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Abstract

Key message A high level of genetic diversity was
found in LMW-i genes from Triticum urartu, resulting
in detection of 11 novel alleles. The variability detected
could affect gluten quality.

Abstract Low-molecular weight glutenin subunits are
important in determining the viscoelastic properties of
wheat dough. Triticum urartu Thum. ex Gandil., which
is related to the A genome of polyploid wheat, has been
shown as a good source of variation for these subunits.
The present study evaluated the variability of LMW-i
genes in this species. High polymorphism was found in
the sequences analysed and resulted in the detection of
11 novel alleles, classified into two sets (Group-I and -II)
showing unique SNPs and InDels. Both groups were asso-
ciated with Glu-A3-1 genes from common wheat. In gen-
eral, deduced proteins from Group-II genes possessed a
higher proportion of glutamine and proline, which has
been previously suggested to be related with good quality.
Moreover, there were other changes compared to common
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wheat. This novel variation could affect dough quality.
Additional epitopes for celiac disease were also detected,
suggesting that these subunits could be highly reactive. The
results showed that 7. urartu could be an important source
of genetic variability for LMW-i genes that could enlarge
the genetic pool of modern wheat.
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Introduction

The bread-making quality of wheat flour has been widely
associated with the endosperm storage proteins (see Wrig-
ley et al. 2006 for reviews). Of these, two main groups,
gliadins and glutenins, are the main components of glu-
ten, the protein network that gives the dough its viscoe-
lastic properties (elasticity and extensibility). Both groups
differ in their molecular characteristics (Payne 1987).
Glutenins are classified into high- (HMWGs) and low-
molecular-weight (B-LMWGs and C-LMWGs) subunits.
The HMWGs are the polypeptides mainly responsible for
bread-making quality in common wheat, whereas this role
is largely assumed by the B-LMWGs in durum wheat for
pasta-making quality (Wrigley et al. 2006). The HMWGs
have been most extensively studied because of their rela-
tively small number and the ease of characterization by
SDS-PAGE, whereas the characterization of LMWGs has
been more difficult to elucidate due to the complexity of
this multigene family (D’Ovidio and Masci 2004). The
B-LMWGs are encoded by Glu-3 loci located on the short
arms of chromosomes 1A, 1B and 1D (Singh and Shep-
herd 1988; Pogna et al. 1990), which are closely linked to
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the Gli-1 loci for y- and w-gliadin genes. The B-LMWGs
have been divided into three types: LMW-i (isoleucine),
LMW-m (methionine) and LMW-s (serine) depending on
the first amino acid of the mature protein (D’Ovidio and
Masci 2004). The LMW-i are only coded by the Glu-A3
locus, whereas the LMW-m are synthesised by the three
loci and the LMW-s are coded by Glu-B3 and Glu-D3.

The standard LMWG structure consists of four main
domains: signal peptide, N-terminal, repetitive and C-ter-
minal. The latter domain is further subdivided into three
regions (Cassidy et al. 1998): the cysteine-rich (I), glu-
tamine-rich (II) and highly conserved (III) domains. How-
ever, the LMW-i subunits possess a unique structure com-
pared to LMW-m and LMW-s, because the N-terminal
domain is missing. The LMWGs usually contain eight
cysteine residues: seven in the C-terminal domain, and
one in a variable position, in the N-terminal or repetitive
domains for the LMW-m and LMW-s or in the C-termi-
nal for the LMW-i (Ikeda et al. 2002). The first (or third
for LMW-i) and seventh cysteine residues are involved in
inter-molecular disulphide bonds, while the remainder
form three intra-molecular disulphide bonds (D’Ovidio
and Masci 2004). Consequently, in LMW-i the repetitive
domain is precluded in the formation of the inter-molecu-
lar disulphide bonds in the gluten polymer. This different
structure could lead to functional differences with respect
to LMW-m and LMW-s and have a different impact on the
viscoelastic properties of dough (Cloutier et al. 2001; Ikeda
et al. 2002). Several studies have also associated LMWGs
with celiac disease due to the presence of reactive epitopes
as for those exhibited in gliadins (see Rasheed et al. 2014
for reviews).

A recent study showed that there were at least 15
LMWGs genes in individual accessions of common wheat
(Zhang et al. 2013). The Glu-A3 locus showed the highest
allelic diversity and Glu-B3 showed moderate diversity,
whereas Glu-D3 was very low. For the Glu-A3 locus, Wang
et al. (2010) identified up to three LMWG genes (Glu-A3-
1-Glu-A3-3), the former encoding LMW-m and the latter
two encoding LMW-i. However, Zhang et al. (2013) iden-
tified 4-6 genes (two for LMW-m and the rest for LMW-
i) suggesting that these last were organized in different
haplotypes.

Additional to the evaluation and characterization of the
LMWG genes detected in modern wheat, the search for
variability to extend the genetic pool is very important for
wheat improvement (Jauhar 1993). In this respect, the puta-
tive diploid ancestors of the wheat genome could be good
sources of useful genes (Srivastava and Damania 1989).
As previously mentioned, the LMW-i subunits have been
associated with the A genome, whose ancestor has been
identified as Triticum urartu Thum. ex Gandil. (Dvorak
et al. 1993), a wild wheat species (2n = 2x = 14; A"A")
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of the Fertile Crescent region (Johnson 1975; Miller 1987).
Studies by protein separation in SDS-PAGE have shown a
wide polymorphism for endosperm storage protein in this
species (Rodriguez-Quijano et al. 1997; Lee et al. 1999;
Caballero et al. 2008; Martin et al. 2008). In our previous
study (Caballero et al. 2008), one broad collection (169
accessions) of T. urartu was evaluated for variability of
HMWGs and B-LMWGs using SDS-PAGE analysis, and
17 HMWGs and 24 B-LMWGs alleles were detected. Of
17 HMWGs alleles, 12 were molecularly characterized
by Alvarez et al. (2013), showing differences between
these alleles and those present in common wheat. Of the
B-LMWGs alleles, 20 in the collection were considered
rare or very rare (frequency <5 %).

The aim of the current study was to molecularly charac-
terize the LMW-i glutenin genes present in eight Glu-A"3
allelic variants identified in 7. urartu (Glu-A3ad, Glu-A3dqf,
Glu-A3ag, Glu-A3ak, Glu-A3ao, Glu-A3aq, Glu-A3au and
Glu-A3aw) and to analyse their relationship with those pre-
sent in common wheat.

Materials and methods
Plant materials

Eight accessions of T. wurartu previously analysed by
SDS-PAGE (Caballero et al. 2008) were used in this
study (Table 1). These accessions were obtained from
the National Small Grains Collection (Aberdeen, Idaho,
USA) and the Institute for Plant Genetics and Crop Plant
Research (Gatersleben, Germany).

Protein extraction and electrophoretic analysis
and mass spectrometry

Proteins were extracted from single crushed seeds accord-
ing to the protocol described by Alvarez et al. (2001).
Reduced and alkylated glutenin subunits were fractionated
by electrophoresis in vertical SDS-PAGE slabs in a dis-
continuous Tris—HCI-SDS buffer system (pH 6.8/8.8) at a
polyacrylamide concentration of 10 % (w/v, C: 1.28). The
Tris—HCl/glycine buffer system of Laemmli (1970) was
used. Electrophoresis was carried at 30 mA/gel and 18 °C
for 45 min after the tracking dye migrated off the gel. Gels
were stained overnight with 12 % (w/v) trichloroacetic acid
solution containing 5 % (v/v) ethanol and 0.05 % (w/v)
Coomassie Brilliant Blue R-250. De-staining was carried
out with tap water.

At the same time, cold acetone was added to the same
sample supernatants, and then the LMWGs were allowed
to precipitate. The samples were then used for matrix-
assisted laser desorption ionization time of flight mass



Theor Appl Genet (2015) 128:2155-2165 2157
Table 1 LMW-i sequences in T. urartu
Accession  Allele® Frequencyb NCBIID DNA size Mr (kDa) Group Repetitive  Motifs Glu + Pro (%)
(bp) T —— size (aa) : —
Deduced® MALDI Number Size Repetitive Total
Iraqi accession
P1428253 Glu-A3ao vr KJ780780 1050 N N I - - - - -
KJ780787 894 N N I - - - - -
KP793238 1059 38.43 38.76 1T 162 20 6-14 72.8 53.7
Lebanese accession
P1428328 Glu-A3ag r KJ780782 1056 38.23 37.29 | 149 19 6-9 725 52.9
KJ780784 1059 38.43 39.12 1T 162 20 6-14 72.8 53.7
Turkish accessions
P1428186 Glu-A3ak r KJ780778 1047 37.81 38.33 I 149 19 69 73.1 52.7
KJ780785 1062 38.56 38.33 1I 162 20 6-14 72.8 53.7
KJ780786 1059 38.43 38.33 11 162 20 6-14 72.8 53.7
P1428188 Glu-A3ad r KJ780779 1050 N N 1 - - - -
KP793237 1059 38.43 38.26 I 162 20 6-14 72.8 53.7
P1428191 Glu-A3au vr KJ780781 1044 37.72 38.91 I 149 19 6-9 724 52.3
KJ780788 1056 38.33 38.91 1T 155 19 6-16 74.2 54.7
PI1 428225 Glu-A3aq vr KJ801156 1050 N N I - - - - -
P1428255 Glu-A3af r KJ780783 1050 N N I - - - - -
TRI 11496 Glu-A3aw vr KJ801157 1059 38.43 38.54 1T 162 20 6-14 72.8 53.7

rrare (<5 %), vr very rare (<1 %)
% Mclntosh et al. (2013)

b Classification according to frequency in the original collection (Caballero et al. 2008)

¢ N pseudogene. Data of the mature proteins without signal peptide
4 Molecular weight by MALDI-TOF-MS analysis

spectrometry (MALDI-TOF-MS) on an AB Sciex 5800
TOF-TOF apparatus (AB Sciex, Darmstadt, Germany).
The matrix used was a-ciano-4-hidroxicindmico (CHCA).
The calibration was done with the calibration kit Cal Mix3
(AB Sciex, Darmstadt, Germany). According to the molec-
ular weights of LMWGs obtained from gel electrophoresis
and mass spectrometry, the corresponding protein subunit
encoded by the studied genes was identified.

DNA extraction and PCR amplification

Genomic DNA was isolated from young leaves of a
single plant per accession according to the method of
CTAB (Stacey and Isaac 1994). In order to amplify the
complete coding region of the LMW-i genes, primers
5'-ATGAAGACCTTCCTCGTCTTT-3' (Ma et al. 2006)
and 5-TCACACATGACGTTGTGTGAC-3' (Zhang et al.
2011) were used. PCR amplification of genomic DNA was
performed in a volume total of 20 pl containing 50 ng of
genomic DNA, 0.3 uM of each primer, 0.4 mM of dNTPs,
I or 1.5 mM of MgCl,, 1x of reaction buffer and 1 U of
Tag DNA polymerase (Promega, Madison, WI, USA). The
amplification was carried out with a first step of initial

denaturation at 94 °C for 3 min followed by 35 cycles of
30 s of denaturation at 94 °C, a step of annealing of 30 s at
58 or 60 °C and then 1.5 min of extension at 72 °C. To fin-
ish the process, an extension final step at 72 °C for 10 min
was performed. The PCR products (amplicons) were sepa-
rated by electrophoresis on polyacrylamide gels of 8 %
(wlv, C: 1.28 %), stained with ethidium bromide and visu-
alised under UV light.

DNA sequencing analysis

The PCR products were purified using Sureclean (Bioline)
and then ligated to pPGEM-T (Promega, Madison, WI, USA)
and used to transform Escherichia coli JIM109 competent
cells. Thirty colonies of each cloned PCR product were
analysed for the presence of LMWGs genes insert. Inserts
were amplified with M 13 universal primers (binding region
adjacent to the insert in the vector) and the PCR products
were separated using electrophoresis on polyacrylamide
gels of 8 % (w/v, C: 1.28 %). At least three different inserts
were sequenced using an ABI Prism 310 Genetic Analyzer
(Applied Biosystems, Carlsban, CA, USA). The novel
sequences are available from Genbank database.
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Fig. 1 SDS-PAGE separation a 1

of LMW-i subunits (a) and
PCR amplification of LMW-i
glutenin genes (b) from 7.
urartu. Lane: I PI 428255; 2
PI1428188; 3 P1 428225; 4 P1
428253; 5 TRI 11496; 6 PI
428328; 7 P1 428186; and 8 PI
428191. Each asterisk indicates
one amplicon sequenced.
Numbers near each protein band
indicate deduced molecular
weights (kDa) based on the
amplicon sequenced informa-
tion

1200 bp

1000 bp

Data analysis

The sequences obtained were analysed and compared
using the Geneious Pro ver. 5.0.3 software (Biomatters
Ltd.). Phylogenetic tree was constructed with MEGAS5
software (Tamura et al. 2011) using the complete cod-
ing sequences obtained together with the sequences
of the LMW-i genes identified in common wheat by
Zhang et al. (2013), also as the LMW-i gene iso-
lated from common wheat cv. Chinese Spring (NCBI:
AY453154; Zhang et al. 2004) and cv. Glenlea (NCBI:
AY542896; Cloutier et al. 2001). Six sequences iso-
lated from einkorn (7. monococcum L. ssp. monococ-
cum; 2n = 2x = 14, A™A™) were also included in this
comparison (NCBI: AY146588-2 and AY146588-3,
Wicker et al. 2003; NCBI: DQ307388, DQ307389 and
DQ345449, An et al. 2006; and NCBI: DQ234068,
Ma et al. 2006). Neighbour-joining cluster with all
sequences analysed was generated using the Maximun
Composite likelihood method (Tamura et al. 2004) and
one bootstrap consensus from 1000 replicates was used
(Felsenstein 1985).

DNA analyses were conducted by DnaSP ver. 5.0 (Lib-
rado and Rozas 2009) and parameters such as total num-
ber of mutations (1), average number of nucleotide dif-
ferences (k) and number of polymorphic sites (s) were
calculated. Nucleotide diversity was estimated as theta
(6), the number of segregating (polymorphic) sites (Wat-
terson 1975), and pi (), the average number of nucleo-
tide differences per site between two sequences (Nei
1987). Tests of neutrality were performed using Tajima’s
D statistic (1989).
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Results

Isolation and variation of LMWGs genes

Eight of 24 Glu-A3 alleles described by Caballero et al.
(2008) using SDS-PAGE electrophoresis were analysed
by PCR amplification: four were catalogued as rare (fre-
quency <5 %), and the other four were very rare (fre-
quency <1 %). Six of them (three rare and three very rare)
were detected in Turkish accessions, while the other two,
one rare and other very rare, were of Lebanese and Iraqi
origin, respectively (Table 1). These alleles are formed by
several protein components (1-3 bands, Fig. 1a). In the
current analysis, the specific amplification of the LMWG
genes from these accessions revealed several ampli-
cons (Fig. 1b), although some of them could be LMW-m
genes, which were not the main subject of this study, and
not LMW-i. Thus, 1-3 LMWG sequences were identified
for each accession. In total we sequenced 15 sequences
(Table 1), but some of them were the same. As the result,
there are 11 different sequences with a size range of 894—
1062 bp, among which seven were active genes and four
were pseudogenes (KJ780779, KIJ780780, KIJ780783/
KJ801156 and KJ780787) because they had 1-3 in-frame
stop codons. The presence of these pseudogenes made
it difficult to establish a univocal relation between the
subunits observed in SDS-PAGE (Fig. 1a) and the ampli-
cons detected (Fig. 1b). For the Glu-A“3af and Glu-A"3aq
(Fig. 1, lanes 1 and 3), all the LMW-i sequences evalu-
ated were pseudogenes, while for the rest of the alleles the
sequences analysed showed very similar sizes (Table 1),
being consequently difficult to separate the fragments in
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Fig. 2 Neighbour-joining tree based on the maximum composite
likelihood method of LMW-i gene sequences detected in 7. urartu
accessions (bold), together with the previous sequences described

the gel. For this reason, some sequences have been associ-
ated to one unique band as shown in Fig. 1b. The deduced
amino acid sequences of all had an isoleucine as the first
residue in the mature protein (codon 61-63) and were clas-
sified as LMW-i genes.

The 11 genes obtained here were analysed together
with other LMW-i genes from einkorn and com-
mon wheat to evaluate the relationships between them
(Fig. 2). The sequences were grouped into two clusters
that corresponded to the GluA3-1 and GluA3-3 genes
described by Wang et al. (2010). There were different
groups within each cluster. The GIluA3-1 gene had up to
three sets: the first one associated with A3-640/A3-649-2
genes described by Zhang et al. (2013); the second with

98

o4 FJ549942 (GIUA3-34)
@39177 A3-502¢

JX878090 A3-502f

FJ549944 (GIuA3-36)

JX878001 A3-502h

=1

in einkorn and common wheat. The denomination used by these last
authors appears between brackets. Numbers in nodes indicate boot-
strap estimates from 1000 replications

the A3-573/A3-620/A3-646a/A3-646b/A3-649-1 genes,
and the third with A3-565/A3-568/A3-662—named in
a previous study as A3-2, A3-3 and A3-4, respectively
(Dong et al. 2010). The other cluster (GluA3-3) showed
two groups associated with A3-484 and A3-502, respec-
tively. The T. urartu sequences were grouped in two sets
that we named Group-I and -II inside the GluA3-1 clus-
ter (Fig. 2). Group-1 of T. urartu appeared associated
with the A3-640/A3-649-2 sequences, whereas Group-II
showed more similarity with the A3-573/A3-620/A3-
646a/A3-646b/A3-649-1 sequences. All LMW-i einkorn
sequences appeared clearly separated from the 7. urartu
sequences (Fig. 2). Five of them formed a differentiated
cluster, while the other one (LMW-M1) was associated
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Table 2 DNA polymorphism

el : Signal peptide Repetitive C-terminal Complete
and test statistics for selection
of 11 sequences from T. urartu 1 I I
Group-I sequences
Region 1-60 61-507 508-732 733-891 892-1056 1-1056
Size 60 447 225 159 165 1056
n 1 15 5 3 1 25
k 0.53 5.13 1.67 1.00 0.33 8.67
s 1 14 5 3 1 24
SS 0 4 1 2 1 8
NSS 1 11 4 1 0 17
h 2 5 5 4 2 6
6x 1073 73 13.7 9.7 8.9 2.7 10.1
7 x 1073 8.9 11.5 7.4 6.8 2.0 8.3
D 0.850 —1.347 —1.337 —1.233 —-0.933 —1.313
Group-II sequences
Region 1-60 61-552 553-777 778-939 940-1083 1-1083
Size 60 492 225 162 144 1083
n 1 7 3 6 2 19
k 0.40 3.20 1.40 2.60 0.80 8.40
s 1 7 3 6 2 19
SS 1 3 2 4 0 10
NSS 0 4 1 2 2 9
h 2 3 3 3 3 3
6 x 1073 8.0 9.8 7.4 20.0 6.7 10.3
Tx 107 67 9.4 72 18.1 5.6 9.5
D —0.816 —0.338 —0.175 —0.668 —-0.972 —0.582
Overall sequences
Region 1-60 61-552 553-777 778-939 940-1104 1-1104
Size 60 492 225 162 165 1104
n 2 18 9 10 6 45
k 0.51 5.74 2.62 3.49 2.87 15.24
s 2 17 9 10 6 44
SS 1 6 4 5 3 19
NSS 1 12 5 5 3 26
h 3 8 8 7 5 9
6x 1073 114 17.4 15.8 23.7 14.2 17.2
7 x 1073 8.5 17.3 13.4 242 20.0 17.4
D —0.778 —0.293 —0.622 —0.096 1.593 —0.039

7 total number of mutations, k average number of nucleotide differences, s number of polymorphic sites,
SS synonymous substitutions, NSS non-synonymous substitutions, 7 number of haplotypes, 6 Watterson’s
estimate, 7 nucleotide diversity and D Tajima’s estimate D test

with the A3-662 sequence described by Zhang et al.
(2013).

All Group-I sequences had a deletion of 45 bp inside
the repetitive domain along with a 21-bp insertion in C-ter-
minal domain III. For Group-II, there were up to three
different types. One of them had a deletion of 6 bp in the
repetitive domain, whereas the others had two deletions
(3 and 24 bp) inside the same domain. A third type was
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characterized by a long deletion of 177 bp covering the end
of the repetitive domain and the beginning of the C-termi-
nal domain.

Comparison of the complete sequences showed the
highest level of polymorphism in Group-I sequences, with
25 mutations at 24 polymorphism sites and 17 non-synon-
ymous changes (Table 2). For Group-II sequences, there
were 19 polymorphic sites with nine non-synonymous
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changes (Table 2). For all sequences (Group-I and -II),
the total number of polymorphism sites and mutations
were higher than those of individual groups, with 44 and
45, respectively; of those polymorphic sites 26 were non-
synonymous changes (Table 2). The repetitive domain
showed the largest degree of variation for all sequences and
for each individual group, followed by C-terminal II for
overall sequences and the Group-II alleles. For the Group-I
sequences, the second most variable domain was the C-ter-
minal I, with five mutations and polymorphism sites. The
most conserved domain was the C-terminal III for overall
sequences.

Assessment of the nature and function of the seed stor-
age proteins determined that these genes were evolution-
arily neutral. In this respect, estimation of the nucleotide
diversity of the DNA sequences, obtained here by two sta-
tistics—pi () and theta (f)—suggested that this diversity
was associated with a drift—-mutation balance, consistent
with a neutral equilibrium shown by a non-significant Taji-
ma’s D test (Table 2).

Deduced amino acid sequence analysis

The size of deduced mature proteins of Group-I was 327-
331 amino acid residues with the deduced molecular
weights of 37.72-38.23 kDa, while those of Group-II were
331-332 amino acid residues with the deduced molecu-
lar weights of 38.33-38.56 kDa (Table 1). The relation
between these deduced proteins and the bands detected by
SDS-PAGE (Fig. 1a) was established by the further analy-
sis with MALDI-TOF-MS. As shown in Fig S1, the mass
spectrometric data detected apparent protein peaks of each
accession with molecular weights consistent with that from
deduced protein (Table 1). Only in two cases (lane 7: PI
428186; and lane 8: PI 428191), the MALDI-TOF-MS
analysis did not show a clear discrimination among the
different subunits. Both profiles showed one unique peak
associated with three or two subunits evaluated, respec-
tively (Fig. S1b). The small differences observed between
both Mr data could be the result of post-translational modi-
fication as other authors have reported (Lauriere et al.
1996; An et al. 2006).

The additional analysis of deduced sequences showed
that the length of the repetitive domain was 155-162
residues in Group-II and 149 in Group-I sequences. The
Group-I sequences had 19 repeat motifs in this domain
with a range of 6-9 residues, whereas the Group-II had
large motifs with up to 14 residues, with the exception of
KJ780788 with a motif of 16 residues. This last sequence
had only 19 motifs, while all other Group-II sequences had
20 (Table 1).

Analysis of these repeat motifs showed the presence in
these sequences of peptides (Glt-156: PFSQQQQSPEF, and

Glt-17: PFSQQQQQ), considered as stimulating epitopes
of T-cells in celiac disease by Vader et al. (2002). The Glt-
156 peptide was detected twice in all these sequences,
with the exception of KJ780788 which was detected once.
In addition, the Glt-17 peptide was found once in overall
sequences, but KJ780782 did not present this motif (Fig.
S2).

The glutamine and proline contents in mature pro-
tein were higher in Group-II than in Group-I, with means
of 53.9 and 52.6 %, respectively; this rate was conserved
when only the repetitive domain was analysed, with 73.1
and 72.7 %, respectively. The highest glutamine and pro-
line contents in overall sequences were for the KJ780788
sequence, with 53.4 % for mature protein and 73.0 % for
the repetitive domain; and the lowest was for KJ780781,
with 52.4 and 72.4 %, respectively (Table 1).

In the current study, two LMW-i subunits previously
detected in two common wheat cultivars (Chinese Spring
and Glenlea) were used to compare amino acid sequences.
The AY453154 sequence of cv. Chinese Spring showed a
high similarity with the AY542896 sequence of cv. Glenlea.
Both sequences showed nine amino acid changes: six in the
repetitive domain and one in each C-terminal, together with
two InDels in the repetitive domain and one in C-II termi-
nal (Fig. S3). Comparison of the deduced mature protein of
the T. urartu sequences and these two LMW-i subunits is
shown in Table 3.

The first two positions indicated appeared as one InDel
inside the AY453154 sequence, with four of the other 17
changes similar between the last sequence and the overall
T. urartu sequences. There was no change in the cysteine
backbone (eight residues) characteristic of these LMW-
glutenin subunits. However, there were some changes
surrounding the cysteine residues: Arg234 — GIln and
Arg342 — Thr in overall subunits, and Ala213 — Val in
the KJ780781 sequence.

Proline and glutamine residues are important in the
maintenance of LMWG structures. Five replacements
affected proline in the subunits of Group-I. In three posi-
tions (7, 24 and 287), the existing proline was changed for
another residue (Ala, Ser and Gln, respectively), while the
other two replacements led to a proline residue in posi-
tion 63. In two positions (78 and 301), glutamine was
changed for another residue (Table 3). For Group-II, only
two changes affected proline residues: Pro287 — Gln and
Ser112 — Pro, while there were changes in glutamine resi-
dues in four positions: 12, 21, 178 and 299 (Table 3).

In addition to these amino acid changes, some impor-
tant InDels mainly in the repetitive and C-III domains
were detected in these sequences of T. urartu (Fig. S3).
All sequences showed one extended deletion in the repet-
itive domain, with 38 residues in Group-I sequences and
23 in Group-II. Furthermore, the KJ780788 sequence
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Table 3 Amino acid
comparison of two LMW-i

Repetitive domain

subunits from common wheat

Position® 7 12 21 24 27 44 63 78 112
EZSJ:ITCZ“;‘;E’; ;Zdirf; rarn AY453154 (cv. Chinese spring)  — - Gln  Pro Ser Leu Pro Gln Pro
AY542896 (cv. Glenlea) Pro Gln GIn Pro Ser Ser Leu GlIn Ser
Group I
KJ780778 Ala Ala Pro -
KJ780781 Ala Ser Leu Ala Pro -
KJ780782 Ala Leu Ala Pro His -
Group-II
KJ780784/KP793238 Glu  Lys Pro Pro
KJ780785 Glu  Lys Pro Pro
KJ780786/KJ801157/KP793237 Glu  Lys Pro Pro
KJ780788 Glu Pro Pro
C-I terminal C-II terminal C-III terminal
Position® 178 213 234 256 287 299 301 324 339 342
AY453154 (cv. Chinese Spring) GIln Ala  GIln Ile Gln GIn GIn His Thr Thr
AY 542896 (cv. Glenlea) Gln Ala Arg e Pro GIn Gln His Thr Arg
Group I
KJ780778 Gln Val Gln Glu Asn  Thr
KJ780781 Val Gln Val Gin Glu Asn  Thr
KJ780782 Gln Val GIn Glu Asn  Thr
Group-II
KJ780784/KP793238 Arg Gln Gln  Leu Tyr Thr
KJ780785 Arg Gln Gln  Leu Tyr Thr
KJ780786/KJ801157/KP793237 Arg Gln Gln Leu Tyr Thr
KJ780788 Gln Gln Leu Thr

* The positions are determined by the mature protein of the AY542896 sequence (LMWG-50) isolated by

Cloutier et al. (2001)

presented one additional deletion (PPFSQQQQ)
between residues 171 and 178 of the reference sequence
(AY542896). For Group-I, two insertions of one glu-
tamine residue were detected: one in the repetitive
domain (residues 110-111 of AY542896) and other in the
C-IT domain (residues 276-277). This first insertion was
also detected in all Group-II sequences, while the latter
was not found in the KJ780788 sequence, which had a
unique deletion (HGTFLQP) in the C-III domain (Fig.
S3).

Discussion

The low variation of some traits of interest in wheat breed-
ing has suggested the possibility of searching for variation
in wheat relatives. Among them, the species identified as
putative donors of the three genomes present in common
wheat could be the main candidates, because they are
included in the primary gene pool and their crossing with
wheat does not require special techniques.

@ Springer

Numerous studies have suggested that T urartu is the
species donor of the A genome (Dvorak et al. 1993), an
event that likely occurred ~0.5 million years ago (Huang
et al. 2002; Dvorak and Akhunov 2005). Among the traits
related to wheat quality that could be transferred from this
wild diploid wheat to modern wheat are seed storage pro-
teins (glutenins and gliadins). A particular characteristic of
the A genome is the presence of a LMWG type (LMW-i)
not detected in the other wheat genomes. These glutenin
subunits are exclusively synthesised by genes of the Glu-
A3 locus, consequently 7. urartu is the natural source of
these subunits. In this study, seven genes and four pseudo-
genes of this LMWG type were detected and sequenced in
eight T urartu accessions.

Recent studies suggested that the LMWG genes in the
A genome are synthesised by two genes for the LMW-m
glutenin subunits and 2-4 genes for the LMW-i glutenin
subunits (Zhang et al. 2013). According to previous clas-
sifications (Wang et al. 2010), the LMW-m subunits are
encoded by the GluA3-2 gene, and LMW-i by the GluA3-1
and GluA3-3. The reconciliation of this classification with
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the data of Zhang et al. (2013) and data of the present study
suggest that the GluA3-2 gene of Wang et al. (2010) corre-
sponds with the m,, cluster defined by Zhang et al. (2013),
which was formed by two genes.

The GIuA3-3 gene could be also constituted by two
genes: one most frequent formed by all variants of the
A3-502 gene (Zhang et al. 2013), together with all alleles
of this gene described by Wang et al. (2010), without the
GluA3-33 allele that appeared associated with the other
gene (A3-484), which is less frequent (Zhang et al. 2013).
This latter sub-group of the GluA3-3 gene formed the i,-5
haplotype according to Zhang et al. (2013), together with
one sub-group of the GluA3-1 gene constituted by the A3-
565/A3-568/A3-662 genes, previously described as A3-2,
A3-3 and A3-4 by Dong et al. (2010). In this last group
could also be included the LMW-i genes found in 7. mono-
coccum L. ssp. monococcum by Wicker et al. (2003) and
Ma et al. (2006). This suggests that this group could have a
different origin to that indicated by these authors, and this
should be studied in the future.

Similar to the other groups found, the LMW-i haplotype
(ip) could be generally formed by up to three genes: one
or two for Glu-A3-1 and one for GluA3-3, being the two
sequence sets of 7. urartu obtained in this study associated
with both genes of GluA3-1. Nucleotide diversity was high,
which could have two main causes: the neutral nature of
these genes to evolution (Gepts 1990), and the role of these
proteins in plant biology where they are mainly a source of
amino acids. These high values are frequent in wild species
because lack of selection pressure has generated no advan-
tage of one variant over others. However, in cultivated spe-
cies, this effect is counteracted by unconscious selection
on the part of farmers of the allelic variants due to their
function in quality properties of desirable food products.
This narrows genetic variability by genetic drift processes
(Gepts 1990).

Six of the eight accessions evaluated in this study
showed several active LMW-i genes and the relation
between their deduced proteins and the bands detected by
SDS-PAGE could be established. However, for the other
two accessions active LMW-i genes were not found among
the PCR products obtained in current study. Some of these
PCR products were identified as LMW-m genes (results not
shown), which open the possibility of the expressed pro-
teins of these accessions could be LMW-m, although no
LMW-m protein encoded has been identified so far.

Both T. urartu groups showed clear differences inside
their sequences, mainly in the presence of exclusive SNPs
and InDels. These InDels appeared mainly in the repetitive
domain, whose structure of tandem motifs could generate
duplication or deletion of one or various motifs by slip-
page during replication (Cassidy and Dvorak 1991). These
duplications or deletions may cause repetitive domains to

be generally large, which could be associated with dough
quality as suggested by Masci et al. (1998, 2000). A large
repetitive domain provides a greater number of glutamines
available for inter-molecular interactions through hydro-
gen bonds that could strengthen the gluten network, thus
increasing dough elasticity. Furthermore, SNP variations
could also be a source of functional changes, particularly
those substitutions affecting the structure of LMWGs (Tan-
aka et al. 2005; An et al. 2006). Although the repetitive
domain of all these sequences showed deletions that make
these sequences are smaller than those in common wheat,
in general, all deduced proteins from Group-II genes pos-
sess a longer repetitive domain than for Group-I. Fur-
thermore, several SNPs detected in these T. urartu genes,
mainly the proline and glutamine substitutions, could affect
gluten strength because this alters protein structure and so
affect its elasticity.

Another important feature of LMWGs is the presence of
eight cysteine residues, which are important in forming the
inter- and intra-molecular disulphide bonds that determine
the structure of the gluten polymer (D’Ovidio and Masci
2004). These cysteines were conserved in the 11 LMW-i
genes detected in T. urartu. However, positions around the
cysteine residues are also important in the formation of
disulphide bonds and appear to be highly conserved (Masci
et al. 1998). Substitutions at this level were found in the
present study. Two changes could affect three cysteine resi-
dues in all alleles, while the KJ780781 allele could affect
five of eight cysteine residues. This replacement could
affect protein structure and consequently that of the gluten
network.

Although celiac disease has been mainly associated with
the gliadins, some authors have found reactive epitopes in
the HMWG and LMWG- subunits (van de Wal et al. 1998;
Vader et al. 2002). Two epitopes described by Vader et al.
(2002) were found in the LMW-i genes detected in T. urartu
accessions of the present study. Curiously, due to the InDel
present in the repetitive domain, these proteins showed one
additional motif not present in the LM W-i subunits of com-
mon wheat used as a reference, what means that probably
could be more reactive. This suggests that although the
quality genetic pool of common wheat could be increased
by introgression of these proteins, the new materials have
no advantage in possible use by celiac patients. On the
contrary, some LMW-m subunits detected in wheat do not
present these epitopes (results not shown). Although further
studies should be carried out, this suggests that the LMW-i
subunits could be related to celiac disease of wheat flour
and the LMW-m subunits are not.

In conclusion, T. urartu was shown to be an important
source of novel variation for LMW-i genes. All 11 novel
genes detected were associated with Glu-A3-1 genes and
showed differences from those in common wheat, which
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could lead to functional changes. Therefore, these alleles
might be useful in wheat breeding for quality improve-
ment. Further studies are required to evaluate the effect of
the novel alleles on the quality of modern wheat and their
relationship to celiac disease.
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