Fragment 2 Total
Signal peptide N-terminal Repetitive Complete Repetitive C-terminal Complete
Region 1-63 64-321 322495 1-495 496-705 706-831 496-831 1-831
Size 63 258 174 495 210 126 336 831
k 0.79 3.65 1.33 5.71 2.12 0.58 2.7 8.47
n 2 11 7 20 6 2 8 28
s 2 11 7 20 5 2 7 27
SS 1 7 2 10 1 0 1 11
NSS 1 4 5 10 5 2 7 17
h 3 7 6 8 6 3 7 9
0 x 1073 10.5 14.7 10.7 13.1 9.5 53 7.9 11.0
nx 1073 12.5 14.6 14.9 14.2 10.1 4.6 8.0 11.1
D 0.554 0.010 —1.100 —0.343 0.258 —0.382 0.072 —0.227

k, average number of nucleotide differences; #, total number of mutations; s, number of polymorphic sites; SS, synonymous substitutions; NSS,
non-synonymous substitutions; 4, number of haplotypes; 0, Watterson’s estimate; 7, nucleotide diversity; D, Tajima’s estimate D test

The non-synonymous substitutions observed in all T.
urartu lines together with comparison with the Ax1 and
Ax2* subunits used as standards are shown in Table 4.
Three of these changes (two in Fragment 1, positions 62
and 63; and one in Fragment 2, position 62) were distinc-
tive among wheat and 7. urartu (Table 4). For Fragment 1,
the residues 62 and 63 were equivalent in wheat (Gly) and
each presented two alternatives in 7. urartu. Eight alleles
showed the change Gly62 — Ile while four had the change
Gly62 — Val; for the residue 63, 11 alleles had the change
Gly63 — Val and one had Gly63 — Ile (Table 3). The
change in Fragment 2 was more variable and had three
options in T. urartu: in seven alleles it was Ser62 — Pro, in
four there was no change (Ser62 — Ser) and in one was
Ser62 — Thr. The other changes appeared only in some
alleles of T. urartu (Table 4), with most alleles similar to
the wheat subunits used as standards.

Neighbour-joining tree of the Ax gene

A phenogram based on the maximum composite likelihood
method was constructed using all the Glu-Alx sequences
evaluated in this study, together with the main alleles (Glu-
Al-la, NCBI ID: X61009; Glu-Al-1b, NCBI ID:
EF055262; and Glu-Al-1c, NCBI ID: AF145590) detected
for the A genome in tetraploid and hexaploid wheats
(Fig. 4). The concatenate sequence (Fragments 1 and 2)
was used in all cases. The T. urartu sequences were
grouped in three clusters. One cluster included the Glu-Al-
lah, Glu-Al-lak and Glu-Al-ao alleles present in 32
Turkish accessions and in the Iranian accession. Another
cluster showed only the Glu-Al-am allele detected exclu-
sively in one Iraq accession, and the rest of the evaluated

accessions (128) grouped in the third cluster. All of them
showed clear separation of the Glu-Alx genes of wheat,
which were grouped in one separate cluster.

The K, and K, substitution rates among Glu-Alx genes
of T. urartu and wheat (subunits Ax1 and Ax2*) were
calculated using the concatenate sequence (Fragments 1
and 2). The K value (0.0240) was =~ twofold of the K,
value (0.0104), with K, /K, = 0.433. The divergence rate
(r =4.08 x 10~® synonymous substitutions/year) was
calculated using K; = 0.1918 obtained between the Glu-
Alx sequences (subunits Axl and Ax2*) and Glu-DIx
sequences (subunits Dx2 and Dx5) and the divergence time
estimated by Dvorak and Akhunov (2005) for the separa-
tion between the A and D genomes (2.7 MYA). According
to this estimation, the divergence time between T. urartu
and wheat Glu-Alx genes was ~(0.6 MYA.

Discussion

The use of relatives and ancestors of wheat has been sug-
gested as a promising strategy for wheat breeding (Sri-
vastava and Damania 1989). Most of these species are
wild, which implies an additional effort for breeders
because undesirable characteristics can be incorporated
during the crossing process together with useful traits.
However, because the process of crossing and selection is
slow, it is important to characterise the allelic variants of
the genes of interest in these species before their incorpo-
ration into modern wheat for a successful breeding process.

One important aim in wheat breeding is improving
bread-making quality, which is related to the seed storage
proteins associated with gluten strength. Several studies

@ Springer
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Fig. 3 Comparison of the aminoacid sequence of the Fragment 1 (a) and Fragment 2 (b) of the Glu-AIx alleles from T. urartu with the Glu-Al-

la allele (subunit Ax1) and the Glu-Al-1b allele (subunit Ax2*) of wheat
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Table 4 Amino acid comparison among wheat (subunit Ax1 and Ax2*) and T. urartu, and changes inside of 7. urartu lines

Position Wheat T. urartu Sequence
a.a. a.a change
Fragment 1
21 Ala Ala Ser Glu-Al-1ah
42 Ala Ala Thr Glu-Al-1ah, Glu-Al-lak
62 Gly Ile Val Glu-Al-1ah, Glu-Al-1ak, Glu-Al-lam, Glu-Al-1ao
63 Gly Val Ile Glu-Al-lao
112 Ser Ser Asn Glu-Al-1ah, Glu-Al-1ak
130 Arg Arg Trp Glu-Al-1af, Glu-Al-1ag, Glu-Al-lai, Glu-Al-l1aj, Glu-Al-lap
131 Pro Pro Leu Glu-Al-lao
137 Pro/-! Pro Ser Glu-Al-laf, Glu-Al-1ai, Glu-Al-1aj
143 Glu Glu Lys Glu-Al-1ai
152 Ser Ser Pro Glu-Al-1am
163 Ala/Ser' Ser - -
Fragment 2
42 Gly Gly Arg Glu-Al-1ah, Glu-Al-1lak
50 Gly Gly Val Glu-Al-1ah, Glu-Al-1ak, Glu-Al-lao
Arg Glu-Al-lal, Glu-Al-1an, Glu-Al-laq
62 Ser Pro Ser Glu-Al-1ah, Glu-Al-1ak, Glu-Al-1am, Glu-Al-lao
Thr Glu-Al-lan
91 Gln Gln His Glu-Al-lao
105 Gly Gly Arg Glu-Al-1af, Glu-Al-1ah, Glu-Al-lai
! Subunit Ax1 and Ax2*, respectively
Fig. 4 Nei ght.)our— joining tree & Glu-A1-1af [71 accessions]
Eisei?hgg dmgzi}i‘:i“; fompome _ Glu-A1-1ai [19 accessions]
concatenate sequence 144 Glu-A1-1aj [5 accessions]
(Fragment 1 + Fragment 2) of Glu-A1-1ag [30 accessions]
the Glu-Alx gene of T. urartu - E' .
and wheat. Numbers in nodes Glu-A1-1ap [1 accession]
indicated bootstrap estimates — Glu-A1-1an [1 accession]
from 1,000 replications. The 72| | Glu-A1-1al [1 accession]
number of accessions carrying a—al ]
each allele is based in the 46 Glu-A1-1aq [1 accession]
revious study of Caballero | } [ oETC7 3
et al (2008) and is indicated e el
between brackets ——— | Glu-A1-1c! » wheat
GiAr-ib
Glu-A1-1am [1 accession]
Glu-A1-1ao [1 accession]
| Glu-A1-1ah [26 accessions]
— %l Gy-A1-1aK [5 accessions]
0.001

have suggested that the effects of these proteins are related
to their number or polymorphism. According to the vari-
ation of the number of subunits, Ciaffi et al. (1995) showed
that the presence of active Ay subunits could have a
positive effect on bread-making quality in durum wheat.
Rogers et al. (1997) reported positive effects by introducing

a Glu-Al allele expressing both Ax and Ay subunits from
T. monococcum ssp. aegilopoides Link em. Thell. (syn.
T. boeoticum Boiss. ssp. thaoudar). These active subunits are
always absent in bread wheat, while they are expressed in wild
diploid (7. urartu) and tetraploid wheats (Waines and Payne
1987; Ciaffi et al. 1993).
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Polymorphism effects within these proteins have been
shown to be determinants in the variation of bread-making
quality. In this respect, it is important to emphasise that
variation for the Glu-Al locus is low and asymmetrically
distributed. Most modern wheats present one of the three
main alleles for this locus (Glu-Ala, Glu-Alb and Glu-
Alc). The rest of the alleles detected could be catalogued as
rare (<5 %) or very rare (<1 %) according to the classi-
fication of Marshall and Brown (1975). Consequently, the
search of new Glu-Al alleles, together with their incorpo-
ration into the genetic pool of cultivated wheat, is very
important for enlarging the gluten properties and diversi-
fying the uses of this crop in the food industry.

One source of the possible new alleles is 7. urartu, a
wild diploid wheat determined to be the possible ancestor
of the A genome in wheat (Dvorak et al. 1993). The var-
iability of this species for HMWGs was evaluated in a wide
collection obtained from two germplasm banks (National
Small Grain Collections, Aberdeen, USA; and the Institute
for Plant Genetics and Crop Plant Research, Gatersleben,
Germany). This analysis led to detection of important
variation that could be used to generate new materials
(Caballero et al. 2008). In this respect, the positive effect
on gluten strength of the introgression of 7. urartu into
durum wheat was evaluated by Alvarez et al. (2009),
showing great potential of this species in quality breeding
in wheat.

Although the additional presence of the Ay subunits is
desirable, the role of the Ax subunits is not as important.
However, as these genes are closely linked, both of them
are incorporated together in any classic breeding process.
The active and inactive Glu-Aly alleles found by Caballero
et al. (2008) were analysed using a PCR-RFLP technique
by Gutiérrez et al. (2011), which showed that their nucle-
otide sequences clearly differed from those of cultivated
wheat. For this reason, in the current study, only the Glu-
Alx gene of the 12 alleles previously identified by Cabal-
lero et al. (2008) were characterised using sequencing of
their non-repetitive domains. In these domains all the
cysteine residues are present, which are mainly responsible
for the inter-bonds among different HMWGs—the degree
of stable unions between these proteins determines gluten
properties and thus bread-making quality (Shewry et al.
2002). Nine of these alleles sequenced showed active Ay
subunits. Although the number of cysteine residues was
similar to the Ax1 and Ax2* subunits (three in the
N-domain and one in the C-domain), these alleles showed
some variations in the amino- and carboxyl-sequences
(three and two amino acid changes, respectively). How-
ever, some alleles showed differences in the repetitive
domain that could influence the elastic properties of these
repetitive domains. The main changes were Pro121 — Leu,
Prol37 — Ser or Ser152 — Pro.

@ Springer

Analysis of the DNA polymorphism in the 7. urartu
sequences showed that the divergence among the A" and A
sequences evaluated in the current study could have begun
approximately 600,000 years ago. This date has been
established as the time of the generation of tetraploid
wheat, which varies according to different authors between
0.36 MYA (Dvorak and Akhunov 2005) and 0.50 MYA
(Huang et al. 2002). During this time the evolution of T.
urartu could have generated new variation for the A gen-
ome, which could be used for breeding purposes because it
is unlikely that this variation could be detected in culti-
vated wheat. However, the current variation present in
cultivated wheat could be derived from one small part of
the T. urartu germplasm, which is in consonance with the
great homology described in 7. urartu alleles with the most
frequent subunits (Ax1 and Ax2*) in wheat.

In conclusion, although further studies should be carried
out, particularly introgression to test the effects of these
alleles, our data showed wide diversity for the Glu-Alx
alleles in 7. urartu, which also showed clear differences to
wheat alleles. This opens the possibility of increasing the
variation of the Glu-Al locus in wheat using 7. urartu as a
source and, consequently, to diversify the bread-making
quality of wheat by variation in the number or internal
characteristics of HMWG subunits.
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