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Abstract In order to assess global changes in gene
expression patterns in stress-induced tissues, we con-
ducted large-scale analysis of expressed sequence tags
(ESTs) in common wheat. Twenty-one cDNA libraries
derived from stress-induced tissues, such as callus, as well
as liquid cultures and abiotic stress conditions (tempera-
ture treatment, desiccation, photoperiod, moisture and
ABA) were constructed. Several thousand colonies were
randomly selected from each of these 21 cDNA libraries
and sequenced from both the 5� and 3� ends. By comput-
ing abundantly expressed ESTs, correlated expression
patterns of genes across the tissues were monitored. Fur-
thermore, the relationships between gene expression pro-
Wles among the stress-induced tissues were inferred from
the gene expression patterns. Multi-dimensional analysis
of EST data is analogous to microarray experiments. As

an example, genes speciWcally induced and/or suppressed
by cold acclimation and heat-shock treatments were
selected in silico. Four hundred and ninety genes show-
ing Wvefold induction or 218 genes for suppression in
comparison to the control expression level were selected.
These selected genes were annotated with the BLAST
search. Furthermore, gene ontology was conducted for
these genes with the InterPro search. Because genes regu-
lated in response to temperature treatment were success-
fully selected, this method can be applied to other stress-
treated tissues. Then, the method was applied to screen
genes in response to abiotic stresses such as drought and
ABA treatments. In silico selection of screened genes
from virtual display should provide a powerful tool for
functional plant genomics.

Keywords Global gene expression · Stress response 
gene · Virtual display · Common wheat

Introduction

Plants regulate gene expression in response to environ-
mental conditions, which allows adaptation to diverse
breeding environments. As modular genes are triggered
by environmental stresses, a cascade of other genes
should be induced (Singh et al. 2002; Glombitza et al.
2004; Narusaka et al. 2004). Accordingly, plants display
environmental adaptations against both abiotic and
biotic stresses. Systematic monitoring of overall gene
expression proWles can be achieved by functional geno-
mic methods, such as cDNA microarrays or synthesized
oligo-nucleotide chips (SchaVer et al. 2001; Rabbani
et al. 2003; Seki et al. 2004).

In addition to analog methods of analysis, digital
analysis of gene expression proWles can also be con-
ducted by analyzing expressed sequence tags (ESTs) in
cDNA libraries and gene expression patterns can be
compared by transcript abundance in each cDNA
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library. A large number of EST data from various cDNA
libraries in combination with rigorous statistical analysis
is required to assess digital gene expression proWling in
each tissue (Ewing et al. 1999). We recently examined a
large number of ESTs expressed in ten tissues through-
out the wheat life cycle, and produced a body map of
ESTs in these tissues by counting the numbers of
sequenced clones belonging to each contig. This visual-
ized proWling of gene expression patterns was designated
virtual display (VD). These classiWed contigs represented
each gene from the three homoeologous genomes of
common wheat (Ogihara et al. 2003). Furthermore, we
have developed a new SNP analysis system for hexaploid
wheat using the PyrosequencingTM method in combina-
tion with the aneuploid series of hexaploid wheat in
order to assign every transcript on each chromosome of
hexaploid wheat and to clarify the distinct expression
patterns of homoeologous genes among the three
genomes (Mochida et al. 2003).

As members of Gramineae, wheat and rice show char-
acteristic growth habits. Wheat, which originates in tem-
perate zones, is a long-day plant (Zohary and Hopf
2001). On the other hand, rice, which is cultivated in
tropical or subtropical areas, is a short-day plant (Oka
1988). Furthermore, wheat is characteristic of its poly-
ploid nature, although polyploidy is more or less com-
mon in plants (Wendel 2000). The gene expression
patterns of wheat in response to environmental stresses,
particularly temperature stresses, are therefore of sub-
stantial interest.

In this context, we herein accumulate a large number
of ESTs from cDNA libraries constructed from various
stressed wheat tissues in addition to previous wheat
ESTs. We have obtained substantial sequence data from
21 cDNA libraries, including those from abiotic-stressed
tissues. These sequences were grouped into certain con-
tigs using the phrap method. We show typical gene
expression patterns with the “Virtual Display” in
response to various stresses. Furthermore, as a model
case, we have conducted in silico screening of genes in
response to cold acclimation and heat-shock treatment.
We are able to screen temperature-responsive genes and
annotate these genes. The method applies to screen up-
and down-regulated genes in response to abitotic stresses
such as cold, drought and ABA treatment. This method
oVers a novel analysis system for gene expression pat-
terns in response to environmental stresses.

Materials and methods

Plant materials and RNA extraction

Various tissues, such as whole developing seeds,
embryos, seedlings, roots, anthers, calluses and liquid
cultures from ten cultivars and/or lines of common
wheat (Triticum aestivum L.) were subjected to stress
treatment. After these tissues were subjected to abiotic

stresses, such as cold acclimation, heat shock, dehydra-
tion, and abscisic acid (ABA), total RNAs were
extracted (Ogihara et al. 2003). In total, 21 cDNA librar-
ies from these RNAs through tissue–treatment combina-
tions were constructed. Detailed descriptions of the
stress treatments and strains used are presented in
Table 1 and S1.

Construction of cDNA library and sequencing 
of cDNA clones

Double-stranded cDNAs were synthesized as previously
described (Ogihara et al. 2003). cDNAs were ligated with
pBluescript SK(+) digested with EcoRI and XhoI. After
transformation by electroporation, transformed bacte-
rial cells were initially cultured in SOC medium for 1 h
before culture at 37°C for 2 h in 2£ LB medium. Cul-
tured cells were stored in 20% glycerol at ¡80°C until
use.

Transformed bacteria were randomly selected and
plasmid DNAs were extracted (Ogihara et al. 2003).
Inserted cDNAs were sequenced from both ends using
the dye terminator cycle sequencing method (Applied
Biosystems, AB, USA).

EST data mining

Grouping of wheat ESTs was performed as previously
report (Ogihara et al. 2003). Related cDNA sequences
from both ends were grouped as contigs using the phrap
method (University of Washington Genome Center;
http://www.genome.washington-edu/UWGC) under the
following conditions: new ace -penalty, -5; -minmatch,
50; -minscore, 100. The resultant contigs were annotated
according to DNA sequence homologies against the
NCBI database using the BLAST method (Karlin and
Altschul 1993). Contigs were then classiWed into related
gene groups using the BLAST method (E value =
1e¡30). In order to carry out statistical analysis of gene
expression proWles, contigs harboring 5 or more constitu-
ents were selected from among 38,048 contigs (Table 1,
S1). Similarities between contigs or libraries were esti-
mated using Pearson’s correlation coeYcient (Eisen et al.
1998). Hierarchical clustering (http://www.rana.stan-
ford.edu/clustering) was applied to compare EST expres-
sion proWles among the 21 wheat tissues/treatments and
libraries. Expression proWles are displayed based on the
number of constituents in a contig (from 0 to 1,047; red
intensity), along with increasing number of constituents
(VD).

Homology search of wheat contigs

Homology of 38,048 contigs was searched against the
Rice GD, and plant EST databases were searched using
the BLAST method (E value = 1e¡5). Subsequently,
contigs were classiWed into related gene groups using
BLAST (E value = 1e¡30). Wheat gene clusters were
examined for homology against rice ORFs in the rice

http://www.genome.washington-edu/UWGC
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pseudomolecules released from TIGR (http://www.
tigr.org/tdb/e2k1/osa1) using the BLAST method (E
value = 1e¡5).

Results

Number of sequenced EST clones from various 
stress-treated tissues

We previously carried out molecular analysis of a large
number of wheat ESTs (Ogihara et al. 2003). In total,
116,232 sequences from 10 tissues during the wheat life
cycle were obtained. These ESTs were grouped into
25,971 contigs using the phrap method (Ogihara et al.
2003). To enrich the wheat EST database, we constructed
an additional 21 cDNA libraries, as shown in Table 1.
These cDNA libraries were grouped into three catego-
ries: (1) additional cDNA libraries from novel wheat tis-
sues to enrich the body map of wheat gene expression,
(2) cDNA libraries to compare diVerences in gene
expression patterns between characteristic genotypes,

such as aneuploids versus euploids and isogenic lines ver-
sus pure lines, and (3) cDNA libraries constructed using
abiotic-stressed tissues (Table 1, S1). As in previous
cases, these libraries were merely cultured for stabiliza-
tion in order to ensure that expressed gene members in
these libraries more or less reXected the original mRNA
populations in these tissues/treatments. Several thousand
cDNA clones, which were randomly selected from each
library, were sequenced from both ends of the inserted
DNA fragments (Table 1). In total, 212,504 sequences
were obtained. Those sequences were grouped into
38,048 contigs using the phrap method. We then deter-
mined the number of novel ESTs obtained in this study.
In previous studies, we had four EST data sources: (1)
wheat EST2002 (25,971 contigs; Ogihara et al. 2003), (2)
MUGDB2000; ESTs derived from young spikelet (666
contigs), (3) Wh_SH; ESTs from seedling (2,378 contigs),
and (4) Wh_FL; full-length cDNAs constructed from
young spikelets (3,605 contigs; Ogihara et al. 2004).
These contigs (designated MUGEST2002) and the con-
tigs established in the present study (designated
MUGEST2003) were combined, and grouped into
32,881 gene clusters using the BLAST method (1e¡60),

Table 1 Number of contigs from 21 wheat cDNA libraries constructed from the stress-induced tissues grouped by the phrap method

a Triticum aestivum cv. Chinese Spring
b Days post-anthesis
c Mono-telosomics 4BS of CS
d Ditelosomics 4BS of CS
e Near-isogenic line

Tissue and stress treatment CDNA 
library 
code

Wheat 
strain

No. of 
forward 
sequence

No. of 
reverse 
sequence

Total no. of 
sequences

Total no. of 
contigs after 
phrap analysis

Callus whcs CSa 4,960 5,256 10,216 3,861
Anther at booting stage whgc CS 4,503 4,702 9,205 3,220
Anther at booting stage whhg CSMT4BSc 4,411 4,597 9,008 3,745
Anther at booting stage whpc CSDT4BSd 4,613 4,811 9,424 3,915
Whole grain DPA5b whok CS 5,133 5,328 10,461 3,898
Whole grain DPA5 whms CSDT3DL 5,285 5,444 10,729 4,136
Whole grain DPA20 whdp CS 5,589 5,719 11,308 3,951
Dormant embryo with
water supply

whem Kitakeil1354 4,912 5,243 10,155 4,375

Dormant embryo with cold 
treatment after water supply

whec Kitakeil1354 5,064 5,146 10,210 4,250

Dormant embryo with water 
supply after wounded

whei Kitakeil1354 5,061 5,156 10,217 3,884

Seedling root in dehydration whrd Kitakeil1354 5,224 5,411 10,635 4,272
Seedling with cold treatment 
after excision of grain part

whsc Kitakeil1354 5,191 5,467 10,658 4,297

Upper seedling in dehydration whsd Kitakeil1354 4,818 5,069 9,887 3,704
Seedling grown under continuous 
illumination

whkp CSKmppde 5,533 5,821 11,354 4,153

Seedling grown under continuous 
illumination after cold treatment

whkv CS 5,271 5,471 10,742 4,117

Seedling with cold treatment for 16 days whv16 Valuevskaya 4,680 5,088 9,768 2,950
Seedling with cold treatment for 3 days whv3n Valuevskaya 4,436 4,747 9,183 2,825
Seedling with ABA treatment whva Valuevskaya 4,136 4,906 9,042 2,976
Seedling with heat shock whvh Valuevskaya 4,497 4,605 9,102 2,318
Seedling in 5 days dehydration whvd Valuevskaya 5,055 5,340 10,395 3,239
Cultured cells in B5 medium whvs Valuevskaya 5,289 5,516 10,805 4,343
MUGEST2003_all 103,661 108,843 212,504 38,048
MUTEST2003_all + MUGEST2002_all 361,180 53,976

http://www.tigr.org/tdb/e2k1/osa1
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as shown in Fig. 1. Of 22,955 gene clusters in
MUGEST2003, 8,548 (37.2%) shared homology with
those of MUGEST2002, thus demonstrating that the
remaining 14,407 gene clusters (62.8%) were novel wheat
genes cloned in the present study. This clearly indicates
that cDNAs from distinct and stress-treated tissues are
quite useful in obtaining new sources of ESTs.

Gene ontology of MUGEST2003

We searched the InterPro database (Apweiler et al. 2001)
in order to characterize the 22,955 gene clusters of
MUGEST2003. We were able to detect InterPro
domains in most wheat gene clusters with molecular
functions (21,167 genes, 92.2%; data not shown). Similar
detection of protein domains was obtained in other cate-
gories, such as biological processes and cellular compo-
nents. Protein domains found in wheat MUGEST2003
were categorized similarly as those in rice (Kikuchi et al.
2003). Because transcription factors are important and
considered to be characteristic in wheat, constituents of
the transcription factors were further identiWed through
InterPro search (BLAST X; E value = 1e¡30). Total
numbers of genes encoding transcription factors identi-
Wed through InterPro search were similar between wheat
and rice (Table 2). The number of genes for transcription
factors speciWcally expressed in MUGEST2003 (S2) was
always higher (about double) than that in
MUGEST2002. This suggests that a number of tran-
scription factors classiWed into each group of Table 2
were induced in response to biotic and abiotic stresses.
Although the constituents of transcription factors in the
wheat transcriptome were similar to those of rice
(Table 2), some discrepancies in the constituents of tran-

scription factors between wheat and rice were identiWed:
higher frequency of Zn-Wngers in wheat, and lower fre-
quencies of ERF and NAM. Although this may be partly
due to the one-pass sequencing of wheat cDNA clones
from both ends, transcription factors in wheat that are
diVerentially expressed in rice should characterize wheat
gene expression in response to environmental conditions.

Numerous wheat genes are homologous with genes 
in the rice genome

In order to analyze the proportion of wheat genes
homologous to those of rice, the 32,881 wheat gene clus-
ters were used as the query sequences in a homology
search with BLASTX (E < 1e¡5) against the 32,072 rice
peptide sequences pooled in the KOME (http://
www.cdna01.dna.aVrc.go.jp/cDNA/). Only 20,127 of
32,881 wheat gene clusters (61.2 %) showed signiWcant
homology with rice full-length cDNAs, indicating that
wheat ESTs cover a unique phase of the transcriptome in
comparison with those of rice, and are a new data source
for studying expression proWles in various tissues. Fur-
thermore, we performed homology search against the
rice pseudomolecules which includes ORFs and cDNAs
of 61,250 gene models (OSA1 version 3) released from
TIGR (http://www.tigr.org/tdb/e2k1/osa1) using the
BLASTN and the BLASTX with a threshold of e value
less than 1e¡5. In total, 22,578 sequences wheat gene
clusters (68.7%) showed signiWcant homology with the
rice gene models. Among 10,303 sequences, which
showed no homology with any rice gene models (OSA1
version 3), 564 sequences (1.7%) showed signiWcant
homology with certain genes according to the BLASTX
search against the nr peptide database of NCBI
(E < 1e¡5). These wheat genes are possible candidates
covering the unique functions disappeared in rice (S3).

Characterization of wheat-speciWc transcripts

In the 564 genes, some transcription factors, hormone
response genes, stress-related genes, storage protein
genes and other metabolic genes, as well as many genes
with unknown functions and/or no homology with the
DNA database, were involved (S3). Transcription factors
are important to characterize gene expression speciWc to
plant species. A Zn-Wnger family and a bZIP family were
found among the wheat-speciWc transcripts. The genes
were most homologous with those of Arabidopsis.
Because 57 GATA transcription factors and 75 distinct
members of the bZIP family were identiWed in the Ara-
bidopsis genome, some of which showed no homology
with those of rice (Jakovy et al. 2002; Reyes et al. 2004),
these genes might play certain roles in determining char-
acters common to both wheat and Arabidopsis, such as
photo-period sensitivity. Transcription factor IIA (Li
et al. 1999) and TATA-box binding protein (TBP)-asso-
ciated factor might contribute to wheat-speciWc gene
expression. Genes related to abiotic (Myb-related pro-
tein) and biotic (IciR-type transcription regulator

Fig. 1 Clustering of wheat ESTs from various cDNA libraries.
Original ESTs from both ends of cDNA clones were grouped using
the phrap method. The resultant contigs were then clustered using
the BLAST method, as indicated in the Wgure

http://www.cdna01.dna.affrc.go.jp/cDNA/
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against pathogen attack; Thomson et al. 1999) plant
stresses were detected. Furthermore, transcription fac-
tors that regulate plant development, such as MADS-
box gene (Murai et al. 1997), JUMONJI (Kim et al.
2003) and SWIRM (chromosomal proteins with chro-
matin-modifying activities; Arabind and Iyer 2002) were
also present in the data pool of wheat-speciWc genes. In
addition, 5 hormone-responsive genes and 40 stress-
related genes were conWrmed in the wheat-speciWc gene
data pool. These genes might control wheat homoeosta-
sis in response to environmental conditions. As expected,
genes encoding for storage proteins accumulated in
wheat seeds (glutenins and gliadins) showed sequence
speciWcity without homology to other plants. However, it
should be noted that we could not discern the functions
of many genes (465 genes, 57%) based on mere sequence
homology.

Virtual display and in silico screening of stress-response 
genes in wheat

In an eVort to assess global expression proWles of ESTs in
these 21 diVerent tissues/treatments, contigs showing
abundant expression were selected (Ogihara et al. 2003).
A total of 9,459 contigs with 5 or more members were
selected, and comparative expression proWles of these
contigs among the 21 tissues/treatments were displayed.
The number of EST constituents assigned to 21 cDNA
libraries was scored for each contig, producing a two-
way expression proWle, i.e., contig versus library. Based
on the EST constituent matrix, hierarchical clustering
was performed as reported previously (Eisen et al. 1998).

A VD of the expression proWle is shown in Fig. 2. In
addition to gene clusters expressed in a tissue/treatment-
speciWc manner, genes commonly expressed throughout
the 21 tissues/treatments were found (Fig. 2). The 9,459
contigs were classiWed into 9 major groups. A remarkable
feature of the investigation is to identify genes speciWcally
expressed in certain tissues/treatments. VD enables us to
extract certain genes in response to abiotic stresses, such
as temperature, drought, abscisic acid (ABA) treatment
and wounding, as well as biotic stresses like tissue and/or
cell cultures (Table 1; Fig. 2). As an example, we
extracted contigs expressed in six tissues/treatments
related to temperature, drought and ABA; whkp, whv3n,
whv16, whvh, whvd, and whva (S1, S4). Comparison of
overall expression patterns with the 5,676 contigs
revealed that gene expression patterns of seedlings incu-
bated under cold conditions for 3 days and 16 days were
similar, while those under heat-shock treatment were
grouped into those incubated under cold conditions, con-
stituting a cluster. On the other hand, expression patterns
of seedlings under drought and ABA treatment were
grouped into another cluster diVering from seedlings
under temperature treatment (S4). These results support
data obtained from cDNA microarray experiments
(Rabbani et al. 2003; Seki et al. 2004; Shinozaki et al.
2003). Furthermore, using display data, we are able to
extract genes speciWcally expressed under certain treat-
ments. This method can be designated for in silico screen-
ing of responsive genes, as in the case of cDNA
microarray. At Wrst, of the six tissues/treatments, we com-
pared expression proWles among three cDNA libraries
concerning temperature-responsive genes. The whkp

Table 2 Transcription factors identiWed in MUGEST2003 and MUGEST2002 through InterPro search

The transcription domain of wheat gene clusters was searched against the InterPro data base, and the search of transcription factors was
also carried out with the BLASTX (E value=1e-30) against the rice KOME data base. The candidates through both search systems are
listed in the table. Frequencies are given in parentheses
a These numbers were divided by the gene cluster number in MUGEST2003
b These numbers were divided by the gene cluster number MUGEST2002

Category of 
domain

Total no. of wheat 
gene clusters

SpeciWc in 
MUGEST2003a

SpeciWc in 
MUGEST2002b

No. of rice 
FL-cDNA 
clones

Zn-Wnger 887 (58.7) 338 (44.1) 121 (22.0) 588 (44.6)
Myb 201 (13.3) 73 (44.5) 37 (28.9) 158 (12.0)
ERF 29 (1.9) 14 (56.0) 4 (26.7) 83 (6.3)
NAM 39 (2.6) 14 (41.2) 5 (20.0) 74 (5.6)
Homeobox 73 (4.8) 28 (47.5) 14 (31.1) 73 (5.5)
bZIP 56 (3.7) 17 (34.7) 7 (17.9) 63 (4.8)
AUX/IAA 40 (2.6) 17 (53.1) 8 (34.8) 47 (3.6)
WRKY 29 (1.9) 18 (72.00 4 (36.4) 46 (3.5)
TFB3 49 (3.2) 18 (40.9) 5 (16.1) 27 (2.1)
GRAS 23 (1.5) 11 (55.0) 3 (25.0) 27 (2.1)
MADS 13 (0.9) 4 (33.3) 1 (11.1) 26 (2.0)
HSF 11 (0.7) 5 (55.5) 2 (33.3) 25 (1.9)
Tubby 12 (0.8) 5 (41.7) 0 (0) 24 (1.8)
BRCT 17 (1.1) 4 (26.7) 2 (15).4 19 (1.4)
SBP 10 (0.7) 5 (71.4) 3 (60.0) 17 (1.3)
Jumonji 18 (1.2) 7 (46.7) 3 (27.3) 11 (0.8)
TCP 4 (0.3) 1 (100) 3 (100) 10 (0.8)

Total 1,511 579 (44.9) 222 (23.8) 1,318
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contigs (cDNAs derived from seedlings grown under
continuous illumination) was adopted as a control for
comparison. The whv16 contigs were used for selection
of genes responsive to cold acclimation, while the whvh
contigs were applied for selection of heat-shock genes. In
comparison to expression levels of control genes, contigs

showing Wvefold increases or decreases were selected. The
number of selected genes is presented in Fig. 3. These
contigs can be categorized into two groups: (1) contigs
speciWcally induced or suppressed in response to temper-
ature, and (2) contigs commonly expressed under temper-
ature–stress conditions, regardless of temperature. In
total, 708 genes changed their expression levels. For tem-
perature-induced genes, 269 and 175 genes were speciW-
cally up-regulated during cold and heat treatment,
respectively. In addition, 46 genes were induced under
both temperature conditions. On the other hand, 46
genes were speciWcally suppressed under cold or heat
treatment, while 126 genes were down-regulated under
both temperature conditions (Fig. 3). These gene expres-
sion patterns should reXect their roles classiWed into each
category (S5). The functions of these 708 genes were
inferred with Gene Ontology, as presented in S6. In these
categories, genes classiWed into carbohydrate metabo-
lism, energy metabolism, folding–sorting–degradation
and translation were more frequently found than those
grouped into other categories. Among the Wvefold up-
regulated genes after cold acclimation, a number of
WCOR genes, such as WCOR14a, WCOR80, WCOR413
and WCOR719, as well as cold-responsive LEA/RAB-
related genes (Tsuda et al. 2000), drought-related genes
(Ohno et al. 2003) and pathogen-resistance-related genes
(Koike et al. 2002; Schultheiss et al. 2003), were found.
Chaperones, such as dnaJ, dnaK, HSP16.9, HSP70,
HSP80, which are induced by heat-shock treatment
(Wang et al. 2004), were also found among the 708 genes.
The list of these genes strongly supports the reliability of
in silico monitoring of temperature-responsive genes.
Furthermore, a number of transcription factors in
response to temperature treatment were detected (S5),
among which bHLH, Zn-Wnger proteins, bZIP, Myb,
MADS, and APF1 proteins were included.

In addition to temperature-responsive genes, overlap-
ping of up- and down-regulated genes in response to abi-
otic stresses, namely cold acclimation (whv16), drought
(whvd) and ABA (whva) treatment was examined
(Fig. 4). Of up-regulated genes (625 genes in total, as pre-
sented in S7), 14 genes were commonly induced by three
abiotic stresses. In these abiotic-stress-induced genes,
genes related to systemic resistance (lipid transfer pro-
tein: Guidendoni et al. 2002; Maldonado et al. 2002;

Fig. 2 Clustered correlation display of wheat ESTs in MU-
GEST2003. A total of 9,459 contigs with 5 or more members were
selected to construct the clustered correlation map [virtual display
(VD)] of cDNA libraries from the 21 wheat tissues/treatments. At
the bottom of the panel, abbreviations for the 21 tissues from which
cDNA libraries were constructed are shown (for abbreviations, see
Table 1). The expression proWle of each gene is represented by a sin-
gle row of red-colored boxes, and that of each library is represented
by a single column

Fig. 3 Number of contigs 
selected in silico from the VD in 
response to temperature 
treatment. a Number of contigs 
induced by cold acclimation and 
heat-shock. b Number of contigs 
suppressed by cold acclimation 
and heat-shock. Overlapping 
regions indicate the number of 
contigs induced or suppressed in 
both cold acclimation and 
heat-shock
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Jung et al. 2003), abiotic stresses (S-adenosyl methionine
synthase: Sanchez-Aguay et al. 2004, and phophoetha-
nolamine methyltransferase: Mou et al. 2002; Charron
et al. 2002), reactive oxygen species (ROS; metalothion-
ein, thiol protease and thioredoxin: Wong et al. 2004;
Buchanan and Balmer 2005) and brown plant hopper
susceptibility protein (Yang et al. 2005) were involved. A
number of 21, 19 and 16 genes were overlapped between
ABA treatment and cold acclimation, cold acclimation
and drought response, and drought response and ABA
treatment, respectively. In genes commonly induced by
ABA treatment and cold acclimation, fatty acid desatur-
ase (Kodama et al. 1995; Matsuda et al. 2005) and ubiqu-
itin-related genes were found. ROS (ascorbate
peroxidase), alanine aminotransferase (Kikuchi et al.
1999), aquaporin PIP1 and glucose 6-phosphate dehy-
drogenase genes were highly induced in drought and
ABA treatments of wheat seedling. In cold acclimation
and drought, LEA/RAB-related COR, COR615, ROS-
related (thioredoxin/transketolase), dehydrin-5 and
amino acid selective channel protein genes were up-regu-
lated. More than 100 genes were speciWcally induced in
response to individual abiotic stresses (Fig. 4a). On the
other hand, 95 out of 239 genes were commonly down-
regulated in response to 3 abiotic-stresses (Fig. 4b). In
these genes (S8), histone genes for H2s and H4, tran-
scription factor containing MADS domain, telomerase
reverse transcriptase, RNA-binding protein, translation-
related protein, proteinase inhibitors, ROS such as gluta-
thione S-transferase, glutathione peroxidase and super-
oxide dismutase (SOD), stress-related protein such as
cytochrome P450 and HSP70, cytoskeleton-related genes
such as tublin � and endo-1,4-�-glucanase, mitochodria-
related genes such as mitochondrial carrier protein, cyto-
chrome c oxydase and reductase were detected. A num-
ber of 23, 24 and 26 genes were overlapped between ABA
treatment and cold acclimation, cold acclimation and
drought response, and drought response and ABA treat-
ment, respectively. In genes commonly down-regulated
between ABA treatment and cold acclimation, genes for
translation initiation factor 5A, stress-related proteins
such as nodulin MtN3 family protein, DNA-J protein

and long-chain-fatty acid CoA ligase, tublin � protein,
and ABC transporter were involved. Genes for elonga-
tion factor, small Ras-related GTP-binding protein,
tublin �, and sucrose synthesis-related enzymes were
commonly suppressed in drought and ABA treatments.
In genes commonly down-regulated between cold accli-
mation and drought treatment, genes that are stress-
related such as benzothiadiazole-induced protein,
drought-inducible 22 kD protein, lipid-related genes
such as sulfolipid synthase and phospholipase were
found. Additionally, 2-oxoglutarate/malate translocator
was found in this category. Functional analyses of the
genes monitored by in silico proWling might provide a
powerful approach for identifying gene networks that
respond to abiotic stresses.

Discussion

We demonstrated the in silico screening of stress-
response genes in common wheat by analyzing a large
number of ESTs from 21 independent cDNA libraries
(Table 1). We previously released 148,676 cDNA
sequences from 4 EST sources (Ogihara et al. 2003,
2004), collectively designated MUGEST2002, as shown
in Fig. 1. In addition to MUGEST2002, we released
212,504 cDNA sequences in the present investigation. As
of November 11, 2005, 600,039 wheat ESTs are accumu-
lated in the public database (http://www.ncbi.nlm.nih.
gov/dbEST/dbEST_summary.html). The registered num-
ber of ESTs is the second highest among all plant species.
Consequently, we have contributed 44.5% of the depos-
ited wheat ESTs to the public database. Our ESTs were
collectively grouped into contigs, and these contigs were
further grouped into 32,881 gene clusters (unique genes;
Fig. 1). The number of genes in the rice genome was
recently estimated to be less than 40,000 (Benetzen et al.
2004), and thus we were able to capture more than 80%
of the wheat genome. The EST data pool of common
wheat is suYcient to construct a cDNA microarray/
DNA chip. Furthermore, these substantial genomic

Fig. 4 Number of contigs se-
lected in silico from the VD in 
response to abiotic/biotic stress. 
a Number of contigs induced by 
three stress treatments, i.e., 
ABA, cold acclimation and 
drought treatment. b Number of 
contigs suppressed by three 
stresses, namely ABA, cold 
acclimation and drought treat-
ment. Contigs showing Wvefold 
changes of expression levels 
were selected

http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html
http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html
http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html
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resources must provide the opportunity for wheat
improvement through reverse genetics, such as the
TILLING method (Slade et al. 2005).

Expressed sequence tag constituents from stress-
treated tissues were unique and about 63% of the gene
clusters in MUGEST2003 did not overlap those in
MUGEST2002 (Fig. 1). This uniqueness is also reXected
in the constituents of transcription factors (Table 2). It is
expected that a number of transcription factors should
be expressed in response to environmental stresses (Mad-
lung and Comai 2004). In fact, transcription factors, such
as Zn-Wngers, Myb, ERF, NAM, bZIP and WRKY, were
speciWcally expressed in the stress-treated tissues
(Table 2). Careful traces of these expression patterns
might provide information of novel gene-network sys-
tems in response to environmental stresses.

Based on sequence homology, 816 of 32,881 wheat
gene clusters (2.5%) were inferred to be unique in com-
parison with the rice genome. Because wheat and rice
show characteristic growth habits, these distinct genes
might explain the diVerences in the growth habits at the
molecular level. Furthermore, mapping of these distinct
genes on the wheat chromosomes should indicate the
hypervariable regions of wheat chromosomes. DNA
sequencing of these chromosome regions might then clar-
ify the origins of these novel genes throughout evolution.

Characteristics of gene expression patterns in certain
tissues and/or stress treatments can be monitored in sil-
ico as a VD (Fig. 2). Genes expressed in response to tem-
perature treatments (Fig. 3) and other abiotic stresses
(Fig. 4) were successfully selected in the present study. As
in the case of cDNA microarray/DNA chip experiments
(Narusaka et al. 2004), expression of genes was distin-
guishable among the diVerent treatments: (1) genes spe-
ciWcally induced or suppressed by stress treatments, (2)
genes commonly induced or suppressed by stress treat-
ments. Reliability of VD has been conWrmed by the iden-
tiWcation of expressed genes in response to temperature
conditions and stress reactions. The advantage of in sil-
ico selection through VD is that we can freely add and/or
omit the tissues/treatments from the VD panel. We actu-
ally constructed a mini-VD constituting six wheat tis-
sues/treatments in order to focus gene expression proWles
among these tissues/treatments (S4). Accordingly, VD
will become a powerful tool in constructing body maps
of expressed genes during the plant life cycle and in mon-
itoring the expression of plant genes in response to stress
treatment.
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