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Novel genes are enriched in normalized cDNA
libraries from drought-stressed seedlings of rice
(Oryza sativa L. subsp. indica cv. Nagina 22)

Arjula R. Reddy, W. Ramakrishna, A. Chandra Sekhar, Nagabhushana Ithal,
P. Ravindra Babu, M.F. Bonaldo, M.B. Soares, and Jeffrey L. Bennetzen

Abstract: We have utilized an efficient method to enrich cDNA libraries for novel genes and genes responsive to
drought stress in rice (Oryza sativaL. subsp.indica). We separately constructed standard and normalized cDNA
libraries from leaf tissue of rice seedlings grown under controlled drought stress. Sequencing from the 3′ end was
performed on 1000 clones from the normalized leaf cDNA library and 200 clones from the standard leaf cDNA library.
For the first 200 clones, the clone redundancy in the non-normalized library was about 10%, compared with 3.5% in
the normalized cDNA library. Comparison of these cDNAs with the sequences in public databases revealed that 28.2%
of the expressed sequence tags (ESTs) from the normalized library were novel. Clones from the standard and normal-
ized leaf libraries and a root library uncovered numerous cDNAs that are highly homologous to known drought-
responsive genes including those that encode metallothioneins, late embroyonic abundant (LEA) proteins, heat-shock
proteins, cytochrome P450 enzymes, catalases, peroxidases, kinases, phosphatases, and transcription factors.
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Résumé: Les auteurs ont employé une méthode efficace pour enrichir des banques d’ADNc en gènes non encore
décrits et en gènes dont l’expression est affectée par un stress hydrique chez le riz (Oryza sativaL. subsp.indica). Les
auteurs ont préparé des banques d’ADNc standard et normalisée à partir de tissus foliaires de plantules de riz cultivées
en conditions de déficit hydrique. Le séquençage de l’extrémité 3’ a été réalisé sur 1000 clones de la banque
normalisée et sur 200 clones de la banque standard. Pour les 200 premiers clones, la redondance était d’environ 10 %
chez la banque standard et de 3,5 % pour la banque normalisée. Une comparaison de ces ADNc avec les séquences
disponibles dans les bases de données publiques a révélé que 28,2 % des étiquettes de séquences exprimées (EST) de
la banque normalisée n’avaient pas encore été décrits. Des clones des banques normalisée et standard ainsi que des
clones d’une banque racinaire ont montré une forte homologie avec des gènes connus comme étant régulés par le stress
hydrique dont des gènes codant pour des métallothionéines, des protéines abondantes dans l’embryon mature (LEA),
des protéines de choc thermique, des cytochromes P450, des catalases, des péroxydases, des kinases, des phosphatases
et des facteurs de transcription.

Mots clés: Oryza sativaL., tolérance à la sécheresse, normalisation, EST, redondance, banque d’ADNc.

[Traduit par la Rédaction] Technique 211

Introduction

Rapid advances in genomic technologies are leading to an
increased understanding of global gene expression in plants.

Numerous projects are aimed at identifying and characteriz-
ing the full set of transcribed genes (transcriptome) in target
organisms. Large-scale cDNA sequencing projects have
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identified expressed sequence tags (ESTs) and provide an
effective means of identifying expressed genes in organisms
across all kingdoms. Ideally, ESTs generated from a total
cDNA library should represent all the expressed genes in the
tissue from which the library was constructed. However, the
expression patterns of different genes in a given tissue yield
mRNAs that differ in abundance, making it difficult to cap-
ture rare mRNAs from cDNA libraries. This problem also
leads to redundant sequencing of clones representing the
same expressed genes, thereby affecting the efficiency and
cost effectiveness of the EST approach (Bonaldo et al.
1996). To overcome the redundancy problem in large-scale
cDNA sequencing projects, several laboratories have used
cDNA library normalization. In theory, a normalized cDNA
library approach will generate uniform abundances of cDNA
classes within the library. Different methods for construction
of normalized cDNA libraries from a variety of tissues and
organisms have been reported (Weissman 1987; Patanjali et
al. 1991; Soares et al. 1994). Normalized cDNA libraries
developed from different human tissues and organs have
proven effective in representing rare and low-abundance
mRNAs (Bonaldo et al. 1996). Recently, normalized cDNA
libraries have been constructed forArabidopsis(Asamizu et
al. 2000a), Lotus japonicus(Asamizu et al. 2000b), and
Triticun aestivum(Ali et al. 2000).

Rice (Oryza sativaL.), the most important world food
crop, has now emerged as a model crop plant for genome
analysis. To date, over 75 000 rice ESTs are available in
the dbEST database (http://www.ncbi.nlm.nih.gov/dbEST/
dbEST_summary.html). These ESTs were mostly from
O. sativaL. subsp.japonoica. Large-scale EST data are not
available forO. sativaL. subsp.indica, which is grown in a
wide range of agroclimatic conditions ranging from deep
water to dry land environments. In a typical year, abiotic
stresses decrease rice yields by about 15% in Asia, more
than twice the damage caused by biotic stresses (Dey and
Upadhaya 1996). In particular, drought stress is the major
cause of yield instability in rice production across diverse
crop ecosystems. Its multigenic, incompletely penetrant,
quantitative nature makes it difficult to breed for drought tol-
erance. Furthermore, the drought stress response in plants in-
volves an array of different pathways associated with stress
perception, signal transduction, gene expression, and synthe-
sis of a number of compounds. Given this complexity of the
drought response, a large-scale EST approach would assist
gene discovery and genetic engineering of rice for drought
tolerance. Several drought stress responsive genes were
identified from ESTs generated from abscisic acid (ABA)
treated and desiccated moss cDNA libraries (Machuka et al.
1999; Wood et al. 1999). Recently a full-length cDNA
microarray has been used to study drought- and cold-
responsive genes inArabidopsis(Seki et al. 2001). To date,
a large-scale EST approach has not been utilized for gene
discovery in drought-stressed rice plants.

We report here, for the first time, large-scale EST develop-
ment from cDNA libraries constructed from drought-stressed
leaf and root tissues of an uplandO. sativa subsp.indica
cultivar, Nagina 22. We demonstrate the efficiency and cost-
effectiveness of the normalization method in enriching the
leaf cDNA library for novel ESTs and identifying stress
responsive genes in rice.

Materials and methods

Plant material and water stress treatment
Nagina 22 is an early maturing, deep-rooted, drought-

tolerant cultivar adapted to upland conditions. Rice seedlings
were grown in pots (3 seedlings/pot) with top vertisol soil
maintained at defined field capacity (FC) in a Conviron
growth chamber (Conviron, Winnipeg, Man.) simulating up-
land growth conditions. Field capacity is defined as the
amount of water held in the soil after excess water has
drained away and the rate of downward movement of water
has perceptibly decreased. The control plants were grown at
100% FC, which is the maximum amount of water retained
by the soil at saturation. FC of the soil was calculated as in
Singh and Vittal (1997). The seedlings were maintained at
32 ± 1°C during the day and 20 ± 1°C during the night in
60% relative humidity. A photoperiod of 11 h light : 13 h
dark was used throughout this experiment. One-month-old
seedlings grown at 70% FC were subjected to drought stress
by regulating water supply to gradually reach 50% FC. Leaf
and root samples were harvested at 50% FC between 11:00
and 13:00. At each sampling point, leaf relative water con-
tent (RWC) was measured from the mid-portion of the leaf.

Construction of cDNA libraries
Total RNA was isolated from drought-stressed leaf and

root samples using Trizol reagent (Life Technologies,
Rockville, Md.). Poly(A+) RNA was purified from total
RNA using Oligotex suspension (Qiagen GmbH, Hilden,
Germany). First-strand cDNA was synthesized by priming
poly(A+) RNA with the NotI-(dT)18 (Amersham Pharmacia
Biotech, Uppsala, Sweden) oligonucleotide primer (5′-TGT-
TACCAATCTGAAGTGGGAGCGGCCGCACAA(T)18-3′) us-
ing Superscript reverse transcriptase (Life Technologies);
second-strand cDNA synthesis and blunt ends were made as
described by Soares and Bonaldo (1997).EcoRI adapters
(Amersham Pharmacia Biotech) were added to double-
stranded cDNAs that had been size selected and blunt ended.
The phosphorylated cDNAs were digested withNotI and
cloned into EcoRI- and NotI-digested phagemid vector
pT7T3-Pac (Bonaldo et al. 1996). The pT7T3-Pac vector is
essentially the same as pT7T318D (Amersham Pharmacia
Biotech) except that it has a slightly different polylinker.
The M13 reverse primer (5′-AGCGGATAACAATTTCACA-
CAGGA-3′) homology is located 50 bp upstream from the
SfiI site and the M13 universal-sequencing primer (5′-GTT-
TTCCCAGTCACGAC-3′) homology is located 53 bp down-
stream from theHindIII site. Furthermore, the T7 promoter
primer (5′-TAATACGACTCACTATAGGGA-3′) homology is
4 bp upstream from theSfiI site and the T3 promoter primer
(5′-TCCCTTTAGTGAGGGTTAAT-3′) homology is only 2
bp downstream from theHindIII site. The cDNA library
constructed in pT7T3-Pac was amplified inEschericia coli
DH10B (Life Technologies) electrocompetent cells using
Gene Pulser (Bio-Rad, Hercules, Calif.). The library was
size selected on an agarose gel for an insert size of above
300 bp and extracted from the gel using the Qiagen gel ex-
traction kit.

Normalization
The normalization procedure was essentially according to
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Bonaldo et al. (1996) and Soares and Bonaldo (1997) with
some modifications. Single-stranded DNA (ssDNA) was
prepared from the directionally cloned cDNA library using
helper bacteriophage M13K07 (Amersham Pharmacia
Biotech). ssDNA was incubated withPvuII (New England
Biolabs, Beverly, Mass.) and purified using the Bio-Gel
HTP hydroxyapatite (HAP) column (Bio-Rad). The driver
DNA was prepared by PCR amplification of ssDNA using
T7 and T3 primers andTaq DNA polymerase (Qiagen). The
PCR products were purified using Centrisep spin columns
(Princeton Separations, Adelphia, N.J.). Hybridization of
driver with ssDNA tracer was performed in the presence of a
5′-blocking oligo, a 3′-blocking oligo, and a tail-blocking
oligo (poly(A)) (Amersham Pharmacia Biotech) in the pres-
ence of 50% formamide. The reaction mixture was heated to
80°C for 3 min and reassociation was carried out in the pres-
ence of 120 mM NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM
EDTA, and 1% SDS at 30°C. The reaction was allowed
to proceed for 22 h to achieve the calculatedC0t value
of 5 s-mol/L. The fraction that remains ssDNA after
reassociation represents the unamplified, normalized library,
which was subsequently purified from the reassociated mol-
ecules by chromatography on HAP columns. The
reassociation reaction mixture was adjusted to 0.11 M so-
dium phosphate (pH 6.8), 10 mM EDTA, and 1% SDS. This
mixture was loaded onto a HAP column (glass jacketed;
Bio-Rad) that had been prewarmed to 40°C. The column
was subsequently heated and maintained at 60°C. The eluate
was collected and reloaded onto the column for the second
time. Using radiolabelled ssDNA, the ssDNA fraction was
found to elute at 0.1 M SP buffer (0.1 M sodium phosphate
(pH 6.8), 10 mM EDTA, and 1% SDS) and dsDNA was
found to elute at 0.4 M SP (0.4 M sodium phosphate
(pH 6.8), 10 mM EDTA, and 1% SDS). The column was
washed twice with 3 mL of 0.1 M SP buffer to elute the
ssDNA. ssDNA eluted from the HAP column was concen-
trated by butanol extraction and ethanol precipitation.
ssDNA was converted into partial duplexes by controlled
primer extension using the bacteriophage M13 forward
primer 5′-GTAAAACGACGGCCAGT-3′ and Sequenase
(Amersham Pharmacia Biotech). Partial duplexes were then
transformed intoE. coli DH10B by electroporation. The
plasmid DNA prepared from these bacteria represents the
amplified normalized cDNA library.

Sequencing and analysis of ESTs
Randomly selected clones from all libraries were partially

sequenced from the 3′ end on an ABI 3700 (Perkin Elmer,
Foster City, Calif.). Base calling was done using phred (Ew-
ing and Green 1998) and sequences were assembled using
phrap to estimate redundancy and viewed using consed
(Gordon et al. 1998). The ESTs were further analyzed using
BLASTX and BLASTN. ESTs were defined as redundant
when they exhibited more than 95% identity over aligned re-
gions or to the same database accession.

Results and discussion

Experimental strategy
Molecular approaches towards understanding the drought

response in rice are largely confined to studies on individual

drought-responsive genes and gene products. Genomic ap-
proaches to analyze drought-responsive genes in rice have
not been reported. To study global gene expression under
drought stress, we constructed cDNA libraries from leaf and
root tissues of drought-stressed rice seedlings. The physio-
logical status of the leaf material at 50% FC was primarily
assessed by RWC and only the samples exhibiting RWC of
50–60% were selected for the cDNA library preparation.
Control plants at 100% FC showed 95% RWC. The seed-
lings at 50% FC exhibited clear symptoms of drought stress
such as leaf rolling and basal leaf senescence. The rationale
of growing plants at 70% FC and then gradually reducing
the moisture level to 50% FC is to enrich the library with
genes involved in stress response and adaptation rather than
shock as the result of severe stress. The standard leaf cDNA
library made from poly(A+) RNA of these samples con-
tained about 200 000 recombinant clones with insert sizes
ranging from 300 to 1500 bp, where the median was about
800 bp. The root standard library, after size fractionation, con-
tained about 5000 clones with an average insert size of about
800 bp.

Normalization and generation of ESTs from the
stressed leaf cDNA library

The normalization of a standard leaf cDNA library using
the modified procedure of Bonaldo et al. (1996) yielded
about 25 000 clones. Randomly picked clones from this nor-
malized cDNA library were partially sequenced from the 3′
end. About 1000 high quality (phred score > 20) ESTs were
generated and analyzed using the BLAST algorithm
(Altschul et al. 1997) applied to the current GenBank data-
base. Similarly, 200 ESTs generated from the standard leaf
cDNA library were also analyzed. Phrap analysis revealed a
redundancy of about 3.5% in the normalized leaf library
compared with 10% in the standard library for the first 200
clones analyzed (Table 1). The frequency of redundant
clones among ESTs from the normalized leaf cDNA library
also was calculated for all 1000 ESTs (Fig. 1). ESTs were
defined as redundant when they gave a BLASTX or
BLASTN hit to the same accession number or when they ex-
hibited more than 95% identity over aligned regions and
were assembled in a single contig. Of the 1000 normalized
leaf ESTs, 735 were unique, 62 were represented twice, 16
were found three times, 17 were found four times, and 5 ap-
peared five times. Novel genes were defined as ESTs not
showing a match to any other nucleotide sequences in the
database by a cut offE value of 10–6. Novel ESTs consti-
tuted only 5% of the ESTs of the non-normalized library as
compared with 28.2% of the normalized library. Beyond this
greater than fivefold increase in novel ESTs, normalization
also yielded a greatly reduced redundancy of cDNAs in the
library. Hence, we feel that this is a very cost-effective pro-
cedure for large-scale EST generation and gene discovery.

Putative genes identified from ESTs of leaf and root
cDNA libraries

ESTs generated from leaf and root cDNA libraries were
screened against the current GenBank database using the
BLAST algorithm. Putative functions of the ESTs were as-
signed after applying a stringency level ofE value of 10–6. A
total of 718 out of 1000 ESTs from the normalized leaf

© 2002 NRC Canada

206 Genome Vol. 45, 2002

I:\gen\gen45\gen-01\G01-114.vp
Tuesday, January 08, 2002 9:08:42 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



cDNA library showed significant similarity to known se-
quences in the database. The remaining 282 ESTs did not
show significant homology to any known sequences in the
databases and were deemed novel. ESTs with matches in the
database were classified based on their putative function
(Fig. 2). Genes involved in metabolism constitute the most
abundant class among ESTs. Genes related to drought-stress
response are highly represented among ESTs from stressed
seedlings.

Metallothionein-like genes turned out to be the most
abundant class in the normalized leaf library. In an earlier
study of transcript profiling of rice seedlings using serial
analysis of gene expression (SAGE), metallothionein-like se-
quences were found to be an abundant class, suggesting that
they might perform essential functions of plant growth be-
sides metal detoxification (Matsumura et al. 1999). Such
predicted functions include cell wall lignification, cell elon-
gation (Omann et al. 1994; Yu et al. 1998), and reducing the
concentration of free metal ions in the cell to prevent the in-
crease of reactive oxygen species under water stress condi-
tions (Batt et al. 1998). They are also reported to be
upregulated upon salt stress in rice (Kawasaki et al. 2001).
Several ESTs showed significant sequencesimilarity to genes
that had already been shown to be affected by ABA, drought,
and other environmental stresses in different plants (Table 2).
Examples include glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Velasco et al. 1994), aldolase (Michelis and
Gepstein 2000),rd22 (Yamaguchi-Shinozaki and Shinozaki
1993), late embryonic abundant (LEA) proteins (Baker et al.

1988; Close et al. 1989; Xu et al. 1996), and heat-shock pro-
teins (Vierling 1991). Genes for a variety of transcription
factors that contain typical DNA binding motifs, such as de-
hydration responsive element binding (DREBIA) protein,
MYB, MYC, AP2, and zinc fingers that have been reported
as stress inducible (Shinozaki and Yamaguchi-Shinozaki
1999), were also identified among these ESTs, as were many
classes of protein kinases, such as mitogen activated protein
(MAP) kinases, calcium-dependent protein kinase (CDPK),
and protein phosphatases that were demonstrated to be either
stress inducible or upregulated by dehydration (Mizoguchi et
al. 1996; Shinozaki and Yamaguchi-Shinozaki 1997; Xu et
al. 1998). Other genes include those implicated in oxidative
stress response such as catalases, peroxidases, and glu-
tathioneS-transferase. In fact, a significant number of these
ESTs are found to be up-regulated by salt stress in rice roots
as revealed by microarray data (Kawasaki et al. 2001).
These genes include homologues of glutathioneS-
transferase, LEA,S-adenosylmethionine decarboxylase,S-
adenosylmethionine synthetase, water channel proteins,
CDPK, peroxidase, calmodulin, ascorbate peroxidase, and
asr1 (ABA- and stress-responsive protein). Similarly, a
comparision with gene expression profiles ofArabidopsis
under drought and cold stress also revealed a number of
common genes such as those for LEA, ascorbate peroxidase,
enolase, glycine-rich protein, thioredoxin, catalase, and eth-
ylene-responsive element binding protein (Seki et al. 2001).
Our EST collection therefore represents a rich source of
drought-responsive genes and will be useful in expression
analysis in rice and other grasses.

Mining for SSRs (simple-sequence repeats) among the ESTs
from our leaf library resulted in the identification of 101 SSRs
represented by 8 dinucleotide, 53 trinucleotide, 34 tetra-
nucleotide, and 6 pentanucleotide repeats (data not shown) that
can be useful in marker development and molecular mapping
strategies.
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Leaf

Non-normalized Normalized
Average insert size (bp) 800 800
Average read length (bp) 500 500
No. of ESTs generated 200 1000
% redundancy 10* 3.5*
% novel genes 5.1 28.2

*Percentages for the first 200 clones analyzed.

Table 1. Comparison of standard and normalized cDNA libraries
from drought-stressed leaves.

Fig. 1. Frequency of redundant clones among ESTs from the
normalized leaf cDNA library.

Fig. 2. Expression analysis of 1000 ESTs from the normalized
leaf cDNA library from drought-stressed rice seedlings. cDNA
clones with BLASTX scores 10–5 were classified according to
their putative functions. Novel genes, no hits to known amino
acid sequences; unclassified, sequences with known homologies
but not included in any of the above classes; other rice ESTs,
matching to unannotated rice ESTs.
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EST
accession No.a Putative function

Identical
registrationb Organism E value

Stress related
BI305515 Putative RAD23 AC021640 Arabidopsis thaliana 4×10–55

BI305617 Metallothionein-like proteins U77294 Oryza sativa 1×10–10

BI305618 GrepE protein AJ010819 Arabidopsis thaliana 2×10–26

BI305676 Glycine-rich protein AL010579 Oryza sativa 6×10–06

BI305699 Remorin gene A005244 Arabidopsis thaliana 4×10–15

BI305703 Metallothionein-like protein U18404 Oryza sativa 9×10–17

BI305736 Transaldolase U95923 Solanum tuberosum 1×10–51

BI305766 Hypersensitivity-related gene X95343 Nicotiana tabacum 1×10–20

BI305776 Ethylene-responsive element binding factor 3 AB037183Oryza sativa 8×10–28

BI305797 Enolase U17973 Zea mays 1×10–50

BI306042 Glutamine synthetase D14577 Zea mays 6×10–22

BI305726 Low molecular weight heat-shock protein precursor AF035460Zea mays 1×10–37

BI305910 Putative leucine-rich repeat protein AC004165Arabidopsis thaliana 9×10–10

BI305897 Cytochromec oxidase subunit 5c AB027123 Oryza sativa 4×10–6

BI305977 Abscisic acid inducible X59138 Zea mays 2×10–39

BI305990 Peroxidase X98322 Arabidopsis thaliana 4×10–43

BI306006 Group 4 LEA protein M88321 Gossypium hirsutum 7×10–31

BI306013 Xyloglucan endotransglycosylase (XET) X93175 Hordeum vulgare 2×10–34

BI306026 Aldolase C-1 D50307 Oryza sativa 1×10–29

BI306095 Metallothionein-like protein AF001396 Oryza sativa 3×10–23

BI306121 Dehydrogenase-like protein AB025639 Arabidopsis thaliana 2×10–48

BI306125 Shaggy-like protein Y13437 Oryza sativa 1×10–148

BI306129 rd22 AP000364 Oryza sativa 2×10–32

BI306144 Glyceraldehyde-3-phosphate dehydrogenase U31676 Oryza sativa 5×10–11

BI306214 Chaperonin 21 precursor AF233745 Lycopersicon esculentum 3×10–51

BI306235 EF-hand Ca2+-binding protein CCD1 AF181661 Arabidopsis thaliana 6×10–24

BI306254 Glycine-rich protein AF011331 Oryza sativa 2×10–42

BI306233 Peroxidase BP1 M73234 Hordeum vulgare 1×10–31

BI306328 Wound induced protein X59882 Lycopersicon esculentum 1×10–6

BI306369 Peroxiredoxin Q AB037598 Sedum lineare 8×10–66

BI306376 Open reading frame; able to induce HR-like lesions U66269 Nicotiana tabacum 5×10–37

BI306388 Jasmonate-induced protein X98124 Hordaeum vulgare 1×10–21

BI306411 GlutathioneS-transferase II AF062403 Oryza sativa 1×10–37

BI306443 Catalase D26484 Oryza sativa 1×10–56

BI306457 Glyceraldehyde-3-phosphate dehydrogenase M36650 Hordeum vulgare 1×10–29

BI306437 rd22 D10703 Arabidopsis thaliana 5×10–38

BI306029 Hsp82 ZI5018 Oryza sativa 2×10–6

BI305808 Cytochrome P450 M32885 Persea americana 4×10–43

BI305704 S-Adenosyl methionine synthetase Z26867 Oryza sativa 1×10–38

BI305631 Cytochromeb5 X75670 Oryza sativa 3×10–17

BI306153 Cytochromec oxidase subunit AB027123 Oryza sativa 1×10–30

Transcription factors
BI305518 Similar toMethanobacterium thermoautotrophicum

transcriptional regulator
AF118223 Arabidopsis thaliana 3×10–60

BI305544 Myb DNA binding protein-like AL3555775 Arabidopsis thaliana 2×10–13

BI305625 Zinc finger protein, putativae, 5′ partial AC069474 Arabidopsis thaliana 5×10–30

BI305705 Zinc finger protein AB028132 Oryza sativa 1×10–15

BI305762 Transcription factor IIA small subunit AJ223634 Arabidopsis thaliana 2×10–14
BI306059 MybHv5 X70876 Hordeum vulgare 3×10–16

BI306078 Similar to RING-H2 finger protein RHA1a AP000616 Oryza sativa 2×10–48

BI306209 Similar toLotus japonicusgene encoding RING finger protein AP002521 Oryza sativa 6×10–43

BI306249 Putative transcription factor BTF3 AC010556 Arabidopsis thaliana 2×10–56

BI306273 Similar to RING-H2 finger protein RHA1a AP000616 Oryza sativa 1×10–56

BI306362 Putative zinc finger protein AC079281 Arabidopsis thaliana 1×10–25

Table 2. Putative functions assigned to ESTs from normalized library prepared from leaves of drought-stressed rice seedlings.
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The limited data from 300 ESTs of our root library show
the expression of many classes of kinases, perhaps in accor-
dance with the likelihood that roots are the first organs of
drought stress perception and signal transduction (Table 3).
Although three different GAPDH clones were identified in
the root cDNA library, only one of them was found among

1000 ESTs from the leaf cDNA library. Interestingly, the
most redundant classes of genes in the root library are cyto-
chrome P-450 oxidases and serine (threonine) protein kin-
ases. With these limited data, it is not possible to interpret
the role of cytochrome P-450 enzymes in the drought stress
response in rice. In summary, our results highlight a simple

© 2002 NRC Canada
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EST
accession No.a Putative function

Identical
registrationb Organism E value

BI306120 Putative AP2 domain transcription factor AC016529Arabidopsis thaliana 1×10–12

BI305874 AP2 domain containing protein AF071893 Prunus armeniaca 4×10–15

BI305899 VIP2 protein AJ251051 Avena fatua 2×10–43

BI306107 Similar to mRNA for DREB1A AP001168 Oryza sativa 2×10–39

Cellular communication and signal transduction
BI305642 Putative phytochrome-associated protein AP002743Oryza sativa 4×10–31

BI305653 ADP-rybosylation factor 1 AF012896 Oryza sativa 1×10–73

BI305663 10-kDa phosphoprotein X12695 Oryza sativa 7×10–18

BI305778 Photoreceptor-interacting protein-like AB013389 Arabidopsis thaliana 2×10–12

BI305795 ADP ribosylation factor AF108891 Capsicum annuum 1×10–32

BI305802 Small GTP binding protein AF112964 Triticum aestivum 7×10–67

BI305837 Small GTP-binding protein OsRac3 AB029510 Oryza sativa 3×10–53

BI306130 Protein kinase, putative AC027135 Arabidopsis thaliana 2×10–69

BI306475 Calmodulin AF042839 Oryza sativa 4×10–58

BI305849 Serine (threonine) protein phosphatase AC002411Arabidobsis thaliana 1×10–23

BI306067 OsCDPK7 AB042550 Oryza sativa 9×10–87

BI306284 Serine (threonine) protein kinase AF159691 Myxococcus xanthus 2×10–34

aGenBank accession Nos. of ESTs from the present study.
bGenBank accession Nos. of registered sequences that are identical to our ESTs.

Table 2 (concluded).

EST
accession No.a Putative function

Identical
registrationb Organism E value

Stress related
BI305193 Respiratory burst oxidase protein AB016886 Arabidopsis thaliana 2×10–47

BI305199 Ascorbate peroxidase D45423 Oryza sativa 3×10–64

BI305212 Respiratory burst oxidase protein D AF05357 Arabidopsis thaliana 1×10–114

BI305213 Heat-stress transcription factor A3 Lycopersicon peruvianum 6×10–65

BI305274 RAB21 protein Y00842 Oryza sativa 7×10–30

BI305310 Glyceraldehyde-3-phosphate dehydrogenase U31676 Oryza sativa 1×10–139

BI305323 Ethylene-responsive binding factor 3 AB037183 Oryza sativa 4×10–24

BI305325 Lipoxygenase L23968 Arabidopsis thaliana 9×10–85

BI305339 Plastidic aldolase NPALDP1 AB027001 Nicotiana paniculata 1×10–110

BI305378 Heat-stress transcription factor AF208544 Lycopersicon peruvianum 1×10–65

BI305298 Cytochrome P450 monooxygenase AJ004810 Zea mays 6×10–38

BI305352 S-Adenosylmethionine decarboxylase 2 AJ251899 Oryza sativa 1×10–102

Cellular communication and signal transduction
BI305186 MAP 3 kinase AF076275 Arabidopsis thaliana 3×10–11

BI305216 Putative protein kinase AC005623 Arabidopsis thaliana 7×10–29

BI305220 Calcium-dependent protein kinase AL133248 Arabidopsis thaliana 3×10–113

BI305267 Protein-kinase-like protein AL356014 Arabidopsis thaliana 2×10–24

BI305315 Serine (threonine) protein kinase Y12465 Sorghum bicolor 1×10–69

BI305307 Signal peptidase I AE004511 Pseudomonas aeruginosa 4×10–68

BI305358 MAP3k beta 1 protein kinase AJ010093 Brassica napus 2×10–83

aGenBank accession Nos. of ESTs from the present study.
bGenBank accession Nos. of registered genes that are identical to our ESTs.

Table 3. Putative functions assigned to ESTs from the cDNA library prepared from roots of drought-stressed rice seedlings.
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and cost-effective method to enrich the cDNA libraries for
novel genes and drought stress responsive genes in rice.

Conclusions and perspectives

Plant ESTs have been increasingly used in analyzing global
gene expression and function, and as markers and probes in
genome mapping (Ewing et al. 1999). Several large-scale
rice EST projects are underway (Sasaki et al. 1994; Umeda
et al. 1994; Yamamoto and Sasaki 1997); however, of more
than 75 000 rice entries in dbEST, only a few are from
stressed whole plants (Kawasaki et al. 2001). No entries rep-
resent ESTs from drought-stressed rice plants. Large-scale
EST projects are often compromised by high redundancy
and thus an increased cost of novel gene discovery. In this
project, we report a cost-effective way of reducing the re-
dundancy and increasing the novel gene component using
normalized cDNA libraries. We are generating more ESTs
from our leaf and root cDNA libraries and will use these in
high-throughput analyses of gene expression patterns. Our
ongoing experiments in EST generation, mapping, and ex-
pression analysis will help in identification of novel genes
involved in drought tolerance in rice.
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