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RPK1 (receptor-like protein kinase 1) localizes to the plasma
membrane and functions as a regulator of abscisic acid (ABA)
signaling in Arabidopsis. In our current study, we investigated
the effect of RPK1 disruption and overproduction upon plant
responses to drought stress. Transgenic Arabidopsis overex-
pressing the RPK1 protein showed increased ABA sensitivity in
their root growth and stomatal closure and also displayed less
transpirational water loss. In contrast, a mutant lacking RPK1
function, rpkl-1, was found to be resistant to ABA during these
processes and showed increased water loss. RPK1 overproduc-
tion in these transgenic plants thus increased their tolerance to
drought stress. We performed microarray analysis of RPK1
transgenic plants and observed enhanced expression of several
stress-responsive genes, such as Cor15a, Corl5b, and rd29A, in
addition to H,O,-responsive genes. Consistently, the expres-
sion levels of ABA/stress-responsive genes in rpkl-1 had
decreased compared with wild type. The results suggest that the
overproduction of RPK1 enhances both the ABA and drought
stress signaling pathways. Furthermore, the leaves of the rpk1-1
plants exhibit higher sensitivity to oxidative stress upon ABA-
pretreatment, whereas transgenic plants overproducing RPK1
manifest increased tolerance to this stress. Our current data
suggest therefore that RPK1 overproduction controls reactive
oxygen species homeostasis and enhances both water and oxi-
dative stress tolerance in Arabidopsis.

The acclimation of plants to ever-changing environmental
conditions is mediated by an orchestrated but complex series of
signaling networks that regulate cellular and molecular events.
Water deficit conditions affect plant growth and development
via various biological and physiological processes and thereby
limit plant productivity. Improving the water deficit stress tol-
erance of plants is thus important for increasing crop produc-
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tivity and yields. An increased understanding of the regulatory
mechanisms underlying the plant responses to water deficit
stress will provide key insights for future molecular breeding of
such stress-tolerant plants. Under stress conditions, the expres-
sion of a variety of genes that function not only in stress toler-
ance but also in stress responses is up-regulated. The plant hor-
mone abscisic acid (ABA)? regulates a range of physiological
events, including seed maturation and dormancy, the control of
vegetative growth, and the tolerance of plants to various abiotic
stresses, such as drought, salinity, and cold (1). ABA is dramat-
ically produced under water deficit conditions and regulates the
expression of various genes that also respond to water deficit
stress. It has been shown that the bZIP-type transcription fac-
tors regulate the activation of the ABA-responsive gene expres-
sion in Arabidopsis (2). Other families of transcription factors,
such as MYC, MYB, homeodomain protein, NAC, and AP2/
EREBP, have been shown to play roles in ABA responses in
plants (2).

To further elucidate the ABA signaling mechanisms,
genetic and physiological analyses have been performed pre-
viously, and both negative and positive regulators of ABA
signal transduction pathways have been identified (3). A
number of recessive mutations resulting in insensitivity and
hypersensitivity to ABA have been isolated, and the factors
involved have been shown play important roles in ABA sig-
nal transduction as both positive and negative regulators (1,
4). Recently, also novel ABA receptor proteins, the PYR/
PYL/RCARs (5, 6) and GTG1/2 (7), have been reported.
Interactions between the PYR/PYL/RCARs and the protein
phosphatase 2Cs are found to be stimulated by ABA and to
control its signaling by inhibiting protein phosphatase 2C
activity (5, 6). The PYR/PYL/RCARs encode the START pro-
teins and are functionally redundant in terms of ABA per-
ception (5, 6). Previous studies have also indicated that the
relatively low number of recessive ABA-insensitive mutants
is due to such genetic redundancy. Furthermore, interac-

2 The abbreviations used are: ABA, abscisic acid; ROS, reactive oxygen species;
RLK, receptor-like kinase; RT, reverse transcription; HA, hemagglutinin;
ANOVA, analysis of variance; HSD, honestly significant difference; GM, ger-
mination medium; RH, relative humidity.
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tions among signaling cascades involved in abiotic stress
responses, such as those for drought, salinity, and cold, and
between abiotic and the other pathways, such as biotic, phy-
tohormone, and sugar responses, affect the complexity of the
signaling networks and may cause functional redundancy
among the components involved. Reactive oxygen species
(ROS) are partially reduced or activated forms of oxygen
(O,) and include superoxide free radicals, such as H,O,, and
hydroxyl radicals, all of which are toxic and can cause the
oxidative destruction of cells. It has also been suggested,
however, that ROS also function as key regulators in plant
growth and development, cell cycle, hormone signaling,
biotic and abiotic stress responses, and programmed cell
death (8 —=10). ROS production is induced by both abiotic and
biotic stress insults, such as high light, osmotic stress, and
pathogen attack. ROS have now been implicated as impor-
tant second messengers of ABA signaling in guard cells (11—
13). The guard cells of an Arabidopsis double mutant for the
membrane-bound NADPH oxidase catalytic subunits,
atbohD/atbohF, were shown to be impaired in ABA-induced
H,O, production and show a partially repressed ABA-in-
duced stomatal closure (12). SRK2E/OST1 and ABI1, which
catalyze phosphorylation and dephosphorylation during
ABA signaling, control ABA-stimulated stomatal closure via
ROS production (11, 14). Furthermore, recent studies have
indicated that the activation of an antioxidant system for
detoxification of ROS increases tolerance to drought stress
(15, 16).

Receptor-like kinases (RLKs) belong to a large plant gene
family (17) and contain an extracellular domain, a single trans-
membrane domain, and a cytosolic Ser/Thr protein kinase
domain. The RLKs are classified on the basis of their putative
extracellular ligand-binding domains, and the leucine-rich
repeat receptor-like kinases are the largest group of RLKs
within the Arabidopsis genome, with more than 200 members
(18). Current studies indicate that they function in diverse sig-
naling events in Arabidopsis, such as brassinosteroid percep-
tion by BRI1 and BAK1 (19); perception of bacterial flagellin
fragments by FLS2 (20), which mediates a pathogen response;
peptide plant hormone phytosulfokine perception by PSKR
(21); and recognition of the CLE family peptide hormone,
CLV3, by CLV1 (22). RPK1 is a leucine-rich repeat receptor-
like kinase isolated from Arabidopsis, and its gene expression is
induced by ABA, dehydration, high salt, and low temperatures
(23, 24). To determine the function of RPK1 in ABA signaling in
plants, we have previously isolated RPKI-knock-out mutants
and constructed antisense-RPK1 transgenic lines. The loss of
function of RPK1 shows ABA insensitivity in seed germination,
plant growth, stomatal closure, and gene expression in Arabi-
dopsis (24). In our present study, we generated transgenic Ara-
bidopsis overproducing the RPK1 protein. We then compared
the effects of RPK1 disruption and overproduction in Arabi-
dopsis plants upon their sensitivity to water-deficit conditions
and investigated whether RPK1 overproduction enhances the
drought stress response pathways in these transgenic plants.
We also show that transgenic plants overproducing RPK1 have
an increased tolerance to drought stress as well as oxidative
stress.
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EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—Seeds of wild type
Arabidopsis thaliana (Columbia; Co ecotype and Was-
silewskija; WS ecotype), rpkl-1 (24), srk2e (25), and nced3-2
(26) mutants and transgenic plants were surface-sterilized,
sown on germination medium (half-strength Murashige and
Skoog salt and vitamin medium supplemented with 0.8% (w/v)
agar and 1% (w/v) sucrose), and grown in a growth chamber at
2500 lux at 22 °C under a 16-h light/8-h dark photoperiod.
Transgenic and control plants were grown on GM-agar plates
containing kanamycin (20 mg/liter).

RNA Analyses—Total RNAs were extracted from the leaves
or whole plants of 3-week-old Arabidopsis grown in soil pots or
on GM-agar plates treated with or without ABA or H,O, with
TRIzol reagent (Invitrogen). RNA gel blot analysis was per-
formed as described previously (27). For real-time quantitative
RT-PCR, reverse transcription of the RNA samples was carried
out with SuperScript III RNase H-reverse transcriptase
(Invitrogen) with random hexamer primers. Real-time quanti-
tative PCR was performed using real-time PCR system 7300
(Applied Biosystems, Foster City, CA) and SYBR Premix Ex Taq
(Takara, Shiga, Japan). The primer pairs used for real-time PCR
are listed in supplemental Table 1. Melting curve analysis con-
firmed that only one product was amplified. Specific cDNA was
quantified with a standard curve based on known amounts of
each amplified cDNA fragment. 18S rRNA was also amplified
for calibration purposes, and three determinations were per-
formed for each sample. We performed three biological repli-
cates for real-time quantitative RT-PCR. Microarray analysis
was performed using the Agilent Technologies (Palo Alto, CA)
Arabidopsis 22K oligonucleotide array. Total RNA was used for
the preparation of Cy5- and Cy3-labeled cDNA probes. The
Arabidopsis 2 Oligo Microarray kit (Agilent Technologies) was
used to compare transcript profiles as described previously
(28).

Protein Extraction and Protein Gel Blot Analysis—To pre-
pare total protein extracts, 3-week-old transgenic plants were
ground in liquid nitrogen and thawed in extraction buffer (25
mM Tris-HCI, pH 7.0, 5 mm MgCl,, 1 mm CaCl,, 0.25 M sucrose,
and a protease inhibitor mixture (Roche Applied Science))
using a mortar and pestle. The extracts were then centrifuged at
10,000 X g for 10 min at 4 °C, and the microsomal fraction was
isolated by centrifugation of the supernatant at 100,000 X g for
60 min at 4 °C. The resulting microsomal membrane fraction
was suspended in extraction buffer containing 0.5% Triton
X-100. The concentration of extracted proteins was deter-
mined using the Bio-Rad protein assay. The microsomal frac-
tions were then separated by SDS-PAGE and blotted onto a
phenylmethylsulfonyl fluoride membrane. The RPK1 protein
was detected with anti-RPK1 peptide antibody (24), anti-
phosphothreonine antibody from Zymed Laboratories
(Invitrogen), or monoclonal anti-hemagglutinin (HA) antibody
(Sigma). Signals were developed using Pierce SuperSignal West
Dura extended duration substrate (Thermo Fisher Scientific).

Construction of Transgenic Plants—The full-length cDNA
fragment of RPKI was cloned into the pGreenll vector (29),
which contains the modified cauliflower mosaic virus 35S pro-
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moter and the ()-sequence of the tobacco mosaic virus (30). A
double HA-His tag sequence was obtained by annealing the
primers 5'-ggccgcttacccatacgacgttccagactacgcetggttacccatacga-
cgttccagactacgctagatccggtcaccaccaccaccaccactaagaget-3'  and
5'-cttagtggtggtggtggtggtgaccggatctagegtagtctggaacgtegtatggg-
taaccagcgtagtctggaacgtcgtatgggtaage-3' and ligating into Notl-
and Sacl-digested pGreenll vector to produce HA/His fusion.
The RPK1 sequence was amplified by PCR using the primers
5'-tctttctcttgtgaageggecgetgaaaaatgaaact-3' and 5'-ttcttctage-
ggccgcacacaatctagaaggetggat-3', digested with Notl, and then
cloned into the corresponding sites in pGreenll to obtain the
expression plasmid 35S:RPK1 for plant transformation. This
vector was introduced into Agrobacterium tumefaciens C58
cells, and plants were transformed as described previously (24).
A single mutation was introduced into the RPK1 kinase domain
by substituting lysine 289 with glutamic acid (K289E) to gener-
ate the mutant kinase protein (mRPK1). The mRPK1I fragment
was cloned into the pGreenlI vector to express this protein in
Arabidopsis. To generate transgenic plants containing RPK1
promoter constructs, we cloned the RPK1 promoter region (24)
also into pGreenll containing RPK1-HA (RPKIpro:RPKI) or
mRPK1-HA (RPKl1pro:mRPKI) inserts. We subsequently
obtained 30 transgenic T2 lines overexpressing the RPK1 gene
using each fusion vector. The lines showing the highest exoge-
nous RPKI expression were then selected for further
experiments.

Preparation of Microsomal Membranes from Arabidopsis
and Immunoprecipitation—Three-week-old transgenic plants
were ground in liquid nitrogen and homogenized in an
extraction buffer containing 50 mm Tris-HCI (pH 7.5), 5 mm
MgCl,, 0.25 m sucrose, 1 mm EDTA with proteinase inhibitor
mixture (Roche Applied Science). The homogenate was fil-
tered through Miracloth and centrifuged at 10,000 X g for 20
min, and the supernatant was then ultracentrifuged at
100,000 X g for 30 min to pellet the microsomal membrane.
This pellet was then solubilized with PreserveX™-QML
(QBI Life Sciences, Madison, WI). RPK1 proteins were
immunoprecipitated from the solubilized microsomal mem-
branes with HA-agarose (Sigma).

ABA Sensitivity of Arabidopsis Root Growth—Arabidopsis
seeds of wild type, rpk1-1, and 35S:RPK1 plants were sterilized
and germinated on GM. Five-day-old young seedlings were
then transferred to fresh MS medium containing 1% sucrose
and various concentrations of ABA. The root length was mea-
sured after 10 days of culture.

Stomatal Movement Assay and Measurement of ABA
Content—Stomatal movement assays were performed essen-
tially as described previously (8). Briefly, rosette leaves of
4-week-old wild type, rpkl-1, 355:RPK1 and control plants
grown on soil at 22 °C under a 16-h light/8-h dark photope-
riod in 50% RH were harvested and incubated for 2 h in a
solution containing 10 mm KCl, 0.2 mMm CaCl,, and 10 mm
MES-KOH (pH 6.15) under white light (8). These leaves were
subsequently transferred to a solution containing the same
buffer and ABA and incubated for a further 2 h. Guard cells
were photographed under a color laser three-dimensional
profile microscope (Keyence, Tokyo, Japan). Twenty stoma-
tal apertures were measured for each leaf experiment. The
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endogenous ABA contents of rosette leaves of 4-week-old
wild type, rpki-1, 35S:RPK1, and control plants were mea-
sured as previously described (31).

Resistance to Drought Stress—Survival rates associated with
drought tolerance levels were measured as described previously
(32) with minor modifications. Briefly, 2—3-week-old plants
were grown on GM-agar plates at 22 °C under a 16-h light/8-h
dark photoperiod and then transferred to filter paper on dishes.
These plants were then left unwatered for 8 h in 30% RH under
continuous white light and then rewatered for 2 days. The
plants were then photographed, and the numbers of surviving
green plants were calculated. In addition, 4-week-old plants
grown on soil pots at 22 °C under a 16-h light/8-h dark photo-
period in 30 —40% RH were subjected to dehydration stress by
lack of watering. After 2 weeks of withholding water, the plants
were rewatered for 1 week and then photographed. The surviv-
ing green plants were then counted. Thirty plants were used in
each experiment, and all experiments were repeated three
times.

Analyses of fresh weight loss were performed using detached
rosette leaves at the same developmental stage and size as
3-week-old plants. Three leaves per plant were excised and
maintained in a growth chamber in 30% RH. Fresh weights were
measured at the indicated periods of time, and five plants of
each genotype and transgenic line were analyzed in indepen-
dent experiments repeated five times.

Detection of Reactive Oxygen Species—H,0,, was detected in
leaves using 3,3’ -diaminobenzidine staining as described previ-
ously (33). Briefly, the first fully expanded leaf from both a
5-week-old wild type and a 355:RPK1 plant were vacuum-infil-
trated with 3,3’-diaminobenzidine solution (1 mg/ml, pH 3.8;
Sigma). The leaves were then placed in a plastic box under high
humidity until a reddish brown precipitate was observed and
then fixed with a solution of 3:1:1 ethanol/lactic acid/glycerol
and photographed.

H,0, Sensitivity and Superoxide Dismutase Activity Assay—
Detached fully expanded leaves from the rosettes of 4-week-
old wild type, rpk1-1, 35S:RPK1, and control plants grown on
soil at 22 °C under a 16-h light/8-h dark photoperiod in 50%
RH were harvested and incubated for 3 days in solution with
or without H,O, under white light. These leaves were also
pretreated with 50 um ABA for 3 h and then transferred to
H,O, solution. Photochemical efficiency (Fv/Fm ratio)
measurements were taken after 3 days of treatment with
H,O, using a PAM chlorophyll fluorometer (Walz, Effel-
trich, Germany), after the leaves had been allowed to dark-
adapt for 60 min. Chlorophyll content measurements in the
leaves were performed as described by Arnon (34) by mea-
suring the absorbance at 664 and 647 nm of 80% acetone
extracts. Twenty leaves of each genotype were treated and
measured for each condition. All experiments were repeated
three times. Superoxide dismutase activity was determined
as described (35).

Stastical Analysis—Statistical analyses were performed using
either Student’s t test or one-way analysis of variance
(ANOVA), followed by Turkey’s honestly significant difference
(HSD) test using Statistical Package, version 7.0.1 (Japanese
edition; JMP Software).
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FIGURE 1. ABA sensitivity of transgenic Arabidopsis overexpressing RPK1. A, expression levels of RPK1 in
transgenic plants. Total RNAs were extracted from transgenic plants carrying the 35S vector (vector control (VC))
and from four transgenic lines of 355:RPK1 (L1-L4; Columbia ecotype) and were blotted and hybridized with a cDNA
probe for RPK1. Protein blot analysis was performed with microsomal fractions of 355:RPK1 lines (L1-L4) using an
anti-RPK1 antibody (23). B, 355:RPK1 (lines L1-L3) and vector control plants grown on GM-agar plates for 2 weeks.
Cand D, assay for root growth inhibition by ABA. Young seedlings of 355:RPK1 (lines L1 and L2), vector control, wild
type Arabidopsis (WS), and rpk1-1 were transferred to ABA-containing medium and incubated for 10 days. The
relative root lengths were measured and are shown as a percentage of the root lengths grown in the absence of ABA.
Values are the means = S.D. (n = 50). The asterisks indicate statistically significant differences in comparisons
between WS and rpki-1, determined by Student's t test, or in comparisons between vector control and 355:RPK1,
evaluated by one-way ANOVA with Tukey’s HSD (¥, p < 0.0001; **, p < 0.005). Bars, 1 cm.

(At2g29120), Corlsa (At2g42540),
NCED3  (At3gl14440), SRK2E
(At4g33950), Kin2 (At5gl15970),
RD29A (At5g52310), and AtrbohD
(At5g47910).

RESULTS

RPK1 Overproduction Increases
ABA Sensitivity in Arabidopsis—To
further understand the molecular
mechanisms controlling the RPK1-
mediated ABA signaling pathway,
we generated transgenic Arabidop-
sis plants (Co ecotype), which over-
express the RPK1 gene fused to an
HA tag in the expression vector
under the control of the cauliflower
mosaic virus 35S promoter. Thirty
transgenic T2 plants were subjected
to RPKI expression analysis by
Northern blotting. Transgenic lines
overexpressing RPKI (35S:RPK1)
were selected, and their homozy-
gous T3 plants were used for further
analysis. By both Northern and pro-
tein blot analyses, we detected the
highest levels of RPK1 expression in
transgenic lines L1 and L2, as com-
pared with wild type control plants
transformed with the empty vector
(Fig. 1A). We also generated trans-
genic lines overexpressing non-
tagged RPK1 under the control of
the 35S promoter in Arabidopsis
but could not obtain lines overpro-
ducing the RPK1 protein (data not
shown). As shown in Fig. 1B, the
358:RPK1 plants showed weak
growth retardation (supplemental
Fig. 1). Previously, we reported that
rpkl mutants manifest impaired
root growth inhibition when
exposed to ABA. We thus analyzed
root growth inhibition by ABA in
our current experiments using the
358:RPK1 lines L1 and L2 and com-
pared these results with those
obtained for the rpkI mutant. The
negative effects of ABA on root
growth were found to be reduced in
the rpkl mutants, whereas the 35S:
RPK1 plants showed increased sen-
sitivity to ABA (Fig. 1, Cand D). The
roots of the rpki-1 plants grew
faster than those of the wild type

Accession Numbers—Arabidopsis Genome Initiative locus  plants on ABA-containing media, whereas the root growth of
identifiers for the genes described in this article are as 35S:RPKI plants was more severely inhibited by ABA com-
follows: RPK1 (At1g69270), FRKI (At2g19190), AtGLR2.7 pared with the control plants.
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FIGURE 2. Response of the rpk1-1 mutant and RPK1 overexpression lines
to the regulation of transpiration under water stress conditions. A, tran-
spirational water loss in wild type (WS), rpk1-1,RPK1 overexpression (35S5:RPK1
lines L1 and L2), and control plants (VC) at the indicated time points after leaf
detachment. Water loss is expressed as a percentage of the initial fresh
weight. Values are the means = S.D. of five samples of three leaves each.
B, effects of ABA on stomatal closure in wild type, rpk1-1, 355:RPK1 L1 and L2,
and control plants. Leaves were treated with or without ABA for 2 h after
stomatal preopening under light for 2 h, and the stomatal aperture was mea-
sured. Values are the means = S.D. of 20 measurements. The asterisks indicate
statistically significant differences in comparisons between wild type and
rpk1-1, determined by Student’s t test, or in comparisons between control
and 35S:RPK1, evaluated by one-way ANOVA with Tukey’s HSD (¥, p < 0.0001;
** p < 0.0005; ***, p < 0.005). C, guard cells of 355:RPK1 L1 and control plants
treated with or without 5 um ABA for 2 h. Bars, 30 um.

ABA signaling plays a crucial role in reducing water loss by
regulating stomatal closing under conditions of drought stress.
To investigate the role of RPK1 in this process, we measured the
fresh weight loss in detached leaves from rpkI-1 and 35S:RPK1
plants (Fig. 2A). The disruption of RPKI resulted in an
increased water loss rate when compared with the wild type WS
ecotype. In contrast, the overproduction of RPK1 in transgenic
Arabidopsis led to a decrease in water loss. To further examine
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the nature of the ABA sensitivity that controls water loss during
drought stress, we analyzed stomatal movement responses to
ABA in the 35S:RPK1 plants (Fig. 2, B and C). Compared with
the wild type controls, the guard cells of 35S:RPK1 plants exhib-
ited smaller stomatal apertures without ABA treatment,
whereas rpk1-1 mutant plants showed insensitivity in ABA-
induced stomatal closure, similar to the results of our previous
study (24). A slightly increased ABA content in rpkI-1 and
decreased ABA content in 35S:RPK1 was observed (supple-
mental Fig. 2), suggesting that the endogenous ABA levels in
the knock-out and transgenic plants did not affect their pheno-
types. These data thus suggest that RPK1 overproduction
enhances ABA signaling during root growth and also the sto-
matal closing of guard cells in the transgenic plants.

RPK1 Overproduction Increases the Tolerance to Drought
Stress in Arabidopsis—To investigate the physiological func-
tion of RPK1 during drought stress, we examined whether the
disruption or overproduction of RPK1 would affect the toler-
ance to this condition in plants (Fig. 3). Wild type, rpkI-1, 35S:
RPK1 (L1, L2, and L3 lines), nced3-2 (a mutant of a key enzyme
in ABA biosynthesis during drought stress; 9-cis-epoxicarot-
enoid dioxygenase 3), and 35S:NCED3 (31) plants grown for 2
weeks on GM-agar plates under normal conditions were trans-
ferred onto filter paper and then exposed to drought stress by
ceasing the water supply in 40% RH for 8 h. After this drought
stress treatment, the plants were watered again, incubated for a
further 2 days, and then analyzed for surviving green plants (Fig.
3, Band C). The survival rates of rpk1-1 and nced3-2 were lower
than those of the control plants after drought stress. However,
the survival rates of the 35S:RPKI plants were significantly
higher (>80%) than those of the control plants and were similar
to those of the 355:NCED3 plants (Fig. 3B). To further examine
drought stress tolerance, we selected two additional 355:RPK1
lines (L5 and L6) that showed characteristics similar to those of
the L1 and L2 lines (Fig. 3B). Fig. 3, D and E, shows the survival
rates of 35S:RPK1 lines L5, L6, and L3 grown on soil pots under
long term drought stress. The transgenic plants grown on pots
were exposed to drought stress by stopping watering in a
30-40% RH environment for 2 weeks. After this drought stress
treatment, the plants were watered and cultured for a further 1
week and then analyzed for surviving green plants (Fig. 3D).
The 35S8:RPK1 plants showed improved stress tolerance to
drought compared with the wild type plants. These results indi-
cate important roles for the RPK1-mediated signaling pathway
in both short term and long term drought stress tolerances in
Arabidopsis.

RPK1 Overproduction Enhances the Transcription of Stress-
responsive Genes—To further elucidate the effects of RPK1
overproduction on ABA and stress signaling pathways in Ara-
bidopsis during drought stress, we performed comparative
microarray analysis of wild type and 35S:RPKI plants grown
under normal conditions using an Agilent Arabidopsis 2 Oligo
Microarray (Agilent Technologies), covering >21,000 genes.
Two experiments were performed using RNA samples from
two independent lines overexpressing the RPK1 protein (L1
and L2). Each sample was labeled differently (Cy3 or Cy5).
Genes exhibiting an expression ratio (35S:RPK1/wild type)
higher than 3 are listed in Table 1 and supplemental Table 2.
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FIGURE 3. Drought tolerance of the 355:RPK1 plants. A, protein blot analy-
sis was performed with microsomal fractions of the 35S:RPK1 transgenic
plants (lines L1, L2, L5, and L6) using an anti-RPK1 antibody. NS, nonspecific
proteins. Band C, enhanced tolerance to rapid drought stress in the 35S:RPK1
(lines L1 and L2) plants. Transgenic plants, including vector control (VC),
grown on GM-agar plates under normal conditions were transferred onto
filter paper, and water was withheld for 8 h under 40% RH conditions. After
drought stress treatment, the plants were watered and incubated for a fur-
ther 2 days and then photographed (B). Survival rates were determined as the
number of visible green plants after rehydration (C), and 20 plants were used
in each experiment. Values are the means =+ S.D. calculated from the results of
three independent experiments. Bars, 1.0 cm. D and E, enhanced tolerance to
long term drought stress in the 35S:RPK7 (lines L5 and L6) plants. The trans-
genic plants were grown on pots under normal conditions, and water was
withheld for 2 weeks in 30-40% RH conditions. After this drought stress treat-
ment, the plants were watered and incubated for 1 week and then photo-
graphed (D). Survival rates were determined as the number of visible green
plants after rehydration (E), and 20 plants were used in each experiment.
Values are the means =+ S.D. calculated from the results of three independent
experiments. The asterisks indicate statistically significant differences in com-
parisons between WS and rpk1-1, determined by Student’s t test, or in com-
parisons between VC, 355:RPK1, and 35S:NCED3, evaluated by one-way
ANOVA with Tukey’s HSD (¥, p < 0.0001; **, p < 0.005; ***, p < 0.05).

Genes for which the expression ratio (wild type/35S:RPK1) was
lower than 3 are shown in supplemental Table 3. In comparison
with the vector control plants, 27 genes were found to be up-
regulated with an average expression ratio greater than 3 (Table
1). Among these, 12 genes were identified as water stress/ABA-
responsive genes induced by drought, high salinity, cold,
osmotic stress, and ABA treatment. These included genes such
as Corl5a, Corl5b, RD29A, and GolS3 (2), which were observed
to be up-regulated in the RPK1 transgenic plants (Table 1 and
supplemental Table 2). Other genes were also found to be up-
regulated not only by water stress and ABA treatment but also
by H,O, treatment and heat stress, including ANAC036, heat

asEve
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shock protein (HSP) (36), and calcium-binding proteins (Table
1). Genes for stress-responsive transcription factors, such as
TEM1, RAVI, and RAV2/TEM2 (37), and a senescence-related
transcription factor, WARKYS53 (38), were also found to be up-
regulated in the RPK1 transgenic plants.

Fig. 4 illustrates the relative transcript levels of several stress-
responsive genes, standardized using absolute 18 S rRNA tran-
script levels, during drought stress in Arabidopsis. The expres-
sion levels of the ABA-responsive genes Kin2, Corl5a, and
RD29A (2) were significantly reduced in the rpkl-1 mutant
after drought stress. In contrast, the expression levels of these
same genes were strongly increased in 35S:RPK1 plants, indi-
cating that RPK1 overproduction enhances their transcription.
The expression levels of the putative glutamate receptor,
AtGLR2.7 (AT2g29120) were also found to be affected by
drought stress (i.e. decreased in rpkI-1 and increased in 35S:
RPK1) (Fig. 4 and supplemental Table 2), suggesting that RPK1
also regulates the expression of drought stress-responsive GLR.
The expression levels of a receptor-like kinase FRK1, which is
induced by drought stress in wild type plants, were found to be
down-regulated in rpkI-1 and up-regulated in 35S:RPK1 (Fig. 4
and supplemental Table 2). The expression levels of the
NADPH oxidase gene, which has roles in ROS production, were
also up-regulated by RPK1 overproduction (Fig. 4 and supple-
mental Table 2). In contrast, several stress-responsive genes,
such as RD20, DREB, and NAC (2), were shown to be down-
regulated in the 35S:RPK1 plants (supplemental Table 3). This
down-regulation is somewhat unexpected but may be caused
by a feedback control mechanism whereby the activation of the
RPK1-responsive stress-related pathway represses the expres-
sion of stress-responsive genes regulated by other such path-
ways in the transgenic plants. Further experiments will be
needed to clarify this phenomenon. Expression of the cytoki-
nin-responsive ARR genes (27) and GATA type transcription
factor genes (39) was also found to be decreased in 355:RPK1.

RPK1 Overproduction Enhanced ROS Scavenging Activity—
ROS is implicated in ABA signaling as an essential second mes-
senger, and indeed ABA-induced stomatal closure involves the
ROS production that activates Ca*>* channels (12). In our pres-
ent microarray analysis, ROS-responsive genes were found to
be up-regulated in the RPK1-overproducing plants (Table 1 and
supplemental Table 2), suggesting that ROS homeostasis might
be affected. To further evaluate the effects of RPK1 overproduc-
tion in the transgenic plants during oxidative stress, we inves-
tigated the H,O, sensitivity of rpkI-1 and 35S:RPK1 leaves by
detecting their ability to remove exogenous H,O,. In wild type
leaves, pretreatment of ABA caused more severe bleaching
when they were floated on 10 mm H,O, under light (Fig. 5A).
Leaves of the rpk1-1 mutant showed higher sensitivity to exog-
enous H,O, than those of wild type, suggesting that the RPK1
mutation impairs the ability to scavenge exogenous H,O,. In
contrast, the 355:RPK1 leaves remained green during incuba-
tion with H,O, both with and without pretreatment of ABA,
indicating that RPK1 overproduction enhances the resistance
to oxidative stress (Fig. 5B).

H,0, sensitivity was further assessed by measuring of pho-
tochemical efficiency of photosystem II and also the chloro-
phyll contents in the H,O,-treated leaves of rpkI-1 and 35S:
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TABLE 1
The up-regulated genes in the microarray data of untreated 355:RPK1 (355:RPK1/wild type)
-Fold change
Locus Gene 35S:RPK1/ c e c ° < <
wild type® Dry” NaCl% Cold* ABA“? Heat” H,0,
—fold
Stress-responsive
genes
At2g42540.1 Cold-regulated protein, Corl5a 5.4 39.8 38.3,7.8 67.4, 30.9 8.2, 40.4
At5g52310.1 Low temperature-responsive protein 78 (LT178)/rd29A 3.5 13.4 16.7,20.1 179,444  30.7,25.20
At4g30650.1 Hydrophobic protein/low temperature and salt 3.4 41.3,6.2 3.7
responsive protein
At2g42530.1 Cold-regulated protein, Cor15b 3.2 20.3,2.5 36.9,18.1 6.3,6.5
Metabolism
At1g09350.1 Galactinol synthase (GolS3) 4.0 53.9,103.4
At1g75900.1 Family II extracellular lipase 3 EXL3 (EXL3) 3.8 2.3 3.0,3.0 2.2
At1g64400.1 Long-chain acyl-CoA synthetase, putative 3.6
At3g44870.1 S-Adenosyl-L-methionine:carboxyl methyltransferase 3.2 4.0 11.1 63.3
family protein
Disease
At2g43620.1 Chitinase 5.1 25,22 9.0 5.5,11.9 3.0
At3g52430.1 Phytoalexin-deficient 4 protein (PAD4) 3.4 3.8 2.3
TF
At1g25560.1 AP2 domain-containing transcription factor 4.4 3.2 2.3 4.5
Atlgl3260.1 DNA-binding protein RAV1 (RAVI) 3.9 2.0 4.5, 6.6 2.0
At1g68840.1 DNA-binding protein RAV2 (RAV2) 3.9 3.8 3.0 2.0
At4g23810.1 WRKY family transcription factor AR411 (WRKY53) 3.9 4.1,12.5 3.1 2.2
At2g17040.1 ANACO036 no apical meristem (NAM) family protein 3.6 2.4, 8.4 3.2 51.9
Hsp
At3g09440.1 Heat shock cognate 70 kDa protein 3 (HSC70-3) 3.7 5.9 2.5 8.6,2.0 2.3
At5g52640.1 Heat shock protein 81-1 (HSP81-1)/heat shock 34 4.3 2.0 32.7,89 11.9
protein 83 (HSP83)
At5g56010.1 Heat shock protein (HSP81-3) 3.3 4.0 6.9,4.5
At3g12580.1 Heat shock protein 70, putative/ HSP70 3.0 31.0 52,37 147.7,4.1  47.6,5.6 14.3
At5g23240.1 DNAJ heat shock N-terminal domain-containing protein 3.0 3.7
Calcium
At5g39670.1 Calcium-binding EF-hand family protein 4.2 6.1 4.5 8.9 39.4 6.7
At5g62070.1 Calmodulin-binding family protein 3.5 2.1
At2g41090.1 Calmodulin-like calcium-binding protein, 22 kDa (CaBP-22) 3.0 2.9 2.5 2.3
Transporter
At5g50200.1 Nitrate transporter, NRT3.1 52 4.3 2.4
Other
At2g24600.1 Ankyrin repeat family protein 3.4 4.0,6.2 6.5 6.8
Unknown
At2g20142.1 Expressed protein 4.2 2.8 33 61.8 2.4
At4g38560.1 Expressed protein 3.1 3.0 3.2

“ Values are the means and S.D. of two different 35S:RPK1 lines (ratio >3.0).
? The microarray data (boldface characters) from Maruyama et al. (58) (ratio >2.0).

¢ The microarray data are available in Genevestigator (available on the World Wide Web) (ratio >2.0).
4 Microarray data (boldface characters) from Y. Fujita and K. Yamaguchi-Shinozaki (unpublished data) (ratio >2.0).

RPKI. A decrease in photosynthetic activities was detected
during incubation of these plants in H,O, solution, whereas it is
accelerated after pretreatment with ABA in the wild type con-
trol (Fig. 5C). Severe decreases in photosynthetic activities were
observed in rpkI-1 leaves after pretreatment with ABA, an
approximate 50% decrease in the solution without H,O, com-
pared with wild type in the same solution. In contrast, 35S:
RPK1 leaves showed similar photosynthetic activities even after
treatment with H,O,. Similar results were obtained for the
chlorophyll content. Thus, the rpkiI-1 leaves were found to be
more sensitive to H,O,, particularly after pretreatment with
ABA, whereas 355:RPK1 leaves exhibited a higher chlorophyll
content compared with wild type controls (Fig. 5D). The regu-
lation of antioxidant enzymes is crucial for the redox states of
cells. The transcription levels of genes encoding ROS scaveng-
ing enzymes were not severely altered in 35S:RPK1 (Table 1 and
supplemental Table 2), and we thus further investigated these
enzyme activities in the transgenic plants. The activity of super-
oxide dismutase was determined in 35S:RPKI and wild type
leaves with or without ABA treatment (Fig. 5E). In the wild type
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control, superoxide dismutase activity was induced by ABA
treatment, but its activities in the 355:RPK1 leaves were signif-
icantly higher than wild type. We then evaluated ROS genera-
tion in 35S:RPK1 Arabidopsis leaves after treatment with ABA.
H,O, formation in the transgenic plants was visualized by po-
lymerization with 3,3’-diaminobenzidine. H,O, accumulation
was observed as dark brown deposits in the leaves of wild type
plants (Fig. 5F). The leaves of 355:RPK1 plants, however, did not
accumulate H,0,, indicating that RPK1 overproduction stim-
ulates scavenging ROS. These data thus suggest that RPK1 plays
an important role in the control of ABA-responsive H,O,
homeostasis.

Mutation of the RPK1 Phosphorylation Site Suppresses RPK1
Function—To further elucidate the activation mechanisms for
the RPK1 receptor-like kinase, we examined the effects of
amino acid substitutions on its activity in vivo (Fig. 6). Previ-
ously, substitution of the conserved lysine within the kinase
domains of the plant RLKs (to glutamic acid) has been shown to
abolish their activity (40). We thus created an enzymatically
inactive form of RPK1 in the same way (Fig. 64; K289E mutant
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Given the inherent nonspecific
effects of ectopic gene expression
under the control of the cauliflower
mosaic virus 35S promoter, we
additionally generated transgenic
plants expressing RPK1 driven by its
own promoter (RPKIpro:RPKI)
(24). The RPKl1pro:RPK1I plants did
not show the growth retardation
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introduction of RPK1pro:RPK1 res-
cued the water loss phenotype. In
contrast, RPKi1pro:mRPKI did not
function in the rpkI-1 mutant (Fig.
6E, right). Taken together, our data
indicate that RPK1 under the con-
trol of its native promoter shows
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RPK1). We then produced transgenic Arabidopsis plants over-
expressing this K289E mutant RPK1 (mRPK1) driven by the
cauliflower mosaic virus 35S promoter. The proteins immuno-
precipitated with anti-HA antibody from the microsomal frac-
tions of 358:RPK1 and 35S:mRPK1 transgenic plants were then
subjected to Western blot analysis. Immunoprecipitated RPK1-
HA, but not mRPK1-HA, cross-reacted with anti-phospho-
threonine antibody (Fig. 6B). We then evaluated the effects of
kinase inactivation on these plant phenotypes. Plants that had
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rpk1-1

FIGURE 4. Expression levels of RPK1 downstream genes in rpk1-1 and 355:RPK1. Relative mRNA levels were
determined in rpk1-1and 355:RPKT plants under dehydration conditions by quantitative RT-PCR. Similar results
were obtained from three independent experiments, and a typical result is shown with S.D. values calculated
from three independent PCRs from the same biological sample. Oh, plants grown under normal conditions; 3h,
plants subjected to dehydration stress for 3 h. VC, vector control; WS, wild type.

VC 35S8:RPK1 enhanced function in transgenic
Arabidopsis plants and that inacti-
vation of the RPK1 kinase activity

abolishes its function.

DISCUSSION

Plants have acquired the ability to
survive in conditions of scarce water by developing highly sys-
tematic signaling networks, in which ABA is one of the impor-
tant regulators of increased plant tolerance to water stress (1, 2).
In our current study, we investigated the effects of overproduc-
tion of a membrane-localized receptor-like kinase, RPK1, in
Arabidopsis and found that it induces various stress-responsive
genes and enhances the physiological responses to drought
stress and ABA sensitivity. Our data suggest that unregulated
RPK1 enhances the downstream stress signal transduction

JOURNAL OF BIOLOGICAL CHEMISTRY 9197



Abiotic Stress Tolerance and ROS Signaling Mediated by RPK1

pathways and increases the toler-
ance to drought stress in transgenic
Arabidopsis.

In our previous study (24), we
showed that rpkl knock-out
mutants have a decreased ABA sen-
sitivity. We were thus interested in
what the effects of overexpressed
RPK1 protein would be on the plant
responses to drought stress. In our
current study, we now show that the
rpkI-1 mutant has decreased ABA
sensitivity with regard to root
growth inhibition, transpirational
water loss, and stomata closure,
whereas RPK1 overproduction
increases the sensitivity of these
processes to ABA (Figs. 1 and 2). In
our current transgenic plants over-
expressing RPK1, the expression of
many water stress-inducible genes
was found to be up-regulated during
drought stress, and these plants also
showed strong tolerance to both
short term and long term drought
stress insults (Table 1 and Fig. 3).
These results additionally suggest
that the RPK1-signaling pathway
positively controls the transcription
of these genes and thereby enhances
drought stress tolerance in plant
cells. Signaling proteins that func-
tion as transducers or mediators
need to be activated in response to
cell signals. Receptor proteins per-
ceive such extracellular signals and
transduce them to the appropriate
downstream pathway. Enhance-
ment of the water stress and ABA
signaling pathways by RPK1 overex-
pression may thus be caused by an
increased frequency of extracellular
signal perception by RPK1 or by
amplification of the signaling cas-
cade downstream of RPK1.

Our microarray analysis indicates
that various stress-responsive genes
are controlled by RPK1 overproduc-
tion. The expression levels of water
stress-responsive genes, such as
Corl5a, Corl5b, RD29A, and GolS,
which encode LEA (late embryo-
genesis-abundant) proteins and a
key enzyme in biosynthesis of
osmoprotectants (raffinose family
oligosaccharides), are up-regulated
in RPK1 transgenic Arabidopsis.
These LEA proteins and osmopro-
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FIGURE 6. Mutation of the RPK1 phosphorylation site suppresses the RPK1 function. A, alignment of the RPK1 kinase domain with other plant RLKs. A
conserved lysine in the kinase domain is indicated by dots, and a single mutation of this residue was introduced by a substitution with glutamic acid (K289E;
yielding mRPK1). B, RPK1 is phosphorylated on threonine residues in vivo. Proteins immunoprecipitated (/P) with anti-HA antibody from the microsomal
fractions of 355:RPK1 and 355:mRPK1 transgenic plants were analyzed by Western blot. RPK1-HA and mRPK1-HA proteins were both detectable on immuno-
blots using anti-HA antibody; phosphorylated RPK1-HA proteins could be detected with a phosphothreonine antibody. C, phenotypes of the 355:RPK1,
355:mRPK1, and RPK1pro:RPK1 transgenic plants. Two-week-old plants are shown. Bar, 1 cm. D, expression levels of RPK1 downstream genes in 35S:RPK1,
355:mRPK1, and RPK1pro:RPK1 transgenic plants. The relative mRNA levels were determined as shown in Fig. 4. Oh, plants grown under normal conditions; 3h,
plants subjected to dehydration stress for 3 h. E, transpirational water loss in the 355:RPK1, 355:mRPK1, and RPK1pro:RPK1 plants of the Columbia ecotype (left).
The introduction of the RPK1pro:mRPK1 construct into the rpk1-1 mutant plant did not rescue the mutant phenotype (right). The transpirational water loss rate
was measured as shown in Fig. 2. VC, control plants.

tectants have been shown to function in the protection of cells
during osmotic stress (41, 42). The expression level of a drought
stress-responsive receptor-like kinase gene, FRKI was also
found to be up-regulated in the RPK1 transgenic plants. Fur-
thermore, the expression of ROS-responsive genes, such as the
HSP genes, is also up-regulated in RPK1 transgenic plants.
These HSP proteins function as chaperones, which play impor-
tant roles in the acquisition of not only thermotolerance but
also the adaptation to various environmental stresses (36).
Genes encoding enzymes involved in fatty acid metabolism,
such as a long-chain acyl-coenzyme A synthetase, are also up-
regulated in the RPK1 transgenic plants (Table 1 and
supplemental Table 2). Long-chain acyl-coenzyme A synthe-
tase catalyzes free fatty acids to acyl-coenzyme A thioesters,
and this is a key step in fatty acid metabolism, including phos-
pholipid, triacylglycerol, and jasmonate biosynthesis and fatty
acid B-oxidation (43). B-Oxidation represents the degradation
step for fatty acids in peroxisomes and plays important roles in
ROS production and JA biosynthesis in response to environ-
mental stresses (44 —46). The expression level of the NADPH
oxidase gene is also up-regulated by RPK1 overproduction dur-

ing drought stress. NADPH oxidases have been suggested to
function in ABA-induced ROS production in guard cells (8, 11,
12). In the RPKlipro:RPKI plants, the transcription of water
stress- and ROS-related genes was also found to have increased,
although growth retardation, which can sometimes result from
the strong overexpression of stress-responsive genes (e.g. see
Ref. 28), did not occur in these plants. Our current results thus
suggest that RPK1 overproduction causes the increased tran-
scription of water stress- and ROS-responsive genes via the
enhancement of these signaling pathways.

Different types of environmental stress cause an increase in
oxidative damage to photosynthetic proteins and pigments.
ROS signaling is controlled and modulated by its production
and subsequent scavenging, which is mediated by scavenging
enzymes and non-enzymatic antioxidants (14, 47). ROS home-
ostasis is maintained by a large gene network in Arabidopsis to
control the steady-state level of these molecules (48). ABA-
induced ROS production has been described in several plant
species (12, 15), and ABA is also thought to regulate ROS scav-
enging enzymes, such as catalases, superoxide dismutases, glu-
tathione peroxidases, and ascorbate peroxidases (13, 15,

FIGURE 5. The rpk1-1 mutant shows increased sensitivity to H,0,, whereas 355:RPK1 plants show enhanced tolerance to H,0,. A and B, response of
detached leaves from wild type, rpk1-1, 35S:RPK1, and vector control plants (VC) to treatment with 10 mm H,0,. The plants were grown on soil, and the leaves
were harvested and incubated under white light for 3 days in H,O, solution. Chlorotic lesions were formed in response to H,0O, treatment and were increased
by pretreatment with 50 um ABA for 3 h. Bars, 1.0 cm. Cand D, photochemical efficiency (C) and chlorophyll contents (D) are shown in leaves treated with various
concentrations of H,0O, for 3 days with or without pretreatment of 50 um ABA for 3 h. Values are the means = S.D. of three replicates (n = 10). The asterisks for
wild type (WS) and vector control plant data indicate significant differences versus those obtained under control conditions, respectively. The asterisks for
rpk1-1 and 35S:RPK1 values indicate significant differences versus those obtained for the wild type and control plants under equivalent experimental condi-
tions, respectively, evaluated by one-way ANOVA with Turkey’s HSD (¥, p < 0.0001; **, p < 0.005). C, values of non-treated leaves. E, superoxide dimutase
activities in the leaves of 355:RPKT lines L5 and L6 and control plants (vector control) grown on soil pots for 5 weeks. Enzyme activities were assayed in three
independent replicates, and the values shown are the means = S.D. The asterisks indicate statistically significant differences in a comparison of vector control
and 35S:RPK1 under the same conditions, determined by one-way ANOVA with Tukey’s HSD (¥, p < 0.0001). F, ROS production in leaves of 35S:RPK1 and control
plants. The detached leaves from these plants were stained with 3,3'-diaminobenzidine (DAB). The photographs shown are of representative leaves from three
independent experiments. Bar, 0.25 cm.
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48 -50). To further elucidate the ROS scavenging properties of
the rpkl-1 mutant and RPK1 overexpressor, we analyzed their
phenotypes under oxidative stress conditions. Leaf longevity is
regulated during developmental stages and by environmental
stresses and phytohormones (44, 51, 52), and the photochemi-
cal efficiency of photosystem II and chlorophyll content have
been used as physiological senescence markers. We then inves-
tigated the effect of oxidative stress on the levels of these senes-
cence markers of the transgenic and mutant plants. The treat-
ment with exogenous H,O, caused severe damage in
photochemical efficiency and chlorophyll contents of wild type
plants (Fig. 5), and pretreatment with ABA caused further dam-
age on the wild type plants. This enhanced damage on the leaves
might be caused by the endogenous ROS production increased
by the pretreatment with ABA. On the other hand, the rpki-1
mutant showed increased sensitivity to H,O,, whereas the
transgenic plants overproducing RPK1 enhanced tolerance to
oxidative stress compared with the wild type plants (Fig. 5). We
found that the activity of an antioxidant enzyme, superoxide
dismutase, was increased in the transgenic plants overexpress-
ing RPK1 protein, and the leaves of 355:RPK1 did not accumu-
late H,O, after treatment with ABA (Fig. 5). These results indi-
cate that overproduction of RPK1 enhances the scavenging
activity of oxidative stress and increases the levels of tolerance
to this stress in plants. The higher tolerance of the RPK1 trans-
genic plants to drought stress may be due to the combined
effects of a decrease in water loss, an up-regulation of stress-
inducible gene expression, and an increase in the scavenging
activity of oxidative stress. This in turn suggests the possibility
that these transgenic plants will also show tolerance to the var-
ious different kinds of abiotic and biotic stresses. Further anal-
yses are needed to elucidate the effects of RPK1 overproduction
on plant tolerance to various stress conditions.

To further elucidate the RPK1-mediated signaling, we ana-
lyzed the kinase activity of RPK1 and found that this protein is
phosphorylated on threonine residues in vivo, which is sugges-
tive of kinase domain activation (Fig. 6). Activation of the kinase
domain is a key signaling step for several plant RLKs. The muta-
tion of conserved lysine residue abolishes RPK1 kinase activity,
as seen for many other RLKs (40). Furthermore, the inactiva-
tion of the kinase function of RPK1 diminishes the enhanced
transcription of stress-responsive genes and the decrease of
water loss in the corresponding transgenic plants. These results
suggest that RPK1 activity is essential for RPK1 function during
stress signaling. Hence, phosphorylation of RPK1 downstream
factor(s) may be a component of the signaling system in
response to stress.

Recent studies have suggested multiple roles for the recep-
tor-like kinases (53, 54). BAK1 is a signaling molecule for brassi-
nosteroid perception and also acts in pathogen-associated
molecular pattern signaling as a coreceptor of FLS2 and in
brassinosteroid-independent cell death via ROS accumulation
(53, 54). ROS production and mitogen-activated protein kinase
cascades are involved downstream of the FLS2 signaling path-
way, which regulates the transcription of target genes, such as
FRK1 (55). RPK1 also controls the expression level of FRK1 (Fig.
4) (24), suggesting a cross-talk between the pathway controlled
by RPK1 and FLS2 during drought stress. Recently, RPK1 and
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RPK2/TOAD?2 (56) have been identified as important receptor
proteins during embryonic pattern formation (57), suggesting
the possibility that RPK1 may play dual roles in cell differenti-
ation during early embryogenesis and stress signaling. There
may also be control mechanisms for RPK1 and RPK2/TOAD2-
mediated signaling that operate during embryogenesis via ROS
signaling as well as stress signaling. Furthermore, the down-
regulation of important cytokinin signaling genes was observed
in our current microarray analysis of RPK1 overexpressors
(supplemental Table 3). Hence, there is a possibility that the
cytokinin signaling pathway is down-regulated by RPK1 during
both stress and developmental processes. Taken together, our
current results indicate that the stress-responsive RLKs func-
tion in multiple signaling systems and that they cross-talk in
diverse plant responses during plant development and growth.
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