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Abstract In this study, we report on the molecular char-
acterization and genomic organization of the low molecular
weight glutenin subunit (LMW-GS) gene family in hexa-
ploid wheat (Triticum aestivum L.). Eighty-two positive
BAC clones were identiWed to contain LMW-GS genes
from the hexaploid wheat ‘Glenlea’ BAC library via Wlter
hybridization and PCR validation. Twelve unique LMW
glutenin genes and seven pseudogenes were isolated from
these positive BAC clones by primer-template mismatch
PCR and subsequent primer walking using hemi-nested
touchdown PCR. These genes were sequenced and each
consisted of a single-open reading frame (ORF) and
untranslated 5� and 3� Xanking regions. All 12 LMW glute-
nin subunits contained eight cysteine residues. The LMW-
m-type subunits are the most abundant in hexaploid wheat.
Of the 12 LMW-GS, 1, 2 and 9 are i-type, s-type and m-
type, respectively. The phylogenetic analysis suggested that
the LMW-i type gene showed greater diVerences to LMW-s
and LMW-m-type genes, which, in turn, were more closely
related to one another. On the basis of their N-terminal

sequences, they were classiWed into nine groups. Finger-
printing of the 82 BAC clones indicated 30 BAC clones
assembled into eight contigs, while the remaining clones
were singletons. BAC end sequencing of the 82 clones
revealed that long terminal repeat (LTR) retrotransposons
were abundant in the Glu-3 regions. The average physical
distance between two adjacent LMW-GS genes was esti-
mated to be 81 kb. Most of LMW-GS genes are located in
the D-genome, suggesting that the Glu-D3 locus is much
larger than the Glu-B3 locus and Glu-A3 locus. Alignments
of sequences indicated that the same type (starting with the
same N-terminal sequence) LMW-GS genes were highly
conserved in the homologous genomes between hexaploid
wheat and its donors such as durum wheat and T. tauschii.
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Introduction

Seed storage proteins play an important role in determining
wheat (Triticum aestivum L.) quality (Payne 1987). The
major seed storage proteins are called prolamins because of
their high proline and glutamine content. Wheat prolamins
are classiWed into two major groups, namely, gliadins and
glutenins. Gliadins are monomeric proteins that form intra-
molecular disulphide bonds, whereas glutenins are poly-
meric proteins, which are held together by intermolecular
disulphide bonds thereby forming the glutenin polymer
(Shewry and Thatam 1997). Wheat glutenins consist of
high molecular weight glutenin subunits (HMW-GS) and
low molecular weight glutenin subunits (LMW-GS).
HMW-GS account for about 10% of the total wheat gluten
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fraction. They have been extensively studied because of
their importance in gluten elasticity and their relatively
small number (three to Wve subunits per hexaploid cultivar)
resulting in relative ease of analysis at the protein level.
Recently, the complete sequences and genomic organiza-
tion of HMW-GS gene loci in hexaploid wheat, tetraploid
wheat (T. turgidum) and diploid wheat (T. tauschii) have
been reported (Anderson et al. 2003; Gu et al. 2004b, 2006;
Kong et al. 2004).

LMW-GS represent approximately 40% of the total
wheat gluten fraction. Despite their abundance, they have
received less attention than the HMW-GS mainly due to
diYculties associated with their characterization by SDS-
PAGE and their overlap with gliadins of similar size and
mobility (Gianibelli et al. 2001). LMW-GS have molecular
weight values ranging from 30 to 50 KDa (D’Ovidio and
Masci 2004). LMW-GSs are encoded at the Glu-A3, Glu-
B3 and Glu-D3 loci on the short arms of chromosome 1A,
1B and 1D, respectively (Singh and Shepherd 1988; Gupta
and Shepherd 1990). The number of LMW glutenin-like
genes in hexaploid wheat was estimated to range from 30 to
40 based on Southern hybridization (Cassidy et al. 1998).
This estimate is in agreement with N-terminal sequencing
of glutenin fractions where 26 diVerent LMW-GS
sequences were identiWed in bread wheat cultivar ‘Yecora
Rojo’ (Lew et al. 1992). These LMW-GS genes were clas-
siWed into three types, LMW-i, LMW-m and LMW-s,
based on the Wrst amino acid residue of the mature protein,
which correspond to isoleucine, methionine and serine,
respectively (Lew et al. 1992; Cloutier et al. 2001).

Although the role of HMW-GS in bread-making quality
is better understood, LMW-GS also play a signiWcant role
in the formation of large polymers. Some allelic forms of
LMW-GS showed greater eVects on these properties than
HMW-GS (Gupta et al. 1989, 1994). DiVerent allelic
forms of LMW-GS seem to play diVerent roles in deter-
mining diVerent quality parameters (Luo et al. 2001). The
Glu-A3 alleles signiWcantly inXuenced protein content,
SDS sedimentation volume and mixograph midline peak
value, whereas Glu-B3 alleles strongly aVected all charac-
teristics and the Glu-D3 alleles signiWcantly aVected all
characteristics other than SDS sedimentation volume.
Tanaka et al. (2005) found that LMW-GS signiWcantly
aVected dough strength in common wheat. Using recombi-
nant inbred lines, Maruyama-Funatsuki et al. (2004)
reported that one LMW-GS, encoded by an LMW-s-type
gene, was associated with good bread-making quality,
thereby conWrming that LMW-GSs are a major contributor
to dough strength. Other studies have also shown that alle-
lic variation of HMW-GS and LMW-GS are both associ-
ated with diVerence in the rheological properties of wheat
Xour (Payne 1987; Gupta et al. 1989; Nieto-Taladriz et al.
1994).

‘Glenlea’ is a Canadian Western extra strong (CWES)
spring wheat cultivar. The LMW-i- and LMW-s-type genes
in ‘Glenlea’ have been recently cloned using genomic DNA
and developing seed cDNA libraries (Cloutier et al. 2001;
Maruyama-Funatsuki et al. 2005). To date, more than 200
genomic DNA and cDNA clones of LMW-GS genes from
hexaploid wheat and its relatives have been published (An
et al. 2006; Ikeda et al. 2002; Long et al. 2005; Özdemir
and Cloutier 2005; Zhao et al. 2006, 2007). Most studies
reported that very few LMW-GS genes were isolated from
a given wheat cultivar by PCR due to their complex compo-
sitions. Recently, LMW-GS genes were isolated from the
Japanese soft wheat cultivar ‘Norin 61’ and classiWed into
12 groups based on the deduced amino acid sequences of
the conserved N- and C-terminal domains (Ikeda et al.
2002). Wicker et al. (2003) reported on the genomic organi-
zation of the LMW-GS genes via comparative analysis of
sequences of LMW-GS containing BAC clones from T.
monococcum and T. durum, whereas Johal et al. (2004)
characterized LMW-GS genes from BAC clones of T. tau-
schii, the D-genome donor of hexaploid wheat. To under-
stand genomic organization of the LMW-GS gene family, a
BAC library was constructed from ‘Glenlea’ (Nilmalgoda
et al. 2003). The present study was undertaken with the
goal of characterizing the Glu-3 loci of hexaploid wheat by
(i) physical mapping of LMW-GS containing BAC clones
from the ‘Glenlea’ BAC library via SNaPshot Wngerprint-
ing; (ii) genome organization around the Glu-3 loci using
BAC end sequencing; (iii) isolation and molecular charac-
terization of LMW-GS genes at the Glu-3 loci in hexaploid
wheat and (iv) phylogenetic analysis of LMW-GS genes.

Materials and methods

BAC library screening

The Glenlea BAC library contains 656,640 clones with an
estimated 3.1£ haploid genome coverage and has been
gridded onto 24 high-density Wlters (Nilmalgoda et al.
2003). A composite probe, consisting of the complete cod-
ing regions of an LMW-i (AY542896, Cloutier et al. 2001),
LMW-m (AY542897) and LMW-s (AY542898) (Özdemir
and Cloutier 2005), was labeled with [�-32P]dCTP using
Ready-to-Go DNA labeling beads (Amersham Pharmacia
Biotech, Inc.) and used to screen the 24 high-density Wlters.
Hybridization was performed as described in Nilmalgoda
et al. (2003).

BAC DNA extraction

Positive BAC clones identiWed by high-density Wlter
hybridization were inoculated in 96-well plates containing
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1.5 ml of 2£ YT supplemented with 12.5 �g chloramphen-
icol/ml and were grown in a C25KC incubator shaker (New
Brunswick ScientiWc CO., Edison, NJ, USA) at 37°C and
300 rpm for 20 h. BAC DNA was isolated and puriWed
using an Eppendorf Perfectprep BAC 96 puriWcation kit
(Hamburg, Germany) adapted for a liquid handling robot
(Qiagen 3000, Mississauga, ON, Canada). BAC DNA was
eluted in a Wnal volume of 60 �l.

BAC Wngerprinting and contig assembly

Fingerprinting of positive clones was performed according
to Luo et al. (2003). BrieXy, 42 �l of BAC plasmid DNA
was digested simultaneously with Wve restriction enzymes,
namely, BamHI, EcoRI, XbaI, XhoI and HaeIII. The Wrst
four enzymes are all 6-bp cutters that produce a 3� recessed
end, which leaves a diVerent nucleotide on the negative
strand for each enzyme. Restriction enzyme HaeIII is a
blunt-end 4-base cutter used to generate fragments of
appropriate size and number for analysis on a capillary sys-
tem. The restricted BAC DNA was then labeled with dide-
oxynucleotides using the SNaPshot™ labeling kit (Applied
Biosystems, Foster City, CA, USA). Unincorporated dide-
oxynucleotides were removed by ethanol precipitation
before electrophoresis on a 16-capillary DNA analyzer
(ABI 3100 Genetic Analyzer, Applied Biosystems). Inter-
nal size standard GeneScan LIZ-500 (size range from 35 to
500 bp) was used in each sample, although the 250-bp size
fragment was removed from the subsequent GeneScan
analysis as recommended by Luo et al. (2003). Restriction
fragments ranging in size from 75 to 500 nucleotides were
exported to GenoProWler (available at http://wheat.pw.usda.
gov/physicalmapping/) for conversion into FPC-compatible
Wles and removal of vector and false-positive Wngerprint
fragments.

Contig assembly was performed using FPC version 7
(available at http://www.genome.arizona.edu/fpc/) using
the stringent conditions of tolerance 5 as recommended by
Luo et al. (2003) and a Sulston score of 1 £ 10¡10.

LMW-GS gene-speciWc primer design and PCR

LMW-GS gene-speciWc primers were designed using
Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi) (Rozen and Skaletsky 2000). All primer sequences
and amplicon information are shown in Table 1. The Wrst
Wve primer pairs from LMWF1/LMWR1 to LMWF10/
LMWR9 were designed based on the coding regions of
contig consensus sequences of full-length LMW-m and
-i-type cDNA clones, whereas the forward primer LMWF11
and the reverse primer LMWR11 were from the promoter
region and the repetitive domain of genomic sequence of
LMW-s-type AY542898 (Özdemir and Cloutier 2005).
These primers were used to amplify LMW-GS genes using
the BAC clones identiWed by hybridization and Glenlea
genomic DNA as templates.

PCR reactions used either 5–10 ng BAC DNA or 200 ng
genomic DNA as template, 1£ PCR buVer, 1 mM MgCl2
(to increase the stringency of the reactions), 0.8 mM
dNTPs, 0.6 �M of each primer, 0.1 �l of 10£ BSA (1 mg/
ml) and 1 Unit Taq DNA polymerase made up to a Wnal
volume of 25 �l with sterile ddH2O. PCR reactions were
carried out in a PTC-100 thermocycler (MJ Research, Inc.,
Waltham, MA, USA). Following 5 min of denaturation at
94°C, 35 cycles were performed with 30 s at 94°C, 30 s at
60°C, 90 s at 72°C and a Wnal extension step of 10 min at
72°C. PCR products were separated on a 1.5% agarose gel
in 0.5£ TBE buVer. Gels were photographed using an
AlphaImager HP imaging system (Alpha Innotech Corp.,
San Leandro, CA, USA).

Table 1 LMW-GS gene spe-
ciWc primers designed based on 
contig consensus sequences of 
full-length LMW-GS cDNA 
clones and the genomic clone 
AY542898

Primer Primer sequence Contig no.a Tm (°C) Product 
size (bp)

LMWF1 CTTTGCTCTCCTTGCCATTG 8,1,4 60 907

LMWR1 CTGGTGTGGCTGCAAGAATA 8,1,4

LMWF3 GACAAGTGCCATTGCACAGA 5,3 60 820

LMWR4 GCTGTACAACGGCACATTGA 5,3

LMWF6 TCCTCGTCTTTGCCCTTCTA 6 60 826

LMWR6 GGCACATTGACACTGCACAT 6

LMWF7 TTGCGCAGATGGAGACTAGA 2 60 806

LMWR7 CAACGGCACATTAACACTGC 2

LMWF10 TCACAGCAACAACAACCACA 7 60 784

LMWR9 CTATCTGGTGTGGCTGCAAA 7

LMWF11 CCAAACTCGGTTGCAAAAGT AY542898 60 805

LMWR11 TGGTGGTTGTTGCGGTAGTA AY542898
a Contig number from Özdemir 
and Cloutier (2005)
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PuriWcation and direct sequencing of PCR products

PuriWcation of PCR products was performed using Multi-
Screen384-PCR Wlter plates following manufacturer’s
instructions with some modiWcations (Millipore Corp.,
Billerica, MA, USA), as previously described by Huang
and Cloutier (2007). Direct sequencing of PCR products
was performed according to Huang and Cloutier (2007).
Sequencing reactions contained 40–50 ng PCR product as
template, 1 �l of 5£ sequencing buVer, 1 �l of 5.2 �M
primer (primers as used in PCR reactions) and 0.4 �l of
BigDye reaction mix in a total volume of 6 �l. The PCR
products were sequenced on a 3100 Genetic Analyser
(Applied Biosystems).

Chromosome walking using hemi-nested 
touchdown (TD) PCR

We initially attempted to obtain and/or extend the LMW-GS
sequences by primer walking using the BAC clone DNA as
template but this approach was not always successful
because of the nature of the sequence or the presence of mul-
tiple copies on a single BAC clone. To palliate this diY-
culty, we developed a hemi-nested touchdown (TD) PCR for
chromosome walking that enabled us to eYciently perform
sequencing of Xanking regions from BAC clones (Huang
and Cloutier 2007). Primers used for primer walking are
listed in Table S1 (Supplementary data). When the Wrst
round of TD PCR produced a single strong band, the PCR
product was used for direct sequencing. If the Wrst round of
TD PCR generated multiple faint bands, a second round of
hemi-nested TD PCR was employed to produce a single
strong PCR amplicon that was then directly sequenced.

Nucleotide sequence analysis 

DNA sequences were processed and assembled using our
in-house developed software called SOOMOS v0.6 (T.
Banks, personal communication). Base calling, quality
assessment and low quality sequence removal were per-
formed with the software PHRED (Ewing et al. 1998) using
the ‘-trim_alt’ option. The software CAP3 (Huang and
Madan 1999) was used to assemble the processed reads into
contiguous sequences (contigs). DNA sequence multiple
alignment, translation and identiWcation of open reading
frames (ORFs) were conducted using CLUSTAL W v1.82
(Higgins et al. 1994) and DNAMAN v3.2 (Lynnon Corpo-
ration, QC, Canada). MEGA3.1 (Kumar et al. 2004) was
used to construct a phylogenetic tree using the Neighbor-
joining method. Bootstrap tests were performed using
1,000 replications. The rate of nonsynonymous (Ka) versus
synonymous (Ks) substitutions was calculated for diVerent

domains of LMW-GS genes with DnaSP (Rozas et al.
2003).

Results 

BAC library screening, BAC Wngerprinting 
and contig assembly

A total of 383 positive BAC clones were identiWed by
screening of the 24 high-density Wlters of the ‘Glenlea’
BAC library with the LMW-GS composite probe, indicat-
ing the complexity of LMW-GS gene loci in hexaploid
wheat.

Of the 383 BAC clones, 129 clones assembled into 42
contigs. Seventeen contigs consisted of three or more BAC
clones, while the remaining contigs had only two BAC
clones. The two largest contigs contained seven BAC
clones each. However, 254 BAC clones remained as single-
tons. Using LMW-GS-gene speciWc primers, 82 BAC
clones were conWrmed by PCR to contain LMW-GS
sequences (see below). Fingerprinting of this subset of
clones resulted in the assembly of 30 BAC clones into eight
contigs, while 52 BAC clones remained as singletons. A
subset of six assemblies is illustrated in Fig. 1. Five contigs
had four or more BAC clones (Fig. 1, contig a–e). Contig
length was estimated to range between 95 kb for a contig of
two BAC clones (Fig. 1, contig f) and 219 kb for a contig of
Wve BAC clones (Fig. 1, contig a).

IdentiWcation of BAC clones containing LMW-GS genes

Considering that LMW-GS and gliadin sequences share
approximately 60% similarities (D’Ovidio and Masci
2004), positive hybridization signals may include BAC
clones containing gliadin sequences. SpeciWc primers were
designed from the �-gliadin sequence U08287 to amplify
BAC clones assembled in contigs. PCR ampliWcation indi-
cated that BAC clones in the two largest contigs with seven
clones also contained gliadin genes (data not shown).

In order to conWrm the identity of positive BAC clones
containing LMW-GS genes, six LMW-GS-speciWc primers
were designed. After PCR screening, LMWF1/LMWR1
identiWed only four positive BAC clones, whereas
LMWF3/LMWR4 identiWed 52 positive BAC clones. In
total, 82 out of the 383 BAC clones produced one amplicon
with at least one of the six primer pairs. Thirty-eight BAC
clones were identiWed by a single primer pair, while 44
BAC clones were identiWed using two or more primer pairs.
Figure S1 (Supplementary data) shows the screening of the
BAC clones with primer pair LMWF3/LMWR4 that identi-
Wed nine positive BAC clones.
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Isolation and molecular characterization of LMW-GS 
genes in Glenlea

PCR products obtained using LMW-GS speciWc primers of
the 82 BAC clone subset were directly sequenced. Flanking
sequence information was generated until complete open
reading frames (ORFs) as well as 5’ and 3’ untranslated
sequence information was obtained for all the diVerent
LMW-GS sequences. Sequence analysis revealed that the
82 BAC clone subset contained 12 diVerent LMW-GS
genes and seven pseudogenes (Table 2). Of the 82 BAC
clones, 46 clones contained a single LMW-GS gene and
eight clones had a single LMW-GS pseudogene. The
remaining clones contained two or more LMW-GS genes
and/or pseudogenes (Supplementary data, Table S2). As
expected, identical LMW-GS sequences were obtained

from BAC clones belonging to the same contig (data not
shown). Identical sequences were also obtained from diVer-
ent BAC clones that remained singletons or that were part
of an assembly and present on singletons. Failure to assem-
ble these BAC clones by Wngerprinting could be due to
their short length or small overlap. Alternatively, they
could represent recent duplications, in which case, assem-
bly would likely not be possible due to the nature of the
BAC sequences.

Twelve diVerent LMW-GS genes in 11 BAC clones
were chosen for further extension of sequences in their 5�

and 3� non-coding Xanking regions using hemi-nested
touchdown PCR (Huang and Cloutier 2007). These genes
were designated as clones 0072P19-m, 0099E23-m,
0154A5-m, 0154F22-s, 0275P20-m, 0359D24-m,
0359D24-s, 0703A9-m, 0877L13-m, 1238L16-m,
1557N24-m and 1594F5-i, respectively, based on the BAC
clone name and the Wrst amino acid residue of the mature
protein. The GenBank accession numbers for these
sequences are as follows: 0072P19-m, EU189090;
0099E23-m, EU189091; 0154A5-m, EU189092; 0154F22-
s, EU189088; 0275P20-m, EU189093; 0359D24-m,
EU189094; 0359D24-s, EU189095; 0703A9-m,
EU189096; 0877L13-m, EU189097; 1238L16-m,
EU189098; 1557N24-m, EU189089; and 1594F5-i,
EU189087. Their total sequence length ranged from
1,455 bp for 0072P19-m to 2,755 bp for 1238L16-m. The
5� non-coding regions ranged in size from 125 bp to
1,325 bp. In this region, the endosperm boxes with the E-
motif at the 5� end and N-motif at the 3� end of the boxes,
CAAT boxes and TATA boxes were identiWed (Supple-
mentary data, Fig. S2). The E-motif (TGTAAAGT) is con-
served and present in all the genes. In the 3�-UTRs of the
12 genes, three polyadenylation signals (AATAAA) were
identiWed. In 0275P20-m, the last polyadenylation signal
was AATGAA. Many single nucleotide polymorphisms
(SNPs) and insertions/deletions (INDELs) were observed
in the coding regions of the genes, and in the 5� and 3� non-
coding Xanking regions as well (Supplementary data,
Fig. S2). These LMW-GS genes are intronless and the
length of their coding region ranged from 897 to 1,167 bp.
The pairwise percentage sequence similarities between the
coding regions of the genes are shown in Table S3 (Supple-
mentary data). The largest similarity score was 99.1%
between 0099E23-m and 0072P19-m and the lowest simi-
larity score was 72.5% between 1594F5-i and 0703A9-m.

The deduced amino-acid sequences of the 12 genes
showed that they all had a single open reading frame
(ORF). Proteins encoded by these genes had from 288
amino acid residues for 0154A5-M to 388 amino acid resi-
dues for 1594F5-I (Table 3). The predicted proteins of the
12 genes had similar structures to previously characterized
LMW-GS. Each comprised four main structural regions,

Fig. 1 Diagram illustrating six of the eight wheat BAC contig assem-
blies containing LMW-GS gene(s)

Contig B

Contig A

1331L16

0154F22
0529O4

0881A6

0892I16

219 kb

0753E3

0099G16
0099E23

0833J22

1425D24

210 kb

Contig C
1554E13
1557N24
1157C20

0742B23

166 kb

0176N11

Contig D

1016E24

0292M18

0703A9

0968J8

158 kb

Contig E

0503E7

0878A11

0275P20

1517I9

123 kb

0469B11
1594F5

95 kb
Contig F 20 kb
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including a 20 amino acid signal peptide (Sig), a short N-
terminal region of 13 amino acids, a repetitive domain rich
in glutamine and proline residues and a C-terminal domain
consisting of three sub-regions of cysteine-rich (I), gluta-
mine-rich (II) and a Wnal conserved domain (III) (Fig. 2).
Based on the Wrst amino acid residue of the mature protein,
1594F5-i is LMW-i-type gene with ISQQQQ in the N-ter-
minal domain. 0154F22-s and 0359D24-s are LMW-s-type
gene, because they have isoleucine and methionine at posi-
tion 1, respectively, and the same asparagine at position 3
and should show the N-terminal amino-acid sequence of
the mature protein as the LMW-s-type (SHIPG) (Masci
et al. 1998; Ikeda et al. 2002). The remaining genes are
classiWed into LMW-m-type gene.

The predicted molecular weight of the 12 deduced amino
acid sequences was between 32.7 kDa for 0154A5-M to
44.7 kDa for 1594F5-I. They not only showed a high level
of similarity but also displayed unique features. All 12
LMW glutenin subunits contained eight cysteine residues

(Fig. 2). Five cysteine residues in their C-terminal domain I
and one cysteine in their C-terminal domain III were con-
served and present at the same positions (Figs. 2, 3). The
Wrst cysteine in N-terminal domain or repetitive domain
and the seventh cysteine in C-terminal domain II were not
conserved for LMW-i- and -s-type genes.

The average number of synonymous substitutions (Ks)
and non-synonymous substitutions (Ka) per site between
diVerent domains of the 12 LMW-GS genes is given in
Table 4. DiVerent nucleotide substitution rates were
observed among the diVerent domains of LMW-GS genes.

BLASTn searches of the coding region sequences of the
12 genes against the NCBI database were performed. The
percentage identities and the accession numbers of these
genes are listed in Table S4 (Supplementary data). The cod-
ing region of the gene 1594F5-i had 100% identity to genes
AY453160 (Zhang et al. 2004) and AY831863 of ‘Glen-
lea’. The latter was a full length cDNA sequence (Özdemir
and Cloutier 2005). The gene 0154F22-s showed 99%

Table 2 ClassiWcation of LMW-GS genes based on their deduced N-terminal amino acid sequence

a BAC clones assembled into contigs
b Underlined BAC clones separated by ‘//’ contained a LMW-GS sequence that diVered from the others in the same group

N-terminal 
sequence

BAC clones containing LMW-GS genes BAC clones containing 
LMW-GS pseudogenes

BAC clone id No. of 
diVerent 
sequences

BAC clone id No. of diVerent 
sequences

ISQQQQ– 0469B11a, 1594F5 a 1

METSHIPS 0176N11a, 0742B23a, 1157C20a, 1554E13a, 1557N24a, 
0356P4, 0634H15, 0877F13, 0879G22, 0879H9, 
0880L1, 0887A10, 0892A5, 0895D15, 0899O18, 
1113E3, 1296C6, 1619A4

1

MENSHIPG 0154F22a, 0529O4a, 0881A6a, 0892I16a, 1331L16a, 
0659B17, 1113E3, 1126H23, 1127G19

1 1468H7 1

METSHIPG 0292M18a, 0703A9a, 0968J8a, 1016E24a, 0122N17, 
0258A13, 0428D3, 0527O8 // 0877L13b

2 0881A6, 0881F19, 
0893K5

1

METSRVPG 1234D3, 1238L16, 1013M1, 1275F23 1

METSCIPG 0099E23a, 0099G16a, 0753E3a, 0833J22a, 1425D24a, 
0082J4, 0196L16, 0199J21, 0201M1, 0212J1, 0323C2, 
0634H15, 0644A2, 0753C6, 0828D8, 0879B18, 0879G22, 
0879H9, 0880L1, 0892A5, 0898H1, 1013M1, 1156C11, 
1296C6, 1619A4 // 0072P19 // 0154A5

3 1013M1 1

METSCISG 0275P20a, 0503E7a, 0878A11a, 1517I9a, 0122N17, 0199J21, 
0212J1, 0356P4, 0428D3, 0496H7, 0704A17, 0742B23, 
0877F13, 0878P3, 0879B18, 0881F19, 0885F3, 0887A10, 
0893K5, 0893P12, 0895D15, 0898J12, 1275F23, 1490B22

1

METRCIPG 0359D24 1 0258A13, 0348N15, 
0356P4, 0493I20, 
0885P5, 1157C20, 
1169F2 // 0407K7 // 
0412G23, 0425C13 // 
0496H7

4

IENSHIPG 0359D24 1

Total number 12 7
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identity to gene AB119007, which was also isolated from
‘Glenlea’ (Maruyama-Funatsuki et al. 2005). Two silent
SNPs (A/G) were found at position 120 and 157 (data not
shown). The genes 1238L16-m, 0275P20-m and 039D24-m
showed 100% identity to two (AY831781, AY831781),
four (AY831789, AY831790, AY831791, AY831792) and
two (AY831858, AY831859) full length cDNA sequences
from Glenlea, respectively (Özdemir and Cloutier 2005).

Chromosomal assignment of LMW-GS genes

The 12 LMW-GS genes were classiWed into nine groups,
which corresponded to nine diVerent N-terminal sequences.
There were three diVerent LMW-GS genes in the group
with the N-terminal sequence METSCIPG and two diVer-
ent LMW-GS genes in the group with the N-terminal
sequence METSHIPG.

To determine chromosomal location of LMW-GS genes
with the nine diVerent N-terminal sequences, gene-speciWc
primers were designed (Supplementary data, Table S5) and
used to amplify genomic DNA of ‘Chinese Spring’ (CS)
and CS group 1 nulli-tetrasomic lines. LMW-i-type genes
ampliWed by primer pair LMWF10/LMWR9 were con-
Wrmed to be located on chromosome 1A. A LMW-m-type
gene with the N-terminal sequence METSHIPS and a
LMW-s-type gene with the N-terminal sequence
(MEN)SHIPG were assigned to chromosome 1B. The other
Wve LMW-m-type genes and a LMW-s-type gene with the
N-terminal sequence (IEN)SHIPG were located on chro-
mosome 1D (Fig. 4, Supplementary data Table S5).

Physical distance and phylogenetic analysis 
of LMW-GS genes

In wheat, Luo et al. (2003) reported that the average length
of a contig assembly obtained using the SNaPshot® Wnger-
printing method, corresponded to 1.23 times the number of
CB units (kb) obtained in FPC. Based on the fragment
number of individual BAC clones after the SNaPshot®

Wngerprinting, the length of the 82 BAC clones was calcu-
lated. According to the LMW-GS gene number in the 82
BAC clones, the average physical distance between two
adjacent LMW-GS genes was estimated to be 81 kb.

The phylogenetic analysis based on the coding region
sequences of the 12 LMW-GS genes indicated that the 12
LMW-GS genes were clustered into three clear groups that
represent LMW-s, LMW-m and LMW-i-type genes, respec-
tively (Fig. 5a). The LMW-i gene showed greater diVer-
ences to LMW-s and LMW-m genes with a homology of
81% while the identity between LMW-s and LMW-m genes
was 86% (data not shown). On the basis of the deduced
amino acids of the 12 LMW-GS genes, similar clusters were
observed, but the two LMW-s-type genes, 0154F22-s andT
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0359D24-s, were closer to three LMW-m-type genes
0703A9-m, 0877L13-m and 1557N24-m (Fig. 5b).

BAC end sequencing

The 82 BAC clones were end-sequenced using M13 for-
ward and reverse primers to obtain partial sequence infor-

mation of the Glu-3 locus regions. A total of 162 quality
reads with an average size of 450 bp were generated
(Supplementary data, Fig. S3). After BLASTn searches
against the TREP Database (http://wheat.pw.usda.gov/ITMI/
Repeats/blastrepeats3.html), 105 sequences (65%) showed
signiWcant similarities to diVerent types of repetitive DNA
(cutoV < 10¡10, Table 5). Of the 96 LTR retrotransposons

Fig. 2 Alignment of the de-
duced amino acid sequences of 
12 LMW-GS genes from Glen-
lea. Cysteines are boxed by 
white or black lines. Deletions 
are indicated by dashes

10 20 30 40 50 60 70 80 90
. .. . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . .| . . .. | .. . .| . . .. | .. . .| . . .. |

1594F5-i MKTFLVFALLALAAASAVAQISQQQQPPPFSQQQQPPFSQQQQPPFSQQQQSPFSQQQQQPPFSQQQQPPFSQQPLISQQQQLPFSQQQQ 90
1557N24-m MKTFLIFALLAVAATSAIAQMETSHIPSLEKPLQQQPLPLQQILWYQQ-QQP-----------IQQQPQPFPQQPPCSQQQQPPLSQQQQ 78
0703A9-m MKTFLIFALLAVAATSAIAQMETSHIPGLEKPSQQQPLPLQQILWYHQ-QQP-----------IQQQPQPFPQQPPCSQQQQPPLSQQQQ 78
0877L13-m MKTFLIFALLAVAATSAIAQMETSHIPGLEKPSQQQPLPLQQILWYQQ-QQP-----------IQQQPQPFPQQPPCSQQQQPPLSQQQQ 78
1238L16-m MKTFLIFALLAIAATSAIAQMETSRVPGLEKPWQQQPLPPQ-------------------------------QQPPCSQQQQP-FPQQQQ 58
0099E23-m MKTFLVFALLAVVATSAIAQMETSCIPGLERPWQQQPLQQK---------------------------ETFPQQPPSSQQQQ-------- 55
0072P19-m MKTFLVFALLAVVATSAIAQMETSCIPGLERPWQQQPLQQK---------------------------ETFPQQPPSSQQQQ-------- 55
0154A5-m MKTFLVFALLAVVATSAIAQMETSCIPGLERPWQQQPLQQK---------------------------ETFPQQPPSSQQQQ-------- 55
0275P20-m MKTFLVFALIAVVATSAIAQMETSCISGLERPWQQQPLPPQ---------------------------QSFSQQPPFSQQQQ-------- 55
0359D24-m MKTFLVFALLAVAATSAIAQMETRCIPGLERPWQQQPLPPQ---------------------------QTFPQQPLFSQQQQ-------- 55
0359D24-s MKTFLIFALLAVAATSAIAQIENSHIPGLEKPSQQQPLPLQQTLSHHQQQQP-----------VQQQPQPFPQQQPCSQQQQPPLSQQQQ 79
0154F22-s MKTFLIFALLAVAATSAIAQMENSHIPGLERPSQQQPLPPQQTLSHQQPQQP-----------IQQQPQQFPQQQPCSQQQQ----QQQQ 75

100 110 120 130 140 150 160 170 180
. .. . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . .| . . .. | .. . .| . . .. | .. . .| . . .. |

1594F5-i PQFSQQQQPPYSQQQQPPYSQQQQPPFSQQQQP-------PFSQQQQPSFSQQQQQPPFTQQQQPPFSQQSPISQQQQQQQQQQQQPFTQ 173
1557N24-m PPFS-QQQPPFSQQQQP--VLPQQPPFSQQQQQ--------FPQQQQPLLPQQP----------PFSQQQPPFSQQQQQ------PPFSQ 141
0703A9-m PPFS-QQQPPFSQQELP--ILPQQPPFSQQQQPQFSQQQQPFPQQQQPLLLQQP----------PFSQQRPPFSQQQQQPVLPQQPPFSQ 155
0877L13-m PPFS-QQQPPFSQQQQP--VLPQQPPFSQQQQQ--------FPQQQQPLLPQQP----------PFSQQQPPFSQQQQQ------PPFSQ 141
1238L16-m PIII-LQQSPFSQQQQP-VLPQQQPVIILQQPP--------FSQQQQPVLPQQPPFS--QQQQQQQQQQQPPFSQQQQP-VLPQQPPFSQ 135
0099E23-m ----------------P---FPQQPPFLQQQPS--------FSQQP-------------------------LFSQKQQP-VLPQQPAFSQ 92
0072P19-m ----------------P---FPQQPPFLQQQPS--------FSQQP-------------------------LFSQKQQP-VLPQQPAFSQ 92
0154A5-m ----------------P---FPQQPPFLQQQPS--------FSQQP-------------------------LFSQKQQP-VLPQQPAFSQ 92
0275P20-m ---------------QP---LPQQPSFSQQQPP--------FSQQQ-PILSQQP-----------------PFSQQQQP-VLPQQSPFSQ 100
0359D24-m -----------LFPQQPSFSQQQ-PPFWQQQPP--------FSQQQ-PILPQQP-----------------PFSQQQQL-VLPQQPPFSQ 106
0359D24-s PPFS-QQQPPFSQQQQPSFSQQQQPPFSQQQPP--------FSQQQQPVIPQQPSFS--QQQLPPFSQQQPPFSQQQQP-VLPQQPPFSQ 157
0154F22-s -----QQQ----QQQQP-LSQQQQPPFSQQQPP--------FSQQQQPVLPQQPSFS--QQQLPPFSQQQPPFSQQQQP-VLPQQPPFSQ 144

190 200 210 220 230 240 250 260 270
. .. . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . .| . . .. | .. . .| . . .. | .. . .| . . .. |

1594F5-i QQQPPFSQQPPISQQQQPPFSQQQQPPFSQQQQIPVIHPSVLQQLNPCKVFLQQQCIPVAMQRCLARSQMLQQSICHVMQRQCCQQLRQI 263
1557N24-m QQQQ-PILL------QQPPFSQHQQP-VLPQQQIPSVQPSILQQLNPCKVFLQQQCSPVAMPQSLARSQTLWQSSCHVMQQQCCRQLPQI 223
0703A9-m QQQQQPILP------QQPPFSQHQQP-VLPQQQIPYVQPSILQQLNPCKVFLQQQCSPVAMPQSLARSQMLWQSSCHVMQQQCCQQLPRI 238
0877L13-m QQQQ-PILL------QQPPFSQHQQP-VLPQQQIPSVQPSILQQLNPCKVFLQQQCSPVAMPQSLARSQTLWQSSCHVMQQQCCRQLPQI 223
1238L16-m QQQP-PFSQQQQPSSQQPPFPQQHQQ--FPQQQIPVVQPSVLQQLNPCKVFLQQQCSHVAMSQRLARSQMWQQSSCHVMQQQCCQQLPQI 222
0099E23-m QQQ--TVLP------QQPAFSQQQHQ-QLLQQQIPIVHPSILQQLNPCKVFLQQQCSPVAMPQHLARSQMWQQSSCNVMQQQCCQQLPRI 173
0072P19-m QQQ--TVLP------QQPAFSQQQHQ-QLLQQQIPIVHPSILQQLNPCKVFLQQQCSPVAMPQHLARSQMWQQSSCNVMQQQCCQQLPRI 173
0154A5-m QQQ--TVLP------QQPAFSQQQHQ-QLLQQQIPIVHPSILQQLNPCKVFLQQQCSPVAMPQHLARSQMWQQSSCNVMQQQCCQQLPRI 173
0275P20-m QQQ--LVLP-----------PQQQQQ-QLVQQQIPIVQPSVLQQLNPCKVFLQQQCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLQQI 176
0359D24-m QQQ--PVLPP-----QQSPFPQQQQHQQLVQQQIPVVQPSILQQLNPCKLFLQQQCSPVAMPQRLARSQMLQQSSCHVMQQQCCQQLPQI 189
0359D24-s QQQ--PILP------QQPPFSQQQQQPVLPQQQIPFVHPSILQQLNPCKVFLQQQCSPVAMPQSLARSQMLQQSSCHVMQQQCCQQLPQI 239
0154F22-s QQQQQPILP------QQPSFSQQQQQLVLPQQQIPFVHPSILQQLNPCKVFLQQQCSPVAMPQSLARSQMLQQSSCHVMQQQCCQQLPQI 228

280 290 300 310 320 330 340 350 360
. .. . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . .| . . .. | .. . .| . . .. | .. . .| . . .. |

1594F5-i PEQSRHESIRAIIYSIILQQQQ-----QQQQQQQQQQQGQSIIQYQQQPPQQ-LGQCVSQPQQQLQQQLGQQPQQQQ--LAHGTFLQPHQ 345
1557N24-m PEQSRYDAIRAIIYSIVLQEQQHGQGLNQPQQQQPQQSVQGVSQPQQQQKQL--GQCSFQQPQQ--QQLGQWPQQQQ--VPQGTLLQPHQ 307
0703A9-m PEQSRYDAIRAIIYSIVLQEQQHGQGFNQPQQQQPQQSVQGVSQPQQQQKQL--GQCSFQRPQQ--QQLGQWPQQQQ--VPQGTLLQPHQ 322
0877L13-m PEQSRYDAIRAIIYSIVLQEQQHGQGLNQPQQQQPQQSVQGVSQPQQQQKQL--GQCSFQRPQQ--QQLGQWPQQQQ--VPQGTLLQPHQ 307
1238L16-m PEQSRSEAIRAIVYSIILQEQQ--QGFVQPQQQQPQQSGQGVSQHQQQSQQQQQLGQCSFQQPQQLQQLGQQPQQQQ--IPQGIFLQPHQ 308
0099E23-m PEQSRYEAIRAIIFSIILQEQQ--QGFVQPQQQQPQQSVQGVYQPQQQSQQQ--LGQCSFQQPQ--QQLGQQPQQQQ--VQKGTFLQPHQ 255
0072P19-m PEQSRYEAIRAIIFSIILQEQQ--QGFVQPQQQQPQQSVQGVYQPQQQSQQQ--LGQCSFQQPQ--QQLGQQPQQQQ--VQKGTFLQPHQ 255
0154A5-m PEQSRYEAIRAIIYSIVLQEQQQVRGSIQTQQQQPQQLGQCVSQPQQQSQQ----------------QLGQQPQQQQ--LAQGTFLQPHQ 245
0275P20-m PEQSRYEAIRAIIYSIILQEQQ--QGFVQPQQQQPQQSGQGVSQSQQQSQQQ--LGQCSFQQPQ--QQLGQQPQQQQQQVLQGTFLQPHQ 260
0359D24-m PQQSRYEAIRAIIYSIILQEQQQVQGSIQSQQQQPQQLGQCVSQPQQQS--------------Q--QQLGQQPQQQQ--LAQGTFLQPHQ 261
0359D24-s PQQSRYEAIRAIIYSIILQEQQQVQGSIQSQQQQPQQLGQCVSQPQQQS--------------Q--QQLGQQPQQQQ--LAQGTFLQPHQ 311
0154F22-s PQQSRYEAIRAIIYSIVLQEQQQVRGSIQTQQQQPQQLGQCVSQPQQQS--------------Q--QQLGQQPQQQQ--LAQGTFLQPHQ 300

370 380 390 400
. .. . |. . .. | .. . . |. . .. | .. . . |. . .. | .. . . |. . .. | .. .

1594F5-i IAQLEVMTSIALRTLPRMCSVNVPLYETTTSVPLGVGIGVGVY 388
1557N24-m IAQLEVMTSIALRTLPTMCSVNVPVYGTTTIVPFGVGTRVGAY 350
0703A9-m IAQLELMTSIALRTLPMMCSVNVPVYGTTTSVPFGVGTQVGAY 365
0877L13-m IAQLEVMTSIALRTLPMMCSVNVPVYGTTTSVPFGVGTQVGAY 350
1238L16-m ISQLEVMTSIALRTLPTMCGVNVPLYSSTTIMPFSIGTGVGGY 351
0099E23-m IARLEVMTSIALRTLPTMCSVNVPLYSSITSAPLGVGSRVGAY 298
0072P19-m IARLEVMTSIALSTLPTMCSVNVPLYSSITSVPFGVGSGVGAY 298
0154A5-m IAQLEVMTSIALRTLPMMCRVNVPLYRTTTSVPFGVGTGVGAY 288
0275P20-m IAHLEAVTSIALRTLPTMCSVNVPLYSATTSVPFGVGTGVGAY 303
0359D24-m IAQLEVMTSIALRILPTMCSVNVPLYRTTTSVPFDVGTGVGAY 304
0359D24-s IAQLEVMTSIALRILPTMCRVNVPLYRTTTSVPFDVGTGVGAY 354
0154F22-s IAQLEVMTSIALRTLPMMCRVNVPLYRTTTSVPFGVGTGVGAY 343

Signal peptide
N-terminal 
domain Repetitive domain start

C-terminal domain I

C-terminal domain II

C-terminal domain III
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(class I), Sabrina, Fatima and Wham elements were found
24, 11 and 8 times, respectively, suggesting that they are
abundant at the Glu-3 loci. Of the nine class II transposons,
eight repetitive elements showed signiWcant matches to the
CACTA transposon group.

Discussion

In the present study, we report isolation and sequencing of
12 unique LMW glutenin genes and seven LMW pseudo-
genes from the hexaploid wheat ‘Glenlea’ BAC library via
Wlter hybridization, primer-template mismatch PCR and
subsequent primer walking using hemi-nested touchdown
PCR (Huang and Cloutier 2007). This is the Wrst compre-
hensive study of LMW-GS genes isolated from a hexaploid
wheat BAC library.

Molecular characterization of LMW-GS genes 

Cloning of LMW-GS can result in deletions of the repeti-
tive domain (Masci et al. 1998; Ikeda et al. 2002). To avoid
this artifact and insure high sequence reliability, we per-
formed direct sequencing of PCR products on a minimum
of three independent PCR reactions/reads. The 12 LMW
glutenin genes reported here, like all other prolamin genes
published to date, do not contain introns. Among the 12

LMW-GS genes, one gene encodes an LMW-i-type sub-
unit, two genes encode LMW-s-type subunits and the
remaining nine genes encode LMW-m-type subunits. They
were classiWed into nine diVerent groups based on the N-
terminal sequences. There are two diVerent LMW-GS
genes in the group with the N-terminal sequence MET-
SHIPG (Table 2). These two genes share 97.1% sequence
similarity (Table S3), but have the same C-terminal
sequence VGTQVGAY corresponding to that of group 1
(Ikeda et al. 2002). Similarly, three LMW-GS genes belong
to the group with the N-terminal sequence METSCIPG and
share more than 95.5% similarity (Supplementary data,
Table S3). The LMW-GS genes with the N-terminal
sequences MDTSCIPG and ISQQQQQP reported by Ikeda
et al. (2002) were not identiWed in this study. The amino
acid sequence encoded by the former gene was not detected
in the variety Norin 61 using two-dimensional gel electro-
phoresis (2DE) and N-terminal amino acid sequencing
(Ikeda et al. 2006).

The highest average number of Ks was found in the
repetitive domain, followed by C-terminal II. The lowest
average number of Ks was found in C-terminal III
(Table 4). This indicates large variation in the repetitive
domain and sequence conservation in the C-terminal III of
LMW-GS genes. The large variation in the repetitive
domain reXects the common occurrence of deletions and/or
insertions of repeat units. Unequal crossing-over and/or
slippage during replication could be responsible for the
variations of the repetitive domain as suggested for the evo-
lution of other prolamins (D’Ovidio and Masci 2004).

The predicted proteins of the 12 LMW-GS genes indi-
cated the presence of eight cysteine residues. For the
LMW-m- and LMW-s-type genes, it has been proposed that
the Wrst and seventh cysteine residues are involved in inter-
molecular disulWde bond formation and their positions are
variable in their respective domains (Shewry and Thatam
1997; D’Ovidio et al. 1999; Masci et al. 1998; D’Ovidio
and Masci 2004). For the LMW-m-type genes with the N-
terminal sequences METSCIPG, METSCISG and METR-
CIPG, the Wrst cysteine residue is present in the N-termi-
nus. For the other three LMW-m-type and the two LMW-s-
type genes, the Wrst cysteine residue exists in the repetitive
domain. The seventh cysteine residue was found in the

Fig. 3 Structure comparison of the deduced amino acid sequences of
nine LMW-GS genes. Cysteine residues and their locations are depict-
ed as pin heads. The grey and black pin heads indicate cysteines in-
volved in inter-molecular and intra-molecular disulphide bonds,
respectively. Sig signal peptide, N-ter N-terminal domain, Rep repeti-
tive domain, C-ter C-terminal domain. Solid line boxes represent
nucleotide sequences of LMW-GS genes while dotted boxes indicate
deletions

ISQQQQ-

(MEN)SHIPG

(IEN)SHIPG

METSHIPS

METSHIPG

METSRVPG

METSCIPG

METSCISG

METRCIPG

Sig     N-ter Rep C-ter I C-ter II C-ter III

Table 4 Average number of synonymous (Ks) and non-synonymous (Ka) substitutions for pairwise comparisons of the 12 LMW-GS complete
genes and respective values for the Wve diVerent sub-domains

Complete 
gene

Sequence for signal 
peptide and 
N-terminal domain

Sequence for 
repetitive domain 

Sequence for 
C-terminal I

Sequence for 
C-terminal II

Sequence for 
C-terminal III

Ka 0.0947 0.0293 0.1408 0.0604 0.0808 0.0988

Ks 0.3166 0.2212 0.4448 0.2906 0.4104 0.1542
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C-terminal II in all LMW-m- and LMW-s-type genes
(Figs. 2, 3). For the LMW-i-type gene, the N-terminal
region is missing and the eight residues are all present in the
C-terminal domain. As proposed by Cloutier et al. (2001)
and D’Ovidio and Masci (2004), the third cysteine residue
in the C-terminal I of the LMW-i-type gene is likely to par-
ticipate in intermolecular disulWde bond formation (Fig. 3).

So far, most of the isolated LMW-GS genes from T. aes-
tivum and T. tauschii were m-type (Johal et al. 2004; Ikeda
et al. 2002; Cassidy et al. 1998; Zhao et al. 2006, 2007; this
study). Only two LMW-s-type genes with the N-terminal
sequences (MEN)SHIPG and (IEN)SHIPG were identiWed
from genomic sequences of wheat (Ikeda et al. 2002; this
study). By using 2DE and N-terminal sequencing, Ikeda
et al. (2006) conWrmed that LMW-m-type genes were pre-
dominant in T. aestivum variety ‘Norin 61’. They also
found that a single LMW-GS gene gave rise to two diVerent
N-terminal sequences SHIPGLERPS (s-type) and MEN-
SHIPGL (m-type) due to post-translational cleavage by an
asparaginyl endoprotease, although the latter was a minor
fraction. Lew et al. (1992) reported that the LMW-s-type
genes were predominant in T. aestivum variety ‘Yecora
Rojo’ based on reverse-phase high-performance liquid
chromatography (RP-HPLC) and N-terminal amino acid
sequencing. Detailed comparisons of the N-terminal
sequences of the LMW-s-type and the LMW-m-type sub-
units identiWed from the same fractions (peaks) indicated
that the former had the same amino acid sequence as the
latter in many cases, if the initial tripeptidyl unit M-E-T of
the LMW-m-type subunits was omitted. If this is the case,
LMW-s-type subunits are most likely identiWed as LMW-
m-type subunits or derivatives of LMW-m-type subunits.
Possible explanations could be that the LMW-s-type genes
might be processed post-translationally by a threonine

endoprotease in ‘Yecora Rojo’ or the chemical conditions
used during sample preparation could catalyse the deamida-
tion and cyclization of the N-terminal glutamine to pyro-
glutamic acid (Tao and Kasarda 1989). These assumptions
need to be further investigated using 2DE and N-terminal
sequencing developed by Ikeda et al. (2006). In fact, only
one LMW-s-type genomic sequence with the N-terminal
sequence (MEN)SHIPG encoding the 42 KDa LMW-GS
was isolated from ‘Yecora Rojo’ (Masci et al. 1998).
Therefore, classiWcation between the LMW-s-type and
LMW-m-type genes seems tenuous because LMW-s type
genes are originally LMW-m-type genes and LMW-s-type
glutenins have very similar primary structure with that of
LMW m-type glutenins. In the present study, two LMW-s-
type genes indicated a very close relationship at the amino
acid sequence level with the LMW-m-type genes, in which
the Wrst cysteine residue was in the repetitive domain
(Figs. 3, 5).

Among the nine groups of LMW-GS genes, the i-type
genes have been found exclusively at the Glu-A3 locus
(Supplementary data Table S5, Fig. 4). This was the case in
T. monococcum, durum and hexaploid wheats (Ikeda et al.
2002; Wicker et al. 2003; An et al. 2006; this study). It is
known that the i-type genes are expressed as protein prod-
ucts (Cloutier et al. 2001; Maruyama-Funatsuki et al. 2004;
Ikeda et al. 2006). At least one of them has been shown to
play a role in improvement of bread making properties
(McCartney et al. 2006). The s-type LMW-GS starting with
(MEN)SHIPG and the m-type LMW-GS starting with
METSHIPS are encoded at the Glu-B3 locus (Supplemen-
tary data Table S5, Fig. 4). These two LMW-GS types play
an important role in determining the pasta-making proper-
ties of durum wheat (D’Ovidio et al. 1997; 1999), and the
s-type LMW-GS (42K) is associated with good bread-

Fig. 4 Chromosomal location 
of nine diVerent types of LMW-
GS genes using group 1 nulli-tet-
rasomic lines and gene-speciWc 
primers
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making quality (Masci et al. 1998; Maruyama-Funatsuki
et al. 2005). The s-type LMW-GS gene with the N-terminal
sequence (IEN)SHIPG and the other Wve m-type LMW-GS
genes are located at the Glu-D3 locus (Supplementary data
Table S5, Fig. 4). This is the second report on the isolation
of sequence of this s-type LMW-GS gene in hexaploid
wheat after Ikeda et al. (2002). The impact on bread-mak-
ing quality of individual LMW-GS encoded at the Glu-D3
locus is unknown. Development of near-isogenic lines
(NILs) or transgenic lines with these individual LMW-GS

genes may help to elucidate their eVects on bread-making
quality. Since most of LMW-GS genes are located at the
Glu-D3 locus (Table S5, Ikeda et al. 2006), it is assumed
that LMW-GS encoded at this locus could contribute posi-
tively to rheological properties.

Genomic organization of LMW-GS genes

It has been suggested that the �-gliadin genes have under-
gone frequent duplications leading to their large numbers in
wheat genomes (Gu et al. 2004a). The same could be
hypothesized for LMW-GS sequences. Identical LMW-GS

Fig. 5 Phylogenetic trees of 12 LMW-GS genes constructed using
MEGA3.1 based (a) on the nucleotide sequence of the coding region
and (b) on the deduced amino acid sequences. Bootstrap values are
indicated and bootstrap percentages are based on 1,000 iterations. The
scale bar indicates the level of sequence divergence
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Table 5 Analysis of 162 BAC end sequences from 82 BAC clones
containing LMW-GS sequences

Homology Name Number of 
sequences

Class I retrotransposon 96

LTR family

Athila Derami 1

Egug 4

Sabrina 24

Wham 8

Ty1-copia Angela 4

Barbara 2

BARE-1 1

Georgia 1

Inga 1

Maximus 4

TAR 5

Usier 1

WIS 2

Ty3-gypsy Cereba 1

Daniela 1

Erika 2

Fatima 11

Gujog 3

Hawi 3

Heidi 1

IWs 1

Latidu 1

Laura 1

Nusif 2

Romani 3

Wilma 3

Unknown Sukkula 3

Non-LTR LINE 2

Class II transposon 9

CACTA 8

MITE 1

No hits 57
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genes were found in many singletons that could not be
assembled into contigs (Table 2). The lack of assembly of
these BAC clones by Wngerprinting could be the result of
the small insert size of the BAC library (79 kb, Nilmalgoda
et al. 2003) or truly represent non-overlapping genomic
regions containing identical LMW-GS genes. The latter is
highly probable considering the large number of singletons
with identical LMW-GS sequences. These multiple dupli-
cation events may have phenotypic implications such as
improvement of rheological properties as been shown for
HMW glutenin gene duplication (Radovanovic et al. 2002).
In the present study, we identiWed 12 individual LMW-GS
genes and 7 pseudogenes. Considering duplicated LMW-
GS genes, approximately 30 genes are estimated to be pres-
ent in the hexaploid wheat genome supporting the Wndings
of Cassidy et al. (1998) who estimated that the LMW-glute-
nin gene family contains 30–40 members in the hexaploid
wheat. Second, Glu-3 and Gli-1 loci are adjacent. In fact,
genes encoding for LMW-GS and gliadins are interspersed
(Gao et al. 2007). Mechanisms leading to duplication of
gliadins are likely to result in duplication of LMW-GS
sequences as well. Such mechanisms can be driven by the
numerous retroelements found at these loci (Table 5).

To date, little is known about the physical organization
of the Glu-A3, Glu-B3 and Glu-D3 loci. Wicker et al.
(2003) reported that two LMW-GS genes were separated
from each other by 150 kb in T. monococcum (Am genome),
whereas Gao et al. (2007) found that two paralogous
LMW-GS genes were approximately 100 kb apart. Recent
study on LMW-GS genes in the D-genome of T. tauschii
indicated that large physical distances separated LMW-GS
genes because all seven LMW-GS genes in this study were
located on diVerent BAC clones (Johal et al. 2004). In the
present study, the majority of the BAC clones isolated con-
tained only one LMW-GS (Supplementary data Table S2).
On the basis of the estimated BAC clone length using the
SNaPshot Wngerprinting method (Luo et al. 2003) and the
number of LMW-GS sequences identiWed per BAC clone,
the average physical distance between LMW-GS sequences
is 81 kb. However, the large number of HMW-GS
sequences found on singletons is indicative that this dis-
tance would vary greatly. Regarding the large number of
LMW-GS genes located in the D-genome (Table S5), we
can draw a conclusion that the Glu-D3 locus is much larger
than the Glu-B3 locus and Glu-A3 locus.

Recent studies of wheat genome structure and organiza-
tion indicated that more than 80% of wheat genomic
sequences are repetitive DNA. Among the repetitive DNA,
long terminal repeat (LTR)-retrotransposons are the most
common components and their insertions play a major role
in genome expansion (Wicker et al. 2003; SanMiguel et al.
2002; Anderson et al. 2003; Gao et al. 2007). It is known
that nested retroelements are present around LMW glutenin

loci of the Am, A and B genomes of wheat (Wicker et al.
2003; Gao et al. 2007). BAC end sequencing of the 82
BAC clones containing LMW-GS gene sequences indi-
cated that repetitive DNA is likely to be the major compo-
nent at the Glu-3 loci. The most known retroelements in
grasses were found in the BAC end sequences in the pres-
ent study (Table 5). Of these retroelements, Sabrina, Wham
and Fatima were found to be the most abundant ones.

It has been suggested that conservation of orthologous
sequences at the Glu-A3 locus is very limited between the
A and Am genomes (Wicker et al. 2003) and intergenic
sequences in the Glu-3 regions between homoeologous A
and B genome of durum wheat are not conserved (Gao
et al. 2007). We performed BLASTn searches against the
NCBI database using the complete LMW-GS gene
sequences including the 5’- and 3’-UTR regions. The gene
1594F5-i located on the A genome of hexaploid wheat
shows strong sequence identity (99%, E = 0.0) to the gene
AY146587 (i-type), which is located on the A genome of
durum wheat cv Langdon (Wicker et al. 2003). Alignment
of 2,269 bp sequences indicates one and four SNPs in the 5’
UTR regions and ORF regions, and identical sequences in
the 3’-UTR region. The gene 1557N24-m of the B genome
of hexaploid wheat has high sequence similarity (98%,
E = 0.0) to the gene Y14104 (m-type) in the B genome of
durum wheat cv Langdon (D’Ovidio et al. 1997). Similarly,
the remaining m-type LMW-GS genes shows strong con-
servation (96–99%, E = 0.0) to the genes AY585350,
AY585351, AY585354, AY585355 and AY585356, iso-
lated from T. tauschii (Johal et al. 2004), the D genome
donor of hexaploid wheat. These results indicate that the
same type (starting with the same N-terminal sequence)
LMW-GS genes are highly conserved in the homologous A
(B) genomes between durum and hexaploid wheats, as well
as in the homologous D genomes between hexaploid wheat
and T. tauschii. It would be interesting to determine
whether intergenic sequences in the Glu-3 regions of three
homologous genomes are conserved between hexaploid
wheat and its progenitors.
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