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Abstract

Many plant genes have been shown to be induced by drought stress and function in
drought tolerance. We isolated more than 40 independent genes that are responsive to
drought in Arabidopsis thaliana and cowpea and analyzed the structure of their gene
products. Sequence analyses of these genes indicate that their gene products may
function in protecting cells from dehydration. We also analyzed the expression of these
genes under various stress conditions. Some of the drought-responsive genes are in-
duced by plant hormone abscisic acid (ABA), unlike others. There seem to be at least
four independent signal transduction pathways between initial drought stress signal
and gene expression. Two of the pathways are ABA-dependent and two are ABA-
independent. We precisely analyzed the promoter regions of two drought-inducible
Arabidopsis genes, rd294 and rd298, in both transgenic Arabidopsis and tobacco, and
identified a novel cis-acting element containing 9 bp, TACCGACAT (DRE, Dehydration
Responsive Element), that is involved in the ABA-independent response of rd294 to
conditions of dehydration and high salt. DRE is also involved in the induction by low
temperature, but does not function in the ABA-responsive, slow expression of rd29A.

Introduction

It is important to breed crops for tolerance to various environmental stresses to
solve the food crisis and environmental pollution in the 21st century. Biotechnology
has a potential to improve the tolerance of crops to environmental stresses using trans-
genic plant technology. Most important points for the development of transgenic toler-
ance to stresses are the isolation of genes that function in plant responses against vari-
ous environmental stresses and the precise understanding of the molecular process of
stress response in plants. Plants respond to conditions of environmental stresses with
various physiological and developmental changes to tolerate these stresses. Drought is
one of the most severe environmental stresses and affects almost all the plant functions
including photosynthesis, growth and development. Abscisic acid(ABA) appears to be
involved in the ability of plants to tolerate drought stress (Chandler and Robertson,
1994). ABA is produced under water deficit conditions and plays important roles in the
tolerance against drought.
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Recently, a number of genes have been described that respond to drought at the
transcriptional level(Bray, 1993; Bohnert, 1995; Shinozaki and Yamaguchi-Shinozaki,
1996). Most of the genes that have been studied to date are also induced by ABA. It
appears that dehydration triggers the production of ABA, which, in turn, induces vari-
ous genes. Many genes that respond to ABA are also expressed at the late stages of
embryogenesis during the development of seeds, and are thought to function in the
protection of cells from dehydration. Cis-and trans-acting factors involved in ABA-
induced gene expression have been extensively analyzed. A conserved sequence,
PyACGTGGC, has been reported to function as an ABA-responsive element (ABRE) in
many ABA-responsive genes. ¢cDNAs encoding DNA-binding proteins that specifically
bind to the ABRE have been cloned and shown to contain the bZIP structure (Marcotte
et ai, 1989; Mundy et al,1990). Several reports have described genes that are induced
by dehydration but are not responsive to exogenous ABA treatments. These findings
suggest the existence of ABA-independent as well as ABA-dependent signal transduc-
tion cascades between the initial signal of drought or cold stress and the expression of
specific genes (Guerrero et af, 1990; Yamaguchi-Shinozaki et al,1992).

In this article, we summarize recent progress of our research on the characteriza-
tion of drought-induced genes and the expression of these genes. We identified a novel
cis-acting element that is involved in the ABA—indeﬁendent response to conditions of
dehydration, low temperature or high salt.

Function of plant genes induced by drought stress

We used Arabidopsis thaliana as a model plant for the analysis of the molecular
process of drought tolerance. Plants were grown for four weeks at 22°Cand harvested
plants were dehydrated on chromatography paper at 22°C and 60 % relative humidity
under dim light. Arabidopsis plants dehydrated for 10 hr under such conditions recov-
ered within a few hours after being rewatered, which indicated that they were still
alive even when they had lost 90 % of their net weight. To identify the genes induced
by dehydration stress, both water content (RWC) and accumulation of ABA were de-
termined in Arabidopsis rosette plants during dehydration stress. When plants were
subjected to dehydration stress, they lost gradually 90 % of water and a plateau was
reached after dehydration stress for 10hr. Accumulation of ABA began to increase
after dehydration stress for 2hr, and reached a maximum level at 10 hr. We con-
structed two cDNA libraries from polyA RNA prepared from Arabidopsis plants dehy-
drated for 10-hr or 1-hr. We isolated 9 and 16 independent cDNA clones from ¢cDNA
libraries prepared from plants dehydrated for 10-hr and 1-hr by the differential screen-
ing method, respectively, and designated them as RD (Responsive to Desiccation) or
ERD (Early Responsive to Dehydration), respectively (Yamaguchi-Shinozaki et al,
1992; Kiyosue et al,1994). All the genes, designated as rd and erd , corresponding to
RD and ERD ¢DNAg, respectively, were induced by dehydration. Sequence analysis of
these cDNAs revealed that the genes induced by dehydration encode proteins that seem
to function in the protection of cells from dehydration as shown in Fig. 1. For instance,
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they encode putative proteinases that may degrade denatured or unnecessary proteins,
water channel proteins involved in altering cellular water potentials, the enzymes re-
quired for the biosynthesis of osmoprotectants such as proline and sugars, protective
proteins such as late embryogenesis abundant (LEA) proteins and chaperones, detoxifi-
cation proteins such as glutathione S-transferase and soluble epoxide hydrolase, pro-
tein kinases and transeription factors, which are involved in further regulation of sig-
nal transduction and gene expression(Yamaguchi-Shinozaki et al, 1992; Kiyosue et
al, 1993a; Kiyosue ef al.,1993b; Koizumi et af, 1993; Yamaguchi-Shinozaki and Shino-
zaki, 1994). We used cowpea as a crop which has the ability to tolerate severe drought
conditions to isoclate drought-inducible genes. We isolated 10 independent cDNA
clones by the differential screening method, and designated them as CPRD(Cowpea
Genes Responsive to Dehydration; Iuchi et al., 1996). Sequence analysis of the cDNA of
the CPRDS8, CPRD14 and CPRD22 genes which exhibited typical responses to water
stress revealed that they encoded several proteins including those related to group 2
LEA proteins which may play a role in the protection of cowpea cells from drought
stress.

These genes could be used for the construction of transgenes to transform crop
plants and produce drought-tolerant transgenic crops in the future.

Expression of dehydration-induced genes in response to envionmental
stresses and ABA

We characterized the expression patterns of nine RD genes in Arabidopsis by
Northern blotting. We found at least three RD genes that show ABA-independent
expression in Arabidopsis (Koizumi ef al, 1993; Yamaguchi-Shinozaki et al,1992).
Northern blot analysis has revealed broad variations in the timing of induction of RD
genes and has shown that six of these genes respond to ABA while three do not, which
indicates that there are at least two indepehdent signal transduction pathways from
initial dehydration stress signal and gene expression. In the case of cowpea, the
CPRD8 and CPRD22 genes were induced significantly by the application of exogenous
ABA, unlike the CPRD14 gene. The timing of the accumulation of their mRNAs varies
among RD genes, suggesting that there are several signal transduction pathways in-
volved in the induction of these genes(Yamaguchi-Shinozaki ef al, 1992). We analyzed
the expression of ABA-inducible RD genes and found that RD22 gene requires protein
biosynthesis for its induction by ABA. Protein inhibitor, cycloheximide, inhibited the
ABA-induced gene expression of RD22 unlike that of RD29(Yamaguchi-Shinozaki and
Shinozaki, 1993a; Iwasaki et al, 1995). Therefore, there are at least two independent
signal transduction pathways between the production of ABA and gene expression
under drought conditions. As shown in Fig. 2, we identified at least four independent
signal pathways which function under drought conditions: two are ABA-dependent
(pathways I and II) and two are ABA-independent (pathways III and IV). One of the
ABA-dependent pathways overlaps with that of the cold response (pathway IV). One of
the ABA-dependent pathways requires protein biosynthesis (pathway II; Shinozaki and
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Yamaguchi-Shinozaki, 1996). The existence of complex signal transduction pathways
in drought response gives a molecular basis for the complex physiological responses of
plants to drought stress.

Identification of a novel cis-acting element involved in the ABA-independent
and drought-responsive expression

The transcription of a gene that corresponds to RD29 ¢cDNA was induced very rap-
idly 20 min after the start of dehydration, and was followed by a second induction
phase which began after about 3 hr of dehydration(Yamaguchi-Shinozaki and Shino-
zaki, 1993b). The changes in the levels of accumulated RD29 mRNA in response to
dehydration, low temperature, salt stress, or exposure to ABA were different. Two
genes corresponding to RD29, rd294 and rd29B, were located in tandem in an 8-kbp
region of the Arabrdopsis genome and encoded hydrophilic proteins. Dehydration in-
duced the rd294 gene with two-step kinetics, while the rd298 gene was induced within
3 hr of dehydration. The rd294 mRNA was induced within 5 hr after exposure to low
temperature (4°C) and was detectable for at least 24hr. However, rd298 mRNA did not
accumulate within 24 hr. The expression of both genes was stimulated about 3 hr after
treatment with ABA (Yamaguchi-Shinozaki and Shinozaki, 1993b; Yamaguchi-
Shinozaki and Shinozaki,1994). Under the dehydration conditions, endogenous ABA
began to accumulate 2hr after dehydration started and reached maximum concentra-
tion at 10 hr, which suggests that the first rapid induction of rd294 is not mediated by
endogenous ABA. Therefore, it appears that rd294 has at least two cis-acting ele-
ments: one seems to be involved in the ABA-associated slow response to dehydration,
and the other may function in the ABA-independent rapid induction.

To analyze the cis-acting elements involved in the ABA-independent gene expres-
sion of rd294, we constructed chimeric genes with the rd294 promoter fused to the 8-
glucuronidase (GUS) reporter gene and transformed Arabidopsis and tobacco plants
with these constructs. The GUS reporter gene driven by the rd294 promoter was in-
duced at significant levels in transgenic Arabidopsis by the conditions of dehydration,
low temperature, or high salt, or by treatment with ABA (Yamaguchi-Shinozaki,
1993b). We investigated cis-acting elements involved in dehydration-responsive ex-
pression in the rd294 promoter and identified a novel cis-acting element involved in
the first rapid response of rd294 to dehydration or high salt stress. A deletion analysis
of the promoter regions of rd294 and rd29B in transgenic tobacco revealed that differ-
ent cis-acting elements function in the dehydration-responsive expression of the two
genes. We precisely analyzed one of the cis-acting elements responsible for the dehy-
dration-induced expression of rd294 at the nucleotide sequence level, The deletion and
the gain-of-function analysis of the promoter region of rd294 fused to the GUS reporter
gene in transgenic tobacco and Arabidopsis revealed that the 20-bp direct repeat se-
quence is necessary for the dehydration-responsive expression . The base substitution
analysis revealed that the 9-bp conserved core sequence, TACCGACAT (DRE, Dehy-
dration Responsive Element), in the 20-bp direct repeat sequence is essential for the
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regulation of the expression of rd294 under drought conditions. Moreover, DRE has
been demonstrated to function as a cis-acting element involved in the induction of
rd29A by either low temperature or high salt stress. Therefore, DRE seems to be a cis-
acting element involved in gene induction by dehydration, high-salt, or low tempera-
ture, but does not function as an ABA-responsive element in the induction of rd29A.

Fig. 3 shows a schematic model of the signal transduction pathways between the
expression of rd294 and rd29B and the initial signal of environmental stresses, such as
dehydration, low temperature, or high salt (Yamaguchi-Shinozaki and Shinozaki,
1994). There are at least two independent signal transduction pathways, which are
ABA- independent and ABA- responsive, between the environmental stresses and ex-
pression for the two rd29 genes. The rd294 promoter contains at least two cis-acting
elements that are involved in the induction of rd294 by dehydration, high salt, or low
temperature. One of these elements is DRE, which functions in the first rapid response
of rd29A to the environmental signal. ABA is not involved in this process. The other
element is located in the 53-bp region containing one ABRE and one asl These ele-
ments probably function in the second slow induction of rd29A4. ABA appears to medi-
ate this slow response of rd294 to environmental stresses. The rd298 gene exhibited
only the slow response to dehydration or salt stress at 24 hr, but did not respond sig-
nificantly to low temperature within 24 hr. ABA may be involved in part in the slow
expression of rd29B. This model indicates that different cis-acting elements are re-
sponsible for the different expression patterns of rd294 and rd298 under conditions of
dehydration, high salt, or low temperature.

Conclusion

We have isolated a number of drought-induced genes in Arabidopsis and cowpea,
and analyzed the structure and expression of these genes. Structural analysis of their
gene products has revealed that they probably function in drought tolerance. These
genes are possible candidates for gene resources to construct transgenes for the produc-
tion of drought-tolerant transgenic crops. We also analyzed the transcriptional regu-
latory regions of the drought-induced genes and identified several cis-acting elements
that are involved in drought-induced gene expression. These promoters can be used to
express genes involved in drought tolerance only when the transgenic plants are ex-
posed to drought conditions. Several transcription factors involved in drought-
responsive gene expression will be used for the control of many drought-inducible genes
under water deficit conditions. We are planning to use these genes, their promoters
and regulatory factors in the production of drought tolerant transgenic crops, which
should enable to develop technologies to alleviate the food crisis and environmental
disruption in the 21st century.
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Fig. 1 Drought stress-inducible genes and their possible functions in drought

tolerance in Arabidopsis thaliana
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Fig. 2 Signal transduction pathways between initial dehydration stress signal
and gene expression

There are at least four signal transduction pathways: two are ABA-dependent (I
and II) and two are ABA-independent (IIl and IV). Protein synthesis is necessary for
one of the ABA-dependent signal pathways (I). ABRE is involved in one of the ABA-
dependent pathways (II),and DRE is involved in one of the ABA-independent pathways
{Iv).
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Fig. 3 Schematic representation of the induction of two rd29 genes and their
cis-acting elements involved in stress-responsive expression

Different cis-acting elements, DRE and ABRE, may function in the ABA-indepe
ndent and ABA-responsive induction of rd294, respectively while ABRE seems to be
involved in the ABA-responsive expression of rd29B.
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