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To discern expression patterns of individual storage-protein genes in hexaploid wheat (Triticum aestivum cv Chinese Spring),
we analyzed comprehensive expressed sequence tags (ESTs) of common wheat using a bioinformatics technique. The gene
families for a/b-gliadins and low molecular-weight glutenin subunit were selected from the EST database. The alignment of
these genes enabled us to trace the single nucleotide polymorphism sites among both genes. The combinations of single
nucleotide polymorphisms allowed us to assign haplotypes into their homoeologous chromosomes by allele-specific PCR.
Phylogenetic analysis of these genes showed that both storage-protein gene families rapidly diverged after differentiation of
the three genomes (A, B, and D). Expression patterns of these genes were estimated based on the frequencies of ESTs. The
storage-protein genes were expressed only during seed development stages. The a/b-gliadin genes exhibited two distinct
expression patterns during the course of seed maturation: early expression and late expression. Although the early expression
genes among the a/b-gliadin and low molecular-weight glutenin subunit genes showed similar expression patterns, and both
genes from the D genome were preferentially expressed rather than those from the A or B genome, substantial expression of
two early expression genes from the A genome was observed. The phylogenetic relationships of the genes and their expression
patterns were not correlated. These lines of evidence suggest that expression of the two storage-protein genes is independently
regulated, and that the a/b-gliadin genes possess novel regulation systems in addition to the prolamin box.

Comprehensive analyses of expressed sequence tags
(ESTs) have been carried out among various plant
species to provide powerful tools for functional genom-
ics, such as DNA microarray, gene chips, databases for
comparative genomics, and single nucleotide polymor-
phism (SNP) analysis (Ewing et al.,1999; Asamizu et al.,
2000; Ogihara et al., 2003; Vettore et al., 2003; Asamizu
et al., 2004; Sterky et al., 2004; Zhang et al., 2004; Pavy
et al., 2005), even in plants whose complete genome
sequences are not available. Wheat is one of the most
important staple food crops in the world and is an
appropriate model for functional genomics, as the
largest EST sequences have been collected from this
plant (dbEST, National Center for Biotechnology Infor-

mation; http://www.ncbi.nlm.nih.gov/dbEST/dbEST_
summary.html). Using this substantial EST database, we
have developed an efficient method to distinguish tran-
scripts from the individual homoeologous loci of hexa-
ploid wheat (Triticum aestivum cv Chinese Spring [CS];
Mochida et al., 2003; Ogihara et al., 2003). This method
includes (1) grouping large numbers of ESTs into contigs
that correspond to homoeoloci, (2) efficient detection of
SNP sites among the corresponding homoeoloci, and (3)
digital display of expression patterns for individual
homoeoloci in the wheat life cycle.

The gliadins and the glutenins are major compo-
nents of the storage proteins in wheat endosperm.
Wheat gluten is composed of a protein complex of
monomeric gliadins and polymeric glutenins, and this
complex also plays a substantial role in determining
processed food quality (for review, see Shewry et al.,
2003). Gliadin proteins, which are extracted into the
alcohol-soluble fraction of gluten, were further sepa-
rated into three groups based on electrophoretic mo-
bility: a/b-gliadin, g-gliadin, and v-gliadin (Jackson
et al., 1983). Glutenin proteins, which are extracted
into alcohol-insoluble fractions of gluten, were classi-
fied as high molecular-weight glutenin subunits
(HMW-GS) and low molecular-weight glutenin sub-
units (LMW-GS; Jackson et al., 1983). The chromosome
loci of each protein fraction were determined. The
a/b-gliadins are located on the Gli-2 loci of the short
arm of the homoeologous group 6 chromosomes
(Payne, 1987), the g- and v-gliadins are tightly linked
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and are located on the Gli-1/Gli-3 loci of the short arm
of the homoeologous group 1 chromosomes (Payne
et al., 1984), HMW-GS is located on the Glu-1 loci of the
long arm of the homoeologus group 1 chromosomes
(Payne et al., 1982), and LMW-GS is located on the
Glu-3 loci of the short arm of the homoeologous group
1 chromosomes (Gupta and Shepherd, 1990). These genes
comprise a multigene family in the wheat genome.

Estimated copy numbers of storage-protein genes in
the hexaploid wheat genome differ among the culti-
vars from .100 (Okita et al., 1985) to 150 (Anderson
et al., 1997) for the a/b-gliadins, 17 to 39 for the
g-gliadins (Sabelli and Shewry, 1991), 15 to 18 for the
v-gliadins (Sabelli and Shewry, 1991), 22 to 39 (Sabelli
and Shewry, 1991) and 30 to 40 (Cassidy et al., 1998) for
the LMW-GS genes, and .6 for the HMW-GS genes
(Thompson et al., 1983). The high copy numbers of
storage-protein genes complicate the elucidation of
the expression and function of individual storage-
protein genes. Although allelic variations in storage-
protein genes have been shown to be major factor(s)
in determining the properties of wheat flour (Gupta
and Shepherd, 1990; Masci et al., 1998; D’Ovidio et al.,
1999), functional analyses for expression of these
multigenes are difficult using traditional methods.

Here, we carefully traced the expression patterns of
individual genes encoding thea/b-gliadins and LMW-GS
from hexaploid wheat, as obtained from a compre-
hensive EST database. The genes for the a/b-gliadins
and LMW-GS were selected as multigene models in
hexaploid wheat. Both the a/b-gliadins and LMW-GS
are important for gluten quality, but the characteriza-
tion of each multigene is not simple, because a number
of multigenes are transcribed, translated, and modi-
fied posttranslationally in the seed maturation process
(Shewry et al., 2003). Therefore, discriminating the
expression patterns of individual seed storage-protein
genes must be the first step in understanding the rapid
evolution and complex expression system(s) of the
multigene family. This information could contribute to
breeding programs for improving gluten quality. We
extracted ESTs homologous to genes for the a/b-
gliadin and LMW-GS, and classified these into contigs
corresponding to each homoeologous gene. Chromo-
some locations of these contigs were determined us-
ing an allele-specific PCR method (Moczulski and
Salmanowicz, 2003; Zhang et al., 2003). We first con-
firmed that the a/b-gliadin genes showed two distinct
expression patterns during the course of seed matu-
ration, and that early expression genes among the

Table I. a/b-Gliadin and LMW-GS genes registered in public DNA database

Asterisks indicate direct submission (A.E. Blechl and O.D. Anderson, direct submission to GenBank U08287, 1994).

Gene Accession No. Cultivar Molecular Type Reference

a/b-Gliadin
AJ133602, AJ133603, AJ133604,

AJ133605, AJ133606, AJ133707,
AJ133608, AJ133609, AJ133610,
AJ133611, AJ133612

Mjoelner mRNA Arentz-Hansen et al. (2000)

D84341 Hard red spring 1CW Genomic DNA Maruyama et al. (1998)
K02068, K02069 Cheyenne mRNA Kasarda et al. (1984)
K03074, K03075 Yamhill Genomic DNA Sumner-Smith et al. (1985)
K03076 Yamhill mRNA Sumner-Smith et al. (1985)
X02538, X02539, X02540 Unknown Genomic DNA Sumner-Smith et al. (1985)
M10092, M11073, M11074, M11075,

M11076
Cheyenne mRNA Okita et al. (1985)

U08287 Cheyenne Unassigned DNA Blechl and Anderson*
U50984, U51302, U51303, U51304,

U51305, U51306, U51307, U51308,
U51309, U51310

Cheyenne Genomic DNA Anderson et al. (1997), Anderson
and Greene (1997)

X17361 CS mRNA Garcia-Maroto et al. (1990)
X54517, X54688, X54689 Cheyenne Genomic DNA Anderson (1991)

LMW-GS
AB007763, AB007764, AB008497 Hard red spring 1CW Genomic DNA Maruyama et al. (1998)
AB062851, AB062852, AB062853,

AB062854, AB062855, AB062856,
AB062857, AB062858, AB062859,
AB062860, AB062861, AB062862,
AB062863, AB062864, AB062865,
AB062866, AB062867, AB062868,
AB062869, AB062870, AB062871,
AB062872, AB062873, AB062874,
AB062875, AB062876, AB062877,
AB062878

Norin 61 Genomic DNA Ikeda et al. (2002)

U86027, U86028, U86029, U86030 Cheyenne mRNA Anderson et al. (1997)*
X84959, X84960, X84961 CS Genomic DNA Van Campenhout et al. (1995)
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a/b-gliadin and LMW-GS genes were preferentially
expressed from the D genome during the seed matu-
ration process. On the other hand, two late expression
a/b-gliadin genes from the A genome were strongly
expressed, although a certain number of other late
expression a/b-gliadin genes were weakly expressed
from the three genomes. The evolutionary relation-
ships of the multigenes and their expression patterns
are also discussed. The present functional genomics
data should provide valuable information regarding
the improvement of wheat flour quality.

RESULTS

Assembling Multigenes for a/b-Gliadin and LMW-GS

Through computer analysis, 361,180 ESTs derived
from 32 cDNA libraries that confer more than 10,000

ESTs (Supplemental Table I) were collected and
grouped into 53,976 contigs by the phrap method (Uni-
versity of Washington Genome Center; http://www.
genome.washington.edu/UWGC). The phrap param-
eters were sufficiently strict to classify ESTs into
each multigene from three homoeologous genomes
(Mochida et al., 2003; Ogihara et al., 2003). The contigs
homologous to genes encoding a/b-gliadin and
LMW-GS were selected by BLASTN search against
the 53,976 contigs. Consequently, 36 and 15 contigs
homologous to a/b-gliadins and LMW-GS, respec-
tively, were obtained as multigenes. Copy number of
a/b-gliadin genes in CS wheat was estimated to be 60
by genomic Southern hybridization (Anderson et al.,
1997), and thus approximately 60% of the a/b-gliadins
in the CS genome were expressed. This supports a
previous estimation that about half of the a/b-gliadin
genes were pseudogenes (Anderson and Greene, 1997).

Figure 1. Phylogenetic tree of a/b-
gliadin genes. Accession numbers in-
dicate the genes registered in the
DDBJ (Table I). Numbers in open
boxes indicate genes previously as-
signed to the chromosome. Contig
numbers in colored boxes indicate
genes identified by EST analysis in
this study. Boxes in red, blue, and
green indicate genes from 6AS, 6BS,
and 6DS chromosomes, respectively.
Yellow circle indicates cluster groups,
namely, A, B, C, D, and E. Specific
primers are indicated by gli-AS_1 to 10
(Table II) for the genes in the gray bar.
Assigned chromosome locations are
given in parentheses. Accession num-
bers marked with asterisks indicate
genes obtained from genomic DNA,
and c indicates genes determined to
be pseudogenes. g-Gliadin (M11077)
is used as the out-of-group gene.

Kawaura et al.

1872 Plant Physiol. Vol. 139, 2005



On the other hand, the number of genes for LMW-GS
in hexaploid wheat was previously estimated to be 22 to
39 (Sabelli and Shewry, 1991) and 30 to 40 (Cassidy et al.,
1998) by genomic Southern-hybridization analyses.
ESTs homologous to LMW-GS were grouped into 15
contigs, and thus about half of the LMW-GS genes were
expressed from three homoeologous genomes.

The number of EST members comprising each contig
varied from two to 114 for a/b-gliadin and from one to
104 for LMW-GS. In total, the 36 a/b-gliadin contigs
included 1,008 ESTs, and the 15 LMW-GS contigs
included 468 ESTs. It was thus concluded that the
a/b-gliadin gene expression is 2-fold higher than
LMW-GS gene expression in terms of number of genes
and expression levels.

Phylogenetic Analysis of a/b-Gliaidin and LMW-GS
Genes and Chromosome Locations

To assess the phylogenetic relationships among the
individual genes for both storage proteins, we aligned
the coding regions of respective contigs with pre-
viously reported counterpart genes (Table I). Dendro-
grams showing the phylogenetic relationships of both
genes were constructed using Clustal W (Thompson
et al., 1994).

a/b-Gliadin Genes

Because the a/b-gliadin genes comprise a multigene
family and are highly variable (Gu et al., 2004), the
approximately 380 bp at the 3# site of the conserved
coding region of the a/b-gliadin genes were used for
dendrogram construction. The resultant dendrogram
is shown in Figure 1. The expressed contigs were clas-
sified into five major groups. Each major group in-
cluded contigs identified in this study and their
counterparts registered in DNA databases, except for
group C, which only contained singleton ESTs from

the DNA databases. Novel classes of genes consisting
of independent branches within the major classes were
obtained in this study (Fig. 1), indicating the effective-
ness of comprehensive EST analysis for accumulation
of expressed genes. The chromosome locations of all
contigs were determined by allele-specific PCR (Table II)
in combination with aneuploids of CS wheat. Typical
agarose gel electrophoresis patterns are depicted in
Figure 2. All contigs were located on the short arm of
chromosome group 6, indicating that the contigs are
expressed from the Gli-2 loci (Payne, 1987). While the
major group (group A) included genes expressed from
three genomes, namely A, B, and D, the other groups

Table II. Primer sets for assigning contigs to respective chromosomes

Gene Primer Set Chromosome Primer 1 (5#/3#) Primer 2 (5#/3#)

a/b-Gliadin
gli-AS_1 6D CCGCTACAACGATCAAACTGTCGAT CAATATCCATCAGGCCAGGGCTC
gli-AS_2 6A CAACGACCAAACCATGGACTAAGAGC GCCCAGGGCTTTGTCCAACC
gli-AS_3 6B TCACCGCTACAACGACCAAACCATGTTT GCAACCATTTCTGCCACAACTACCAT
gli-AS_4 6B CCTAGGCCTATGGGTTCTGCTGAGA GCAACCACAGTATCCGCAACCAC
gli-AS_5 6B AATGACCAAACCATGGACTAAGAAAAGA CCCCAATTTGAGGAAATAAGGAACC
gli-AS_6 6B GCGCAATGGTGGTCGAGCAACG GCCAGGTCTCCTTCCAACAGCC
gli-AS_7 6A AGTTAGTACCGAAGATGCCAAATGGCGGG GCAACTACCATATTCGCAGCCACAA
gli-AS_8 6D AGTACCGAAGATGCCAACTGGA TCAGCAAAACCCACAGGCCC
gli-AS_9 6D TGCACATTGCAGGTAGCGTCTC CAAGTTCCATTGGTACAACAACAGC
gli-AS_10 6D ATGGCTGGAAGGAGCCTTGG CCAGCTGGTGTAACAATTGTGTTG
gli-AS_11 6D GCTGAGATGGTTGGAAGAAGCCCT AACAACCATATCCACAGCCGCAAC

LMW-GS
Glu-AS_1 1B AATCCCCGAACAATCACGCTACG CATCGTTGGCAGGGTACGAAGTG
Glu-AS_2 1B GGCACAGGGTACCTTTTTGCATC ATACAAGGGCACATTGACACGGC
Glu-AS_3 1B AGGTTCGGGGTTCCATCCAAACT TAGGCACCAACTCCAGTGCCAAC
Glu-AS_4 1A GGTCACAAATGTTGCAGCAGAGGAT TCTGGTGTGGCTGCAAAAAGGT

Figure 2. Example of haplotype-specific PCR using aneuploid lines of
CS wheat. A, B, and C indicate haplotype-specific PCR using primer
sets gli-AS_1, gli-AS_2, and gli-AS_3, respectively (Table II). 1,
N6AT6B; 2, N6BT6A; 3, N6DT6B; 4, DT6AL; 5, DT6BL; 6, DT6DL;
7, CS; and M, pGEM DNA markers (Promega).
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(groups B, D, and E) harbored genes derived from one
of three genomes (genome A for group B and genome
D for groups D and E), as shown in Figure 1.

LMW-GS Genes

LMW-GS genes also comprise a multigene family
and are highly variable (Ikeda et al., 2002). Accord-
ingly, the 228 bp of the C-terminal-conserved domain
was used for nucleotide alignments. The constructed
dendrogram is depicted in Figure 3. The expressed
contigs were classified into four major groups. All
expressed genes identified in this study had their
counterparts registered in the DNA databank. Some
genome sequences, mainly derived from cultivar
Norin 61 (Ikeda et al., 2002), comprised subbranches
without any transcripts (Fig. 3). Because the contigs in

this study had closely related counterparts whose
chromosome locations had been determined, the chro-
mosome locations of the contigs were predicted by
their counterparts. Furthermore, certain contigs whose
chromosome locations remained uncertain were sub-
jected to allele-specific PCR (Table II; Fig. 3). Thus, all
contigs in this study were confirmed to be located on
the short arm of homoeologous chromosome group 1,
indicating that the contigs were expressed from the
Glu-3 locus (Gupta and Shepherd, 1990). The major
group (group A) included genes expressed from two
genomes (genomes B and D). Although group B har-
bored genes predicted from the genome sequences of
genomes A, B, and D, only genes from genome D were
expressed. The constituents of groups C and D con-
sisted of members from only a single genome (A and
D, respectively).

Figure 3. Phylogenetic tree of LMW-
GS genes. Accession numbers indicate
genes registered in the DDBJ (Table I).
Numbers in open boxes indicate genes
previously assigned to chromosomes.
Contig numbers in colored boxes in-
dicate genes identified by EST analysis
in this study. Boxes in red, blue, and
green represent genes from 1AS, 1BS,
and 1DS chromosomes, respectively.
Yellow circles indicate cluster group,
namely A, B, C, and D. Specific pri-
mers are indicated by Glu-AS_1 to 4
(Table II) for the genes in the gray bar.
Assigned chromosome locations are
given in parentheses. Accession num-
bers marked with asterisks indicate
genes obtained from genomic DNA.
a/b-Gliadins (U51307) is used as the
out-of-group gene.
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The Two Storage-Protein Genes Are Specifically

Expressed during Seed Development

By counting the constituents of each contig in
various tissues, relative expression patterns of each
contig (gene) can be monitored during the wheat life
cycle (Ogihara et al., 2003; Mochida et al., 2005). This
method was applied to the two storage proteins, as
shown in Figure 4. The expression patterns of each
contig from the two storage-protein genes were clus-
tered with correlation coefficients according to the

expression frequencies among 12 tissues (Eisen et al.,
1998). Figure 4 clearly shows that the two storage-
protein genes are specifically expressed during the late
stages of seed development. Because contigs from dis-
tinct groups (Figs. 1 and 3) were classified into groups
showing similar expression patterns during seed mat-
uration (Fig. 4), the a/b-gliadin and LMW-GS genes
showing phylogenetic similarities were not expressed
with similar gene expression controls during seed devel-
opment.

Figure 4. Hierarchical clustering of gene expres-
sion patterns at 12 stages of wheat life cycle. A,
Thirty-six a/b-gliadin genes. B, Fifteen LMW-GS
genes. C, Reference genes (glyceraldehyde-3-P
dehydrogenase and cyclophilin A) as constantly
expressed throughout the life cycle. Contig
names colored in red, blue, and green indicate
the assigned to A, B, and D genomes, respec-
tively. Letters on the right of the contig names
indicate clusters grouped by evolutional relation-
ship in Figures 1 (a/b-gliadins) and 3 (LMW-GS).
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Expression Profiles of the Two Storage-Protein Genes

during Seed Maturation

The two storage-protein genes were abundantly
expressed during specific seed maturation stages. As
presented in Figure 5A, expression of the two storage-
protein genes was substantially induced at 10 DPA,
and gradually decreased as seeds matured. In fact,
4.2%, 4.2%, and 0.6% of all ESTs at 10 DPA, 20 DPA,
and 30 DPA corresponded to a/b-gliadin genes, while
2.9%, 0.8%, and 0.4% of all ESTs at 10 DPA, 20 DPA,
and 30 DPA corresponded to LMW-GS gene expres-

sion. A remarkable feature of the expression patterns
of the two storage-protein genes was the high expres-
sion of the a/b-gliadin genes at 20 DPA, whereas
LMW-GS gene expression was largely absent at this
time point.

a/b-Gliadin Genes Show Two Distinct Expression
Patterns during Seed Maturation

Each contig is distinguishable from its locus among
the three homoeologous chromosomes and the expression

Figure 5. Gene expression patterns of
multigenes encoding two storage pro-
teins during seed development. A,
Total number of ESTs for a/b-gliadins
and LMW-GS expressed during the
course of seed maturation. B, Number
of ESTs corresponding to each locus
for a/b-gliadin and LMW-GS genes. C,
Number of ESTs corresponding to each
multigene for a/b-gliadin and LMW-
GSgeneloci fromthreegenomes.Num-
ber of ESTs presented in the figure was
normalized to equal the original size
of cDNA libraries.
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patterns of individual genes from the three homoeo-
loci are shown in Figure 5B. Genes from the 6DS were
preferentially expressed in comparison to other genes.
Expression of genes from 6BS appeared to be sup-
pressed (Table III); the number of contigs was similar
among the three homoeoloci (11 loci for 6AS, 13 for
6BS, and 12 for 6DS). However, the number of ESTs
varied among the three homoeoloci (327 ESTs for 6AS,
216 for 6BS, and 465 for 6DS). Although the expression
of genes from 6BS and 6DS were mostly observed at
10 DPA and gradually decreased during maturation,
gene expression from 6AS increased at 20 DPA and
decreased dramatically at 30 DPA. Subsequently, the
expression patterns of each contig were carefully
traced (Figs. 4 and 5C). It is remarkable that two ex-
pression patterns for the a/b-gliadin genes can be
distinguished. Expression of some genes peaked at
10 DPA, after which expression levels decreased with
maturation, while other genes peaked at 20 DPA. The
former were designated as early expression genes, and
the latter as late expression genes. The expression
patterns of the early expression and late expression
genes were simultaneously detected in three homoe-
ologous genes (Fig. 5C). However, the expression lev-
els of the two late expression genes from 6AS were
extremely high at 20 DPA: contig35171 (group A) and
contig34890 (group B). These expression levels are
attributed to the high expression of a/b-gliadin genes
from genome A at 20 DPA. While the late expres-
sion a/b-gliadin genes from genome A were prefer-
entially expressed, and those from genome D were
expressed to some extent (Table III), those from ge-
nome D were apparently suppressed (33% relative to
genome A).

LMW-GS Genes Reveal Uniform Expression Pattern
in Seed Maturation

The LMW-GS genes from 1DS were preferentially
expressed, as depicted in Figure 5B. Nine contigs located
on 1DS were detected (Table III), while only three con-
tigs from 1AS and 1BS were identified. About 60 ESTs
were involved in each contig of 1AS and 1BS, while

350 ESTs were included in the contigs of 1DS. Genes
were markedly induced at 10 DPA, after which ex-
pression levels decreased rapidly. All contigs for LMW-
GS revealed similar expression patterns during seed
maturation, irrespective of expression levels (Fig. 5C).

Early Expression a/b-Gliadin Genes Show Similar
Expression Patterns as LMW-GS Genes

The expression patterns of early expression a/b-
gliadin genes showed similar expression patterns as
the LMW-GS genes. The number of contigs belonging
to the early expression a/b-gliadin genes is presented
in Table III. The number of ESTs per contig is also
shown in Table III. The number of contigs (genes) cor-
responding to genomes A and B were similar (about
20), and were equivalent to that of the LMW-GS genes
(Table III). On the other hand, the number of contigs
(genes) in genome D was almost double (approxi-
mately 40) that of genomes A and B. It can be con-
cluded that the expression patterns of the early
expression a/b-gliadin and LMW-GS genes are sim-
ilar and that genes from the D genome are preferen-
tially expressed in CS wheat.

DISCUSSION

Phylogenetic Relationships between Expressed

a/b-Gliadin and LMW-GS Genes in CS Wheat

ESTs of CS wheat homologous to a/b-gliadin and
LMW-GS genes were selected from the comprehensive
EST database (Mochida et al., 2005). A total of 36
expressed genes for a/b-gliadin and 15 expressed
genes for LMW-GS were obtained (Table III). The a/b-
gliadin genes were confirmed to be expressed from the
Gli-2 locus located on the short arm of homoeologous
chromosome 6 (Payne, 1987), and the LMW-GS genes
were expressed from the Glu-3 locus located on the
short arm of homoeologous chromosome 1 (Gupta and
Shepherd, 1990). The copy numbers of the a/b-gliadin
and LMW-GS genes were estimated to be approxi-
mately 100 (Okita et al., 1985; Anderson et al., 1997)

Table III. Number of storage-protein genes expressed in developing seeds

En dashes indicate that all LMW-GS genes were early expression genes.

Gene
Chromosome

Location

Total No. of Genes Expressed Genes Showing Peak at DPA10 Expressed Genes Showing Peak at DPA20

Contig

No.

EST

No.

Average

EST No. per Contig

Contig

No.

EST

No.

Average EST

No. per Contig

Contig

No.

EST

No.

Average EST

No. per Contig

a/b-Gliadin 6AS 10 325 32.5 4 83 20.8 6 242 40.3
6BS 13 216 16.6 6 135 22.5 7 81 11.6
6DS 13 467 35.8 7 285 40.7 6 182 30.3

Total 36 1,008 28.0 17 503 29.6 19 505 26.6

LMW-GS 1AS 3 58 19.3 3 58 19.3 – – –
1BS 3 60 20.0 3 60 20.0 – – –
1DS 9 350 38.9 9 350 38.9 – – –

Total 15 468 31.2 15 468 31.2 – – –
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and 30 (Cassidy et al., 1998), and thus about one-half to
one-third of the genes were expressed in CS wheat. As
grouped in Figures 1 and 3, new classes of expressed
genes were identified in this study. It is well known
that storage-protein genes, such as a/b-gliadin and
LMW-GS genes, comprise a multigene family and are
hypervariable in terms of insertions/deletions and
base substitutions (Wicker et al., 2003; Gu et al., 2004).
Figures 1 and 3 show that the a/b-gliadin and LMW-GS
genes harbored two types of genes, i.e. relatively
conserved genes and rapid divergent genes; a/b-
gliadin group A in the dendrogram contained genes
from three genomes (A, B, and D), while groups B, D,
and E had genes from a single genome (A or D),
indicating the rapid evolution of respective genes after
differentiation of wheat genomes (Fig. 1). With regard
to the LMW-GS genes (Fig. 3), groups A and B con-
tained genes from two genomes (genomes B and D for
group A; genomes A and D for group B), while groups
C and D harbored genes from a single genome (A and
D, respectively), indicating the rapid evolution of these
genes.

Expression Patterns of a/b-Gliadin and LMW-GS

Genes in Wheat Seed Maturation

We have presented evidence that the a/b-gliadin
genes showed two distinct expression patterns during
the course of wheat seed maturation: early expression
genes, which showed higher expression level at 10
DPA, and late expression genes, which showed higher
expression level at 20 DPA (Fig. 5C). The classification
of comprehensive ESTs into specific contigs enables us
to distinguish expression patterns of each multigene
from the three homoeologues (Mochida et al., 2003).
Although the temporal resolution of the developmen-
tal expression of the genes analyzed here is limited for
the number of constructed libraries during seed mat-
uration, the expression pattern of early expression
genes was similar to that of LMW-GS genes (both
genes from genome D were preferentially expressed
over those from genomes A and B) in terms of gene
number and expression activity (Table III; Fig. 5). This
strongly suggests that early expression a/b-gliadin
and LMW-GS genes are controlled by common regu-
latory elements, such as the prolamin box (Hammond-
Kosack et al., 1993; Mueller and Knudsen, 1993).
Furthermore, distinct members showing higher ex-
pression level at 20 DPA (designated as late expression
genes) were recognized among the a/b-gliadin genes
(Figs. 4 and 5). Although the number of genes from the
three genomes equally contributed to the late expres-
sion genes, two a/b-gliadin genes from genome A
were markedly expressed and those from genome B
were more or less suppressed (Table III). These lines of
evidence strongly suggest novel controlling system(s)
for expression of a/b-gliadin genes in addition to the
prolamin box (Shewry et al., 2003). Genomic clones of CS
wheat corresponding to individual contigs are required
to carry out promoter analyses (Shewry et al., 2003).

Phylogenetic Relationships of Multigenes Are

Not Correlated to Expression Patterns
during Seed Maturation

It is well known that plant storage-protein genes
exist as multigene families and evolved rapidly,
even among related plant species (Shewry et al.,
2003). The structural features of the wheat a/b-gliadin
and LMW-GS genes obtained to date are disrupted
by repetitive sequences, such as retrotransposons
(Wicker et al., 2003; Gu et al., 2004; Johal et al., 2004),
such that adjacent members are separated by tens of
kilobase pairs. This genomic situation contrasts to
the case of zein (maize [Zea mays]) and secalin (rye
[Secale cereale]), in which gene members are arranged
almost head to tail (Clarke et al., 1996; Song et al.,
2001). Therefore, the Gli-2 (Payne, 1987) and Glu-3
(Gupta and Shepherd, 1990) loci must share relatively
large regions on the 6S and 1S chromosomes, respec-
tively. Meanwhile, the groupings of genes classified
by their expression patterns are not correlated to
their phylogenetic relationships (Fig. 4). In fact, genes
classified into the same phylogenetic groups were
assigned into different groups showing distinct ex-
pression patterns, for example, early expression and
late expression a/b-gliadin genes (Fig. 4). This strongly
suggests that the expression of the a/b-gliadin and
LMW-GS multigenes are independently regulated,
irrespective of their phylogenetic relationships, in re-
sponse to wheat seed maturation, as is the case in other
plant multigenes (Duan and Schuler, 2005; Kirch et al.,
2005).

Because a large number of wheat ESTs has been
pooled in the public domain (National Center for
Biotechnology Information), bioinformatics studies
enable us to monitor wheat expression patterns during
the wheat life cycle and in response to environmental
stresses. Profiling of expression patterns of storage-
protein genes using a comprehensive EST database
provides a powerful tool to analyze the structure and
expression of individual multigenes and to manipu-
late their functions. Wheat EST databases are now
indispensable to the study of functional wheat ge-
nomics.

MATERIALS AND METHODS

Collection of EST Sequences Encoding Two Wheat
Storage Proteins

A total of 361,180 EST sequences were collected from the 32 cDNA libraries

constructed from various tissues obtained throughout the life cycle and from

abiotically stressed tissues of common wheat (Triticum aestivum cv CS,

T. aestivum cv Kitakei 1354, and T. aestivum cv Valuevskaya; Ogihara et al.,

2003; Mochida et al., 2005). Each library contained more than 10,000 EST

sequences. The ESTs were grouped into contigs using the phrap method

(University of Washington Genome Center; http://www.genome.washington.

edu/UWGC). The Sequence Retrieval System (SRS) of the DNA Data Bank of

Japan (DDBJ; http://srs.ddbj.nig.ac.jp/index-j.html) was adopted for select-

ing the annotated a/b-gliadin and LMW-GS genes (Table I). Sequences were

used as queries for the BLASTN search (Altschul et al., 1990) against our

wheat EST database.
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Construction of Dendrogram Showing Phylogenetic

Relationships of the Two Storage-Protein Genes

The nucleotide sequences of EST contigs for a/b-gliadin and LMW-GS

were independently aligned along with the sequences registered in the DDBJ.

For the construction of the dendrogram, 380 bp at the 3#-site of the coding

region of a/b-gliadins and 228 bp at the C-terminal-conserved domain of

LMW-GS were used. Each dendrogram was constructed using ClustalW

software (Thompson et al., 1994). As out of group genes, the sequences for

g-gliadin (M11077) and a/b-gliadin (U51307) were clustered along with

a/b-gliadin and LMW-GS, respectively.

Haplotype-Specific PCR for Assigning ESTs to the
Three Homoeologous Chromosomes

Total DNA was isolated from seedlings of common wheat (T. aestivum cv

CS) and from nullisomic-tetrasomic as well as ditelosomic lines of CS (Sears,

1965), as described previously (Ogihara et al., 1994). By tracing the SNP sites in

the contigs, primer sets were designed using Primer3 software (Rozen and

Skaletsky, 2000) so as to specifically amplify each multigene (Table II). PCR

was performed using 20 ng of total DNA and KOD-plus (Toyobo) in 20 mL of

reaction mixture following the manufacturer’s instructions. The thermal

cycling program was as follows: 94�C for 2 min followed by 35 cycles of

94�C for 15 s, 65�C for 30 s, and 68�C for 40 s, or 94�C for 2 min followed by

35 cycles of 94�C for 15 s and 68�C for 40 s. Amplification of PCR products was

confirmed by 2% agarose gel electrophoresis.

Profiling of Gene Expression Patterns by

Hierarchical Clustering

Because the sequenced cDNAs were more or less changed in their libraries,

the number of ESTs was normalized among the 32 libraries. The expression

pattern of each gene in certain tissues and/or after certain treatments was

monitored by counting the constituents involved in each contig. The contigs

were clustered using Pearson’s correlation coefficient (Eisen et al., 1998). The

expression patterns of each contig were displayed for 12 stages of wheat

grown under natural conditions (crown, root, young spikelet at early flower-

ing, young spikelet at late flowering, spike at booting stage, spike at heading

date, pistil at heading date, spike at flowering date, and seeds at DPA [DPA5,

DPA10, DPA20, and DPA30]). The expression patterns of contigs homologous

to the genes for glyceraldehyde-3-P dehydrogenase and cyclophilin A were

displayed as references.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers BJ207047 to BJ323305.
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