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Abstract Low-molecular-weight (LMW) glutenin sub-
units consist mainly of two domains, one at the N-
terminus which contains repeats of short amino-acid mo-
tifs, and a non-repetitive one rich in cysteine, at the C-
termina region. In previous reports, polyacrylamide-gel
electrophoresis has been used to show that large size vari-
ation exists among LMW and HMW glutenin subunits,
and it has been suggested that deletions and insertions
within the repetitive region are responsible for these vari-
ations in length. In this study, PCR-amplification of ge-
nomic DNA (Triticum aestivum variety Chinese Spring)
was used to isolate three full-length LMW glutenin
genes: LMWG-MB1, LMWG-MB2 and LMWG-MBS3.
The deduced amino-acid sequences show a high similari-
ty between these ORFs, and with those of other LMW
glutenin genes. Comparisons indicate that LMWG-MB1
has probably lost a 12-bp fragment through deletion and
that LMWG-MB1 and LMWG-MB2 have an insertion of
81 bp within the repetitive domain. The current study has
shown direct evidence that insertions and/or deletions
provide a mechanistic explanation for the alelic varia-
tion, and the resultant evolution, of prolamin genes.
Single-base substitutions at identical sites generate stop
codons in both LMWG-MB2 and LMWG-MB3 indicat-
ing that these clones are pseudogenes.
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Introduction

The endosperm is the main tissue in the wheat seed. It
contains the majority of the seed-storage proteins, which
are in the form of prolamins. These proteins are synthe-
sized during seed maturation and act as a source of ami-
no acids for the germinating embryo and subsequent
seedling growth. The prolamins have been classified into
two major groups, glutenins and gliadins, based on their
solubility in aqueous solvents (Osborne 1924). In the en-
dosperm cells, glutenins aggregate through the formation
of intra- and inter-molecular bonds (disulfide and other
non-covalent bonds) to form large insoluble complexes.
The reduction of these complexes and their separation on
SDS-PAGE indicate that glutenins are composed of two
groups of high- and low-molecular-weight subunits re-
spectively, which are referred to as HMW and LMW
subunits (Payne 1987).

These storage proteins play a key role in the physical
behaviour of flour during bread-making. Severa studies
(Guptaet al. 1991; Khelifi and Branlard 1992) have indi-
cated that predictive models for dough properties should
include the relative composition in both low- and high-
molecular-weight glutenin subunits. However, genetic
correlations between dough quality and LMW glutenin
abundance have been very difficult to establish in hexa-
ploid wheat (Gupta et al. 1989).

Polyacrylamide-gel  electrophoresis (SDS-PAGE) has
shown awide polymorphism in each class of wheat storage
protein genes (Ellen et a. 1992; Sissons et a. 1998). The
molecular weight of HMW subunits ranges between 70
and 120 kDa. The low-molecular-weight LMW glutenin
subunits are divided into two groups (B and C) with an ap-
parent molecular weight in the range of 7540 and 36—
30 kDa, respectively. The gliadins can be classified on the
basis of electrophoretic mobility at low pH into apha-, be-
tar, gamma and omega-gliadin families. Similarities be-
tween these prolamins suggest that they have evolved
through mutational events from an ancestral gene (Shewry
et a. 1995). Punctual mutations are responsible for some
variations in amino sequence with both repetitive and non-
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repetitive domains (Anderson and Greene 1997). However,
small insertions and deletions are also often present in the
repetitive domain. Unequal crossing-over or dlippage dur-
ing replication are probably responsible for mutational
events in the evolution of prolamins (Shewry et a. 1989).
Direct evidence to explain large amino-acid insertions or
deletions requires the characterization of alarge number of
storage proteins. Gupta and Shepherd (1990) reported that
two-dimensional gel electrophoresis revedls the presence
of about 40 different subunits of LMW glutenins among
222 cultivars of Triticum aestivum.

Genes encoding members of three wheat prolamin
families have been isolated from both genomic and
cDNA libraries (Colot et al. 1989; Anderson and Green
1989; 1999; Cassidy and Dvorak 1991), and the molecu-
lar genetics of HMW glutenin genes have been studied
extensively (Shewry et al. 1982; Payne and Lawrence
1983). However, the LMW glutenin genes from groups
B and C are still poorly characterized. In the current
study we have isolated three new genes with ORFs ho-
mologous to available glutenin gene sequences using
PCR-amplification of wheat genomic DNA. This study
demonstrates that consensus sequences deduced from

Fig. 1 Agarose gel (1%) of a
PCR product from genomic
DNA of T. aestivum var.
Chinese Spring

0.915 kb
0.834 kb

Fig. 2 Deduced amino-acid a 1
sequences of (a) LMWG-MB1,

MKTFLVFALIAVDGEVPL . HMETSCISGLERPWQQQPLPPQQSFSQQPPFS. . .

I

the 5'- and 3'-termini of glutenin genes can be used as
probes to amplify new full-length encoding regions
from genomic DNA. It also shows that PCR-amplifica-
tion can be used to gain information on the allelic varia-
tion and evolution of the LMW gene family and the
generation of prolamin pseudogenes in the wheat ge-
nome.

Materials and methods
DNA extraction and PCR-amplification

Genomic DNA was isolated from young leaves of T. aestivum var.
Chinese Spring following the procedure described by Rogers and
Bendich (1988). Since the signal sequence and the carboxy termi-
nus regions of LMW glutenins and y-gliadins appear to be con-
served (Colot et al. 1989; Cassidy and Dvorak 1991), they were
used as primer sequences for PCR-amplification. Base composi-
tion was selected from the 5' and 3'-coding regions of the LMWG-
1D1 gene previously isolated by Colot et a. (1989). The sequenc-
es of the two primers were as follows: P1 (5'ATGAA
GACCTTCCTCGTCTTTGC3') spanning nucleotides +46 to +68
and encoding for the first amino acids of the signal sequence, and
P2 (5TCAGTAGGCACCAACTCCGGTGC3I') spanning nucleo-
tides +901 to +924 and encoding for the reverse strand of the
last amino acids of the protein. Three nanograms of each primer
and 100 ng of genomic DNA were used for PCR-amplification in
50 pl of the following reaction mixture: 50 mM Tris-HCI,
1.75 mM MgCI2, 16 nM (NH4)2SO,, pH 9.2, 0.2 mM of each
dNTP and 25 units of the enzyme mix ExpandTM for long-
template PCR systems (Boehringer Manheim, Germany). Condi-
tions for PCRs were 95°C for 4 min, 35 cycles at (1) 94°C for
45 s, (2) 50°C for 45 s, (3) 68°C for 45 s and one final cycle at
94°C for 1 min and 68°C for 7 min. PCR-products were separated
by electrophoresis on 1% agarose gels. Bands (0.83 kb and
0.91 kb) were excised from agarose gels and purified by the
Prep-A-Gene method (Bio-Rad). The fragments were cloned into
pGEM-T (Promega, USA).
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Northern Hybridization

Northern-blot analysis was done using total RNA (15 pg) from
seeds of T. aestivum var. Chinese Spring, harvested 1, 2 and
3 weeks after pollination, and from mature leaves, as described by
de Vries et a. (1988). Total RNA samples were fractionated on a
1% formamide/formaldehyde agarose gel and transferred to a
nylon membrane (Hybond, Amersham). The filter was pre-
hybridized for 3 h and hybridization was carried overnight at 65°C
in 2 x SSC, 0.25% (w/v) low-fat powder milk with a 32P dCTP-
labelled probe prepared from purified LMWG-MB1. The filter
was washed twice at 65°C in 2x SSC for 15 min and autoradio-
graphed at —-80°C during 2 h.

Southern hybridization

PCR products were obtained by amplification at different anneal-
ing temperatures, 65°C, 55°C and 45°C. After agarose-gel size-
fractionation, the PCR products were transferred to a nylon mem-
brane (Hybond, Amersham, England) and hybridized with the
LMWG-MBL1 probe as described for Northern hybridizations.

Results

PCR-amplification of genomic DNA resulted in two ma-
jor DNA fragments of 0.91 kb and 0.83 kb (Fig. 1).
Cloning and sequencing of these fragments led to
the isolation of three LMW glutenin genes, designated
LMWG-MB1, LMWG-MB2 and LMWG-MB3. The
LMWG-MB1, LMWG-MB2 and LMWG-MB3 ORFs
are 912, 915 and 834 nucleotides long respectively, and
can be translated into proteins of 302, 303 and 278 ami-
no acids, including a putative signa peptide for each
ORF (Fig. 2).

Nucleic-acid and peptide aignments, and the calcula-
tion of similarity scores were performed with version 8 of
the UWGCG (University of Wisconsin Genetics Comput-
er Group) programs (Devereux et al. 1984). The amino-
acid sequences of the coding regions of LMWG-MB1,
LMWG-MB2 and LMWG-MB3 were compared to the
corresponding regions of published glutenin genes. As ex-
pected for LMW segquences, LMWG-MB1, 2 and 3 are
composed of two major domains (I and II). The N-termi-
nal sequence (domain ) is rich in proline and glutamine
but poor in cysteine and characterized by tandem amino-
acid repeats (PFSQQQ and FPQQP). The C-termina se-
guence (domain Il) contains a non-repetitive amino-acid
sequence which is poor in proline and rich in cysteine.
Comparison of amino-acid sequences from the three
clones showed length variations within domain I. A small
deletion of one tetrapeptide at amino-acid 81 differentiates
clones LMWG-MB2 and LMWG-MB3 from LMWG-
MB1. A single insertion of 27 amino acids at amino-acid
73 in the repetitive domain differentiates LMWG-MB2
from LMWG-MB3 (Fig. 2). The amino-acid sequences of
LMWG-MB2 and LMWG-MB3 have an identical domain
I1. Nine single-base substitutions and one deletion of two
amino acids are the only difference between LMWG-MB1
and LMWG-MB2 at the C-terminus.

In al LMWG-MB clones isolated in this study, the
position of the cysteine residues in domain |l are identi-
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LMWG-MB1 MKTFLVFALIAVDGEVPL.HMETSCISGLE
LMWG-MB2 MKTFLVFALLAVVATSATAQMDTSYIPGLE
LMWG-MB3 MKTFLVFALLAVVATSATAQMDTSYIPGLE
WHTGLI MKTFLVFALIAVVATSATAQMETSCISGLE
TDGLUT MKTFLVFALLAVVATSTIAQMETSCIPGLE
TAGLUA FALIAVVATSTIAQMETSCIPGLE
TDLMWG MKTFLVFALLAVVATSATAQMDTSCIPGLE
TAGLU1 MKTFLVFALLAVAATSATAQMETRCIPGLE
PTDUCD1 MKTFLVFALLAVVATSTIAQMETSCIPGLE

Fig. 3 The deduced signal peptide and N-terminus amino-acid se-
quences of LMW glutenin and gliadin genes

Fig. 4 Northern-blot analysis of total RNA (15 pg) from seeds
T. aestivum var. Chinese Spring, harvested 1, 2 and 3 weeks after
pollination (lanes a, b and c), and from the leaf (lane d). A mole-
cular-weight marker isin lane e. Fifteen micrograms of total RNA
were fractioned on a 1% formamide/formaldehyde agarose gel and
transferred to a nylon membrane (Hybond, Amersham). The filter
was pre-hybridized for 3 hin 2 x SSC, 0.25% (w/v) low-fat pow-
der milk. Hybridization was carried out overnight at 65°C in
2 x SSC, 0.25% (w/v) low-fat-powder milk with a 32P dCTP-
labelled probe prepared from purified LMWG-MB1. The filter
was washed at 65°C twice in 2 x SSC for 15 min and autoradio-
graphed at -80°C for 2 h

cal to that of the glutenin sequences published previous-
ly (Cassidy and Dvorak 1991). However the nucleotide
substitution in clones LMWG-MB2 and LMWG-MB3
causes a change from cysteine to tyrosine at position 25
in domain | (Fig. 3), and consequently the number of
cysteine residues is reduced to seven in LMWG-MB2
and LMWG-MBS3.

Northern analysis was used to show the specificity of
expression of LMWG-MB glutenin genes in seed and
leaf tissues of T. aestivum. Total RNA was isolated from
wheat seeds harvested at different stages of development
(1, 2 and 3 weeks of post-anthesis) and from wheat
leaves. The transcript level of LMWG-MB genes was
analysed by hybridization with LMWG-MBL1 as a probe
(Fig. 4). LMWG mRNA was detected 1 week after an-
thesis, and transcript level increased during seed devel-
opment. No transcript was detected in leaf extracts
(Fig. 4).

Since amplification with LMW primers produced
fragments with a wide size variation, the identity of the
amplification products was verified by hybridization us-
ing the LMWG-MBL1 glutenin gene as a probe (Fig. 5).
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Fig. 5 Southern hybridization
of PCR products at different
annedling temperatures (a) 65°C,
(b) 55°C and (c) 45°C. After
agarose-gel fractionation, the
PCR products were transferred
to anylon membrane (Hybond,
Amersham) and hybridized
with the LMWG-MBL1 probe

] 0.8-0.9 kb

Southern hybridization showed an extensive size poly-
morphism of fragments ranging from 0.6 kb to 1.7 kb
(Fig. 5). The size of the most-abundant band was 1 kb,
which corresponds to the size of previously reported
LMW genes as well asthat of LMWG-MB1,2,3.

Discussion

The aim of this study was to gain information on the
LMW glutenin (LMWG) gene family in T. aestivum.
DNA was isolated from plants of the variety Chinese
Spring, which is well recognized as a source of genetic
variability within the Triticum families. Amplification of
genomic DNA with asingle set of primers deduced from
one fully sequenced LMWG clone (Colot et a. 1989)
yielded awide variety of amplicons. Southern hybridiza-
tion with a LMWG gene fragment as a probe demon-
strated that these amplicons all have homologies with an
LMWG gene. Isolation of DNA from a restricted region
of the agarose gel, and cloning of the amplicons yielded
three new LMWG clones, which have been designated
LMWG-MB1, LMWG-MB2 and LMWG-MB3.

The open reading frame of these clones are 912-, 915-
and 834-bp long respectively. The deduced amino-acid
sequences of these clones are al homologous to the
LMWG consensus reported previously, athough this
consensus was established on a very limited number of
available sequences (Colot et al. 1989; Cassidy and
Dvorak 1991). LMWG-MB1 contains all the consensus
cysteine residues, including Cys at position 25 of the
N-terminus which is involved in intermolecular bonding
between the glutenin subunits (Kasarda 1989; Shewry
and Tatham 1997). However, LMWG-MB2 and LMWG-
MB3 both lack this important Cys residue, suggesting
that the ability to form intermolecular bonds was lost in
these clones.

One other important feature common to LMWG-MB2
and LMWG-MB3 is the presence of a premature stop co-
dong (TAA) in the repetitive domain at position 53. The
repetitive domain of prolamins is characterized by the
abundance of GIn residues and, consequently, single-
base mutations in this region are bound to produce a
high frequency of stop codons since a C/T transition at
the first nucleotide of both GIn codons (CAA and CAG)

yields TAA and TAG. Moreover, it has been hypothe-
sized that since methylation at position 5 of cytidineis a
common event, and since methylated cytidine can be in-
correctly replicated into thymidine, C/T transitions pre-
dominate over other single-base transition (Gojobori and
Grauer 1992). In the a-gliadin gene family, another type
of prolamin with Gln-rich repeated motifs, 50% of the
genes isolated contain stop codons in the repetitive re-
gion (Anderson and Greene 1997).

However, LMWG-MB2 and LMWG-MB3 are not
identical; a 81-bp insertion, which is also found in
LMWG-MB1 is present in the repetitive domain of
LMWG-MB2 but not in LMWG-MB3. This insertion
contains three repeats of the motif PFSQQQ which is
also found as a repeat in other parts of all three clones.
Apart from this insertion, LMWG-MB2 and LMWG-
MB3 are 100% identical. LMWG-MB1 and LMWG-
MB2 aso have slight differences in their amino-acid
composition, the major one being the presence of a tet-
rapeptide in the repetitive region. Repeat sequences
have been identified as hot spots for recombination,
and it has been hypothesized that the repetitive struc-
ture of LMWGs might provide a basis for rapid evolu-
tion and divergence by duplication and/or deletion
(Shewry et al. 1989). The current study tends to con-
firm this hypothesis since, of all variations identified
between the three clones, amost all are found in the re-
petitive domains.

Comparison of the amino-acid sequences suggests that
prolamins have evolved from a single ancestral protein
(Shewry et a. 1995). The non-repetitive domain contains
three conserved regions (A, B and C) implying that they
originate from the triplication of a short ancestral domain.
This domain is highly conserved not only among wheat
seed-storage proteins (LMW glutenin and gliadin) but
also within y-secalins and B-hordein families (Kreis et .
1985; Colot et a. 1989). This study indicates that the
length polymorphism of LMWG gene is mainly due to
size variation of the repetitive domain. Direct evidence
has shown that insertions and/or deletions provide a
mechanistic explanation for the alelic variation, and
hence the resultant evolution, of prolamin genes.
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