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Abstract This paper reports the characterization of the
low-molecular-weight (LMW) glutenin gene family of
Aegilops tauschii (syn. Triticum tauschii), the D-genome
donor of hexaploid wheat. By analysis of bacterial
artificial chromosome (BAC) clones positive for hybrid-
ization with an LMW glutenin probe, seven unique LMW
glutenin genes were identified. These genes were
sequenced, including their untranslated 3′ and 5′ flanking
regions. The deduced amino acid sequences of the genes
revealed four putative active genes and three pseudogenes.
All these genes had a very high level of similarity to LMW
glutenins characterized in hexaploid wheat. The predicted
molecular weights of the mature proteins were between
32.2 kDa and 39.6 kDa, and the predicted isoelectric
points of the proteins were between 7.53 and 8.06. All the
deduced proteins were of the LMW-m type. The organi-
zation of the seven LMW glutenin genes appears to be
interspersed over at least several hundred kilo base pairs,
as indicated by the presence of only one gene or
pseudogene per BAC clone. Southern blot analysis of
genomic DNA of Ae. tauschii and the BAC clones
containing the seven LMW glutenin genes indicated that
the BAC clones contained all LMW glutenin-hybridizing
bands present in the genome. Two-dimensional gel
electrophoresis of an LMW glutenin extract from Ae.
tauschii was conducted and showed the presence of at
least 11 distinct proteins. Further analysis indicated that
some of the observed proteins were modified gliadins.
These results suggest that the actual number of typical
LMW glutenins may in fact be much lower than
previously thought, with a number of modified gliadins
also being present in the polymeric fraction.

Introduction

Wheat quality is largely determined by the seed storage
proteins present in the endosperm of the grain (Shewry
and Halford 2002). These proteins consist of two major
components: the polymeric glutenins and the monomeric
gliadins. The glutenins consist of high-molecular-weight
(HMW) and low-molecular-weight (LMW) subunits held
together by intermolecular disulfide bonds to form the
glutenin polymer. The glutenin polymer interacts with
gliadins largely through noncovalent interactions in the
presence of water to form gluten, which confers unique
visco-elastic properties to wheat flour dough and deter-
mines the quality of end-use products (Lindsay and
Skerritt 1999; Shewry et al. 2001). The role of HMW
glutenins in wheat quality, particularly dough strength, is
well established (Payne et al. 1979; Payne 1987; Shewry
et al. 1992). LMW glutenins also have significant effects
on wheat quality through both additive and epistatic
interactions, particularly with HMW glutenins (Damidaux
et al. 1978; Gupta et al. 1989, 1994; Gupta and
MacRitchie 1994; Nieto-Taladriz et al. 1994; Sontog-
Strohm et al. 1996; Sissons et al. 1998; Luo et al. 2001;
Eagles et al. 2002; Tranquilli et al. 2002). However, the
exact role or contribution of individual LMW glutenin
subunits or their alleles to wheat quality is not fully
understood. This is at least in part because of the
complexity of LMW glutenin gene family.

LMW glutenins are usually subdivided into B, C, and D
groups according to their electrophoretic mobility in SDS-
PAGE and their isoelectric points (pIs) (Jackson et al.
1983, Masci et al. 1993). The LMW glutenins in the B
group (40–50 kDa) are the most basic subunits, while the
C-group subunits (30–40 kDa) have a wide range of pIs. It
has been found by N-terminal amino sequencing that the C
group of LMW glutenins contain up to 95% modified or
mutant gliadins that have become incorporated into the
polymer via disulfide bonding (Tao and Kasarda 1989;
Lew et al. 1992; Masci et al. 2002). The D-group subunits
are modified ω-gliadins (44–74 kDa) with at least one
cysteine residue in their sequences, and they are the most
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acidic of all endosperm proteins (Masci et al. 1991, 1993).
The monomeric gliadins (30–75 kDa) are usually
classified as α/β-, γ-, and ω-type based on their
electrophoretic mobility in PAGE under acidic conditions
and by their N-terminal sequences (Kasarda et al. 1983).

Structurally, LMW glutenin subunits are composed of
unique N- and C-terminal domains with a central repetitive
domain. On the basis of N-terminal amino acid sequences,
they can be divided into LMW-m, LMW-s, and LMW-i
types (Kasarda et al. 1988; Tao and Kasarda 1989; Lew et
al. 1992; Cloutier et al. 2001). The LMW-s type have been
found to be the predominant type by N-terminal sequen-
cing of proteins and belongs to the B group of LMW
glutenins (Lew et al. 1992; Masci et al. 2002). The LMW-
m type is the most predominant type found by gene
sequencing and belong to both the B and C groups of
LMW glutenins. Recently, LMW-i type gene sequences
have been characterized, and these belong to the B group
of LMW glutenins (Cloutier et al. 2001; Ikeda et al. 2002;
Zhang et al. 2004).

LMW glutenins are encoded by genes present at the
Glu-3 loci on the short arms of chromosomes 1A, 1B, and
1D of hexaploid wheat (Singh and Shepherd 1988). They
are present as a multigene family in close association with
the Gli-1 loci, encoding the γ- and ω-gliadins (Meta-
kovsky et al. 1997). The α/β-gliadins are encoded by the
Gli-2 loci on the short arm of group 6 chromosomes. An
estimate of 30–40 LMW glutenin genes has been made for
the hexaploid wheat cvs. Cheyenne and Chinese Spring
based on Southern blot analysis (Cassidy et al. 1998). By
N-terminal sequencing of purified LMW glutenin frac-
tions, 39 different sequences were identified in cv. Yecora
Rojo, out of which 13 were either α- or γ-type gliadins
and the remainder LMW glutenins (Lew et al. 1992). A
number of partial and complete LMW glutenin gene
sequences have been reported from different wheat
cultivars (Bartels and Thompson 1983; Okita et al. 1985;
Pitts et al. 1988; Colot et al. 1989; Cassidy and Dvorak
1991; D’Ovidio et al. 1992, 1995; Van Campenhout et al.
1995; Cassidy et al. 1998; Masci et al. 1998; Lee et al.
1999; Ciaffi et al. 1999; Benmoussa et al. 2000; Cloutier et
al. 2001; Ikeda et al. 2002; Zhang et al. 2004). The
complete characterization and organization of this com-
plex multigene gene family is however still lacking.

Here, we report the characterization of the LMW
glutenin gene family in Aegilops tauschii, the D-genome
progenitor species of hexaploid wheat, using large insert
clones from a bacterial artificial chromosome (BAC)
library (Moullet et al. 1999). We report the isolation and
sequencing of seven different LMW glutenin type
sequences, of which three appeared to represent pseudo-
genes.

Materials and methods

BAC clones

Twenty-four LMW glutenin-positive BAC clones used in
this study were isolated by standard screening procedures
described in Turnbull et al. (2003) from the BAC library of
the Ae. tauschii, accession AUS18913 (Moullet et al.
1999). This library contains 144,000 clones, with an
average insert size of 120 kb. The probe used for BAC
screening was specific for LMW glutenin genes and was
generated by PCR amplification from genomic DNA of
Ae. tauschii (accession CPI110799) using the following
primers: forward, 5′-AGATGCATCCCTGGTTTGGAG-3′
and reverse, 5′-AATGGAAGTCATCACCTCAAG-3′.

These PCR primers were designed in the N-terminal
domain and near the end of the C-terminal domain of an
LMW glutenin gene (LMWG-1D1) from the D genome of
Triticum aestivum (Colot et al. 1989) and amplify a
product of approximately 750 bp.

BAC DNA extraction

Rapid preparation of BAC DNA was done using the
alkaline lysis method (Sambrook et al. 1989) from 5 ml
LB cultures containing 15 μg/ml tetracycline. For BAC
sequencing, high-quality DNA free of contaminating
genomic DNA and nicked or damaged BAC DNA was
extracted using the Qiagen Large-Construct kit from
500 ml LB cultures containing 15 μg/ml tetracycline.

Restriction enzyme analysis of BAC clones

BAC DNA was digested with HindIII or EcoR1 and
analyzed on 0.8% agarose gels, followed by Southern blot
hybridization. Southern blot analyses were carried out
following standard procedures (Sambrook et al. 1989).
The probe was generated by PCR amplification of
genomic DNA of Ae. tauschii, accession AUS 24230
using the following primers: lmwF5, 5′-
CTTGCTAGGTCGCAAATGTG-3′ and lmwR, 5′-
TGCCAACGCCGAATGGCAC-3′.

These primers were designed in the C-terminal domain
of the LMW gene (LMWG-1D1) from the D genome of
hexaploid wheat (Colot et al. 1989) and amplify a 403 bp
fragment. The PCR fragment was purified using a
QIAquick PCR purification kit (Qiagen) and horseradish
peroxide (HRP) labeled, using the North2 South Direct
HRP labeling and detection kit (Pierce). For Southern blot
analysis of Ae. tauschii genomic DNA, the probe was
labeled with 32P, using the Megaprime DNA labeling
system (Amersham).
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Direct sequencing of BAC clones

High-sensitivity cycle sequencing reactions were con-
ducted using 0.5–1.0 μg high-quality BAC DNA and 5–10
pmol of primer in 40 μl reactions with Big Dye chemistry
and run on an ABI 377 DNA sequencer (ABI Systems,
Columbia, Mo., USA).

Primers used for DNA sequencing

The initial four primers used for DNA sequencing were
based on the sequence of an LMW glutenin gene from the
D genome of hexaploid wheat (Colot et al. 1989). Further
primers were designed based on the sequence information
obtained to complete the gene sequences, along with the
flanking 3′ and 5′ untranslated regions. The list of primers
used and their sequences are shown in Table 1.

Nucleotide and amino acid sequence analysis

DNA sequence alignment, translation, identification of
open reading frames, and analysis of protein sequence
were conducted using the Australian National Genomic
Information Service computing facility at the University of
Sydney (http://www.angis.org.au). Expressed sequence tag
(EST) database searches were conducted using The
Institute of Genome Research (TIGR) site (http://www.
tigr.org/tdp/tgi/). Global nucleic acid and protein compar-
isons were done by BLAST (http://www.ncbi.nlm.nih/
gov).

Sample preparation and two-dimensional gel
electrophoresis

The total or polymeric protein extracts from Ae. tauschii,
accession no. AUS18913, were used to rehydrate 11 cm
immobilized pH gradient (IPG) strips (pH range of 3–10,
4–7, or 6–11). For total protein preparation, 10 mg
wholemeal flour was suspended in 800 μl rehydration
buffer (8 M urea, 2% CHAPS, 0.01% bromophenol blue,
and 50 mM DTE). For polymeric protein extraction
(Gupta and MacRitchie 1991), the monomeric gliadins
were first removed by dimethyl sulphoxide extraction at
room temperature for 1 h. The polymeric proteins were
then extracted, using 70% ethanol containing 3% (v/v) β-
mercaptoethanol at 65°C for 1 h. The extracted polymeric
proteins were precipitated by addition of acetone to 80%
(v/v). The resulting pellet was resuspended in rehydration
buffer. Isoelectric focusing was performed, using a
Multiphore II unit (Amersham Pharmacia Biotech,
Sweden) using the step-wise protocol for 40–50 kVh.
For the second dimension, the strips were reduced with
DTE, alkylated with iodoacetamide, and run on 10% SDS-
PAGE gels. Proteins were visualized by staining with
Coomassie Brilliant Blue (G-250) and destained with
distilled water (Neuhoff et al. 1988). The stained gels were
sent to a commercial service provider for N-terminal
sequencing.

Results

Southern blot analysis of BAC clones and Ae. tauschii
genomic DNA

Twenty-four BAC clones positive by hybridization with
the LMW glutenin probe were subjected to fingerprint
analysis based on the pattern of restriction digests obtained
with HindIII or EcoR1. Gels were blotted and hybridiza-
tions performed, using a 403 bp PCR probe derived from
the 3′ end of an LMW glutenin gene from the Glu-D3
locus (Colot et al. 1989). All clones contained one or two
LMW-hybridizing bands and on the basis of the pattern of
the bands observed on gels and Southern blots, the 24
BAC clones were divided into seven groups. One
representative clone (S1–S4, S6, S7, S13) from each of
the seven groups was selected for further analysis.
Southern blot analysis of the HindIII-digested genomic
DNA of Ae. tauschii in parallel with the seven BAC clones
is shown in Fig. 1. All the LMW-hybridizing bands
present in the genomic DNA were represented in the
collection of BAC clones, except for one HMW band,
which is probably due to uncut genomic DNA. Similar
results were obtained using EcoR1 as the restriction
enzyme for Southern blot analysis.

Table 1 List of primers used for sequencing low-molecular-weight
(LMW) glutenin genes in Aegilops tauschii

Name Sequence (5′- 3′)

lmw.colot (forward) AGA TGC ATC CCT GGT TTG GAG
lmw.colot (reverse) AAT GGA AGT CAT CAC CTC AAG
ZLLMW5′ ATG AAG ACC TTC CTC GTC TTT GC
ZLLMW3′ CCT TAT CAG TAG GCA CCA ACT CC
J.LMF1 GCT AAA CCC ATG CAA GGT ATT CC
J. LMF2 CGC TAT GAG GCA ATC CGT GC
J.LMF3 TTG CAG CCA CAC CAG ATA GC
J.LMF4 CTT GAG GTG ATG ACT TCC ATT GC
J.LMF5 AGT TGG TGC CTA CTG ATA AG
J.LMF6 ACA CTA GTT AAC ACC AAT CCA CCA
J.LMR1 TGC CAT GGT CTC TCC AAA CCA G
J.LMR1b ATG GTT TCT CCA AGC CAG GGA
J.LMR2 GAA TAC CTT GCA TGG GTT TAG C
J.LMR3 GCA AAG ACG AGG GTC TTC AT
J.LMR4 AAC ATT TGC GAC CTA GCA AGA CG
J.LMR5 GAT CTT TTC TTA TCA GTA GGC ACC
J.LMR6 GGG TGG GTC ACA CAT GAC ATT G
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LMW glutenin gene sequence analysis

High-quality DNA extracted from the seven representative
BAC clones was used for direct sequencing, using primers
specific for the LMW genes based on the available LMW
gene sequence from the D genome (Colot et al. 1989).

These primers were designed in the conserved region of
the genes. Using these primers, seven LMW glutenin
genes were identified (one per BAC) and designated LMW.
S1–LMW.S4, LMW.S6, LMW.S7, and LMW.S13, respec-
tively. Based on the initial sequence information obtained
for the LMW glutenin genes, internal primers were
designed to complete the sequencing of the seven LMW
glutenin genes. The GenBank accession numbers for these
sequences are as follows: LMW.S1, AY585350; LMW.S2,
AY585349; LMW.S3, AY585351; LMW.S4 5′ end,
AY585353; LMW.S4 3′ end, AY585352; LMW.S6,
AY585354; LMW.S7, AY585355; and LMW.S13,
AY585356.

The pairwise percentage sequence similarity scores
between the genes are shown in Table 2. The similarity
scores were greater than 85% between the paralogous
genes. Based on sequence similarity scores, LMW.S2 and
LMW.S6 genes seemed to be most closely related and were
also most distinct from the other LMW glutenin genes.

DNA sequence alignment of the seven genes and their
untranslated or noncoding 5′ and 3′ flanking regions is
shown in Fig. 2. The total length of the genes sequenced
with their flanking regions was variable: 1,781 bp for
LMW.S1, 1,883 bp for LMW.S2, 1,819 bp for LMW.S3,
1,189 bp at the 5′ end and 1,118 bp at the 3′ end for LMW.
S4 (this gene was interrupted by an insertion, see below),
2,115 bp for LMW.S6, 1,562 bp for LMW.S7, and 1,785 bp
for LMW.S13. In the 5′ noncoding regions of the genes, all
the previously characterized promoter sequence motifs
were identified. The TATA box with sequence motif
TATAAATA is present about 70 bp upstream of the ATG
start codon in all the genes except for LMW.S4. About
300 bp upstream of the translation start site is the
“endosperm box” or “−300 element,” consisting of two
motifs: the endosperm or E motif at the 5′ end and the
GCN4-like or N motif at the 3′ end of the box. The E motif
(TGTAAAGT) is absolutely conserved and is present in all
the genes, except for LMW.S4, for which no sequence
information was available in this region. In contrast, the N
motif is variable at three positions with the consensus
sequence being (T/C)(G/A) A(G/T)TCAT. In the coding
regions of the genes, many single nucleotide polymorph-
isms (SNPs) and insertions/deletions (INDELs) are
evident between the paralagous genes. In the 3′ noncoding
regions of the genes, three polyadenylation signals
(AATAAA) were identified. In LMW.S3, the first poly-
adenylation signal was present as AATATA.

BLAST (National Center for Biotechnology Informa-
tion) and EST database searches (TIGR) were conducted
to establish the relationships of these genes to the LMW
glutenin genes present in the databases. The best matches
obtained for each of the genes are listed in Table 3. LMW.
S4 seemed to be interrupted by a sequence that is 98%
identical to the 3′ untranslated flanking region of the γ-
gliadins in hexaploid wheat (Anderson et al. 2001). The
sequence also had 95% identity to two different noncoding
regions on a BAC clone containing genes related to
disease resistance (Brooks et al. 2002). Based on these
comparisons the insertion was calculated to be 2,170–

Fig. 1 Southern blot analysis of low-molecular-weight (LMW)
glutenin genes in genomic DNA of Aegilops tauschii and seven
LMW glutenin positive bacterial artificial chromosome (BAC)
clones, all from the same accession of Ae. tauschii. The first two
lanes represent two different preparations of genomic DNA. All
DNA was digested with HindIII and analyzed on 0.8% agarose gel.
The 403-bp probe used was based on the sequence of a D-genome
LMW glutenin gene (Colot et al. 1989)
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2,172 bp in length and is 750 bp from the 5′ end of the
gene (Fig. 2). The LMW.S4 gene sequence without the
insertion was used for subsequent BLAST searches.
Overall, these Ae. tauschii LMW glutenin genes have a
high level of sequence identity (up to 99%) to LMW
glutenin genes present in different cultivars of hexaploid
wheat. In particular, these genes had identities ranging
from 94% to 99% to the genes characterized in T. aestivum
cv. Norin 61, including those present at the Glu-D3 locus
(Ikeda et al. 2002). The percentage identities and the
accession numbers of these genes are listed in Table 3. The
genes LMW.S1, LMW.S3, and LMW.S13 had up to 99%
identity to LMW glutenin genes characterized in T.
aestivum cv. Cheyenne (Okita et al. 1985; Anderson et
al. 1997). The genes LMW.S6, LMW.S7, and LMW.S13 had
>98% identity to genes in T. aestivum cv. Chinese Spring
(Colot et al. 1989; Van Campenhout et al. 1995; Xu et al.
2003, unpublished). LMW.S13 also had 99% identity with
an LMW glutenin gene present in T. aestivum cv. Neepawa
(Chardot et al. 2002). The genes LMW.S1, LMW.S2, LMW.
S4, and LMW.S6 showed >90% identity to LMW glutenin
genes from tetraploid wheat, particularly Triticum turgi-
dum subspecies durum cv. Langdon (D’Ovidio et al.
1997).

Deduced amino acid sequence analysis

Deduced amino acid analysis of the seven genes showed
that four genes (LMW.S1, LMW.S6, LMW.S7, and LMW.
S13) have a single open reading frame (ORF), and the
other three genes (LMW.S2, LMW.S3, and LMW.S4) have
internal stop codons, indicating them to be putative
pseudogenes.

Sequence alignment of the predicted amino acid
sequences of the seven genes/pseudogenes was conducted
(Fig. 3). All genes encode a predicted, highly conserved
signal peptide of 20 amino acids and a short N-terminal
region of 13 amino acids. This is followed by a repetitive
domain rich in proline and glutamine residues, with
PPFSQ being the most common repeat. The size of this
domain is variable between the genes, depending upon the
number of the repeats. A polyglutamine stretch of 20
residues was observed in this domain for LMW.S2. Two
hydrophobic repeats (PIIIIL and PVIIIL) similar to those
identified in LMW-GS group 5 by Ikeda et al. (2002) were
also observed in the LMW.S7-predicted protein. The
repetitive domain is followed by the C-terminal domain,

comprising more than half of the protein. This region is
glutamine rich with interspersed proline residues and is
less variable in size than the repetitive domain.

The number and position of the stop codons were found
to be variable in the pseudogenes. LMW.S2 had one stop
codon in the repetitive domain. LMW.S4 had two stop
codons, one in the repetitive domain and the other in the
C-terminal domain. LMW.S3 had three stop codons in the
C-terminal domain. Double stop codons were present at
the end of the coding regions in all the genes, including the
pseudogenes.

All the deduced proteins belong to the LMW m-type
(methionine at position 1 of the putative mature peptide).
Based on their N- and C-terminal sequences, they could be
classified as group 1 (LMW.S6 and LMW.S2), group 5
(LMW.S7), group 7 (LMW.S1), group 8 (LMW.S3), or
group 10 (LMW.S13 and LMW.S4), according to the
nomenclature of Ikeda et al. (2002). In position 2 in the N-
terminal sequence of LMW.S3, glutamine is present instead
of glutamate, the result of single point mutation.

All the deduced LMW glutenin proteins (including
those of the three pseudogenes) showed the presence of
eight conserved cysteine residues. An extra cysteine
residue is present in the deduced protein sequence of the
pseudogene LMW.S3. The positions of the first and the
seventh cysteine residues were found to be variable as
observed previously for other LMW glutenins (Ikeda et al.
2002). In LMW.S1, LMW.S3, LMW.S4 and LMW.S13, the
first cysteine residue is present at position 5 in the N-
terminal domain. In LMW.S7, the first cysteine residue is
present at position 26 (central repetitive domain). In LMW.
S2 and LMW.S6, the first cysteine residue is present at
position 45 (central repetitive domain). The positions of
the other six cysteine residues are conserved, and all are
located in the C-terminal domain of the proteins. In LMW.
S13, the seventh cysteine residue is present nine residues
closer to the N-terminus relative to the other deduced
proteins. Based on the position of the cysteine residues, all
the genes could be classified as type I (LMW.S2 and LMW.
S6), type III (LMW.S7), type IV (LMW.S1, LMW.S4) and
type V (LMW.S13), according to Ikeda et al (2002).

The polypeptide lengths, predicted molecular weights,
and pIs of the four deduced proteins from the genes that
contain a single ORF are as follows: LMW.S1, 284
residues, 32,215 Da, pI 7.53; LMW.S6, 345 residues,
39,660 Da, pI 8.06; LMW.S7, 346 residues, 39,596 Da, pI
7.84; and LMW.S13, 285 residues, 32,509 Da, pI 7.82.

Table 2 The pairwise percen-
tage identity of the coding re-
gion of the seven LMW glutenin
genes characterized from Ae.
tauschii

LMW.S1 LMW.S2 LMW.S3 LMW.S4 LMW.S6 LMW.S7 LMW.S13

LMW.S1 100
LMW.S2 86.60 100
LMW.S3 88.59 86.64 100
LMW.S4 87.67 86.73 94.74 100
LMW.S6 86.16 98.69 86.76 87.07 100
LMW.S7 86.90 85.74 88.14 86.44 84.66 100
LMW.S13 91.23 85.90 88.93 89.43 86.34 86.69 100
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Fig. 2a, b Annotated DNA sequence alignment of seven Ae. tauschii LMW glutenin genes/pseudogenes and their untranslated 5′ and 3′
flanking regions
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Fig. 2a, b (continued)
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Analysis of LMW glutenin proteins expressed in Ae.
tauschii by two-dimensional gel electrophoresis

An initial analysis of total and polymeric proteins
extracted from wholemeal flour of Ae. tauschii, accession
AUS18913 (the same accession as used for BAC library
construction) was done using 11-cm, wide-range, linear

pH 3–10 IPG strips. For further resolution of spots, 11-cm
pH 4–7 and pH 6–11 IPG strips were used. At least 11
distinct spots were observed for LMW glutenins in the
extracted polymeric proteins, and these clustered into two
regions: one in the range of pH 6.5–7.5 and the other in the
range of pH 9–10 (Fig. 4). One spot, marked as 6, was
observed between these two clusters. Of particular interest

Table 3 Database similarity scores of the seven LMW glutenin genes characterized from Ae. tauschii

LMW glutenin Accession
numbersa

Percentage
identity

Cultivar Reference

LMW.S1 M11077 98 Triticum aestivum cv. Cheyenne Okita et al.1985
ABO62872 97 T. aestivum cv Norin 61 Ikeda et al. 2002
U86028 97 T. aestivum cv. Cheyenne Anderson et al. 1997
AJ293099 93 (partial) Triticum turgidum sub species durum cv. Langdon D’Ovidio et al. 2000

(unpublished)
LMW.S2 AB062851 97–99 T. aestivum cv. Norin 61 Ikeda et al. 2002

AF419256 99 T. aestivum cv. PH 82–2-2 Li et al. 2001 (unpublished)
X84961 98 T. aestivum cv. Chinese spring Van Campenhout et al. 1995
AB062852 95–96 T. aestivum cv. Norin 61 Ikeda et al. 2002
Y14104 95–96 T. turgidum subspecies durum cv. Langdon D’Ovidio et al. 1997

LMW.S3 AB062873 97 T. aestivum cv. Norin 61 Ikeda et al. 2002
U86026 97 T. aestivum cv. Cheyenne Anderson et al. 1997
AB062874 97 T. aestivum cv. Norin 61 Ikeda et al. 2002
AJ519836 92 (partial) T. aestivum cv. Neepawa Chardot et al. 2002
AB007763 92 (partial) T. aestivum cv. hard red spring ICW Maruyama et al. 1998

LMW.S4 insertion AF446141 98 Ae. tauschii AUS18913 Brooks et al. 2002
AF234649 98 T. aestivum cv. Cheyenne Anderson et al. 2001
AF446141 96 Ae. tauschii AUS18913 Brooks et al. 2002

LMW.S4 (without
insertion)

AB062873 94 T. aestivum cv. Norin 61 Ikeda et al. 2002
AB062874 94 T. aestivum Norin 61 Ikeda et al. 2002
U86026 94 T. aestivum cv. Cheyenne Anderson et al. 1997
AB007763 93 T. aestivum cv. hard red spring ICW Maruyama et al. 1998
X51759 92 (partial) T. turgidum subspecies durum cv. Langdon Cassidy et al. 1998
AJ519838 92 (partial) T. aestivum cv. Neepawa Chardot et al. 2002
AB062871 92 T. aestivum cv. Norin 61 Ikeda et al. 2002

LMW.S6 AB062851 99 T. aestivum cv. Norin 61 Ikeda et al. 2002
X84961 99 T. aestivum cv. Chinese spring Van Campenhout et al. 1995
AF419256 99 (partial) T. aestivum cv. PH 82-2-2 Li et al. 2001 (unpublished)
X84960 96 T. aestivum cv. Chinese spring Van Campenhout et al. 1995
Y14104 95 (partial) T. turgidum subspecies durum cv. Langdon D’Ovidio et al. 1997
AB062852 96 T. aestivum cv. Norin 61 Ikeda et al. 2002

LMW.S7 AB062867 96–100 (par-
tial)

T. aestivum cv. Norin 61 Ikeda et al. 2002

AB062865 99–100 (par-
tial)

T. aestivum cv. Norin 61 Ikeda et al. 2002

AY214450 98 (partial) T. aestivum cv. Chinese spring Xu et al. 2003 (unpublished)
AB062866 98 (partial) T. aestivum cv. Norin 61 Ikeda et al. 2002
AY214457 99 (partial) T. aestivum/Thinopyrum intermedium alien

addition line cv. TAI-13
Xu et al. 2003 (unpublished)

LMW.S13 AB062875 99 T. aestivum cv. Norin 61 Ikeda et al. 2002
X13306 99 T. aestivum cv. Chinese Spring Colot et al. 1989
AJ519835 99 T. aestivum cv. Neepawa Chardot et al. 2002
U86027 99 T. aestivum cv. Cheyenne Anderson et al. 1997
U86028 98 T. aestivum cv. Cheyenne Anderson et al. 1997

aGenBank
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are the four spots in the pH range 9–10, with two of these
(A and B) having mobilities in the range of 42–44 kDa (B
subunits) and the other two (C and D), with mobilities in
the range of 35–38 kDa (C subunits). Analysis of some
spots by N-terminal sequencing has shown that six spots
(spots 1–6, Fig. 4) have typical α/β-gliadin N-terminal
sequences, and one spot (spot D, Fig. 4) was found to have
a typical γ-gliadin N-terminal sequence (results not
shown).

Discussion

Ae. tauschii is the D-genome (diploid) progenitor of
hexaploid wheat, T. aestivum (Kihara 1944; McFadden
and Sears 1946; Friebe and Gill 1996). The colinearity
between the genome of Ae. tauschii and the D genome of
T. aestivum has also been established (Gill et al. 1991;
Dvorak et al. 1998; von Buren 2001). This study reports
the characterization of the LMW glutenin gene family in

Ae. tauschii and the comparison of these genes with genes
characterized previously in T. aestivum.

By the analysis of BAC clones positive for LMW
glutenin-hybridizing sequences, seven LMW glutenin
genes were identified (one per BAC clone) and sequenced.
These appear to represent all of the genes detected by
Southern blotting in genomic DNA of the same Ae.
tauschii accession as used for BAC library construction.
The presence of two LMW glutenin-hybridizing bands
observed for BAC clones S4 and S13 by Southern blot
analysis using HindIII are due to the presence of an
internal HindIII restriction site in these LMW glutenin
genes.

The similarity between the genes characterized in this
study was greater than 85%. The level of identity of these
genes to those in T. aestivum is very high (up to 100%, for
instance, over a 328-bp region in LMW.S7), confirming the
close relationship of the Ae. tauschii accession used
(AUS18913) to the D-genome of hexaploid wheat. DNA-
sequence alignment of these genes showed the presence of
INDELs and SNPs that may now be targeted for the

Fig. 3 Sequence alignment of deduced precursor proteins of seven
Ae. tauschii LMW glutenin genes and pseudogenes. The positions of
cysteine residues at variable locations are marked as grey arrows,

while the positions of the conserved cysteine residues are marked as
black arrows
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development of gene-specific markers. These gene-spe-
cific markers will be useful for identification of the
corresponding genes in hexaploid wheat and the analysis
of allelic variation at the Glu-D3 locus.

The LMW glutenin genes described here, like all other
prolamin genes analyzed to date, do not contain introns.
LMW.S4, however, contains a 2,170–2,172-bp insertion
with 96–98% sequence identity to the intergenic region
sequenced in the Gli-1 locus in both Ae. tauschii and T.
aestivum (Brooks et al. 2002; Anderson et al. 2001).
Further characterization of this sequence is required to
establish the mechanism of the observed insertion event.

Three of the seven Ae. tauschii LMW glutenin genes
identified contain internal stop codons, indicating them to
be putative pseudogenes. Interestingly, these pseudogenes
also have a high level of sequence identity (up to 99%) to
genes present in T. aestivum, including matches to cDNA/
EST sequences. This indicates that functional orthologous

genes corresponding to these pseudogenes may be present
in hexaploid wheat. The presence of LMW glutenin
pseudogenes has been observed previously (Benmoussa et
al. 2000; Ikeda et al. 2002). Some pseudogenes have also
been reported in other gene families, including the γ-
gliadin (Rafalski 1986), HMW glutenin (Forde et al. 1985)
and α-gliadin (Anderson et al. 1997) gene families. It is
interesting to note that the 5′ noncoding regions of the
pseudogenes and putative active genes are highly
conserved, with the presence of TATA and endosperm
boxes. The N-motif in the endosperm box was, however,
variable between the genes. The 5′ noncoding region of
the pseudogene LMW.S4, was different to the other genes
characterized in this study, including the TATA box. The
sequence 5′ of the TATA box was not obtained for LMW.
S4.

The Ae. tauschii LMW glutenin genes characterized in
this study encode a group of predicted proteins with a

Fig. 4 Two-dimensional gel analysis [isoelectric focusing (IEF) × SDS-PAGE] of polymeric gluten proteins extracted from Ae. tauschi. The
proteins visualized in one dimension are represented in lane one
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typical LMW glutenin structure: a conserved signal
peptide of 20 amino acids, a short N-terminal “unique”
domain of 13 amino acids, a central repetitive domain
comprising a variable number of amino acids, and a
conserved C-terminal domain, which comprises more than
half of the protein. All the proteins were LMW-m type,
having a methionine residue at the N-terminus. Sequence
comparison of the predicted proteins from the genes and
pseudogenes showed the presence of eight conserved
cysteine residues, which is characteristic of LMW
glutenins (Ikeda et al. 2002). The number and position
of cysteine residues in glutenins is critical in determining
the structure of the proteins, their intermolecular disulfide
bonding, and ultimately, the size and functionality of the
glutenin polymer (Shewry and Tatham 1997). It has been
proposed that the first and seventh cysteine residues
present in LMW glutenins are likely to participate in
intermolecular disulfide bond formation, while the remain-
ing six cysteine residues are involved in intramolecular
disulphide bond formation (Lew et al. 1992; Shewry and
Tatham 1997; Müller et al. 1998; D’Ovidio et al. 1999;
Masci et al. 1998).

Regarding organization of the Glu-D3 locus, it appears
that in Ae. tauschii the LMW glutenin genes are
interspersed over a distance of at least several hundred
kilobase pairs, as all seven genes are located on different
BAC clones. Similar results have been reported recently in
Triticum monococcum (Wicker et al. 2003), where two
LMW glutenin genes were separated by more than 150 kb,
with a third gene less than 100 kb from these genes.

On the distal end of the chromosome 1DS of Ae.
tauschii, 17 restriction fragment length polymorphism
(RFLP) markers have been mapped (Spielmeyer et al.
2000). An analysis of 106 kb of contiguous DNA
sequence in this region has revealed a high gene density
(one gene per 8.9 kb on average, Brooks et al. 2002). The
genes in cereal genomes are mostly found in gene-rich
regions or “gene islands” (Gill et al. 1993; 1996;
DeScenzo and Wise 1996; Büschges et al. 1997; Keller
and Feuillet 2000). Two major gene-rich regions have
been identified on the short arm of homeologous group 1
chromosomes (Gill et al. 1996), and by comparative
mapping, 75 genes and 93 RFLP markers have been
identified in this region (Sandhu et al. 2001). Complete
DNA sequence analysis of the Ae. tauschii LMW glutenin
locus is required to determine the actual gene density in
this region.

Southern blot analysis of genomic DNA of Ae. tauschii
in comparison with the seven LMW glutenin positive
BAC clones demonstrated that these appear to contain all
hybridizing bands observed in the corresponding genomic
DNA. To establish the corelation of the complexity of the
gene family characterized in this study with the expressed
LMW glutenin subunits present in Ae. tauschii, an analysis
of polymeric proteins extracted from wholemeal flour of
the same accession of Ae. tauschii as used for BAC library
construction was performed. Two genes (LMW.S6 and
LMW.S7), encode predicted LMW glutenins with molec-
ular weights of 39,660 and 39,595 Da, and are thus

classified as B-group subunits, and two (LMW.S1 and
LMW.S13) with molecular weights of 32,215 and
32,509 Da, corresponding to C-group subunits. In one-
dimensional SDS-PAGE of the polymeric protein extract,
two bands of B-group subunits and at least six bands of C-
group subunits were observed. The LMW glutenins in the
B group are normally considered as “typical” LMW
glutenins. The calculated molecular weight and pI of the
deduced proteins was lower than that of the spots A–D that
were observed by electrophoresis. Higher estimated mo-
lecular weight by SDS-PAGE analysis and higher
observed pIs compared with the calculated values from
the amino acid sequence have been observed previously
for LMW glutenins (Zhang et al. 2004; M.C. Gianibelli,
personal communication). By N-terminal amino acid
analyses, most of the C-group LMW glutenins have
been found to be modified or mutant gliadins (Masci et al.
2002). It has been proposed that these gliadins become
incorporated into the polymeric glutenin fraction due to an
altered number of cysteine residues and the subsequent
formation of intermolecular disulfide bonds (Masci et al.
2002). The number of protein spots observed by two-
dimensional (2-D) gel electrophoresis analysis of poly-
meric proteins extracted from Ae. tauschii in the current
study was approximately 11. Six of these spots were
subsequently found by N-terminal sequence analysis to be
α/β-gliadins and one spot to be a γ-gliadin. The presence
of these modified gliadins in the polymeric protein extract
of Ae. tauschii is consistent with the unexpected complex-
ity of the observed protein species in the 2-D gels relative
to gene family complexity. It is not known at this time if
any of the observed complexity of protein species is due to
posttranslational modification of the gluten proteins.

In summary, this study provides a model for under-
standing the sequence variation, complexity, and organi-
zation of the LMW glutenin gene family in wheat and has
provided information that is currently being used to
develop markers for specific Glu-D3 alleles in hexaploid
wheat.
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