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Plants respond to adverse environments by initiating a series of signaling processes that often involves diverse protein kinases,
including calcineurin B-like protein-interacting protein kinases (CIPKs). In this study, putative CIPK genes (OsCIPK01-OsCIPK30)
in the rice (Oryza sativa) genome were surveyed for their transcriptional responses to various abiotic stresses. The results
showed that 20 OsCIPK genes were differentially induced by at least one of the stresses, including drought, salinity, cold, poly-
ethylene glycol, and abscisic acid treatment. Most of the genes induced by drought or salt stress were also induced by abscisic
acid treatment but not by cold. A few CIPK genes containing none of the reported stress-responsive cis-elements in their pro-
moter regions were also induced by multiple stresses. To prove that some of these stress-responsive OsCIPK genes are poten-
tially useful for stress-tolerance improvement, three CIPK genes (OsCIPK03, OsCIPK12, and OsCIPK15) were overexpressed in
japonica rice ‘Zhonghua 11’. Transgenic plants overexpressing the transgenes OsCIPK03, OsCIPK12, and OsCIPK15 showed sig-
nificantly improved tolerance to cold, drought, and salt stress, respectively. Under cold and drought stresses, OsCIPK03- and
OsCIPK12-overexpressing transgenic plants accumulated significantly higher contents of proline and soluble sugars than the
wild type. Putative proline synthetase and transporter genes had significantly higher expression level in the transgenic plants
than in the wild type. The differentially induced expression of OsCIPK genes by different stresses and the examples of improved
stress tolerance of the OsCIPK transgenic rice suggest that rice CIPK genes have diverse roles in different stress responses and

some of them may possess potential usefulness in stress-tolerance improvement of rice.

Plants often confront abiotic stresses such as drought,
high salinity, and low temperature during their life
cycles. These stresses can lead to dramatic changes in
plant growth, development, and productivity. Severe
stresses can even threaten the survival of plants. The
mechanisms of plant responses to abiotic stresses have
been extensively investigated in some model species,
such as Arabidopsis (Arabidopsis thaliana), and resur-
rection plants (Ingram and Bartels, 1996; Shinozaki
and Yamaguchi-Shinozaki, 1997; Zhu, 2002). Plants
can initiate a number of molecular, cellular, and phys-
iological changes to respond and adapt to these stresses,
thus enabling them to survive (Zhu, 2002; Yamaguchi-
Shinozaki and Shinozaki, 2006). During response and
adaptation to the stresses, many stress-related genes
are induced (Albrecht et al., 2003; Xiong and Yang,
2003; Jayasekaran et al., 2006) and the levels of a va-
riety of stress resistance-related functional proteins are
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accumulated (Hansen et al., 1997; Xia et al., 1997; Xu
et al., 1997; Tanaka et al., 2001; Chen et al., 2003).

Most abiotic stresses can elicit an increase of cyto-
solic free Ca®* concentration in almost all eukaryotic
cells, and the change of Ca>" concentration has been gen-
erally accepted as a secondary messenger to transduce
the cellular responses to extracellular stimuli (Sanders
etal., 1999; Berridge et al., 2000, 2003; Hofer and Brown,
2003; Kolukisaoglu et al., 2004). In plants, calcium acts
as a universal messenger in various signal transduction
pathways, including responses to a diverse array of
biotic (Chung et al., 2004; Ludwig et al., 2005) and
abiotic stresses (Frohnmeyer et al., 1999; Knight and
Knight, 2001; Kim et al., 2003a) and regulation of var-
ious cellular and developmental processes (Trewavas
and Malho, 1998; Tran et al., 1999).

In plants, many Ca”’-sensing protein kinases have
been reported for their involvement in the stress
responses. These protein kinases include calcium-
dependent protein kinases (Sheen, 1996; Saijo et al.,
2000; Romeis et al., 2001; Pagnussat et al., 2002; Asano
et al.,, 2005; Zhang et al., 2005; Chandran et al., 2006;
Mori et al., 2006) and Suc non-fermentation-related
kinases (SnRKs; Nozawa et al., 2001; Guo et al., 2002).
In Arabidopsis, there are 38 SnRKs (Hrabak et al.,
2003), including the SnRK3 subfamily that has been
called CIPK (calcineurin B-like [CBL] protein interac-
tion protein kinase; Shi et al., 1999; Albrecht et al.,
2001; Batistic and Kudla, 2004; Mahajan et al., 2006)
or SOS2 (SALT OVERLY SENSITIVE2)-like protein
kinase (PKS) associated with the AtCBL/SOS3-like
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calcium-binding proteins (SCaBPs; Kolukisaoglu et al.,
2004). The plant CIPK contains a specific Ser/ Thr pro-
tein kinase domain that is activated through 1nter—
action with CBL containing four EF hands for Ca®*
binding (Ishitani et al., 2000; Nagae et al., 2003). Acti-
vated CIPKs can subsequently transduce calcium signals
by phosphorylating downstream signaling compo-
nents (Liu et al., 2000). Sequence analysis of Arabi-
dopsis genome revealed 10 AtCBL/SCaBP and 25 CIPK/
PKS genes (Luan et al., 2002; Kolukisaoglu et al., 2004).
Expression patterns of these CBL/SCaBP and CIPK/
PKS genes suggest diverse functions in different sig-
naling processes, such as light, hormone, sugar, and
stress responses (Kudla et al., 1999; Guo et al., 2002;
Gong et al., 2004; Pandey et al., 2004). In Arab1dops1s a
505 pathway containing 5083 (a Ca®" sensor of the
CBL family; Ishitani et al., 2000; Sanchez-Barrena et al.,
2005), SOS2 (a CIPK protein; Ishitani et al., 2000; Gong
et al., 2004; Sanchez-Barrena et al., 2005), and SOS1 (a
Na'/H" antiporter activated by SOS2; Shi et al., 2000;
Qiu et al., 2002, 2004) has been well elucidated for its
role in transducmg Ca’* signal, thereby maintaining
ion homeostasis during salt stress (Liu et al., 2000; Shi
et al., 2000; Xiong et al., 2002; Zhu, 2002; Sanchez-
Barrena et al., 2005). SOS2 encodes a Ser/Thr protein
kinase with an N-terminal catalytic domain (sharing
sequence homology with SNF), C-terminal regulatory
domain that is unique to CIPK family kinases, and a
FISL/NAF motif containing 21 amino acids. Both the
N-terminal and C-terminal domains are essential for
salt tolerance (Albrecht et al., 2001), and the FISL motif
acts as an autoinhibitory domain by interacting with
the kinase domain to keep the kinase activity inactive
under normal conditions. SOS3 can interact with SOS2
via the FISL motif thus to release SOS2 from an auto-
inhibition state to a kinase-active state in a calcium-
dependent manner (Halfter et al., 2000). Through the
SOS pathway, excess Na* ions can be transported out
of the cell via the plasma membrane Na* /H" antipor-
ter SOS1 that is phosphorylated and activated by the
SOS3-SOS2 complex, thus reinstating cellular ion ho-
meostasis (Qiu et al., 2002). Constitutively overexpress-
ing SOS2 under the control of cauliflower mosaic virus
355 promoter can rescue the salt-hypersensitive phe-
notypes of the sos3 and sos2 mutants (Zhu, 2002; Cheng
et al., 2004; Guo et al., 2004). Coexpression of all three
functlonal components of the SOS pathway in a salt-
sensitive yeast mutant led to a great increase in Na*
tolerance (Quintero et al., 2002).

The CBL/CIPK or SCaBP/ PKS signaling pathway
has also been evidenced in rice (Oryza sativa; Ohba
et al., 2000; Kim et al., 2003b). Sequence analysis sug-
gested 30 putative CIPK genes in the rice genome
(Kolukisaoglu et al., 2004), and the predicted rice CIPK
proteins have the same domain compositions as Arab-
idopsis CIPK proteins. However, the functions of
almost all rice CIPK proteins remain to be revealed
except very few reports on the expression of rice CIPK
genes, including OsCK1, which is induced by diverse
stimuli such as cold, light, salt, sugar, calcium, and cyto-
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kinin (Kim et al., 2003b). Toward uncovering the roles
of rice CIPK genes in responses to abiotic stresses, a
complete survey of the expression levels of all the pu-
tative rice CIPK genes in response to various abiotic
stress and abscisic acid (ABA) treatments was con-
ducted in this study. Based on the gene expression pat-
terns, three stress-responsive CIPK genes were selected
and overexpressed in rice to evaluate the potential
usefulness of the stress-responsive CIPK genes in ge-
netic improvement of stress tolerance.

RESULTS
Identification and Sequence Analysis of OsCIPK Genes

To identify all putative genes of the CIPK family in
the rice genome, the reported CIPK protein sequences
from Arabidopsis (Kolukisaoglu et al., 2004) were used
as queries to search against the rice genome annotation
database release 5.0 (http:/ /www.tigr.org/tdb/e2k1/
osal/) and the full-length cDNA database (http://
cdna01.dna.affrc.go.jp/cDNA). Through this approach,
all the 30 putative CIPKs that had been designated as
OsCIPKO01 to OsCIPK30 by Kolukisaoglu et al. (2004)
were identified. Although no additional putative CIPK
was identified, some information of the OsCIPK genes
was updated, including accession numbers of full-
length cDNAs (locus ID of the predicted genes in the
updated The Institute for Genomic Research [TIGR]
database if cDNA not available), accession numbers of
corresponding BAC/PAC clones, and physical loca-
tions of OsCIPK genes on chromosomes (Table I).

The 30 OsCIPK genes are distributed in all chromo-
somes except for chromosomes 4, 10, and 12 (Table I).
In the Knowledge-based Oryza Molecular biological
Encyclopedia (KOME) database, full-length cDNAs are
available for all OsCIPK genes except for OsCIPK04,
06, 09, 13, 22, 27, and 28. Almost all OsCIPK proteins
contain the complete protein kinase domain (except
OsCIPK21) and the NAF domain (except OsCIPKO08).
OsCIPK21 has an incomplete kinase domain (Supple-
mental Fig. S1A) but contains the complete regulation
domain. OsCIPKO08 has lost the region containing the
FISL/NAF motif (Supplemental Fig. S1B), but it con-
tains the full N-terminal catalytic domain (sharing se-
quence homology with SNF). OsCIPK14 and OsCIPK15
have almost identical protein sequences except that
five amino acids are missing at the C-terminal end of
OsCIPK15 (Supplemental Fig. S1C). Comparison of
the full-length cDNAs or predicted coding sequence
(CDS) with the genomic sequences of OsCIPK genes re-
vealed a great variation of the number of exons (rang-
ing from one to 16; Table I). Based on the number of
exons, OsCIPK genes can be obviously classified into two
subgroups, the exon-rich subgroup (including OsCIPK01,
03,08, 09,17, 21, 23, and 24) with each gene containing
more than 10 exons and the exon-poor subgroup (the
other 22 genes with zero to two introns for most of
them; Fig. 1). We also noticed that the CDS of the pro-
tein kinase domain is interrupted by multiple introns
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Table I. The CIPK gene family in rice genome and primers used for amplification of gene-specific probes

Genomic Locus® Primers for Probes or RT-PCR'

Gene? Accession No® ———————— Exons? Chr.®
Accession No.  Mb Forward Primer (5'-3") Reverse Primer (5'-3")
OsCIPKO1T  Ak065588 AP002482 10.6 13 CATGAAAAATGGCAGGGGTT CAGACGGGCAAGAAGAGAGC
OsCIPKO2 AK072868 AP003757 28.7 3 ATGGGCATTGATGCAGAGAT GCAAAAACAGTAACATCCAGAAAC
OsCIPKO3 AK111929 AC119748 11.5 15 CAGGCACTGAATCTGGACAA GCTACTCTACGGCGAACACC
OsCIPKO4  Os12g41090 AL928781 25.4 3 1 CGTTCGACATCATCTCCATGTC  TGTCGTGTTCGCCGAACA

OsCIPKO5 AK065589 AP003052 5.8 1 AAGAAGGGAGGAAAGGGCAG  GAACAGGAGATCCATGTAGACAAA

OsCIPKO6  Os08g34240 AP004703 21.3 1 GATGCGGGTGACCAAGAG ACCACCCAAACAGCGATACT
OsCIPKO7  AK111510 AC145379 24.1 1 ATGGAGATGTCGGAGGTGTC  CATTCCTACCAACAATTTAG
OsCIPKO8 AK120431 AP003449 19.8 16 TGAGGCATCCGAATGTGGTT CGCCAGTGATGAACTCCAAGAT
OsCIPK09* OJ1015F07.8 AC104427 149 16 CTCGACCGCAACCATGTG TCATTGTGGAAATCTCCCGTTT

OsCIPK10 AK066541
OsCIPKT11  AK103032

AC131175 12.6
AP003230 35.5

N

TGCTAGCGACGAGGAACACTCT GCGAGTGGCTGTAACACACAGA
GTGGTGGTGTTTGCTCATTTTG  TGTCCTAATTGCTTCCCAACCT

OsCIPK128 AK101442 AP003409 32.2 TTTACCGGACCAAACCTGAC AATGGCATCAGGAATGGAAG
OsCIPK13* OSJNBa0016109.1  AP003052 5.8

OsCIPK14  Os12g02200 BX000511 0.7 1

OsCIPK15  AK121773 BX000512 0.6 11 AGGAGGGAAGGAATGGTGTT  TTGAAAGGCTCAAAGCCAAT
OsCIPK16 AK061220 AP005429 15.0 GAAAGGGTGGAAGCTGAGGT  CATCTCTCGATTTGGCCTGT
OsCIPK17  AK100498 AC093490 2.09 1 GCTTGGCCCTTCTGTAAATG CGGTGGCTAGTTTTTGAACC
OsCIPK18 AK101355 AC105320 15.5 TGGTGTGCTGAAAATGGAAG TTGTGCGAATTTCATTGAGC
OsCIPK19  AK069486 AC132485 25.4 CATAGAAGGCACGAGGGAAG  GCACCAAAACATGGACACTG

OsCIPK20  AK107068
OsCIPK21  AK107137
OsCIPK22  Os05g26870
OsCIPK23  AK069726

AC104280 6.68
AP003749 26.5
AC117264 15.5
AP003703 2.6

GATGTGACAGATTATCTAGGTG  GAGATTTCTAAAACATTCATA
ACATGTGGCAGCCCTAACTACA TATGTCGGACAAAGAGCCATCA
TGGCCTTCTACACACAACTTGTG CATACCCTTTTCGGCTGATCA
CAGGATTACCATCGCAGAGCTT  TGGAGGCTGATATCCCTTCTTG

—_ —_
= = NNNNNUTODNOONDNODNON =N = = W

OsCIPK24  AK102270 AP003629 24.0 TGTGCAACAAGATGGAAAGC GAGCATTTCGACGTTCACAA
OsCIPK25 AK065374 AP004810 20.1 TCATGGTCCAGGTGTGCAAGA  CTTGAGCTCGTTGTCGCAGAAC
OsCIPK26  AK111660 AP004843 3.3 GCTGAGGTTTTTGAGCTTGC TGTGACTCTGGCCTCTGATG
OsCIPK27  Os09g25100 AP005429 15.0

OsCIPK28  0Os05g39870 AC144743 23.4 CCCTTAAAGTCTCTGACTTTG CACATGCGGTGTGGAGAAGA

OsCIPK29  AK111746
OsCIPK30 AK069231

AP003757 28.7 AGGCCAAATTCAAGACCGAGTT GGAGCATGCGAGTATGTCGAA
AP003409 32.3 GAAGGAGAAAGGGCAGGGTCG  AGATCAGCTGGACGGTGGTT

“Systematic nomenclature of rice CIPK genes followed Kolukisaoglu et al. (2004). PAccession numbers of full-length cDNA sequences from
KOME (http://cdna.01.dna.affrc.go.jp/cDNA/) or TIGR locus ID (except OsCIPK09 and OsCIPK13 marked with asterisks). “Accession number of
the BAC/PAC clones and approximate physical distance (Mb) of the chromosome in which the OsCIPK gene is located. 9The number of exons for
putative OsCIPK genes. ®Chromosome in which the OsCIPK gene is located. fPrimers are not listed for three OsCIPK genes that could not be
amplified by RT-PCR.  8Alternative name, OsPK7 (Ohba et al., 2000).

S NUTONIITAOINUINUTUTUTUT O =2 N = = =2 WWwW=WwWOoK—="NwWN=—=

at similar positions for the intron-rich subgroup but
is seldom interrupted by introns for the intron-poor
subgroup.

Stress-Induced Expression Profiles of OsCIPK Genes

To reveal the responses of OsCIPK genes to different
stresses, RNA gel-blot analyses were performed us-
ing total RNA from the leaves of upland rice IRAT109
treated by drought, salt, cold, polyethylene glycol (PEG),
and ABA. Reverse transcription (RT)-PCR and real-
time PCR were also used because the hybridization sig-
nals of 11 OsCIPK genes in RNA gel-blot analyses were
too weak to distinguish the difference between sam-
ples. Three genes (OsCIPK13, 14, and 27) could not be
amplified in the leaves by RT-PCR (OsCIPK13 and
OsCIPK27 had no cDNA support); the transcripts of all
the other 27 OsCIPK genes could be detected by RNA
gel-blot (Fig. 2) and /or PCR analyses (Fig. 3; Supple-
mental Fig. 52). Among them, 20 genes were induced
by at least one of the stresses applied in this study.
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Among these 20 genes, 15 genes (OsCIPK01, 02, 05, 09,
11,12,15,17,20,21,22,23,24, 29, and 30) were induced
by drought, 12 genes (OsCIPKO07, 08, 09, 10, 11, 15, 16,
17, 21, 22, 29, and 30) were induced by salinity stress,
12 genes (OsCIPKO01, 03,09, 12, 15,16, 17, 21, 22, 23, 24,
and 29) were induced by PEG treatment, 16 genes
(OsCIPKO1,02,03,05,07,09,11,12,15,16,17, 20,22, 24,
29, and 30) genes were induced by ABA treatment, and
three genes (OsCIPKO1, 03, and 09) were induced by
cold (Figs. 2 and 3).

Many OsCIPK genes were responsive to more than
one stress (Fig. 4). Among the 15 drought-inducible
genes, 13, 10, and eight genes were induced by ABA,
PEG, and salt stress, respectively. Among the 12 salt-
inducible genes, nine, eight, and seven genes were
induced by ABA, drought, and PEG, respectively. Inter-
estingly, some genes, such as OsCIPK01 and OsCIPK09,
were induced by multiple stresses, including cold,
drought, PEG and ABA treatments. We also noticed
that a few genes were induced mainly by one stress.
For example, OsCIPK03 was induced strongly by cold

Plant Physiol. Vol. 144, 2007
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stress, slightly by ABA and PEG treatments, but not
by drought and salt stresses. These data indicate that
some genes in the CIPK family of rice are involved in
the responses to multiple abiotic stresses, whereas some
genes of the family are responsive to specific stresses.

Generally, the OsCIPK genes induced by a specific
stress treatment could be found in different subgroups
based on protein sequence analysis (Kolukisaoglu et al.,
2004) and in both exon-rich and exon-poor subgroups.
This suggests that the specificity of stress responsive-
ness of OsCIPK genes has no obvious relationship with
the CDSs or intron-exon structures of these genes. We
picked up 1,000-bp sequences upstream the 5’ end of
the full-length cDNAs for the stress-inducible OsCIPK
genes to identify putative stress-responsive cis-elements
that have been well characterized, such as ABA-
responsive element (ABRE; Pla et al., 1993; Narusaka
et al., 2003; Yamaguchi-Shinozaki and Shinozaki, 2005),
dehydration-responsive element (DRE)/C-repeat, and
low-temperature-responsive element (LTRE; Yamaguchi-
Shinozaki and Shinozaki, 1994; Shinwari et al., 1998;
Narusaka et al., 2003). Sequence analysis suggested that
16 stress-responsive OsCIPK genes contain putative
ABRE, DRE, or LTRE in their promoter regions (Fig. 4).
Four genes (OsCIPKO02, 21, 24, and 29) containing DRE
in their promoter regions were actually induced by
drought. Among the 16 ABA-inducible genes, nine con-
tain ABRE in their promoter regions. However, none
of the three types of cis-elements was identified in
the promoter regions of four genes (OsCIPK07, 08, 12,
and 20) that were induced by drought, salt, or ABA
treatment.

To further confirm that some of these stress-responsive
genes are potentially useful in improving stress resis-
tance of crop plants, three genes (OsCIPK03, OsCIPK12,
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and OsCIPK15 strongly induced by cold, drought, and
salt stress, respectively) were overexpressed in rice
‘Zhonghua 11" and the transgenic plants were tested
for stress tolerance.

Overexpression of OsCIPK03 in Rice Results in
Enhanced Cold Tolerance

A total of 23 independent transgenic plants were
generated for the OsCIPK03 construct under the con-
trol of the cauliflower mosaic virus 35S promoter. RNA
gel-blot analysis suggested that the gene was overex-
pressed in 15 independent plants (Fig. 5A). Transgenic
seeds of four OsCIPK03-overexpressed T, families (T10,
T24, T29, and T30) were germinated on hygromycin-
containing Murashige and Skoog (MS) medium and
at least 20 positive (hygromycin-resistant) seedlings
for each family were selected for cold tolerance at the
five-leaf stage. Overexpression plants and wild type
with similar vigor under normal growth conditions
(Fig. 5B) were used for treatment. After cold treatment
(4°C for 5 d) and recovery (25°C for 5 d), almost all
wild-type plants were completely dead, whereas most
of the transgenic plants remained alive (Fig. 5C). In
another cold treatment (4°C for 4 d and 25°C for 7 d for
recovery) experiment, the survival rates of all the four
transgenic families (68.2%-90.4%) were significantly
(t test, P < 0.01) higher than the survival rate of the
wild type (18.5%; Fig. 5D). These results suggested
that overexpression of OsCIPK03 could enhance the
tolerance of transgenic plants to cold shock. In addi-
tion, no obvious difference in growth or development
was observed between transgenic and wild-type plants
under normal growth conditions (Supplemental Fig. S3).
Drought and salt tolerance of OsCIPK12 transgenic
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Figure 2. RNA gel-blot analysis of transcript levels
for OsCIPK genes under drought, salt, cold, PEG, and
ABA treatments. Multiple RNA blots were prepared
from the same set of RNA samples (RNA loading of
one set was shown as an example) and hybridized
with gene-specific probes for different genes. Each
stress treatment was repeated twice, and result from
one repeat is shown.
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plants were also tested, but no significant effect was
detected for these two stresses (data not shown).

Overexpression of OsCIPK12 in Rice Resulted in
Enhanced Drought Tolerance

A total of 27 independent transgenic plants were
generated for the OsCIPK12 overexpression construct.
Among them, 15 plants showed overexpression of the
gene, as determined by RNA gel-blot analysis (Fig. 6A).
At least 20 hygromycin-resistant transgenic seedlings
with similar plant height and vigor as the wild type
(Fig. 6B) for each of six OsCIPK12-overexpressed T,
families were selected for drought-resistance testing at
the vegetative stage. With water withheld for 1 week,
only a few plants of the transgenic families showed
slight leaf-rolling, while almost all leaves of the wild
type became rolled or withered. After recovery (rewater-
ing when all leaves of the wild type were completely
rolled) for 3 d, only about 30% of wild-type plants
survived, whereas most of the transgenic plants (62.7%
to 87.4%) survived quite well (Fig. 6C). The survival
rates of the six transgenic families were significantly (¢
test, P < 0.01) higher than the survival rate of the wild
type (Fig. 6D). This result suggested that overexpres-
sion of OsCIPK12 could increase the drought tolerance
of rice at the vegetative stage. We also tested the salt
and cold tolerance of OsCIPK12 transgenic plants, but
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no significant effect on improving tolerance to these
two stresses was detected (data not shown).

Overexpression of OsCIPK15 in Rice Resulted in
Enhanced Salt Tolerance

A total of 27 independent transgenic plants were
also generated for the OsCIPK15 overexpression con-
struct. RNA gel-blot analysis suggested that the gene
was overexpressed in 17 independent plants (Fig. 7A).
Transgenic seeds of four OsCIPK15-overexpressed T,
families (T4, T14, T19, and T22) were germinated on
MS medium containing hygromycin and then at least
20 seedlings for each family were transferred to MS
medium containing 100 mm NaCl for salt-tolerance test-
ing. Transgenic shoots with similar length and vigor as
the wild type were used as control. At 12 d after trans-
planting, all the transgenic families on salt-containing
medium had significantly (¢ test, P < 0.01) longer
shoot and root length (Fig. 7, B and C) and higher fresh
weight per plant (Fig. 7D) than the wild type. No
significant difference in shoot and root length (data not
shown) or fresh weight (white bars in Fig. 7D) was
observed between transgenic families and the wild
type growing in the normal MS medium. These results
suggested that overexpression of OsCIPK15 could en-
hance salt tolerance of rice. We also tested the drought
and cold tolerance of OsCIPK15 transgenic plants, but

Plant Physiol. Vol. 144, 2007
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Figure 3. Real-time PCR analysis of expression levels of the OsCIPK genes that were undetectable by RNA gel blot. RNA samples
were the same as those used in the RNA gel-blot analysis. The x axes are time courses of stress treatments and the y axes are scales
of relative expression level. d, drought; s, salt; a, ABA; p, PEG; ¢, cold. For the gene OsCIPK09, the bars for d3 (>50-fold) and s1
(>70-fold) indicated by asterisks were intentionally reduced (fold of actual induction minus 30) so that the induction folds for
other stresses could be seen clearly. A threshold of 2-fold was used to determine the stress responsiveness of genes.

no significant effect on improving tolerance to these
two stresses was detected (data not shown).

Increased Pro and Soluble Sugar Contents in
OsCIPK03 and OsCIPK12 Transgenic Plants
under Stress Conditions

Plant adaptation to environmental stresses is often
associated with metabolic adjustment, such as accu-
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mulation of Pro and soluble sugars (Abraham et al.,
2003). To inquire the physiological basis for the im-
proved stress tolerance of transgenic rice, we measured
the Pro and soluble sugar contents in the overexpres-
sion plants of OsCIPK genes and the wild type under
normal growth and stress conditions. No significant dif-
ference of Pro and soluble sugar contents in the leaves
was detected between the overexpression plants of the
three genes (OsCIPK 03, 12, and 15) and the wild type
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Figure 4. Putative ABRE, DRE, and LTRE core sequences in the 1-kb
promoter regions of the stress-inducible genes identified by RNA gel-
blot and RT-PCR analyses. The lines represent promoter sequences. The
elements located in the forward strand (sense strand of the gene) and
the reverse strand are indicated above and below the lines, respectively.
Induction of the genes by stress treatments is indicated to the right of
each gene with checks (D, drought; S, salt; A, ABA; P, PEG; C, cold).

grown under normal growth conditions. After cold
stress for 3 d, OsCIPK03-overexpressing plants (three
independent lines were tested) accumulated approxi-
mately 8-fold higher content of Pro (Fig. 8A) and 5-fold
higher content of soluble sugars (Fig. 8B) than the
plants did before cold stress. The cold stress-induced
increases of Pro and soluble sugar contents in the
transgenic plants were significantly higher (¢ test, P <
0.01) than those in wild-type plants, in which only
about 2- to 3-fold increases of Pro and the soluble
sugars after cold stress were detected. Under drought
stress, OsCIPK12-overexpressing plants (three indepen-
dent lines were tested) also accumulated Pro and sol-
uble sugars much quicker than wild-type plants. After
water withholding for 6 d, transgenic plants accumu-
lated approximately 7-fold higher content of Pro (Fig.
8C) and 5-fold higher content of soluble sugars (Fig.
8D) compared to the contents of Pro and sugars before
drought stress. Such increases were significantly higher
than that in wild-type plants, in which Pro and soluble
sugars were increased less than 3-fold after drought
stress. In OsCIPK15-overexpressing plants, however, the
Pro and soluble sugar contents had no significant dif-
ference compared to the wild type under both normal
and salt-stressed conditions (data not shown).
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We further measured the expression levels of two
putative A'-pyrroline-5-carboxylate synthetase genes
(J033099M14 and J033031H21) and two putative Pro trans-
porter genes (03944230 and 07g01090) in the OsCIPK03
and OsCIPK12 transgenic plants stressed by cold and
drought, respectively. As show in Figure 8E, all the four
genes had significantly higher expression level (4- to
19-fold) in the OsCIPK03 overexpression lines than in
the wild type. In the OsCIPK12 overexpression lines,
one Pro synthetase gene (J033031H21) and the two Pro
transporter genes also showed 1.5- to 4-fold higher
expression than in the wild type (Fig. 8F).

For probing the mechanism of enhanced salt toler-
ance of OsCIPK15-overexpressing plants, concentrations
of Na™ and K™ in the root, stem, and shoot were mea-
sured for transgenic and wild-type plants growing in
the Hoagland solution containing 100 mm NaCl. Inter-
estingly, no significant difference in the concentration of
either ion was detected between transgenic plants and
the wild type in the examined tissues, including root,
leaf, and stem (Supplemental Table S1), despite the fact
that the transgenic plants still showed improved salt
tolerance similar to the result shown in Figure 7B.

DISCUSSION

Differential Responses of OsCIPK Genes to
Abiotic Stresses

Rice is one of the most important crops and the
model plant for monocot species. In this study, as a
first step toward systematic functional characteriza-
tion of CIPKSs in rice, all the putative rice CIPK genes
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Figure 5. Identification and cold-tolerance testing of OsCIPKO3-
overexpressing rice. A, RNA gel-blot analysis of part of the transgenic
plants and the wild type. B, Transgenic and wild-type plants right before
cold treatment. C, Performance of cold tolerance of two transgenic
families and wild-type plants after cold treatment (4°C for 5 d) and
recovery (25°C for 5 d). D, Survival rate of four transgenic lines and the
wild type after cold treatment (4°C for 4 d and 25°C for 7 d for re-
covery). Error bars are based on three replicates.
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Figure 6. Identification and drought-tolerance testing of OsCIPK12-
overexpressing rice. A, RNA gel-blot analysis of part of the transgenic
plants and the wild type. B, Transgenic (two independent families are
shown as examples) and wild-type plants right before treatment. C,
Phenotypes of transgenic and wild-type plants after water withholding
for 1T week and recovery for 3 d. D, Survival rate of transgenic lines and
the wild type. Error bars are based on three replicates.

were checked for their expression changes upon var-
ious stress treatments. Our results clearly suggest that
different OsCIPK genes have different responses to
stresses. Among the 27 genes detected with transcripts
by the techniques used in this study, 20 genes were
found to be induced by single or multiple stresses. The
OsCIPK genes induced by different stresses may pro-
vide new starting points to uncover the unique mo-
lecular basis of rice response to different stresses
considering the nature of CIPKs as putative signaling
components. Although the transcript levels of most
OsCIPK genes were up-regulated by at least one stress,
a few OsCIPK genes did not exhibit obvious change of
transcript level upon the stress treatments. Since the
CIPK family has been largely diversified and different
members may be involved in responses to different
stresses, it would be necessary to include more stress
treatments in further studies to check the expression of
OsCIPK genes, especially for those genes showing no
response to the stresses in this study.

Besides the differential responses of OsCIPK genes
to various stresses, responses of specific OsCIPK genes
to multiple stresses were also detected. Noticeably,
most ABA- or PEG-inducible genes were also induced
by drought or salt stress, and most salt-inducible genes
were also induced by drought (Fig. 4). These results
indicate that OsCIPK genes may be involved in the
substantial common regulatory systems or cross talks
triggered by different stresses. As many abiotic stresses

Plant Physiol. Vol. 144, 2007

Rice CIPK Genes for Stress Tolerance

ultimately result in dehydration and osmotic imbal-
ance of plant cells, there is a large overlap of genes
induced by drought and salt stresses (Xiong et al.,
2002; Ludwig et al., 2005, Nambara and Marion-Poll,
2005). Our results based on the stress-induced expres-
sion patterns of OsCIPK genes also support the notion
of cross talks between drought and salt stresses (Seki
et al., 2002a, 2002b). Stress-induced changes of gene
expression in turn may affect the generation of hor-
mones such as ABA, which has been considered an
important “stress hormone” and plays a critical role in
response to various stresses. The application of ABA to
plant partially mimics the effect of stress conditions
(Nambara and Marion-Poll, 2005). In this study, most
ABA-inducible genes were also induced by drought or
salt stress, suggesting that these OsCIPK genes may
participate in the cross talks of signaling pathways for
drought and salt stresses and ABA treatment. Studies
have suggested that osmotic stress imposed by high salt
or drought can be transmitted through ABA-dependent
and ABA-independent signaling pathways (Uno et al.,
2000; Chinnusamy et al., 2004). We also found that quite
a few drought- or salt-inducible OsCIPK genes were
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Figure 7. Identification and salt-tolerance testing of OsCIPK15-
overexpressing rice. A, RNA gel-blot analysis of part of the transgenic
plants and the wild type. B, Growth performance of transgenic (one
family is shown as an example) and the wild type in medium containing
100 mm NaCl for 12 d. C and D, Shoot and root length (C) and fresh
weight (D) of transgenic lines and wild type growing in the NaCl-
containing medium for 12 d. The average values were calculated from
measures of at least 20 plants.
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Figure 8. Contents of soluble sugars and free Pro in the transgenic rice plants overexpressing OsCIPKO3 and OsCIPK12 genes
compared to the wild-type plants. A and B, Free Pro (A) and soluble sugar (B) contents in the OsCIPKO3-overexpressing plants
under cold stress (4°C) for 0, 1, 3, and 6 d. C and D, Free Pro (C) and soluble sugar (D) contents in the OsCIPK12-overexpressing
plants under drought stress for 0, 4, 6, and 10 d. Values are means * sb (n = 4). FW, Fresh weight. E and F, Expression levels of
putative Pro synthetase genes (J033099M14 and J033031H21) and Pro transporter genes (03g44230 and 07g01090) in cold-
stressed (4°C for 1 d) OsCIPKO3 (E) and drought-stressed (drought for 6 d) OsCIPK12 (F) transgenic plants by real-time PCR. The
bars represent three repeats. Accession numbers of the genes are as follows: J033099M14, AK102633; J033031H21, AK101230;

03g44230, AK067118; and 07g01090, AK0666298.

not induced by ABA treatment. However, further ex-
periments are required to clarify which OsCIPK genes
function in ABA-dependent or ABA-independent sig-
naling pathways. In this study, most genes induced by
drought, salt, ABA, or PEG were not induced by cold
stress, which may imply that some OsCIPK genes
might be specifically involved in the signaling path-
ways triggered by cold stress.

Complex Relationships of Predicted Stress-Related
cis-Elements and Actual Stress Induction Patterns
of OsCIPK Genes

cis-Elements and trans-acting factors are two basic
types of molecular modulators for transcriptional reg-
ulation of genes controlling various biological pro-
cesses, including abiotic stress responses. Several types
of cis-elements have been identified and analyzed for
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their activation by different stresses. Among these stress-
responsive cis-elements, ABRE, DRE, and LTRE have
been extensively characterized for their important roles
in activation of gene expression under stress conditions
(Yamaguchi-Shinozaki and Shinozaki, 1994; Shinwari
etal., 1998; Narusaka et al., 2003). In this study, 20 genes
were induced by different stresses, including drought,
salt, cold, PEG, and ABA treatments, which prompted
us to investigate the relationship of induction pattern
and distribution of putative stress-responsive elements
of these genes. Most of the stress-inducible genes (16 of
20) contain at least one of the three cis-elements (DRE,
ABRE, or LTRE) within the 1,000-bp promoter regions
of these genes (Fig. 4). Generally, the genes containing
putative stress-responsive cis-elements are actually in-
duced by the corresponding stress, which is especially
true for ABRE (all ABRE-containing genes are induced
by ABA, drought, or salt stress). However, the predicted
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cis-elements do not support the actual expression pat-
terns for some genes. For example, there are four OsCIPK
genes (OsCIPKO06, 19, 26, and 28) that are not induced by
any of the stresses applied in this study but actually
contain at least one of the three cis-elements in their pro-
moter regions. On the other hand, there are four genes
(OsCIPK07, 08, 12, and 20) that contain none of the three
cis-elements mentioned above in their promoter regions,
but these four genes are actually induced by at least one
stress. These discrepancies could be due to the sequence
variation in the promoter regions since we used variety
IRA109 in this experiment while the promoter sequences
analyzed were from ‘Nipponbare’. The discrepancies
may also suggest that the activation of the cis-elements
largely depends on the cis-background (sequences flank-
ing the cis-element) and the trans-background (activity
of the corresponding transcription factors). The discrep-
ancies are not very surprising since only three major cis-
elements were included in this analysis and increasing
number of stress-responsive cis-elements have been iden-
tified and deposited in the PLACE database. It cannot
be excluded that novel stress-responsive cis-elements
yet to be identified may exist in the promoters of these
stress-inducible genes containing none of the reported
cis-elements.

Enhanced Stress Tolerance Mediated by OsCIPK Genes

Response of a gene to a specific stress at the tran-
scriptional level does not necessarily mean that the
gene must have significant effect in conferring toler-
ance to the stress. However, a survey of stress-induced
expression patterns can often provide clues for spec-
ulating the putative functions of the genes, which may
be especially true for a functionally diversified gene
family such as the CIPK family. To prove that some of
these stress-responsive OsCIPK genes may be poten-
tially useful for enhancing stress tolerance in rice, three
CIPK genes (OsCIPK03, OsCIPK12, and OsCIPK15, re-
sponsive to cold, drought, and salt stress, respectively)
were chosen as examples and overexpressed in japonica
rice ‘Zhonghua 11’. Our results indicate that transgenic
rice plants overexpressing OsCIPK03, OsCIPK12, and
OsCIPK15 can indeed significantly improve rice toler-
ance to cold, drought, and salt stress, respectively.

Plants have evolved an array of mechanisms in re-
sponse to abiotic stresses, such as high salt, drought,
cold, heat, and excessive osmotic pressure. In response
to these stresses, many plants can accumulate com-
patible osmolytes, such as free Pro (Liu and Zhu, 1997;
Armengaud et al., 2004; Ito et al., 2006) and soluble
sugars (Gilmour et al., 2000; Garg et al., 2002; Tabuchi
et al., 2004; Gupta and Kaur, 2005; Chyzhykova and
Palladina, 2006), to protect their subcellular structures
from damage by adjusting the intracellular osmotic
potentials. Overproduction of Pro in tobacco (Nicotiana
tabacum) could lead to an increase in tolerance of
osmotic stress (Kishor et al., 1995). To address the
possible mechanisms of the enhanced stress tolerance
of the OsCIPK transgenic rice, we first checked the
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contents of Pro and soluble sugars in the transgenic
plants under normal growth and stress conditions.
The data showed that the OsCIPK03- and OsCIPK12-
overexpressing plants indeed accumulated significantly
more Pro and soluble sugars than the wild type under
cold (for OsCIPK03 overexpressor) and drought (for
OsCIPK13 overexpressor) stress conditions. Real-time
PCR results also showed that Pro synthetase and Pro
transport genes had significantly higher expression
level in the OsCIPK03 and OsCIPK12 overexpression
lines than in the wild type. The significantly improved
Pro and sugar contents of OsCIPK03- and OsCIPK12-
overexpressing plants under the stress conditions may
partially explain the improved tolerance of OsCIPK03-
and OsCIPKI2-overexpressing plants to cold and
drought stresses, respectively. No significant difference
in Pro and sugar contents was detected between the
transgenic and wild-type plants under normal growth
conditions, despite the fact that the constitutive pro-
moter was used to drive the transgenes. This might
suggest that these CIPKSs are not active under normal
growth conditions. As for the OsCIPK15-overexpressing
plants, we did not detect significant difference either
in Pro and sugar contents or Na" and K* concentra-
tions in root, stem, and leaf between the OsCIPK15-
overexpressing plants and the wild type under both
normal and salt stress conditions, which contrasts with
the result of the homologous CIPK gene SOS2 in
Arabidopsis (Zhu et al., 1998; Zhu, 2002). Neverthe-
less, this observation has provided a starting point to
identify a possible new mechanism of salt tolerance in
addition to the SOS2-mediated pathway.

Although the molecular basis of the improved stress
tolerance of the transgenic rice has not been com-
pletely resolved in this report, our data clearly suggest
a functional diversification of the CIPK family in re-
sponse to different stresses. Further characterization of
the OsCIPK genes involved in different stress responses
will largely expand our understanding the functions
of the CIPK family. Even though only three OsCIPK
genes were tested for their effectiveness in improving
stress tolerance in rice, some other stress-responsive
OsCIPK genes (most of them are under transgenic test-
ing) may also be potentially useful for stress-tolerance
improvement in rice.

MATERIALS AND METHODS

Identification and Sequence Analysis of CIPK Genes
in Rice

The protein sequences of Arabidopsis (Arabidopsis thaliana) CIPK proteins
available from The Arabidopsis Information Resource (http:/ /www.arabidopsis.
org; Garcia-Hernandez et al., 2002) and a previous report (Kolukisaoglu et al.,
2004) were used to search for their homologous genes in the databases of rice,
including the genome annotation database at TIGR (http://www.tigr.org/
tdb/e2k1/0sal/) and the KOME (http:/ /cdna0l.dna.affrc.go.jp/cDNA). The
resulting homologous protein sequences (with E-value less than 1.0E107°)
were manually checked for existence of the feature motifs and domains of
CIPK proteins. The exon-intron organizations of the rice CIPK genes were
determined by comparing the full-length cDNA or predicted CDSs with their
corresponding genomic sequences. The position of each gene in the rice genome
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was determined by BLASTN search against the genomic sequences of rice chro-
mosomes available at the GRAMENE database (http://www.gramene.org).

To analyze putative cis-acting regulatory DNA elements (cis-elements) in
the promoters of the rice CIPK genes, 1,000-bp regions upstream the 5’ end of
the full-length cDNAs or predicted CDS were extracted from genomic se-
quences and subjected to cis-element search in PLACE 26.0, a frequently
updated database of core DNA sequences of cis-elements identified in plants
(http:/ /www.dna.affrc.go.jp/PLACE/index.html; Higo et al., 1999).

Constructs of OsCIPK Genes and Rice Transformation

The full-length ¢cDNAs of OsCIPK03, OsCIPK12, and OsCIPK15 were
amplified from upland rice IRAT109 (Oryza sativa L. ssp. japonica) by RT-PCR
with the following three pairs of primers, respectively: 5'-CACCATGTA-
TAGGGCTAAGAGGGCT-3' and 5'-CTTGAAACTCACAAACTGTCA-3’,
5'-CACCATGCTGATGGCGACCGTCTC-3" and 5'-GGAAGCTCCTGTCTC-
TAGCTC-3’ (the four underlined nucleotides, CACC, were added in front of
the gene-specific forward primer to facilitate the TOPO cloning of the PCR
fragment into the TOPO-D entry vector), and 5'-TAAGGTACCGGCTAAA-
GAATTGCAGTCCA-3' and 5'-TAAGGATCCTTGCGACTGCTGCTATTC-3’
(the underlined sequences are for restriction sites Kpnl and BamHI, respec-
tively). For OsCIPK0O3 and OsCIPK12, the PCR products were cloned into
TOPO-D entry vector (Invitrogen), then introduced into destination vector
pCB2004H (modified based on pCB2004) by LR reaction by following the
manufacturer’s instructions (Invitrogen). The Bar gene in pCB2004 (provided
by Dr. Chengbin Xiang) was replaced by hygromycin-resistance gene Hpt
(hygromycin phosphotransferase), resulting in the pCB2004H. For OsCIPK15,
the sequencing-confirmed PCR fragments were double digested by Kpnl and
BamHI and ligated into the binary expression vector pCAMBIA1301U di-
gested with Kpnl and BamHI, thus allowing the genes to be driven by a maize
(Zea mays) ubiquitin promoter. The constructs were introduced into japonica
‘Zhonghua 11’ by Agrobacterium-mediated transformation (Hiei et al., 1994).

Plant Growth and Treatments

For transcript level measurement of OsCIPK genes, rice plants of IRAT109
were grown in the green house with a 14-h-light/10-h-dark cycle. Two-week-
old seedlings were treated with chemical and abiotic stresses. Chemical
treatments were conducted by spraying leaves with 0.1 mm ABA followed by
sampling at 0, 3, 6, 12, and 24 h, or irrigating the plants with 20% PEG 6000
followed by sampling at 0, 1, 5, and 12 h. Abiotic treatments were conducted
essentially according to Saijo et al. (2000). For cold stress, seedlings were
transferred to a growth chamber at 4°C and sampled at 0, 3, 6, 12, and 24 h
after treatment. Drought stress was applied by exposing intact plants in the air
without water supply and plant leaves were sampled at 0, 3, 6, 12, and 24 h
after treatment. The 2-week-old seedlings were submerged with 200 mm NaCl
solution for salt stress and sampled at 0, 5, 14, and 24 h after treatment.

For drought-resistance testing of transgenic rice at the seedling stage, the
plantlets that germinated on plates with 50 mg/L hygromycin and positive
seedlings and wild-type control (both with shoot height of 4-5 mm) were
transferred into barrels filled with a mixture of soil and sand (1:1). To
minimize the experimental error, each barrel was filled with 2 kg of soil/sand
mixture and supplied with the same volume of water. When the plants grew
up to five-leaf stage, water supply was cut off to allow drought stress to
develop. About 10 d later, the survival rates of plants and the dry weight per
plant were investigated. For salt-tolerance testing, transgenic seeds were
germinated on MS medium with 50 mg/L hygromycin and wild-type seeds
were germinated on MS medium without hygromycin at 26°C. The plantlets
(shoot length 4-5 mm) were transferred onto MS medium containing 100 mm
NaCl and allowed to grow in a growth chamber at 26°C with a 14-h-light/
10-h-dark cycle. Plants were measured for fresh weight, shoot length, root
length, and number of roots at 12 d after transplanting. For cold-tolerance
testing, positive transgenic and wild-type plantlets (with shoot height 2-3 cm)
were transferred into pots filled with soil. When the plants grew up to the five-
leaf stage, the plants were transferred to growth chamber at 4°C and subse-
quently kept under normal growth conditions for 5 d. The survival rate as well
as the area of green leaves after cold stress were investigated.

RNA Gel-Blot and Real-Time PCR Analyses

Total RNA was isolated from rice leaves using TRIzol reagent (Invitrogen).
Total RNA (15 ug from each sample) was separated on a 1.2% agarose gel
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containing 2% formaldehyde and then transferred onto a nylon membrane.
RNA gel blots were hybridized with a-?P-dCTP-labeled gene-specific probes
(primers for amplifying the OsCIPK gene probes are listed in Table I) over-
night using Perfect-HYB Plus buffer (Sigma) at 65°C. Blots were washed three
times (twice with 2X SSC/0.1% SDS for 10 min and once with 0.5X SSC/0.1%
SDS for 5 min) at 65°C. The blots were briefly dried and then subjected to
radiophotography. For real-time PCR analysis, first-strand cDNAs were syn-
thesized from DNasel-treated total RNA using Superscript II reverse tran-
scriptase (Invitrogen) according to the manufacturer’s instructions. Real-time
PCR was performed in an optical 96-well plate with an ABI PRISM 7500 real-
time PCR system (Applied Biosystems). Each reaction contained 10 uL of 2X
SYBR Green Master Mix reagent (Applied Biosystems), 1.0 uL. of cDNA sam-
ples, and 200 nm gene-specific primer in a final volume of 20 uL. The thermal
cycle used was as follows: 95°C for 3 min; 40 cycles of 95°C for 30 s, 60°C for
30s,and 72°C for 1 min. The primers for real-time PCR analysis of genes related
to Pro synthesis and transport were as follows (in parentheses): J033099M14
(5'-CTCAAATCAAGGCGTCAACTAAGA-3’ and 5'-TTTGTCAATATATA-
CGTGGCATATACCA-3"), J033031H21 (5'-CGCCCCTCCCCGTATCT-3’ and
5'-AGGAATGCGGCAACAAGTG-3"), 03344230 (5'-AGGGACGATGGAGT-
TCTAAAGCT-3" and 5-GGGATTCCAAAGGCAAAAAGA-3'), 07¢01090
(5'-GAGGAGGCTACCTGACTGTCAAC-3' and 5'-GCTCATGAAGTCGCC-
AAGGA-3'). Rice Actinl gene (accession no. X16280) was used as internal
control with primers 5'-TGGCATCTCTCAGCACATTCC-3 and 5'-TGCAC-
AATGGATGGGTCAGA-3'. The relative expression levels were determined
as described previously (Livak and Schmittgen, 2001).

Measurement of Pro and Sugar Contents

Transgenic plants at the four-leaf stage were used for biochemical analysis.
Free Pro content in leaves was determined by essentially following the
reported methods (Troll and Lindsley, 1955). About 50 mg of leaves were
homogenized in 1 mL of sulfosalicylic acid (3%) and the homogeneous
mixture was centrifuged at 13,000 rpm for 15 min at 4°C. The extract (200 L)
was transformed to a new microcentrifuge tube and mixed with 200 uL of acid
ninhydrin (0.1 g ninhydrin dissolved in 2.4 mL of glacial acetic acid and 1.6
mL of 6-mortho-phosphoric acid) and 200 uL of acetic acid. The reaction
mixture was boiled in a water bath at 100°C for 30 min and cooled down at 4°C
for 30 min. Then 400 uL of toluene was added to the leaf extract and thoroughly
mixed. Finally, 120 uL of the toluene phase was removed for absorbance mea-
surement at 520 nm in a DU640 spectrophotometer (Beckman).

Total soluble sugars in leaves were determined by the modified phenol-
sulfuric acid method (Dubois, 1956). About 0.1 g of leaves were homogenized
in 8 mL of double-distilled water, then boiled twice in a water bath at 100°C for
30 min. The extract (about 500 L) was transferred to a new microcentrifuge
tube, added with 1.5 mL of double-distilled water, 1 mL of 9% (v/v) phenol,
and 5 mL of sulfuric acid added, and kept at room temperature for 30 min. The
absorbance was measured at 485 nm in a DU640 spectrophotometer (Beckman).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the accession numbers listed in Table L.
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The following materials are available in the online version of this article.
Supplemental Figure S1. Partial sequence alignment of part of OsCIPKs.

Supplemental Figure S2. RT-PCR analysis of nine OsCIPK genes that
could not be detected with signals in northern analysis.

Supplemental Figure S3. Fresh weight of transgenic plants at four-leaf stage.

Supplemental Table S1. Content (mg/g) of Na*/K" in root, stem, and
leaf of OsCIPK15-overexpressing transgenic seedlings under normal
and salt stress conditions.
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