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Abstract On the basis of sequence analysis, 69 known
low-molecular-weight glutenin subunit (LMW-GS)
genes were experimentally classified into nine groups by
the deduced amino acid sequence of the highly con-
served N-terminal domain. To clarify the chromosomal
locations of these groups, 11 specific primer sets were
designed to carry out polymerase chain reactions (PCR)
with the genomic DNA of group 1 ditelosomic lines of
Chinese Spring, among which nine primer sets proved to
be LMW-GS group-specific. Each group of LMW-GS
genes was specifically assigned on a single chromosome
arm and hence to a specific locus. Therefore, these re-
sults provided the possibility to predict the chromosome
location of a new LMW-GS gene based on its deduced
N-terminal sequence. The validity of the classification
was confirmed by the amplifications in 27 diploid wheat
and Aegilops accessions. The length polymorphisms of
LMW-GS genes of groups 1 and 2, and groups 3 and 4.1
were detected in diploid A-genome and S-genome
accessions, respectively. The diploid wheat and Aegilops
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species could be used as valuable resources of novel al-
lele variations of LMW-GS gene in the improvement of
wheat quality. The nine LMW-GS group-specific primer
sets could be utilized to select specific allele variations of
LMW-GS genes in the marker-assisted breeding.
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polymorphism - N-terminal domain - Triticum aestivum

Introduction

Wheat (Triticum aestivum L.) quality is largely deter-
mined by the seed storage proteins present in the
endosperm of the grain (Shewry and Halford 2002).
Glutenins mainly consist of two types of subunits: high-
molecular-weight glutenin subunits (HMW-GS) and
low-molecular-weight glutenin subunits (LMW-GS),
which are held together by intermolecular disulphide
bonds to form the glutenin polymer. The HMW-GS
represent approximately 10% of the total seed storage
proteins. Their important role has been well established
(Shewry et al.1992, 1995). LMW-GS represent about
one-third of total seed storage proteins and 60% of
glutenins (Bietz and Wall 1973). They are classically
subdivided into B, C, and D groups according to their
electrophoretic mobility in SDS-PAGE and their iso-
electric points (Jackson et al. 1983).

Coding genes of the LMW-GS are at Glu-A43,Glu-B3,
and Glu-D3 loci, and located on the short arms of
chromosome 1A, 1B, and 1D, respectively (Singh and
Shepherd 1988). The estimates of gene copy number
varied from 10-15 (Harberd et al. 1985) to 3540 (Cas-
sidy et al. 1998; Sabelli and Shewry 1991). Over the past
few years, more efforts have been focused on analysis at
the molecular level. To date, more than 90 cDNA and
genomic DNA clones of LMW-GS gene have been re-
ported, and the gene structure has been well established.
On the basis of the sequence data, Van Campenhout
et al. (1995) designed several primer sets specific for each
of the Glu-3 loci and successfully determined the
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chromosomal locations of five LMW-GS genes. D’Ov-
idio et al. (1997) and Zhang et al. (2004) developed
primer sets specific for Glu-B3 locus and Glu-A3 alleles,
respectively. Tkeda et al. (2002) isolated several LM W-
GS gene clones from a soft wheat cultivar and classified
them into 12 groups based on the N- and C-terminal
sequences. Some of them were assigned to specific
chromosomes. However, the comprehensive gene clas-
sification and chromosomal assignment focusing on this
complex multigene family is not well established.

The objective of the present study was to experi-
mentally classify the LMW-GS genes comprehensively
based on the known sequences and to clarify their exact
chromosomal locations by performing PCR in Group 1
ditelosomic lines of Chinese Spring, henceforth CS, with
LMW-GS group-specific primer sets. A total of 27 dip-
loid wheat and Aegilops accessions, consisting of four
closely related species to cultivated wheat, were used to
perform further verification of the validity of the clas-
sification and the specificity of the primers.

Materials and methods
Plant material

Group 1 ditelosomic lines of CS were kindly provided by
Dr. D.C. Liu (Triticeae Research Institute of Sichuan
Agricultural University, China), which were originally
obtained from Prof. E.R. Sears. A total of 27 diploid
wheat and Aegilops accessions were used to verify the
group-specific primer sets (Table 1). There were ten
T. monococcum (2n=2 x=14, A™ A™), eight T. urartu
2n=2x=14, A" A"Y), five A. tauschii 2n=2 x=14,
DD), and four Ae. speltoides (2n=2 x =14, SS) acces-
sions, whose genomes are closely related to A-, B-, and
D-genome of the cultivated wheat (7. aestivum, 2n=6
x=42, AABBDD), respectively. These diploid wheat
and Aegilops accessions were kindly supplied by USDA-
ARS (Table 1).

LMW-GS gene sequences and analysis
The LMW-GS gene sequences in this study were re-

trieved from the GenBank database (http://
www.ncbi.nlm. nih.gov/Genbank). The coding regions

Table 1 Diploid wheat species analyzed in this study

of LMW-GS genes were used for nucleotide and amino
acids alignment using CLUSTAL X program (ver.1.83,
Thompson et al. 1997). MEGA program (ver.2, Kumar
et al. 2001) was used to setup phylogenetic trees based
on clustering of deduced amino acid sequences of N-
terminal domain using Neighbor-joining method (Saitou
and Nei 1987).

DNA isolation and PCR amplification

Genomic DNA was isolated from 3- to 5-day-old seed-
lings with cetytrimethylammonium bomide (CTAB)
procedure as reported by Murray and Thompson
(1980). Polymerase chain reaction (PCR) amplifications
were performed in 25ul reaction volume, consisting of
1U Tagq DNA polymerase (TaKaRa), 2.511 PCR buffer
(supplied with Tag DNA polymerase), 50 ng genomic
DNA, 1.5 mM MgCl, and 100 mM of each dNTP.
PCR amplifications were conducted according to the
following program: 95°C for 5 min denaturation fol-
lowed by 35 cycles of 45 s at 95°C, 45 s at 50-70°C
(depending on the primer sets, see Table 3), and 45 s at
72°C. PCR products were separated in 2% agarose
gels.

Results
Sequence analysis and gene classification

More than 90 complete and partial LMW-GS gene se-
quences from 7. aestivum (AABBDD), T. durum
(AABB), T. dicoccoides (AABB), T. monococcum (AA),
and Ae. tauschii (DD) were retrieved from GenBank. The
sequences of 5 and 3’ non-translated regions were elim-
inated to concentrate on the coding region alone, and
several ultra-short sequences and all pseudogenes were
removed. The deduced amino acids of 69 LMW-GS gene
sequences that were left were used for alignment using
CLUSTAL X (not shown, alignment available on
request or as supplement to this paper as “Supplement
Fig.””). Phylogenetic analysis based on the highly con-
served N-terminal domain indicated that the 69
sequences could be divided into seven groups by the first
eight amino acid residues in the N-terminal domain
(Table 2 and Fig.1a).

Species Accessions

T. monococcum
T. urartu

Ae. speltoides
Ae. tauschii

PI1428149, P1428150, P1428152, P1428154, P1428156, P1428171, P1428173, P1428174, P1428175, P1428176
PI1428183, P1487270, P1428221, P1428269, P1428208, P1428197, P1487268, P1428328

AS928%*, PI560751, P1542269, P1542256

AS63*, P1499262, P1486266, P148272, P1508362

Accessions marked by “*”” were supplied by Triticeae Research Institute of Sichuan Agricultural University, China
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Table 2 Classification of LMW-GS genes based on deduced amino acid sequence of N-terminal domain

Groups N-terminal Accession Reference
sequence
1 ISQQQ- AB062876-78, AJ293097-98*, AY 146588, Ikeda et al. (2002), Wicker et al. (2003),
AY453154-60 Zhang et al. (2004)
AY214456*, X07747, U86030 Pitts et al. (1988), Cassidy et al. (1998)
2 MDTSCIP- AB062868-71, AJ293099* Ikeda et al. (2002)
X62588 D’Ovidio et al. (1992)
3 MENSHIP- Y18159, Y17845, AB062853-62 Masci et al. (1998), D’Ovidio et al. (1999),
Ikeda et al. (2002)
AB119006, AB119007 Maruyama-Funatsuki et al. (2005)
4 4.1 METSHIPG- Y14104, AB062852 D’Ovidio et al. (1997), Ikeda et al. (2002)

AJ537508*
4.2 METSHIPS- AB062851, AY585354
5 METSRV-
AY214450*

AY299457
6 METRCIP-

AY585356

U86027, U86029, AJ519835
METSCIP-

7.2 METSCIS- AB062872, AY585350

U86028, AY296753

AB062865-67, AY585355, AY841013-14,

X13306, AB062875, AY263369, AY299485,

X51759, X84959, U86026, AB062873-74,,
AY299458, AY695380*, AY748826*

Ikeda et al. (2002), Johal et al. (2004)
Ikeda et al. (2002), Johal et al. (2004),
Huang et al. (2005)
Wang et al. (2005)
Colot et al. (1989), Ikeda et al. (2002),
Zhao et al. (2004), Wang et al. (2005),
Johal et al. (2004)
Cassidy et al. (1998), Chardot et al. (2002)
Cassidy and Dvorak (1991), Van Campenhout et al.
(1995), Cassidy et al. (1998), Ikeda et al. (2002),
Wang et al. (2005)
Ikeda et al. (2002), Johal et al. (2004)
Cassidy et al. (1998), Long et al. (2004)

ek

directly submitted to database

Chromosome assignment of each group of LMW-GS
genes by group-specific primer sets

A specific-primers-based PCR assay was carried out to
identify the chromosome locations of each group of
LMW-GS genes. Seven specific primer sets were
designed. The forward primers were at the beginning of
N-terminal domain, and the reverse primers were in the
C-terminal domain. Therefore, the PCR products
should contain the whole N-terminal and repetitive do-
main. Owing to the high sequence identity in conserved
domains of LMW-GS genes, an additional primer-tem-
plate mismatched base was added at position 3 of 3’end
of a few primer sequences (See detail in Table 3) fol-
lowing the strategy described by Kwok et al. (1990).
Genomic DNA of six group 1 ditelosomic lines of CS
was used to carry out the specific PCR amplifications.
Therefore, each primer set should yield uniformly sized
products in five of six ditelosomic lines. Furthermore,
the chromosomal location would be consequently rec-
ognized by the absence of PCR products from one
particular ditelosomic line which lost specific chromo-
some arms (Fig. 2).

Five out of the seven groups of LMW-GS gene were
successfully assigned to specific chromosome arms
(Table 3). The genes of LMW-GS groups 1 (N-terminal
sequence: ISQQQ-) and 2 (MDTSCIP-) were assigned
on the short arm of chromosome 1A. The genes of
LMW-GS group 3 (MENSHIP-) were located on the
chromosome arm 1BS, and the genes of LMW-GS
groups 5 (METSRV-) and 6 (METRCIP-) were assigned
to the short arm of chromosome 1D (Fig. 2). However,
the primers specific to LMW-GS group 4 (METSHIP-)

resulted in two close bands, about 620 and 580 bp in
ditelosomic lines Dt1AS, Dt1AL, Dt1BS, and Dt1DS,
whereas only one different band resulted in ditelosomic
lines Dt1BL and Dt1DL (Fig. 2). Similarly, LMW-GS
group 7-specific primers yielded two PCR fragments in
all ditelosomic lines except Dt1AL and Dt1DL, in which
only a single band was present.

These results suggest that both LMW-GS groups 4
and 7 could consist of two subgroups with high sequence
similarity and located on different chromosome arms. A
separated phylogenetic analysis of the N-terminal se-
quences revealed that LMW-GS groups 4 and 7 could
each be subdivided into two subgroups: groups 4.1 and
4.2, and groups 7.1 and 7.2 (Fig 1b, c), with two and one
amino acid residue difference in the N-terminal domain,
respectively. On the basis of these results, four addi-
tional primer sets were designed for each subgroup, and
the chromosomal locations of the four subgroups were
consequently determined. The genes of subgroups 7.1
and 4.1 were assigned to the short arms of chromosome
1A and 1B, respectively, and the genes of subgroups 7.2
and 4.2 were both located on the chromosome arm of
1DS.

Variations in diploid wheat and Aegilops species

To obtain further verification of the classification of
LMW-GS genes to groups and their chromosome
assignment, the nine group-specific primer sets were
tested in 27 diploid wheat and Aegilops accessions,
whose genomes are closely related to the A-, B-, and D-
genomes of the cultivated wheat.
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Fig. 1 Phylogenetic trees of
LMW-GS genes. Total of 69
sequences were originally
classified into seven groups as
showed in (a). Four subgroups
were additionally identified by
the separated analysis of the
genes of groups 4 and 7 (b) and
©

di

¥21759 —
®84959
1136026
ANTHE526
ANB95380
AN299455
ABOB2ET4
ABOE2E73
AN585350
ABOEZET2
AN29E7E3
Ussozg
ABOE2ETE™
AN 283369
AN299485
ANSE5356
®13306
AJ319835
36027
genz2g -
ABOEZEES
ABDE2EE9

ABOE2ET0 |

ABDE2ET1

ABI0E 2852
b ['14104 ]. Group 4.1
| aJ537508

| AB0R2851
| svaa5354

} Group 4.2
. GrOUp 7 H

c ®51759
¥54959
LBE026
AY748826
AYEIS380 [ Group T
AY299455
ABOG2874
Us6025
&Y 296753
ABOG2872 } Group 7.2
AY585350

Group 2

A,J293095
XE2588 -
ABOE2E52
14104
AJ337508
ANS85354
ABOEZE51
AEIEIEQBS?’\
ABDE2554
ABOB2E53
ABOE2556
ABOB2E57
ABOEZ558
ABOE2559
ABOBZEE0
ABOE2E61
ABOE2E62
Y17545
%¥18159
AB119006 g,
AB119007
ABDE2865~,
ABOEZEE6
ABOEZEEY
AN214450
ANS85395
ANEH013
AYE4H014
A%299457
AN 453160,
ABOBZETE
ABOBZETY
ABOE2ETE
AJ293087
A,J293095
AN 146588
AN453104
AN433133
AN 453156
AN453157
AN 453158
AN 453159
AN214456
186030
HO7T4T S

Group 4

>' Group 3

= Group 5

} Group 1




1255

Table 3 Group-specific primer sets and chromosome locations of each group of LMW-GS genes

Group  Marker Primer  Sequence (5’-3") Product size (bp) =~ Chromosome  Annealing
location temperature (°C)

1 Glu3A.1  PIF GCCGTTGCGCAAATTTCACAG 450 and 600 1AS 55
PIR AACAGATGGATGAATAACTGGTAT

2 Glu3A.2  P2F AGTGCCATTGCGCAGATGAAT 350 1AS 60
P2R AACGGATGGTTGAACAATAGA

3 Glu3B.1 P3F GCACAAATGGAGAATAGCCAC 500 IBS 59
P3R AACAAATGGTATTTGTTGTTG

4 Glu3.1 P4F ATGGAGACTAGCCACATCCCT 620 and 580 IBS, IDS 61
P4R CACATGGCAACTACTCTGCCA

4.1 Glu3B.2  P5F CCTAGCTTGGAGAAACCATT 450 1BS 50
P5R CAAGATAGATGGCTGAATAG

4.2 Glu3D.1  P6F CCTGGCTTGGAGAAACCATC 500 1DS 50
P6F CAAGATAGATGGCTGAATAT

5 GluiD.2  P7F ATGGAGACTAGCCGCGTCCCT 540 IDS 69.5
P7R TGACCTAGCAAGACGTTGCGA

6 Glui3D.3  PSF ATGGAGACTAGATGCATCCCT 600 IDS 60
PSR AGATTGGATGGAACCCTGAAC

7 Glu3.2 POF TGCCATTGCACAGATGCAG 680 and 700 1AS, 1DS 54
PSR CTGCAAAAAGGTACCCTT

7.1 Glu3A.3  PIOF ATGGAGACTAGCTGCATCC 680 1AS 60
PIOR CTGCAAAAAGGTACCCTTTT

7.2 Glu3iD4 PIIF ATGGAGACTAGCTGCATCT 700 1DS 52

P11R CTGCAAAAAGGTACCCTGTA

Underlined represents additional mismatched bases. N-ter N-terminal domain

ISQQQ- Glu3A MDTSCIP- GIu3A.2 MENSHIP- Glu3B 1
M1 2 3 4 5 6

M 1 2 3 4 5 6 M 1 2 3 4 5§ 6

METSHIP- Glu3 1 METSHIPG- GIu3B 2 METSHIPS- Glu3D A
M1 2 3 4 5 6 M1 2 3 4 566 M1 2 3 4 5 6

METRCIP- GlusD.3 METSRV- Glu3D.2

1 2 3 45 6

METSCI- Glu3.2 METSCIF’- GIU3A .3 METSC'S- Glu3D 4
2 3 45 6 M 2 3 4 5 6 23 45 6

Fig. 2 The amplification products from group 1 ditelosomic lines of Chinese Spring (1 Dt1AS; 2 Dt1AL; 3 Dt1BS; 4 Dt1BL; 5 Dt1DS and
6 Dt1DL) using LMW-GS group-specific primer sets. The fragment size was listed in Table 3. M =3-kb DNA Ladder (MBI)
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LMW-GS genes of groups 1, 2, and 7.1 were located
on chromosome 1AS, and the corresponding primer sets
Glu3A.1, Glu3A.2, and Glu3A.3 failed to yield any
amplification products in the accessions of Ae. speltoides
and Ae. tauschii. The length polymorphism of PCR
products were detected in both T. monococcum and T.
urartu accessions (Fig. 3). There were three to four
amplified bands in each 7. monococcum accession with
fragment lengths ranging from 480 and 600 bp, resulting
in five different patterns in ten 7. monococcum accessions
(Fig.3a). In T. urartu, two to three bands with fragment
length between 430 and 600 bp were detected in each
accession, resulting in four patterns in eight accessions
by primer set Glu3A.1. A 340 bp fragment of the same
size as that found in the ditelosomic lines was detected in
seven out of ten 7. monococcum accessions by primer set
Glu3A.2. Two new alleles with approximate lengths of
350 and 320 bp were found in three other accessions:
P1428174, P1428176 and P1428171 (Fig. 3b). It is note-
worthy that PCR products were absent from all the eight
accessions of T. urartu, which has been widely accepted
as the A-genome donor of cultivated wheat by primer
Glu3A.2. Therefore, the LMW-GS genes of group 2

Fig. 3 Length polymorphism of
LMW-GS genes in diploid
wheat and Aegilops accessions M 1
detected by primer sets
Glu3A.1, Glu3A.1.2, Glu3B.1
and Glu3B.2. a T. monococcum
accessions / P1428175, 2
P1428156, 3 P1428152, 4
PI428149 and 5 P1428149; T.
urartu accessions 6 P1428183, 7
P1487270, 8 Pi428221 and 9
PI1428197. b: 1 P1428173; 2
P1428174; 3 P1428175; 4
PI428176; 5 P1428171. ¢ Ae.
speltoides accessions [
PI560751, 2 P1542269, 3
PI542256, 4 AS928. d b Glu3A.2
Ae.speltoides accessions | M 1
AS928; 2 P1542269; 3 P1542256;
4 PI56075. M = DNA marker

a Glu-3A.1

might have originated from 7. monococcum, which is
closely related to 7. wrartu. However, more evidence
needs be obtained to support this hypothesis. LMW-GS
group 7.1-specific PCR product was present in both 7.
monococcum and T. urartu accessions, and its size was
identical to that of cultivated wheat.

Primer sets Glu3B.1 and Glu3B.2 were specific to the
LMW-GS genes of groups 3 and 4.1, respectively, which
were both assigned to chromosome 1BS. No product
was obtained from any accession of the A-genome and
D-genome diploid species with the two primer sets.
However, two bands were obtained from four Ae.
speltoides accessions with the Glu3B.1 primer set,
resulting in three allele variants. A 530 bp fragment was
specifically amplified from accession AS928 (Fig. 3c).
Primer set Glu3B.2 amplified a uniform 450 bp band
from three Ae. speltoides accessions, which was similar
to that in CS ditelosomic lines, whereas a 360 bp frag-
ment was obtained from accession AS928 (Fig. 3d).
Genes of LMW-GS group 4.2, 5, 6, and 7.2 were all
located on 1DS, and the corresponding primer sets only
amplified the products with no length polymorphism
from Ae. tauschii accessions.

2 3

€Ghu3B.1
3 4 5§ M 1 2 3 4




Discussion

Wheat LMW-GS play an important role in determining
dough quality. However, the contribution of individual
LMW-GS to wheat quality is not fully understood. This
is in part due to the complexity of LMW-GS gene
family. In recent years, more attention has been paid to
the isolation of LMW-GS genes from cultivated wheat
and its wild relatives. More than 90 LMW-GS gene se-
quences have been reported. However, a classification of
LMW-GS gene into groups, in such a complex multi-
gene family, has yet to be established. Tkeda et al. (2002)
isolated several LMW-GS genes and classified them into
12 groups based on the N- and C-terminal sequences.
This was the first relatively comprehensive research on
classifying the composition of the LMW-GS gene.
However, their work was limited by the shortage of se-
quence information.

In the present study, sequence alignment analysis of
69 genes, derived from hexaploid, tetraploid, and their
closely related diploid wheat species (Triticum and Ae-
gilops), was performed and it revealed a relatively high
degree of homology between the LMW-GS genes (data
not shown). Most of LMW-GS genes contained a short
(13 amino acid residues) and highly conserved N-ter-
minal domain. In contrast, the C-terminal domain
comprised over two-thirds of the polypeptide length
(Lee et al. 1999) and was more variable than the N-
terminal domain. We classified the LMW-GS genes into
seven groups (Table 2 and Fig. 1) based on the deduced
amino acid sequences of N-terminal domain, and came
to different results from Ikeda et al. (2002). A marker-
based PCR was employed to assign the chromosome
location(s) of each LMW-GS group. Our results indi-
cated that five out of the seven groups of LMW-GS
genes were successfully assigned to specific chromosome
arms, whereas the LMW-GS genes of groups 4 and 7
were located on two different chromosome arms.
Moreover, two subgroups with relatively high-sequence
identity were identified from LMW-GS groups 4 and 7,
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respectively. In all, nine groups and subgroups were
identified from the 69 LMW-GS genes. Three, two and
four groups or subgroups were assigned to the short
arms of chromosome 1A, 1B, and 1D at Glu-A3, Glu-
B3and Glu-D3 loci, respectively. The amplification
results from diploid wheat and Aegilops accessions were
in agreement with those in the CS ditelosomic lines, al-
though length variations were additionally detected.
These results gave further support to the validity of the
classification results of the LMW-GS genes. Therefore,
the results in this study provided the possibility to pre-
dict the chromosome location of a new LMW-GS gene
based on its deduced N-terminal sequence. The classifi-
cation based on the sequence similarities of a short and
conserved domain could simplify the characterization of
LMW-GS sequences.

In this study, a total of 11 sets of specific primers were
utilized for chromosome assignment analysis, and nine
of them proved to be LWM-GS group-specific. These
primers anneal to the beginning of the conserved N-
terminal domain and the C-terminal domain, so that the
amplified products contained the whole repetitive do-
main of LMW-GS gene. All nine primer sets resulted in
uniform amplification products in the CS group 1 dit-
elosomic lines, whereas length polymorphisms were de-
tected in the A- and S-genome accessions. This was
probably due to the limited number of genotypes of
diploid species from which cultivated wheat was derived.
Therefore, the wild and cultivated relatives of bread
wheat containing novel alleles of LMW-GS could be
utilized as a valuable source of new gene variation with
the potential to improve wheat grain properties. The
primers reported in the present study could be used for
selecting specific LMW-GS genes in the breeding pro-
grams.

A schematic model of structure comparison of nine
LMW-GS groups was constructed (Fig. 4) based on the
alignment of the deduced amino acid sequences of
LMW-GS genes. The general structure of the nine
LMW-GS groups shares a very high degree of similarity,
as reported by Cassidy et al. (1998). However, we now

Group N-ter seq ¢ sighNtri—— Rep ——Pig—— Cter I —P ¢—— C-ter I——Pid— C-terII—P:
»

{ 15000~ 2eY ¢ i *

2 MDTSCIP- E ¥ e 17 !

3 MENSHIP- : 3 : : : : . :
41,42 METSHIP- )

5 METSRY - hd . *t ¢t * *

6 METRCIP- * ] ¢ ¢ hd *
71,72 METSCI- ! X rr 1% u u

Fig. 4 Schematic model of the structure comparison of each group
of LMW-GS genes. Cysteine residues and their locations were
shown as bullethead. A unique cysteine (indicated by arrowhead)
appears in the LMW-GS genes of group 1, and differs from other
groups by its location. Sig Signal peptide; N-ter N-terminal

domain; Seq sequence; Rep repetitive domain; C-ter C-terminal
domain. Solid bar represents nucleotide sequences of LMW-GS
genes while empty bar indicates deletions in respect of group 1
genes
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present additional features specific to each LMW-GS
group, as shown in Fig. 4. A short N-terminal domain
following an extremely conserved signal peptide is a
common feature in nearly all the typical LMW-GS
genes. Six main types of deduced amino acid sequence of
N-terminal domain were established. Each type is com-
posed of 13 amino acid residues with a methionine at its
first position. However, LMW-GS group 1, which was
denominated as LMW-i type (Cloutier et al. 2001), is
distinguished from others by its lack of typical N-ter-
minal domain and starts directly with the repetitive
domain, beginning with ISQQQ.

The repetitive domain of LMW-GS has been known
for its high glutamine content and variability. The
number of repeats present in this domain is mainly
responsible for length variation of LMW-GS and for the
general hydrophilic character as well (D’Ovidio et al.
1999, and also review in D’Ovidio and Masci 2004). The
length polymorphism between nine LMW-GS groups
resulted from the alignment of the 69 sequences. The
longest repetitive domain was observed in LMW-GS
groups 1 and 3, containing about 25 repeats and nearly
190 amino acid residues. LMW-GS groups 4.1, 4.2, and
5 have shorter repetitive domains compared to those of
LMW-GS groups 1 and 3. They are composed of about
150 and 135 amino acid residues, respectively, and could
be divided into about 20 repeats. LMW-GS group 5
contains about 100 amino acid residues in its repetitive
domain, including approximately 15 repeats. In LMW-
GS group 2 which features only 13 repeats (less than 90
amino acid residues), the length of repetitive domain is
similar to groups 7.1 and 7.2, was the shortest among the
nine LMW-GS groups.

The length variation of the repetitive domain does
also exist within LWM-GS groups (data not shown).
This was probably caused by unequal crossing-over and/
or slippage during replication as suggested for the evo-
lution of other prolamins (Shewry et al. 1989; D’Ovidio
and Masci 2004). But another cause that does not need
to be ignored is that some cloned genes may contain
deletions of the repetitive domain that might have oc-
curred during the cloning process (Masci et al. 1998).

Disulphide bonds play a key role in determining the
structure and properties of wheat gluten proteins (re-
viewed in Shewry and Tatham 1997). Kasarda (1989)
proposed that the LMW-GS genes have eight cyste-
ines: six are involved in intramolecular disulphide
bonds and two are free to form intermolecular disul-
phide bonds. The number and positions of cysteines in
LMW-GS were summarized here and were found to be
similar to the results of Ikeda et al. (2002). All nine
LMW-GS groups of LMW-GS genes contain eight
cysteines, among which six (five in C-terminal domain
I and one in the C-terminal domain III) are extremely
conserved in all LMW-GS genes. They may form
intramolecular disulphide bonds. The remaining two
cysteines are distributed in six patterns (illustrated
in Fig. 4), in which LMW-GS groups 2, 7.1, and 7.2,
and groups 4.1 and 4.2 share the same positions,

respectively. One of the two free cysteines is present in
C-terminal domain II and is distributed in two varying
positions. The another one is distributed in three dif-
ferent domains among nine LMW-GS groups: groups
2, 6, 7.1, and 7.2 have a free cysteine at position 5 in
N-terminal domain; in group 5, the free cysteine is
present in the repetitive domain and closer to N-ter-
minal domain than that in groups 3, 4.1, and 4.2; in
group 1, it is present in C-terminal domain I and is
therefore different from all other groups. Whether or
not different distributions of cysteines have a particular
effect on the structure of the glutenin polymer, the
end-using quality of the wheat grain might merit fur-
ther investigation.
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