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Abstract Considerable progress has been made in un-
derstanding the structure, function and genetic regulation
of high-molecular-weight (HMW) glutenin subunits in
hexaploid wheat. In contrast, less is known about these
types of proteins in wheat related species. In this paper,
we report the analysis of HMW glutenin subunits and
their coding sequences in two diploid Aegilops species,
Aegilops umbellulata (UU) and Aegilops caudata (CC).
SDS-PAGE analysis demonstrated that, for each of the
four Ae. umbellulata accessions, there were two HMW
glutenin subunits (designated here as 1Ux and 1Uy) with
electrophoretic mobilities comparable to those of the x-
and y-type subunits encoded by the Glu-D1 locus,
respectively. In our previous study involving multiple
accessions of Ae. caudata, two HMW glutenin subunits
(designated as 1Cx and 1Cy) with electrophoretic mobil-
ities similar to those of the subunits controlled by the Glu-
D1 locus were also detected. These results indicate that
the U genome of Ae. umbellulata and the C genome of Ae.
caudata encode HMW glutenin subunits that may be
structurally similar to those specified by the D genome.
The complete open reading frames (ORFs) coding for x-
and y-type HMW glutenin subunits in the two diploid
species were cloned and sequenced. Analysis of deduced
amino acid sequences revealed that the primary structures
of the x- and y-type HMW glutenin subunits of the two
Aegilops species were similar to those of previously
published HMW glutenin subunits. Bacterial expression
of modified ORFs, in which the coding sequence for the
signal peptide was removed, gave rise to proteins with

electrophoretic mobilities identical to those of HMW
glutenin subunits extracted from seeds, indicating that
upon seed maturation the signal peptide is removed from
the HMW glutenin subunit in the two species. Phyloge-
netic analysis showed that 1Ux and 1Cx subunits were
most closely related to the 1Dx type subunit encoded by
the Glu-D1 locus. The 1Uy subunit possessed a higher
level of homology to the 1Dy-type subunit compared with
the 1Cy subunit. In conclusion, our study suggests that the
Glu-U1 locus of Ae. umbellulata and the Glu-C1 locus of
Ae. caudata specify the expression of HMW glutenin
subunits in a manner similar to the Glu-D1 locus.
Consequently, HMW glutenin subunits from the two
diploid species may have potential value in improving the
processing properties of hexaploid wheat varieties.

Keywords HMW glutenin subunit · Aegilops ·
Aegilops umbellulata · Aegilops caudata

Introduction

HMW glutenin subunits are conserved storage proteins
that are synthesized in the seeds of wheat and related
species (Lawrence and Shepherd 1981; Shewry et al.
1995). In hexaploid wheat, HMW glutenin subunits are
encoded by the x- and y-type genes in the Glu-A1, Glu-B1
and Glu-D1 loci located on the homoeologous group-1
chromosomes (Lawrence and Shepherd 1981; Payne
1987). Due to gene silencing and allelic variation, the
composition of HMW glutenin subunits usually differs
among hexaploid wheat varieties (Payne et al. 1981;
Payne and Lawrence 1983). As seed storage proteins, the
biological function of HMW glutenin subunits is to
provide carbon, nitrogen and energy sources for seed
germination and seedling growth. However, since the
discovery that the composition of HMW glutenin subunits
affects the baking properties of bread wheat varieties,
considerable efforts have been devoted in understanding
genetic regulation, structure and function relationships,
and the potential of these proteins in improving the
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processing properties of wheat varieties (Payne et al.
1981; Shewry et al. 1995). To date, genes coding for more
than ten HMW glutenin subunits from wheat have been
cloned and characterized (Forde et al. 1985; Sugiyama et
al. 1985; Thompson et al. 1985; Halford et al. 1987;
Anderson and Greene 1989; Anderson et al. 1989;
Halford et al. 1992a; Reddy and Appels 1993; Wan et
al. 2002). Amino acid sequence comparisons suggest that
different HMW glutenin subunits share a similar primary
structure composed of a signal peptide (which is removed
from the mature protein upon seed maturation), a N-
terminal region, a central repetitive domain and a C-
terminal region (Shewry et al. 1995). Within the N- and
C-terminal regions, there exist cysteine residues that are
highly conserved in both numbers and positions (Shewry
et al. 1995). The repetitive domain consisted of short
repeated peptide motifs. The size of the repetitive domain
usually differs among different subunits, which is caused
mainly by changes in the number of repeated peptide
motifs (Shewry et al. 1995). A few HMW glutenin
subunits (such as 1Ax1 and 1Dx5) have been found to
confer good processing properties to hexaploid wheat
varieties in conventional breeding programs (Payne
1987). The application of the coding sequences of these
subunits in improving grain quality through crop genetic
transformation is therefore being actively pursued (Alt-
peter et al. 1996; Blechl and Anderson 1996; Barro et al.
1997).

In contrast to above progress, our knowledge on
orthologous subunits in wheat related species is still
limited. In barley, the D-hordeins, which are encoded by
the locus Hor3 on chromosome 5, have been postulated to
be structurally related to HMW glutenin subunits from
wheat (Halford et al. 1992b). In rye, the Glu-R1 locus has
recently been shown to resemble the Glu-1 locus in
specifying one x- and one y-type HMW glutenin subunit
during seed development (De Bustos et al. 2001). In
Elytrigia elongata and Dasypyrum villosum, HMW
glutenin subunits are found to be encoded by genes
located on chromosome 1E and 1V, respectively (Law-
rence and Shepherd 1981; Dvor�k et al. 1986; Montebove
et al. 1987; De Pace et al. 1988; Blanco et al. 1991; Zhong
and Qualset 1993). In the Aegilops genus, SDS-PAGE
studies reveal that many species encode HMW glutenin
subunits and that the expression of these subunits may be
controlled by chromosomal loci similar to Glu-1 (Law-
rence and Shepherd 1981; Fern�ndez-Calv�n and Orellana
1990; Pe�a et al. 1991; Urbano et al. 1993; William et al.
1993; Mackie et al. 1996a; Wan et al. 2000; Xie et al.
2001; Pfl�ger et al. 2001). The coding sequences for
several Aegilops HMW glutenin subunits have also been
isolated and characterized (Mackie et al. 1996b; Xie et al.
2001; Wan et al. 2002). The results show that the primary
structure of Aegilops HMW glutenin subunits is similar to
the one shared by wheat subunits, but can possess novel
modifications that are not found in the wheat subunits.
For example, compared to the y-type subunits from
wheat, the 1Dy subunit from Aegilops cylindrica pos-
sesses an extra cysteine residue towards the end of its

repetitive domain (Wan et al. 2002). Because it has been
shown that the 1Dx5 subunit with an additional cysteine
residue in its structure exerts a positive influence on
dough properties (Lafiandra et al. 1993; Gupta and
MacRitchie 1994), structure variants of HMW subunits
from Aegilops species (like the 1Dy subunit from Ae.
cylindrica) may represent novel forms of functional
proteins that have potential value in improving the
processing properties of wheat. Therefore, studies of
HMW glutenin subunits in Aegilops species are important
for not only achieving a better understanding of the
structure, function and evolution of these proteins across
the species in Triticeae but also identifying additional
genetic resources that may be useful in wheat grain
quality improvement.

Aegilops umbellulata (2n = 2x = 14, UU) and Aegilops
caudata (2n = 2x = 14, CC) are two diploid species whose
genomes are involved in the formation of many polyploid
Aegilops species (Miller 1987; Friebe et al. 1992; Friebe
et al. 1995; Zhang et al. 1998). Past studies have shown
that the 1U chromosome of Ae. umbellulata containing
genes encoding HMW glutenin subunits with a compo-
sition similar to that controlled by the Glu-D1 locus
(Brown et al. 1979; Lawrence and Shepherd 1981; Payne
et al. 1983). In our investigations, the C genome of Ae.
caudata has also been found to code for a x- and a y-type
subunit displaying electrophoretic mobilities comparable
to those of the 1Dx and 1Dy subunits of hexaploid wheat
(Wan et al. 2000). In the work reported in this paper, we
cloned and sequenced the open reading frames (ORFs)
encoding complete sets of HMW glutenin subunits from
both species. These results have, for the first time,
enabled us to compare the primary structure of HMW
glutenin subunits from the two species with that of
previously published subunits at the molecular level.

Materials and methods

Plant materials

Four accessions of Ae. umbellulata (IG46953, Y39, Y137, and
Y139) and one accession of Ae. caudata (Y588) were used in this
study. IG46953 was obtained from ICARDA (The International
Center for Agricultural Research in the Dry Areas). The remaining
four accessions were obtained from the Institute of Crop
Germplasm Resources (ICGR) of the Chinese Academy of
Agricultural Sciences. HMW glutenin subunits from hexaploid
wheat varieties, Chinese Spring (1Bx7 + 1By8, 1Dx2 + 1Dy12) and
MG7249 (1Ax2*, 1Bx7 + 1By8, 1Dx2.2 + 1Dy12), were used as
standards for assessing the electrophoretic mobilities of the HMW
glutenin subunits of Ae. umbellulata and Ae. caudata in SDS-
PAGE analysis.

SDS-PAGE and Western-blot analysis

Seed proteins were prepared for SDS-PAGE and Western-blot
analysis as described previously (Wan et al. 2000). For studying the
composition of HMW glutenin subunits in each accession, at least
five individual seeds were examined. In Western-blot experiments,
the primary antibody was either a polyclonal antibody recognizing
all types of wheat HMW glutenin subunits (Wan et al. 2000) or the
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monoclonal antibody IFRN 1602 that is specific for the 1Ax- and
1Dx-type HMW glutenin subunits (Fido et al. 1995). The results of
SDS-PAGE and Western-blot experiments were recorded using a
digital camera (Coolpix 990, Nikon).

Cloning and sequencing of HMW glutenin gene ORFs

The seedlings of the accessions IG46953 and Y588 were grown in
darkness for 5 to 7 days at 24 �C. Genomic DNA was prepared
from the etiolated seedlings using a previously published procedure
(Guidet et al. 1991). For amplifying the complete ORFs of HMW
glutenin genes of Ae. umbellulata and Ae. caudata in genomic PCR
reactions, a pair of degenerate primers was designed according to
published DNA sequences of HMW glutenin subunits. The
sequences of the two primers are P1 (5'-ATGGCTAAGCGGC/
TTA/GGTCCTCTTTG-3'), and P2 (5'-CTATCACTGGCTG/AGC-
CGAC-AATGCG-3').

Primer P1 contains the start codon of the HMW ORF whereas
primer P2 possesses the two tandem stop codons that are conserved
in the HMW glutenin ORFs characterized so far. Genomic PCR
reactions were carried out using the Ex Taq polymerase (TaKaRa
Biotechnology Co., Ltd). The parameters for the reaction were one
cycle at 94 �C for 5 min, followed by 35 cycles of 94 �C for 1 min
and 68 �C for 3 min, and a final extension step at 68 �C for 7 min.
PCR products were separated in 0.8% agarose gels. DNA fragments
of expected sizes were recovered from agarose gels, and were
subsequently cloned into the pGEM-T Easy vector (Promega). By
restriction enzyme digestion mapping and partial DNA sequencing,
the inserts in four positive clones, p1Ux-3.0, p1Uy-1.9, p1Cx-2.5 or
p1Cy-1.9, were deduced to represent the ORF for the x- and y-type
HMW glutenin subunits of Ae. umbellulata and Ae. caudata,
respectively. To determine the complete DNA sequences of
selected inserts, series of subclones were prepared for each insert
using the nested deletion method (Sambrook et al. 1989). The
inserts in the resultant subclones were sequenced by a commercial
company (TaKaRa). For each insert, the full-length nucleotide
sequence was assembled from sequence data generated from six to
eight subclones.

Bacterial expression of cloned ORFs

For bacterial expression of the mature proteins of HMW glutenin
subunits from Ae. umbellulata and Ae. caudata, four sets of PCR
primers (Table 1) were designed for (1) amplifying mutant ORFs
from which the sequences coding for signal peptides were removed,
and (2) introducing appropriate restriction enzyme sites for the
mutant ORFs to facilitate subsequent cloning experiments (Table 1).
PCR conditions for amplifying mutant ORFs were identical to those
described above except that the template was plasmid DNA
purified from the clone p1Ux-3.0, p1Uy-1.9, p1Cx-2.5 or p1Cy-1.9.
After cloning the mutant ORFs into the expression vector pET-30a
(Invitrogen), four constructs, pET-1Ux, pET-1Uy, pET-1Cx and
pET-1Cy, were selected for expressing the mature proteins of the
1Ux, 1Uy, 1Cx and 1Cy subunits, respectively, in bacterial cells.

The conditions for inducing bacterial expression of pET constructs
were the same as those detailed by Wan et al. (2002). For SDS-
PAGE analysis, protein extracts were prepared by either directly
dissolving cells in SDS-PAGE sample buffer (Wan et al. 2000), or
treating cells with a method that was designed to preferentially
extract HMW glutenin subunits from complex protein mixtures
(Mackie et al. 1996b). To confirm the identity of the bacterially
expressed proteins directed by pET-1Ux, pET-1Uy, pET-1Cx and
pET-1Cy constructs, Western-blot experiments using the polyclo-
nal antibody specific for HMW glutenin subunits were conducted
as described in the above section.

Amino-acid sequence comparisons
and phylogenetic analysis

The HMW glutenin ORFs were translated into amino acid
sequences using the ORF Finder program (http://www.ncbi.nlm.-
nih.gov/gorf/gorf.html). The deduced amino acid sequences were
compared to those of the representatives of published HMW
glutenin subunits with the aid of the Clustal W program (Thompson
et al. 1994). For studying evolutionary distances and constructing
phylogenetic trees, the MEGA program (Version 2, http://
www.oup-usa.org/sc/0195135857, Nei and Kumar 2000) was
followed. During the analysis, the complete deletion option was
adopted with respect to gaps in the aligned sequences, and the
evolutionary distances were measured by calculating PC distances
for each pair of aligned sequences. The bootstrap values in the
phylogenetic tree were estimated based on 500 replications.

Results

HMW glutenin subunits of Ae. umbellulata

In SDS-PAGE analysis of seed protein extracts, two
protein bands (Fig. 1A, marked with short and long
arrows, respectively) with electrophoretic mobilities
comparable to those of hexaploid wheat HMW glutenin
subunits (Fig. 1A, lanes 1 and 2) were found for each of
the four Ae. umbellulata accessions. In Western-blot
experiments, the bands indicated by the arrows (Fig. 1A)
reacted strongly with a polyclonal antibody specific for
HMW glutenin subunits (Fig. 1B), indicating that they
were likely to represent HMW glutenin subunits encoded
by the U genome of Ae. umbellulata. In further Western-
blot experiments using the monoclonal antibody
IFRN1602, the subunits indicated by the short arrows
(Fig. 1A, C), but not the ones by the long arrows (Fig. 1A),
showed positive signals (Fig. 1C), suggesting that the
reactive proteins were the x-type subunits (designated

Table 1 Sets of PCR primers used in bacterial expression experiments

Set Sequencea Restriction sites introduced Mutant ORF amplified

1 5'-ACCCATATGGAAGGTGAGGCCTCTG-3' NdeI 1Ux
5'-CTAGAATTCCTATCACTGGCTGGCC-3' EcoRI

2 5'-ACCCATATGAAAGGTGAGGCCTCTA-3' NdeI 1Uy
5'-CTAGAATTCCTATCACTGGCTGGCC-3' EcoRI

3 5'-ACCCATATGGAAGGTGAGGCCTCTG-3' NdeI 1Cx
5'-TTCGAATTCCTATCACTGGCTGGCC-3' EcoRI

4 5'-ACCCATATGGAAGGTGAGGCCTCTA-3' NdeI 1Cy
5'-TTCGAATTCCTATCACTGGCTAGCC-3' EcoRI

aThe italicized nucleotides constitute the restriction sites listed in the third column of the table
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hereafter as 1Ux) whereas the non-reactive proteins were
the y-type subunits (designated hereafter as 1Uy). The
electrophoretic mobilities of the 1Ux subunits were
generally similar to that displayed by the 1Dx2.2 subunit,
whereas the electrophoretic mobilities of the 1Uy subunits
from most accessions were similar to that of the 1Dy12
subunit (Fig. 1A), except for the y-type subunit of the
accession IG46953, whose electrophoretic mobility was
close to that of 1By8 (Fig. 1A, lane 3).

Analysis of HMW glutenin gene ORFs
and derived amino acid sequences

In genomic PCR experiments using the primers P1 and
P2, two DNA fragments were amplified for both Ae.
umbellulata (accession IG46953, Fig. 2A) and Ae.
caudata (accession Y588, Fig. 2B). After cloning the
four fragments into the plasmid vector pGEM-T Easy,
four types of clones, with insert sizes ranging from
approximately 1.9 to 3.0 kb, were obtained. The inserts in
four plasmid clones, p1Ux-3.0, p1Uy-1.9, p1Cx-2.5 and
p1Cy-1.9, were selected to represent the complete ORF of
the 1Ux, 1Uy, 1Cx and 1Cy subunits, respectively. Using
subclones prepared by nested deletion, the 1Ux, 1Uy, 1Cx
and 1Cy ORFs were completely sequenced. Analysis of
amino acid sequences derived from the cloned ORFs
showed that HMW glutenin subunits from Ae. umbellu-
lata and Ae. caudata possessed a primary structure that
was identical to the one shared by published HMW
glutenin subunits (Fig. 3A, B). In each case, a conserved
structure consisting of a signal peptide, a N-terminal
region, a central repetitive domain and a C-terminal
region was observed (Fig. 3A, B). Some properties of the
1Ux, 1Uy, 1Cx and 1Cy subunits, in comparison to those
of the representatives of published HMW glutenin
subunits, were summarized in Table 2. Except for the
extra cysteine residues in the 1Dx5 and 1Ry subunits
(underlined, single cysteine residues, Fig. 3A, B) and the
substitution of the cysteine residue with a phenylalanine
residue in the repetitive domain of the 1Ay subunit
(Fig. 3B), the numbers and positions of other cysteine

Fig. 2A, B Amplification of complete ORFs coding for HMW
glutenin subunits of Ae. umbellulata accession IG46953 (A, lane 1)
and Ae. caudata accession Y588 (B, lane 1) in genomic PCR
experiments. The size of DNA markers (kb, lane M) is indicated on
the left side of the figure

Fig. 1A–C SDS-PAGE (A) and Western-blot (B, C) analysis of
HMW glutenin subunits of Ae. umbellulata. Lanes 1 and 2 are
HMW glutenin subunits from hexaploid wheat varieties Chinese
Spring and MG7249, respectively. Lanes 3 to 6 are HMW glutenin
subunits of four Ae. umbellulata accessions IG46953, Y39, Y137
and Y139, respectively. 1Dx2 and 1Dy12 are subunits encoded by
the Glu-D1 locus of Chinese Spring, 1Dx2.2 and 1Dy12 are
encoded by an orthologous locus in MG7249. In A, two putative
HMW subunits of different electrophoretic mobilities (indicated by
short and long arrows, respectively) are detected for each of the
four Ae. umbellulata accessions. In B, the two types of HMW
subunits from Ae. umbellulata accessions (lanes 3 to 6) react
strongly to a polyclonal antibody specific for known HMW
glutenin subunits (lanes 1 and 2). In C, HMW glutenin subunits
from Ae. umbellulata accessions show differential reactions to the
monoclonal antibody IFRN 1602. The subunits with a slower
electrophoretic mobility (indicated by short arrows), but not the
ones with a faster electrophoretic mobility (indicated by long
arrows in A), exhibit positive signals. In the same experiment, the
1Dx and 1Ax subunits of hexaploid wheat (lanes 1 and 2) are
specifically recognized by IFRN 1602
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Fig. 3A, B Comparison of the primary structure of 1Cx and 1Ux to
that of published x-type HMW glutenin subunits (A) and the
primary structure of 1Cy and 1Uy to that of published y-type HMW
glutenin subunits (B). For reason of space, the amino acid
sequences of 1Ax1, 1Ay (T. timopheevi), 1Bx7, 1By9, 1Dx5,
1Dy10, 1Rx and 1Ry are used as representative of published HMW
glutenin subunits. The region for the signal peptide is underlined.
The N- and C-terminal regions are boxed. The repetitive domain is
situated between the boxed N- and C-terminal regions. Arrowheads

indicate cysteine residues conserved in x- or y-type subunits. The
underlined, single letters represent the extra cysteine residues in the
1Dx5 and 1Ry subunits, respectively. Tandem duplications of the
tripeptide GQQ in the 1Cx subunit are also boxed. The extra portion
of the amino acid sequence in the repetitive domain of the 1Ux
subunit is italicized. EMBL accession numbers for 1Ax1, 1Ay (T.
timopheevi), 1Bx7, 1By9, 1Dx5, 1Dy10, 1Rx and 1Ry are X61009,
AJ306977, X13927, X61026, X12928, X12929, AF216868 and
AF216869, respectively
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residues in the x- and y- type subunits compared showed
strong type-specific conservation (Fig. 3A, B, Table 2).

From Fig. 3A, B and Table 2, it was also clear that
HMW glutenin subunits from Ae. umbellulata and Ae.
caudata possessed novel modifications in their amino
acid sequences. The 1Ux, 1Uy, 1Cx and 1Cy subunits
differed from each other and from the representatives of
published HMW glutenin subunits by substitutions,
insertions and/or deletions involving single or more
amino acid residues (Fig. 3A, B). For example, the size
of the repetitive domain of the 1Ux subunit was
substantially larger than that found for previously report-
ed subunits. This was reflected by a rise in the number of
repeated peptide motifs forming the central domain
(Fig. 3A, the extra portion of the sequence in the
repetitive domain of 1Ux is italicized) and an increase

in the size of the central domain of the subunit (Table 2).
In the repetitive domain of the 1Cx subunit there were
tandem duplications of the tripeptide GQQ (boxed
sequences, Fig. 3A). These duplications were located in
a region composed of regular arrangements of hexapep-
tides (SGQGQQ, PAQGQQ) and tripeptides (GQQ).

Expression of the HMW glutenin gene ORFs
of Ae. umbellulata and Ae. caudata in bacterial cells

For bacterial expression, the nucleotide sequence coding
for the signal peptide was removed from the cloned ORF
by PCR mutagenesis. After cloning the modified ORFs
into the pET-30a vector, four expression constructs, pET-
1Ux, pET-1Uy, pET-1Cx and pET-1Cy, were chosen for

Fig. 3B
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expressing the mature proteins of the 1Ux, 1Uy, 1Cx and
1Cy subunits, respectively, in bacterial cells. In SDS-
PAGE analysis of protein extracts prepared from induced
bacterial cultures, the electrophoretic mobility of the two

proteins directed by pET-1Ux and pET-1Uy (Fig. 4A,
lanes 2 and 4) was similar to that of the 1Ux and 1Uy
subunits extracted from seeds (Fig. 4A, lane 3), respec-
tively. In a similar analysis, the electrophoretic mobility

Table 2 A summary of some of the properties of the primary structure of the 1Ux, 1Uy, 1Cx and 1Cy subunits in comparison with those of
the representatives of published HMW glutenin subunits

Subunits N-terminus C-terminus Repetitive domain Total

Sizea Cysteine residues Sizea Cysteine residues Sizea Cysteine residues Sizea Cysteine residues

1Ux 86 3 42 1 843 0 971 4
1Cx 86 3 42 1 646 0 774 4
1Ax1 86 3 42 1 681 0 809 4
1Bx7 80 3 42 1 648 0 770 4
1Dx5 89 3 42 1 696 1 827 5
1Rx 86 3 42 1 617 0 745 4
1Uy 104 5 42 1 488 1 634 7
1Cy 104 5 42 1 464 1 610 7
1Ay 104 5 42 1 420 0 566 6
1By9 104 5 42 1 538 1 684 7
1Dy10 104 5 42 1 481 1 627 7
1Ry 104 5 42 2 546 1 692 8

aRepresented by the number of amino acid residues

Fig. 4A, B Expression of the modified ORFs of 1Ux, 1Uy, 1Cx
and 1Cy genes in bacterial cells and SDS-PAGE analysis of
expressed products. The modified ORFs are prepared by removing
the coding sequence for the signal peptide from each of the four
complete ORFs via PCR mutagenesis. In A, protein extracts are
prepared by the method that results in preferential extraction of
HMW glutenin subunits from complex protein mixtures (Mackie et
al. 1996b). IPTG induction of the bacterial culture harboring pET-
1Ux (lane 2) or pET-1Uy (lane 4) leads to the synthesis of 1Ux
(indicated by the short arrow in lane 2) or 1Uy (marked by the long
arrow in lane 4) subunit with an electrophoretic mobility identical
to that of the x- or y-type subunit originated from seed (lane 3). In

the absence of IPTG induction, no HMW glutenin subunit is
produced in the culture harboring either pET-1Ux (lane 1) or pET-
1Uy (lane 5). In B, protein extracts are prepared by dissolving cells
directly in SDS-PAGE sample buffer. IPTG induction of the
bacterial culture harboring pET-1Cx (lane 1) or pET-1Cy (lane 4)
gives rise to the production of 1Cx (indicated by the short arrow in
lane 1) or 1Cy (marked by the long arrow lane 4) subunit with an
electrophoretic mobility identical to that of the x- or y-type subunit
derived from seed (lane 5). The lack of IPTG induction abrogates
the synthesis of HMW glutenin subunit in the culture harboring
either pET-1Cx (lane 2) or pET-1Cy (lane 3)
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of the two proteins directed by pET-1Cx and pET-1Cy
(Fig. 4B, lanes 1 and 4) was found to correspond to that of
the 1Cx and 1Cy subunits extracted from seeds (Fig. 4B,
lane 5), respectively. The identity of the four bacterially
expressed subunits was confirmed by Western-blot
experiments. In these assays, all four bacterially ex-
pressed subunits exhibited strong reactions to the poly-
clonal antibody that was specific for HMW glutenin
subunits (data not shown).

Evolutionary relationship studies

To investigate evolutionary relationships among the
subunits characterized in this study and the representa-
tives of published HMW glutenin subunits, evolutionary
distances were calculated for each pair of subunits based
on either N- or C-terminal amino acid sequences. In both
types of calculations, the distance values for the 1Ux and
1Dx5 pair, the 1Cx and 1Dx5 pair, and the 1Uy and
1Dy10 pair were among the smallest (data not shown). In
the phylogenetic tree constructed based on N-terminal
amino acid sequences, the 1Ux, 1Cx and 1Dx5 subunits
were clustered together with high bootstrap values
(Fig. 5A). In contrast, the 1Uy, 1Cy and 1Dy10 subunits
did not form a clade of their own (Fig. 5A). Instead, the
1Uy and 1Dy10 subunits constituted an interior branch
that was parallel with that of the 1Ay, 1Cy and 1Ry
subunits (Fig. 5A). In the phylogenetic tree derived from
the C-terminal amino acid sequences, a similar pattern of
clustering was found (Fig. 5B), except that the bootstrap
value for the 1Uy and 1Dy10 branch was much higher
than the corresponding value in the tree based on N-
terminal amino acid sequences (Fig. 5A).

Discussion

In the work reported in this paper we studied HMW
glutenin subunits and their coding sequences in two
diploid Aegilops species, Ae. umbellulata and Ae. cauda-

ta. SDS-PAGE and Western-blot analysis of seed proteins
prepared from multiple accessions demonstrated that the
U genome of Ae. umbellulata was likely to encode one x-
and one y-type HMW glutenin subunit. Further experi-
ments on cloning, sequencing and in vitro expression of
two different types of HMW glutenin gene ORFs from
Ae. umbellulata confirmed that there existed two types of
HMW glutenin genes in the U genome of this species.
Our results, together with previous finding on the location
of HMW glutenin genes on the 1U chromosome of Ae.
umbellulata (Brown et al. 1979; Lawrence and Shepherd
1981), suggest that there is a genetic locus on the 1U
chromosome (designated here as Glu-U1) that contains x-
and y-type HMW glutenin genes. Both types of genes are
actively expressed, leading to the synthesis of the 1Ux
and 1Uy subunits in the seeds of the Ae. umbellulata
accessions analyzed in this study.

The C genome of Ae. caudata has been found to
encode one x- and one y- type HMW glutenin subunit in a
previous investigation (Wan et al. 2000). In the current
study, the results on cloning, sequencing and in vitro
expression of two different types of HMW glutenin gene
ORFs from Ae. caudata suggest that the C genome of this
species contain two types of HMW glutenin genes, which
specify the synthesis of the 1Cx and 1Cy subunits in the
seeds, respectively. The data from our experiments also
imply that there may be a chromosomal locus in the C
genome (designated as Glu-C1) that functions in a manner
similar to the Glu-1 locus in other related species. But the
chromosomal location of the putative Glu-C1 locus is
unclear at present. Chromosome addition lines of Ae.
caudata having the background of the wheat variety
Chinese Spring have been prepared (Friebe et al. 1992).
These lines will be useful in further investigations on
chromosomal location of the Glu-C1 locus of the C
genome.

Amino acid sequence comparisons showed that the
primary structure of 1Ux, 1Uy, 1Cx and 1Cy was similar
to that of previously published HMW glutenin subunits.
In each of the four subunits, the typical HMW glutenin
subunit structure composed of a signal peptide, a N-

Fig. 5A, B Analysis of evolu-
tionary relationships among
1Ux, 1Uy, 1Cx, 1Cy and pub-
lished HMW glutenin subunits.
The phylogenetic trees in A and
B are constructed based on N-
and C-terminal amino acid se-
quences, respectively. The
bootstrap values are obtained
using 500 replications
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terminal region, a central repetitive domain and a C-
terminal region was found. In past studies on HMW
glutenin subunits from other Aegilops species (such as
Aegilops tauschii and Aegilops cylindrica) and rye,
conservation in the primary structure is also noted.
Analysis of the amino acid sequence derived from a
barley D hordein gene indicates that the D hordein protein
may also adopt a primary structure related to that of
HMW glutenin subunits (Halford et al. 1992b). The
preservation of the HMW glutenin subunit-like structure
in subsets of seed storage proteins from different Triticeae
species discussed above may reflect the fact that these
proteins reside in closely related species and play similar
and important roles in seed development and during seed
germination.

Parallel to the conservation of the HMW glutenin
subunit structure, the 1Ux, 1Uy, 1Cx and 1Cy subunits
also differed from each other and from published HMW
glutenin subunits by variations in their amino acid
sequences. In the 1Ux subunit, the size of its repetitive
domain was substantially larger than that of published
HMW glutenin subunits for which full-length amino acid
sequences are available for comparison. In hexaploid
wheat, the size of two 1Dx type subunits, 1Dx2.2 and
1Dx2.2*, has been found to be much larger than that of
other wheat subunits (Payne and Lawrence 1983; Payne et
al. 1983). In the case of 1Dx2.2*, molecular analysis has
shown that the larger size of the subunit is associated with
an insertion in the repetitive domain (D’Ovidio et al.
1996). However, owing to the lack of the full-length
amino acid sequence for the 1Dx2.2* subunit, a direct
comparison of the repetitive domain of this subunit with
that of the 1Ux subunit is presently not possible. The
presence of tandem duplications of the tripeptide GQQ in
the repetitive domain of the 1Cx subunit represented
another form of sequence modification. In the x-type
HMW glutenin subunits that have been molecularly
characterized so far, the GQQ tripeptides are usually
separated from each other by the presence of one or more
hexapeptides in between. Because the tandem GQQ
duplications in the 1Ux subunit were situated in a region
composed of regular arrangements of hexapeptides and
tripeptides, we deduce that the tandem duplication may
have been caused by deletion of the hexapeptide that was
originally present in between the tripeptides. Apart from
the two modifications described, there were also varia-
tions involving substitution, insertions and/or deletions of
single or more amino acid residues among the amino acid
sequences of the 1Ux, 1Uy, 1Cx and 1Cy subunits. All of
these variations may have contributed to the uniqueness
of the four different proteins, but have not changed the
nature of the four proteins as HMW glutenin subunits.

Based on evolutionary distances that were calculated
from aligned N- or C-terminal amino acid sequences, the
1Ux and 1Uy subunits were found most closely related to
the 1Dx5 and 1Dy10 subunits, respectively. In contrast to
the Glu-U1 locus, the relationship between the subunits
encoded by the Glu-C1 and Glu-D1 loci was more
complex. While the 1Cx subunit was closely related to the

1Dx5 subunit, the relationship between the 1Cy and
1Dy10 subunits was more distant. In a similar phyloge-
netic analysis, the relationship between the Cy subunit of
Ae. cylindrica and 1Dy10 was also found to be relatively
distant (data not shown). The reason underlying this
pattern of relationship between HMW subunits encoded
by the Glu-C1 and Glu-D1 loci is unclear at present and
will be a subject for further investigations.

In addition to yield a better understanding of HMW
glutenin subunits of Ae. umbellulata and Ae. caudata, the
present study also highlights that it may be useful to
examine the potential values of the subunits of the two
species in improving the processing properties of hexa-
ploid wheat varieties. By constructing mutant HMW
glutenin proteins that differ in the size of the repetitive
domain, Anderson and colleagues found that an increase
of a suitable degree in the size of the repetitive domain
might enhance the functionality of HMW glutenin
proteins in controlling dough properties (Anderson et al.
1996; US Patent 6174725). In this respect, it will be
interesting to test if the 1Ux subunit can confer good
processing properties when expressed in hexaploid wheat
varieties. One way to do this would be to compare the
processing properties of Chinese Spring with those of the
1U chromosome addition line having the Chinese Spring
background, but the results may be complicated by the
presence and function of other protein loci carried on the
1U chromosome. A more ideal strategy would be to
transgenically express only the 1Ux gene in hexaploid
wheat followed by testing the processing properties of the
resultant plants. To this end, the preparation of transgenic
wheat plants designed to allow endosperm specific
expression of the 1Ux gene is currently underway.
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