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Abstract. Nine ¢cDNA clones, corresponding to genes
that are responsive to dehydration (named RD). have
been 1solated from Arabidopsis thaliana. The sequence of
a putative protein encoded by one of the RD cDNA
clones, RD22, exhibits considerable homology to an
unidentified seed protein (USP) of Vicia faba. Northern
analysis showed that RD22 mRNA is induced by salt
stress as well as by water deficit but not by cold or heat
stress. RD22 mRNA appeared after the application of
abscisic acid (ABA), an indication that transcription of
RD22 mRNA is induced by endogenous ABA, the pro-
duction of which is triggered by drought and salt stress.
The induction of RD22 mRNA by ABA was inhibited by
cycloheximide. Thus, it appears that protein synthesis is
required for the induction of this mRNA by ABA. By
contrast, protein synthesis was not required for the ABA-
responsive induction RD29 mRNA, which corresponds
to another dehydration-responsive gene of A. thaliana.
These results suggest that there are at least two mechan-
sisms for the induction of dehydration-responsive genes
by ABA. RD22 mRNA was also expressed during the
early and middle stages of seed development, showing a
pattern of expression similar to that of USP. The seed-
specific expression of RD22 seems not to be regulated by
ABA. Structural analysis of the RD22 genomic clone re-
vealed that the structural gene (designated rd22) contains
three introns, and only a single copy of the gene is present
in the A. thaliana genome, while the gene for USP from V.
faba is actually a family of genes with 10to 20 members.
The site of initiation of transcription was determined by
primer extension. Possible cis-acting elements involved in
the expression of rd22 are discussed.
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Introduction

Plants respond to drought or water stress with physiolog-
ical changes as well as biochemical changes including the
production of a number of proteins. Recently, many
genes have been shown to be responsive to water deficit
at the transcriptional level (Bartels et al. 1990; Guerrero
et al. 1990 reviewed by Skriver and Mundy 1990). Most
of the genes that have been studied to date are also
induced by the plant hormone abscisic acid (ABA;
Skriver and Mundy 1990: Mundy and Chua 1988 Close
et al. 1989; Piatkowski et al. 1990; Bray 1991). Thus,
plant water deficit triggers the production of ABA, which
in turn induces the expression of various genes.

Many ABA-responsive genes are also expressed in late
embryogenesis (Skriver and Mundy 1990; Bray 1991).
The products of these genes are thought to function in
protecting cells from dehydration (Dure III et al. 1989).
Recently, several genes that are induced by water deficit
have been proven to be unresponsive to ABA (Guerrero
et al. 1990: Yamaguchi-Shinozaki et al. 1992), results
that indicate the existence of ABA-independent as well
as ABA-responsive signal transduction cascades between
the initial signal of water stress and the expression of
particular genes.

In order to learn more about the signal transduction
pathways betweenswater stress and gene expression, we
have cloned and characterized genes that are responsive
to dehydration in Arabidopsis thaliana. We have iden-
tified nine independent cDNA clones and named them
RD (responsive to dehydration). Northern.analyses re-
vealed wide variation in the timing of induction of RD
genes, and showed that two of the RD genes are respon-
sive to ABA while three are not (Yamaguchi-Shinozaki
etal. 1992). We have been interested in clarifying the role
of ABA in the induction of RD genes, and further analy-
sis revealed that six of the nine RD genes are responsive
to exogenous ABA. However, the timing of induction of
the ABA-responsive RD genes differed from gene to
gene, suggesting that more than one signal pathway is
operative between the production of ABA induced by
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water stress and the expression of RD genes. Another
possibility is that different ABA-inducible RD genes dif-
fer in sensitivity to the final step of the signal pathway.
In this report we describe the characterization and
structural analysis of one of the ABA-responsive RD
genes, rd22. We examined the effect of various stresses.
such as cold, salt and heat stress, on the expression of this
gene. Protein synthesis seems to be required for the in-
duction of rd22 by ABA. By contrast, tissue-specific
expression of rd22 at the early and middle stages of seed
development seems not to be mediated by ABA.

Materials and methods

Plant growth. A. thaliana (Columbia ecotype) was grown
under continuous illumination of approximately 2500 Ix
at 22° C for 3 weeks and harvested prior to bolting.
Plants were grown on GM (germination medium) agar
plates (Valvekens et al. 1988). The EN3 mutant (abi3-3,
Nambara et al. 1992) was kindly provided by Drs. E.
Nambara and P. McCourt and grown in soil as described
(Yamaguchi-Shinozaki et al. 1992).

Dehydration, ABA, cycloheximide, cold and heat treat-
ments. Whole plants were removed from GM agar plates
and left to dehydrate in plastic dishes at 22° C and 60%
humidity under dim light for up to 24 h. The relative
water content (RWC) of the dehydrated plants is shown
in Fig. 1A. Plants that were to be treated with ABA.
NaCl or cycloheximide were removed from the agar
plates and grown hydroponically in 100 uM ABA.
250 mM NaCl or 10 uM cycloheximide. Plants subjected
to cold or heat stress were grown on GM agar plates at
22° C then transferred to 4° or 40° C under continuous
light. At various times after the start of each treatment,
the plants were frozen in liquid nitrogen.

RNA and DN A analyses. Total RNA was isolated by the
method of Nagy et al. (1988). Poly(A)™ RNA and
genomic DNA were prepared by the methods of Maniat-
iset al. (1982). Genomic DNA and RNA blot hybridiza-
tions were performed as previously described (Maniatis
et al. 1982: Yamaguchi-Shinozaki et al. 1989).

Generation of the rd22 gene from a genomic library. An
A. thaliana genomic DNA library (Clontech, Palo Alto,
Calif., USA) was screened by the plaque hybridization
method of Maniatis et al. (1982). A 1.9 kb BamHI frag-
ment containing the entire coding sequence of the RD22
c¢DNA clone was labeled with *?P by use of a random
primer kit in accordance with the manufacturer’s instruc-
tions (Boehringer Mannheim, Mannheim. FRG) and
used as a DNA probe for the hybridization. Positive
clones were plaque-purified and their DNA was isolated
by phenol extraction and CsCl gradient centrifugation
(Maniatis et al. 1982).

Subcloning and sequencing of fragments containing the
rd22 gene. DNA fragments containing the rd22 gene were
subcloned into the pBluescript II vector (Stratagene, La

Jolla.*@alif., USA). A 5.5kb EcoRI fragment was used
for subcloning. An Exo/mung deletion kit (Stratagene)
was used to make a deletion series in order to determine
the DNA sequence of the 5.5 kb EcoRI fragment. A Se-
quenase version 2.0 kit (United States Biochemical Cor-
poration, Cleveland, Ohio, USA) was used. Nucleotide
and amino acid sequences were analyzed with the
GENETYX software system (Software Development
Co., Tokyo, Japan). ’

Primer extension analysis. Primer extension was per-
formed as described (Yamaguchi-Shinozaki et al. 1989)
using the following 24 base oligonucleotide, which cor-
responds to the complementary sequence of the coding
region of rd22: 5'-CCGGTGTTAAATCAGCCGCAA-
TCG-3’ (position + 212 through position +189; Fig. 5).

Results
Northern analysis of expression of the rd22 gene

We have isolated nine independent cDNAs, designated
RD, corresponding to drought-induced genes from
A. thaliana by differential scregning (Yamaguchi-
Shinozaki et al. 1992). Induction of the corresponding
RD genes by water deficiency was analyzed by RNA blot
analysis. Whole A4. thaliana plants were dehydrated for
various lengths of time up to 24 h then total RNA was
isolated and subjected to Northern analysis. Expression
of all nine genes corresponding to the RD clones was
induced by water deficit. but the timing of induction
varied between the RD genes. Figure 1A shows the accu-
mulation of RD22 mRNA in A. thaliana in response to
dehydration and a number of other stress conditions, as
determined by Northern blot analysis. The level of RD22
mRNA was very low in fully hydrated plants grown on
GM agar plates. However, the mRNA was detected
within 2 h after the onset of dehydration and it accu-
mulated to high levels at 5 h. The transcript remained at
an elevated level for at least 24 h. The RWC of 24 h
dehydrated plants went down to 19% (Fig. 1A). How-
ever, all the dehydrated plants recovered even after 24 h
dehydration. When plants were exposed to a water deficit
for 8 h and then rehydrated by transfer to water, they
recovered within 4 h and continued to grow. After re-
hytiration had begun, mRNA corresponding to RD22
was still detected for at Jeast 4 h but it became undetect-
able within 24 h, indicating that expression of the gene
is induced by watey deficiency (Fig. 1B).

We also examined the effect of cold and salt stress on
the expression of RD22 mRNA in A. thaliana (Fig. 1A).
When plants were transferred from normal growth con-
ditions at 22° to 4° C under continuous light, we did not
observe any increase in the level of RD22 mRNA. Under
the same conditions, other genes corresponding to
RD29,RD17, RD2, RD26 and RD20 are induced (Yam-
aguchi-Shinozaki and Shinozaki, unpublished observa-
tion). These observations indicate that the expression of
RD22 is not induced by cold stress. To examine the effect
of salt stress on the expression of RD22, we analyzed




“~\J

H B E kbp
-23

®
w @ °

Fig. 3. Southern blot analysis of

-2 genomic DNA from Arabidopsis tha-
liana. Nuclear DNA from 4. thaliana
(5 ng) was digested 1o completion
with HindII] (H), BamH] (B) and

= EcoR] (E) and fractionated on 2
0.7% agarose gel. The fragments were
blotted onto a filter and hybridized to
the RD22 ¢cDNA
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Fig. 4A-C. Restriction maps of rd22, RD22 and RDE6 clones. The
Testriction maps of rg22 genomic (A), RD22 ¢cDNA (B) and RDé6
cDNA (C) clones are shown. The DNA inserts in these clones were
5.5kb EcoR1. 1.9 kb BamHI and 1.5 kb BamH] fragments. respec-
tvely. The shaded and open boxes represent exons and introns.
respectively. The Testriction sites are indicated as D (Dral). E (Eco-
RI). H (HindIII), Hp (Hapl). Sa (Sall), Sn (SnaBI), Sp (Spel), Ss

blot analysis with hybridization to the 1.9kb BamH]
fragment of the RD22cDNA (Fig. 3). Only one hybridiz-
Ing band was identified in each digest, indicating that
there is only one rd22 gene in the 4, thaliana genome.
Thirteen genomic clones of the r¢22 gene were obtained
by SCreening a genomic library of 4. thaliana with the
¢cDNA probe. Extensive restriction mapping of these
clones showed that they all contained the same rd22 gene,
Supporting the results of the DNA blot analysis.

respectively. We have S€quenced all three of these clones
and found that RD2? contains the second Intron of the
rd22 gene that is present before splicing. Northern analy-
sis revealed the presence of two species of RD22 RNAs
of 1.9and 1.5 kbinlength (Figs. 1A, B). Thus, the second

Figure 5 shows the nucleotide sequence of the rd22
gene. The coding region and introns ip this gene were
determined on the basis of the nucleotide sequences of
the RD6 and RD22 ¢DNA clones. The rd22 gene con-
tains three introns of 93,369 and 457 bp, respectively. Al

region of rd22 for these cis-acting motifs, which include
asl (TGACG at —463; Lam et a] 1989) and spl
(GGGCGG at —443; Briggs et al. 1986). We found two
Sequences that resembled myb  recognition elements
(TGGTTAG, the complementary strand of CTAACCA
at —144, TTAACTA at —666) and two bHLH (basic
helix-loop-helix) recognition elements (CACATG at

1992) nor an ABRE (ABA-responsive element) sequence
(T/CACGTGGC: Yamaguchi-Shinozaki et al. 1989
Marcotte et a]. 1989) in the 5’ flanking DNA of rd22.

The 3’ terminus of the rd22 mMRNA is Jocated at
position +247] (Fig. 5). A typical polyadenylation sig-
nal is located at position + 244] (AATAAA).

Structure of the RD2? protein

The amino acjd Séquence of the RD22 protein was de-
duced from the nucleotide sequence of the RD22 clone
(Figs. 5 and 7). The putative RD22 protein is 392 amino
acids long with 4 predicted molecular weight of
42259 Da. We searched a protein data base, SWISS
PROT, for homologies to RD22 and found that the
carboxyl-terminal half of the RD2> protein exhibits

1988) as shewn in Fig. 7.USPmRNA 1s abundant during
the early and middle Stages but does not accumulate in

N e ———=g

Fig. 5. Nucleotide Sequence of the rg22 gene. The nucleotide
sequence of the noncoding strand, including the 5’ and 3" flanking
regions, is shown. Numbers refer 1o the nucleotides beginning at the
5" end of the rd22 mRNA. The amino acid sequence of the coding

Open iriangles indicate Junction sites between introns and exons.
A closed Iriangle indicates the 3 end of RD22 ¢cDNA
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Fig. 6. Determination of the 5" end of the
transcript of the rd22 gene by primer exten-
sion. An oligonucleotide primer (indicated in
Fig. 4) was used for reverse transcription
with 10 pg of total RNA from whole plants
that had been dehydrated for 24 h. A rriang-
le indicates the position of the major exten-
sion product. A portion of the sequence of
the coding strand of the rd22 gene is shown
next to the sequence of the extension

— product (E)
GATCE

the late stage of seed development in the field bean.
However, in contrast to seed storage proteins, such as
globulin, vicillin and legumin, neither USP nor its
mRNA accumulate in mature seeds. A stretch of hydro-
phobic amino acids, typically found in signal peptides, is
found at the N-terminus of the USP from V. faba (Bass-
Uner et al. 1988). We found a similar hydrophobic region
at the N-terminus of the RD22 protein (Fig. 7), which
suggests that RD22, like USP, is translocated across the
membrane of the endoplasmic reticulum. The RD22 pro-
tein contains a stretch of 109 amino acids with five tan-
demly repeated sequences in the N-terminal half of the
polypeptide (underlined in Fig. 7). The consensus
sequence in these repeats 1s T-V-VG-GGV------ KGK,
and, according to predictions of protein structure, it

contains a beta sheet — turn — beta sheet structure. The
function of this repeated sequence remains to be elu-
cidated.

The structural similarities between RD22 and USP
prompted us to perform Northern blotting to examine
whether rd22 is expressed in developing seeds of A. tha-
liana. Figure 8a shows an RNA blot of rd22 mRNA in
developing seeds of 4. thaliana. We detected rd22 mRNA
during the early and middle stages (3 to 6 days after
anthesis) of seed development of 4. thaliana. The level of
this mRNA decreased at the late stage (9 to 12 days after
anthesis) and it did not accumulate in mature seeds (15
days after anthesis). This pattern is similar to the tem-
poral pattern of expression of the mRNA for USP (Bass-
iner et al. 1988). Most of the LEA genes, which are
expressed at the late stage of embryogenesis, are respon-
sive to ABA (Baker et al. 1988). ABA is produced during
the middle and late stages of seed development (Skriver
and Mundy 1990). We examined the role of ABA in the
expression of rd22 using developing seeds of the EN3
mutant (abi3-3) of A. thaliana, which is insensitive to
ABA with respect to germination and in which develop-
ment of seeds is abnormal (Nambara et al. 1992). De-
veloping seeds of EN3 remain green unti* maturity; they
do not tolerate desiccation aird do not become dormant.
Desiccated seeds of the EN3 mutant do not survive, an
indication of a null or very hypomorphic mutation. Fig-
ure 8b shows a Northern blot from developing seeds of
the EN3 mutant. The pattern of temporal expression of
the rd22 gene in the EN3 mutant was similar to that of
the wild type. By contrast, the levels of mRNAs tran-
scribed from the 2S (at2S1) and 12S (CRA) genes that
encode seed reserve proteins were significantly reduced
in the EN3 mutant at the early and middle stages of seed
development (Nambara et al. 1992). The level of 2S and
128 proteins in mature seeds in EN3 was also lower than
that in the wild type (Nambara et al. 1992). These ob-
servations suggest that ABA is not involved in the seed-
specific expression of rd22. In vegetative tissues of EN3
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RD22  AGVKKLSDDKSVVCHKQKYPFAVFYCHKAMMTTVYAVPLEGENGMRAKAVAVCHKNTSAW 359 the two sequences and dors show conserved
s i BB®, .8, PR @ % .. L X L R I I o e v MG, MR, B, A A 3 & %
USPS2  EDVKKVGDN-AVMCHRLNFEKVVFNCHQVRETTAYVVSLVASDGTKTKALTVCIHDTRGM 226  amino acids or neutral changes in amino acids.
Arrows indicate the positions of introns. Triang-
RD22  NPNHLAFKVLKVKPGTVPVCHFLPETHVVNESY e les lpdlcate thel putative sites of processing of
% e L..%.e._ esesevsse. . e the signal peptides. The five repeated sequences
USPS2 NP-ELLYEALEVTPGTVPVCHFIGNKAAAWVPNHTADNLCVM 267 in the RD22 protein are underlined
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. 8a, b. Northern blot analysis of expression of RD22 mRNA
during seed development in the wild type (a), and the EN3 mutant
(b). Each lane contained 30 pg of total RNA prepared from flowers
(lane 1). developing seeds (including siliques) harvested the in-
dicated number of days after anthesis (lane 2-6), fully hydrated
rosette plants (lane 7) and rosette plants dehydrated for 10 h (lane
8). Northern hybridization was performed as described in Materials
and methods

plants, RD22 mRNA also accumulated during water
stress (Fig. 8). In vegetative tissues. such as leaves, roots
and flowers. the level of ABA and the sensitivity to ABA
in the EN3 mutant are similar to those in wild type as the
effects of the gbi3 mutation are limited to the stage of
seed development.

Discussion

We have cloned nine independent cDNAs of 4. thaliana
for genes that are induced by dehydration (RD clones)
by differential screening (Yamaguchi-Shinozaki et al.
1992). The mRNAs of all the nine RD clones accumulate
during water stress. We sequenced one of the RD clones,
RD22. and. on examining the deduced amino acid
sequence, we found sequences homologous to those of
USP of V. faba (Basstner et al. 1988) in the carboxy-
terminal half of the protein (Fig. 7A). The first 22 amino
acids at the amino-terminus are also homologous to the
analogous region of the USP from V. faba and this region
is highly hydrophobic. This region in the USP has been
shown by translocation in vitro to be a signal peptide,
which assists in the translocation of the protein across the
endoplasmic membrane. It seems likely that the amino-
terminus of the RD22 protein functions in a similar
manner. The USP mRNA is abundant during the early
and middle stages of seed development (Bassiiner et al.
1988). Northern analysis revealed that RD22 mRNA is
expressed during the early and middle stages of seed
development, with a pattern of expression similar to that
of USP. The structural gene corresponding to RD22,
rd22 appears to be present as a single copy in the A. tha-
liana genome, while the gene for USP in V. faba is
actually a family of genes with roughly 10 to 20 members
(Biumlein et al. 1991). Genes for USP from V. faba have
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not been examined in terms of desiccation-responsive
expression in vegetative plants. Some members of the
family of USP genes:may respond to water stress. The
rd22 gene contains three introns while the USP gene has
only two (Baumlein et al. 1991). The first two introns are
at very similar positions in both genes (Fig. 6), and their
similar locations support the hypothesis that rd22 and
the genes for USP have a common ancestor.

RD22 mRNA begins to appear within 2 h of the start
of dehydration and 1s strongly expressed by 5h. RD22
mRNA is induced by salt stress as well as by water deficit.
Measurement of endogenous levels of ABA induced by
water deficiency in A. thaliana revealed that ABA s
detectable 2 h after dehydration and reaches a maximum
level at 10 h (Kiyosue and Shinozaki, unpublished ob-
servations). RD22 mRNA was induced within 2 h after
the application of exogenous ABA. Therefore, en-
dogenous ABA., which 1s induced by these stresses, ap-
pears to be involved in expression of the rd22 gene. Since
cycloheximide inhibited the induction of RD22 mRNA
(Fig. 2), protein synthesis 1s required in the induction of
expression of the rd22 gene by ABA. The ABA-mediated
induction of the gene for proteinase inhibitor II (PI-1I)
of potato and tomato is also blocked by inhibitors of
protein synthesis (Pefia-Cortés et al. 1989). These results
indicate that the production of protein factor(s), such as
transcription factors, is required for the induction of rd2%
as well as of the gene for PI-11. By contrast, the induction
of the rabl6A gene of rice by ABA is not affected by
various inhibitors of protein synthesis. such as cy-
cloheximide. anisomycin and chloramphenicol (Mundy
and Chua 1988). Protein synthesis is also not required for
induction of expression of rd29 by ABA. (Fig. 2):
Therefore. the transcription factor(s) that regulate the
expression of the rabl6A4 or rd29 genes must be present
before the induction of transcription of these genes. The
different requirements of translation processes in ABA-
mediated gene expression support the hypothesis that
there are at least two mechanisms for the induction of
genes by ABA. Cold stress induces the synthesis of ABA
(Chen et al. 1983). ABA has been shown to play a central
role in the acclimation of A. thaliana (Nordin et al. 1991;
Gilmour and Thomashow 1991). The rd22 gene is not
induced by cold stress. However, the level of ABA seems
not to be high enough to induce transcription of rd22.
Another possibility is that the synthesis of protein(s)
required for expression of rd22 does not proceed at low
temperature.

The RD22 mRNA was detected at the early and
middle stages of seed development but not at the late
stage (Fig. 8A). However, ABA is produced during the
middle stage of seed development (Skriver and Mundy
1990). The level of RD22 mRNA in developing seeds of
the abi3-3 mutant (EN3; Nambara et al. 1992), an ABA-
insensitive mutant with respect to seed development, was
the same as that in the wild type (Fig. 8B). The effects of
the gbi3 mutation are similar to those of the viviparous-1
(vp-1) mutation in maize (Nambara et al. 1992). The
Vp-1 gene has been cloned by transposon tagging in
maize and has been shown to encode a transcriptional
activator that controls a number of ABA-inducible genes
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during seed development (McCarty et al. 1991). Recent-
ly, the abi3 gene has been shown to encode a ¥p-/ ho-
molog (Giraudat et al. 1992). These results indicate that
tissue-specific expression of rd22 in developing seeds is
not mediated by ABA. It is likely that ABA-independent
cis-acting motif(s) are involved in the seed-specific ex-
pression of rd22.

An ABA-responsive element (ABRE) has been iden-
tified in the rabl6 gene of rice (Yamaguchi-Shinozaki et
al. 1989; Mundy et al. 1990) and the Em gene of wheat
(Marcotte et al. 1989), and it has a consensus sequence
of RYACGTGGYR. Nuclear proteins that bind to this
conserved sequence have also been identified (Mundy et
al. 1990; Guiltinan et al. 1990). Recently, a cDNA clone
encoding a DNA-binding protein(s) that interacts with
an ABRE was isolated and the protein(s) was shown to
be a member of the bZip family with a leucine zipper and
a conserved region of basic amino acids (Guiltinan et al.
1990; Oeda et al. 1991). A double CATG sequence
(CATGCATG: Sph element) was found in the pro-
moters of the CI, Em and rabl7 genes (Paz-Ares et al.
1987; Hattori et al. 1992; Marcotte et al. 1989; Vilardell
et al. 1990). The Sph element and GTGTC repeated
sequence function in ABA-responsive induction of the
CI gene of maize (Hattori et al. 1992). We found a
tandemly repeated CATG motif (CACATGTCACACA-
TG) in a region —200 bp upstream from the site of
initiation of transcription of rd22. In this sequence, there
are two bHLH recognition sequences (CANNTG) and
pyrimidine-purine repeats. Four repeats of the hex3
sequence (Lam and Chua 1991), which is a mutant va-
riant of the sequence of the histone hex! sequence, have
been shown to function as an ABRE in transgenic tobac-
co. We could find neither typical ABRE nor hex3 sequen-
ces in the promoter region of rd22.

The induction of rd22 by ABA requires translation
while that of rd29 and rice rabl64 does not (Fig. 2;
Mundy and Chua 1988). Thus, the cis-acting element(s)
that functions in the induction of rd22 could be different
from those found at the site of initiation of transcription
of rd29 and rabl6A. Recently, we cloned a gene for a
homolog of myb in A. thaliana, which is induced by the
application of ABA, as well as by dehydration treatment
(Urao, Yamaguchi-Shinozaki and Shinozaki, unpub-
lished observation). In the upstream region of rd22, we
found two myb-like recognition elements (Fig. 5), which
could be possible cis-acting elements involved in the
induction of rd22 by ABA. Further analysis of these
sequences is required to determine their function in the
rd22 promoter.
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