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Abstract RING (really interesting new gene) zinc-finger
proteins have important regulatory roles in the development
of a variety of organisms. In the present report, a full length
c¢DNA encoding a novel RING-H2 finger protein from rice,
designated as OsRHP1, was isolated and characterized.
OsRHP1 encodes a small protein (167 amino acids) with two
N-terminal trans-membrane domains and a canonical RING-
H2 zinc-finger motif located at the C-terminus. Ten putative
homologs of OsRHP1 harboring one canonical RING-H2
finger domain exhibit in other plant species. In our work,
OsRHP1 was expressed ubiquitously in various tissues, but
its transcript is accumulated more in mature leaf. Compared
with wild-type (WT) rice plants, transgenic plants overexpressing
OsRHP1 exhibited more tolerance to drought and salt stress.
Meanwhile, the transgenic T2 lines showed a significant
increase of endogenous ABA content in normal condition.
When subjected to drought and salt stress, much stronger
accumulation of ABA was detected compared with WT.
Furthermore, a significant increase of transcriptional expression,
of five ABA biosynthesis or ABA-mediated response genes,
OsNCED, OsZEP, OsAAO, OsABI5, OsABF2, OsLEA3-1
were observed in the transgenic plants under drought and salt
stress condition. These results demonstrate that overexpression
of OsRHP1 substantially enhances drought and salt tolerance
through increased ABA level and enhanced ABA-mediated
stress response.
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Introduction

Abiotic stresses, such as drought and salinity, are major
limiting factors for crops to reach their yield potential. Crop
plants with enhanced resistance to drought and salt stress can
broaden the spectrum of growth conditions, thereby increasing
yield stability and productivity (Hou et al. 2009). Nowadays,
hundreds of genes have been cloned, identified and used as
candidate genes in genetic engineering for the goal of
enhancing drought and salt stress tolerance. Among these
genes, RING (really interesting new gene) finger genes are
represented in a variety of organisms and play important
roles in the developmental process. The RING finger motif
was initially defined as a novel zinc-finger domain, involved
in protein—protein interaction and necessary for E3 ligase
activity in protein ubiquitination (Freemont et al. 1993; Park
et al. 2010). There are two distinct variants, namely RING-
H2 (C3H2C3) and RING-HC (C3HCC3) domain, depending
on which amino acid (Cys or His) occupied the fifth position
of the motif (Lim et al. 2010).

The data indicate that some RING finger proteins are
associated with plant growth and development as well as
with plant-environment interactions (Schwechheimer et al.
2009). COP1 was the first RING finger gene identified from
Arabidopsis, involved in the repression of photomorphogenesis
(Yi and Deng 2005), BIG BROTHER, a RING finger E3
ligase, controls organ size by restricting the duration of cell
proliferative growth (Disch et al. 2006). In rice, ELS is a
RING-H2 type ubiquitin ligase associated with root
development (Koiwai et al. 2007). TaRZF70, containing four
RING-H2 domains, responses to drought in wheat (7riticum
aestivum L.) plants. (Kam et al. 2007); OsBIRFI1, one
RING-H2 finger protein, regulates the growth and defense
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responses against abiotic and biotic stress in rice (Liu et al.
2008) and PtaRHEI, a poplar RING-H2 protein with E3
ligase activity, alters plant development and induces defence-
related responses (Bopopi et al. 2010). Some RING finger
proteins are involved in the regulation of hormone signaling
pathways in Arabidopsis. SINATS, promotes ubiquitin-
related degradation of NACI to attenuate auxin signals (Xie
et al. 2002), and BRHI, encodes a C-terminal RING-H2
finger protein, down-regulated by brassinosteroids and can
be induced by the pathogen elicitor chitin (Molnar et al.
2002).

Recently, it has been demonstrated that some of the RING-
H2 finger proteins play important roles in regulation of
abiotic stress tolerance, suggesting a linkage between RING-
H2 finger protein and ABA signaling in plants. Arabidopsis
RING finger protein RHA2a is a novel, positive regulator of
ABA signaling during germination and early seedling
development (Bu et al. 2009). AIP2 is another RING finger
protein, which involves in ABA signaling, interacting with
ABI3 and ubiquitinating the target molecule for degradation
(Zhang et al. 2005). The Arabidopsis C3H2C3-Type RING
finger protein AtAIRP1 is a positive regulator of an ABA-
Dependent response to drought stress (Ryu et al. 2010).
SDIR1, a RING finger E3 ligase, appears likely to act as a
positive regulator upstream of both ABI5 and AREB/ABF
family TFs, promoting ABA-mediated drought tolerance
(Zhang et al. 2007). ZmRFP1, the putative ortholog of SDIRI,
encodes a RING-H2 E3 ubiquitin ligase and responds to
drought stress in an ABA-dependent manner in maize (Xia
et al. 2011). XERICO, encoding a small protein with an N-
terminal trans-membrane domain and a canonical RING-H2
finger motif located at the C-terminus, positively regulates
drought tolerance through increased abscisic acid (ABA)
biosynthesis (Ko et al. 2006). ZmXERICO, putative homolog
of XERICO, played an important role in ABA and light
signal pathways, involved in plant defense system against
environmental stresses in maize (Gao et al. 2012).

ABA plays a pivotal role in a variety of developmental
processes and adaptive stress responses to environmental
stimuli in plants. Endogenous level of ABA increases under
drought and salt stress condition, and through its complex
signaling cascade, modulates downstream ABA-responsive
genes (Hadiarto et al. 2011). These ABA-mediated genes
include those that encode proteins associated with stress
response and tolerance, including late embryogenesis abundant
(LEA) proteins; a number of regulatory proteins, such as
TFs, protein kinases, and phosphatases; a variety of transporters;
and enzymes involved in osmoprotectant synthesis, phospholipid
signaling, fatty acid metabolism, cellular metabolism,
carbohydrate metabolism, and secondary metabolism (Fuyjita
et al. 2011).

In our work, we isolated the full-length cDNA encoding a
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novel RING-H2 finger protein from rice, designated as
OsRHPI. Then we characterized OsRHPI gene using transgenic
approach. A significant enhanced tolerance to drought and
salt stress was observed in the transgenic lines overexpressing
OsRHPI. To further understand drought and salt tolerance
mechanism in rice, ABA accumulation level was detected
under different conditions. Meanwhile, transcriptional expression
of six ABA biosynthesis or ABA-mediated responsive genes
was tested.

Results
Isolation and Sequence Analysis of OsRHP1

Based on the amino acid sequence of XERICO from
Arabidopsis, a sequence similarity search of XERICO against
the genome databases (http:/www.ncbi.nlm.nih.gov/BLAST/)
resulted in one putative RING-H2 finger protein homolog in
rice, named OsRHP1. Through protein sequence analysis
against SMART (http://smart.embl-heidelberg.de/), we predicted
that OsRHP1 encoded a small protein (167 amino acids)
with two N-terminal transmembrane (TM) domain, a RING-
H2 zinc-finger motif located at the C-terminus.

The structure of OsRHP1 is showed in Fig. 1A. From
Blast search results against the NCBI databases ten tentative
homologous proteins from other species were retrieved.
Alignment of protein sequences showed OsRHP1 shared
62.13%, 64.29%, 62.36%, 48.50%, identity with homologs
from monocotyledons H. vulgare (BAK03428), B. distachyon
(accession no. XP-003578295), Sorghum bicolor (accession
no. XP_002444825), Z. mays (accession no. NP-001147769),
respectively. It also shared 39.52%, 30.54%, 31.55%, 34.32%,
32.35%, 33.73% identity with dicotyledons Glycine max
(accession no. NP_001240255), E. halophilum (accession
n0.AAM19707), B. napus (accession no.AEQ19306), C. rubella
(accession no. EOA31606), A. thaliana (accession no.
NP _178507), A. lyratal (accession no. XP_002885748),
respectively (Fig. 2B). The RING-H2 domain in its C-
terminal region of OsRHP1 is 70% to 100% identical to the
corresponding regions of other RING-H2 proteins. The
phylogenetic tree based on the protein sequences agrees well
with the evolutionary relation among these species (Fig. 1C).
To further characterize the expression pattern of OsRHPI
further, semi-quantitative RT-PCR and real-time PCR were
performed synchronously. The data revealed OsRHP1 was
expressed in all the tissues or organs investigated, although
the expression level is much higher in leaves than in other
tissues or organs (Fig. 2D, 2E). Furthermore, the semi-
quantitative RT-PCR result displayed expression of OsRHP1
was enhanced in various degrees under different abiotic
stress condition (Fig. S1).
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Fig. 1. Structure of OsRHP1 protein and bioinformatics analysis. (A) Structure of OsRHP1 protein showing two transmembrance domain
(TM), serine rich domain and conserved RING-H2 domain. (B) Multiple alignment of amino acid sequences of OsRHP1 and other plant
homologs by MEGA 5.1. The identical residues are shaded in black with white letters. Residues with at least 75% conservation are shaded in
deep gray with black letters. Residues with at least 50% conservation are shaded in gray with black letters. Cysteine and histidine are
emphasized by small black triangles. (C) Phylogenetic analysis of OsRHP1 amino acid sequence and homologous sequences in other species

by neighbor-joining method by MEGAS.1.
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Fig. 2. Semi-quantitative and quantitative real-time RT-PCR analyses of OsRHPI. Schematic diagram of part of the T-DNA region of the
transforming construct CMV 35S-OsRHP 1. B,C Semi-quantitative RT-PCR and real-time analysis of OsRHP! mRNA levels in WT and
three independent T2 lines. D, E Semi-quantitative RT-PCR and real-time analysis of OsRHP expression in different tissues. Error bars

and mean £SE are from three independent experiments.

The Expression Level of OsRHP! Enhanced in Transgenic
rice

We generated transgenic rice lines overexpressing OsRHP1

driven by the CaMV 35S promoter. Through PCR amplification
of hygromycin resistance marker, nine independent transgenic
lines of overexpressing OsRHPI were obtained. Three
representative independent T2 transgenic lines (OERI-1,

@ Springer



360

J. Plant Biol. (2014) 57:357-365

OERI1-1, OERI1-3) were selected for further analysis. To
confirm the expression level of OsRHPI in OER1 lines, total
RNA was extracted from the leaves of WT and OER1 lines.
The semi-quantitative RT-PCR and real-time PCR were used
to determine the transcript level of OsRHPI. As shown in
Fig. 2B, 2C, compared to that of WT, the expression levels
of OsRHPI in OERI lines were distinctly increased with
more than 22-fold, 31-fold, and 25-fold, respectively.

Overexpression of OsRHPI Enhanced ABA Accumulation
in Rice

Intriguingly, when WT and transgenic T2 seed stratified on
MS media, germination and seedling growth of three
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Fig. 3. Accumulation of ABA between WT and three Transgenic
T2 lines (OER1-1, OER1-2, OER1-3).
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transgenic lines were retarded compared with WT. To
determine whether the growth arrest was partially attributable
to endogenous ABA rise, we measured endogenous ABA
content with or without drought and salt treatment by
ELISA. Results from three independent experiments showed
that levels of ABA in OERI lines were more than 4.5-fold
higher than in the WT plants when grown on soil for 2
weeks under normal condition (Fig. 3).When subjected to
drought and salt treatment, endogenous ABA content of
OERI lines is up to 6 and 4.8 fold higher than that of WT,
respectively (Fig. 3). It should be noted that overexpression
of OsRHPI increased endogenous ABA accumulation to a
higher degree under drought or salt stress condition than
normal condition.

Overexpression of OsRHPI Enhances Tolerance to Drought
and Salt Stress in Transgenic Rice

As ABA was significantly increased in the OERI lines, we
speculate their stress tolerance should be improved. To this
end, the OERI lines and WT were exposed to drought
(withholding water for 10 to14 d) or high salinity (200 mM
NaCl for 5 d), and then transferred to normal conditions to
restore growth. After 6 d of growth recovery, the survival
rates of seedlings were evaluated. Apparently, the OERI
lines exhibit enhanced drought and high salinity tolerances
than WT under stress condition (Fig 4). Meanwhile, data
showed that the OER1 lines had higher survival rates than
that of WT. The average survival rate of the transgenic plants
under drought stress was 39.9%, whereas that of the WT was
only 17.5%. Under salt stress, the average survival rate of the

OER1-1 OER1-2 OER1-3

Resuming

200 mM NaCl

Fig. 4. Overexpression of OsRHP1 in rice exibits more tolerance under drought and salt stress condition.
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Fig. S. Survival rate of the three transgenic T2 plants (OERI-1,
OER1-2, OER1-3) after resuming watering. Each data point is the
average of at least three replications (* t test, with P < 0.05).

transgenic plants was 30.8%, whereas that of the WT was
only 13.2% (Fig. 5). These data clearly demonstrate that
overexpression of OsRHPI confers enhanced drought and
salt tolerance in rice. Impressively, we performed extreme
drought experiment with OER1-2 line, withholding water for
22 d all along. The result displayed that the OER1-2 line still
have some survivals about 7.8% percentage. However, WT
plants were almost withered and dead for harsh drought
stress (Fig. 6).

Expression Levels of ABA-biosynthesis Genes and Stress-
responsive Genes

Given the above results that overexpression of OsRHPI
substantially increased endogenous ABA content and enhanced
drought and salt stress tolerance in transgenic rice, we
speculate that OsRHP1 plays a key regulatory role in ABA
biosynthesis pathway, and likely participate in drought and
salt stress response process in ABA-dependent manner. To

|

1T

Fig. 6. Extreme experiment of WT and OER1-2 plants under drough

15 day

confirm this hypothesis, transcript levels of 6 ABA-biosynthesis
and stress-responsive genes (OsNCED, OsZEP, OsAAO,
OsABIS5, OsABF2, OsLEAI-3) were assayed in the OERI
and WT plants under normal and drought stress conditions.
All these six genes were selected based on the literature.
Moreover, these genes showed significant higher expression
level in the OER1-2 line than in WT under normal condition.
And under drought or salt stress conditions, all of these
genes showed much higher expression level than normal
condition to different degrees in OER1-2 line.

Discussion

Previous studies demonstrate some RING-H2 finger proteins
respond to drought or salt stress in an ABA-dependent way.
Overexpression of XERICO, an Arabidopsis RING-H2
finger gene, confers drought tolerance through increased
ABA biosynthesis. And ZmXERICO, a putative homolog of
XERICO, might be involved in ABA signaling pathway
against environmental stresses in maize (Ko et al. 2006; Gao
et al. 2012).

In our work, we are fortunate to seek out a novel RING-H2
finger gene OsRHP1, putative homolog of XERICO and
ZmXERICO. Intriguing, OsRHP1, containing two trans-
membrane domains and a RING-H2 zinc finger motif shared
high sequence homology with XERICO and ZmXERICO.
Meanwhile, ten putative RING-H2 finger protein homologs
from other species were excavated. Amino acid sequence
alignment indicates that they share high sequence homology
in RING-H2 finger motif. Phylogenetic analysis demonstrates
the evolutionary conservation and divergence of different
RING-H2 finger proteins (Fig. 1). Based on previous study
and our comparative analysis, we have reason to hypothesize
that OsRHP1 probably plays a resemblant role like XERICO
or ZmXERICO, and it might be implicated in ABA-mediated
stress response pathway.

A

t stress.
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To characterize OsRHP1 and confirm the hypothesis, a
series of assays were investigated. Our data showed that
overexpression of OsRHP1 substantially increases cellular
ABA level in rice plants under normal and stress conditions
(Fig. 3).

ABA accumulation is a common trait of transgenic plants
that upregulate genes involved in ABA biosynthesis. Several
genes involved in ABA biosynthesis have been cloned and
characterized in Arabidopsis thaliana and other plant species
(Xiong and Zhu 2003; Taylor et al. 2005). These genes
include zeaxanthin epoxidase (ZEP), which catalyses the
epoxidation of zeaxanthin to produce epoxycarotenoid, 9-

OsNCED
CawT
I OER1-2

Relative Expression
Qo ~N - <
i ' i A i L i

control drought salt

0sAAO
C_IWT
3 BN OER1-2

Relative Expression
(=] - [ 5]

control drought salt

OsABF2
4- Cowr
I OER1-2

Relative Expression
- n w
' A L

0

control drought salt

cis-epoxycarotenoid dioxygenase (NCED), which catalyses
the cleavage reaction of epoxycarotenoids to produce
xanthoxin, and abscisic aldehyde oxidase (AAQ), which
catalyses the final step of ABA biosynthesis whereby ABA
aldehyde is converted to ABA (Seo et al. 2001). Previous
studies have demonstrated that overexpression of ZEP in
transgenic Arabidopsis (Park et al. 2008), NCED in transgenic
lines of tomato (Thompson et al. 2001), Arabidopsis (Iuchi
et al. 2001), tobacco (Qin and Zeevaart 2002) and bentgrass
(Aswath et al. 2005) could substantially enhance ABA level.

Thus, it is convincible that accumulation of ABA could be
attribute to enhanced expression of ABA-biosynthesis genes
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Fig. 7. Expression analysis of ABA-related genes in three transgenic T2 plants (OER1-1, OER1-2, OER1-3) and WT. Under drought for
16 h and 200 mM NaCl for 6 h. Error bars and mean + SD are from three independent experiments.
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such as NCED, ZEP and AAO. Our data demonstrates that
overexpression of OsRHP1 substantially enhances the
expression level of OsNCED, OsZEP and OsAAO under
normal condition. However, under drought or salt stress
condition, the expression level of OsNCED, OsZEP and
0sAA40 were enhanced more than normal condition in OER1
plants (Fig. 7).

Increased ABA levels in response to osmotic stresses,
such as drought and high salinity, induce the expression of
many genes that appear to play multifaceted roles in
dehydration response and tolerance in both vegetative tissues
and seeds (Finkelstein et al. 2002; Yamaguchi-Shinozaki and
Shinozaki 2006). Expanding transcriptome data sets have
uncovered a global picture of ABA-regulated genes in
Arabidopsis plants. ABA-induced genes include those that
encode proteins associated with stress response and tolerance,
including late embryogenesis abundant (LEA) proteins; a
number of regulatory proteins, such as TFs, protein kinases,
and phosphatases; a variety of transporters; and enzymes
involved in osmoprotectant synthesis, phospholipid signaling,
fatty acid metabolism, cellular metabolism, carbohydrate
metabolism, and secondary metabolism (Fujita et al. 2010).
Thus, we examined transcript levels of two well-known
ABA-responsive genes: OsABF2, and OsABI5. OsABIS is
one important transcription factor modulating ABRE-
dependent gene expression in response to osmotic stress, and
ABA could increase OsABI5 expression level by protecting
OsABIS5 from ubiquitin-mediated degradation. And OsABF?2
is one transcription factor that regulates ABA-mediated
ABRE-dependent gene expression under osmotic stress
condition (Fujita et al. 2010; Shinozaki et al. 2006).

Our data showed that the transcript level of Os4BF2 and
OsABIS5, were significantly elevated under stress condition
than normal condition in the OERI plants (Fig. 7). Token
into consideration of the expression level of OsNCED,
OsZEP and OsAAO were enhanced more than normal condition
in OER1 plants under drought or salt stress condition as well
(Fig. 7). It stands to reason that OsRHP1 is implicated in
drought and salt stress signal pathway through modulating
expression of ABA biosynthesis and ABA-responsive genes.

During the ABA-mediated stress response, many genes
including late embryogenesis abundant proteins (LEA)
genes, heat shock proteins, lipid desaturases, water channel
regulators, ion transporters and other antioxidant enzymes,
downstream of transcription factors, were up-regulated
(Yamaguchi-Shinozaki and Shinozaki 2006). Among these
genes, LEA is one canonical gene involved in plant stress
resistance to drought, salt, and cold stress. Previous study
showed overexpression of OsLEA3-1 in rice significantly
enhanced drought and salt resistance under field condition
(Xiao et al. 2007). Our data showed that expression of
OsLEAI-3 was also remarkably enhanced under stress

condition than normal condition in the OERI1 plants (Fig. 7).
These results might explain why overexpressing OsRHP1 in
rice plants conferred enhanced drought and salt tolerance
(Fig. 4-6).

Although we have shown that overexpression of OsRHP1
conferred enhanced drought and salt tolerance in rice (Oryza
sativa L.), exhibited a significant increase in ABA content,
and expression level of ABA biosynthesis genes and ABA-
responsive genes under drought and salt stress. It is still not
clear how OsRHP1 stimulates transcriptional regulation of
the genes involved in ABA signaling pathway. Further
questions remain to be addressed, including whether OsRHP1
could serve as an E3 ubiquitin ligase, and how OsRHP1
interacts with other ABA-related genes in rice. Further study
about these questions will shed more light on regulatory
mechanism of OsRHP1, and accelerate potential application
in transgenic engineering for improving drought and salt
stress tolerance in crop plants.

Materials and Methods

Plant Materials and Growth Conditions

Rice cultivar Nipponbare (Oryza sativa L. ssp. japonica) was used in
this study. The wild type (WT) and transgenic rice plants were first
planted in the artificial climate incubators (BINDER, Tuttlington,
Germany) under standard conditions (28°C day, 20°C night; 12 h
light, 12 h dark), and transplanted into the field 5 weeks later. WT and
the transgenic progeny plants were grown side by side in farm's field
at the Sichuan University.

Isolation of OsRHPI cDNA

Total RNAs derived from rice seedling leaves were extracted using
Trizol reagent following the protocol provided by the manufacturer
(Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized using
the First Strand ¢cDNA Synthesis kit (Toyobo, Osaka, Japan).
OsRHP1 cDNA fragment was amplified by high fidelity PCR using
PrimeSTAR HS DNA polymerase (TaKaRa, Dalian, China). Briefly,
upstream (5'-AAGCTT GAGATGGGCATCTCGAGCATG-3") and
downstream (5-GGATCC GCCCAGTGGCGGATTGAAG-3') primers
were used to amplify a 539 bp DNA fragment.

Construct Overexpressing OsRHP1 and Rice Transformation

A 539-bp Hindlll/BamHI OsRHP1 ¢cDNA fragment with 3 bp of 5'-
untranslated leader and 32 bp of 3'-untranslated trailer was cloned
into the plant gene expression vector pHB, which contains a double
CaMV 35S promoter and the rbeS polyadenylation signal (Mao et al.
2005). The resulting recombinant was named as pHB-OsRHP! and
introduced into Agrobacterium tumefaciens EHA105. Rice cultivar
Nipponbare (O. sativa L. ssp. japonica) was used as plant material
and transformed by the standard Agrobacterium-mediated method
(Liang et al. 1997). Primary transformants (T,) were selected on MS
agar containing 50 mg L™ hygromycin.

Semi-quantitative and Quantitative Real-Time RT-PCR
Primary rice transformants (T,) were verified by PCR using hygromycin
phosphotransferase (hpt) gene-specific primers /pt-f (5-TAGGAG-
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GGCGIGGATATGIC-3") and Aptr (5-TACACAGCCATCGGICC-
AGA-3"). For semi-quantitative RT-PCR, total RNAs were extracted
using Trizol reagent following the protocol provided by the
manufacturer (Invitrogen, Carlsbad, CA) and treated with DNase [
(TaKaRa, Dalian, China). About 1 pg of total RNA from each sample
was used for first-strand cDNA synthesis (Toyobo, Osaka, Japan).
Actin gene was employed as positive internal control. Actin-f1 (5'-
AAGATCCTGACGGAGCGIGGITAC-3"), Actin-r1 (5-CTTCCTA-
ATATCCACGICGCACTTC-3"); Actin-f2 (5'-ACCTTCAACACC-
CCTGCTAT-3"), Actin12 (5-CACCATCACCAGAGICCAAC-3") were
used for the RT-PCR and real-time RT-PCR, respectively. OsRHP -2
(5-GAGATGGGCATCTCGAGCATG-3"), OsRHPI-12 (5-GCCCA-
GIGGCGGATTGAAG-3"); OsRHPI-f3 (5§-GCCACCCCCAAAT-
CTGAAAC-3"), OsRHPI-13 (5-TACGCCACCACGCTGICCTT-3")
were used for the RT-PCR and real-time RT-PCR, respectively. To
test the expression level of ABA-related genes, total RNA was
extracted from 12-d fresh leaf. Drought and salt stress were applied
for 12 h and 6 h, respectively (Zhang et al. 2011). The primers for
real-time PCR analysis of ABA synthesis and ABA-regulated genes
were as follows (in parentheses): OsNCED (5-CGTCCCGG-
ACTGCTTCTGCT-3") and (5-AGGCGGTCGTCGGACTCGIT-3"),
OsZEP (5-TATGACCGACCACCTACTTT-3") and (5-GGTAACC-
ATCCTCAATAGCC-3"), Os400 (5'-TCTTCATAGAGTCTCCC-
ACA-3") and (5-GTAACTTTGCACCTCATACC-3"), OsABI5 (5'-
AGCGGTGAACCAGITTGATT-3) and (5-ATCTGCCTGITTCCT-
CTCCA-3"), Os4BF2 (5-GATTTTGCCTCCGACGAACA-3') and (5'-
GAGCCATCACCATTCACCAA-3"), OsLEA3-1 (5'-AATGATTT-
CCCTTTGGGTIC-3") and (5-CATCAGTACACATCACCCA-3"). All
real-time PCR reactions were performed in triplicate on the iCycler
iQ™ Real-Time PCR and Detection System (Bio-Rad Laboratories,
Tokyo, Japan). Relative expression software tool (REST) was used to
analyze the results.

Stress Tolerance Experiments

For drought and salt stress treatment on soil-grown plants, homozygous
T, transgenic plants were selected by germinating seeds on MS medium
containing 50 mg/L hygromycin. After germination, all seedlings showing
positive transgene were transplanted into soil pots (vermiculite:soil =
2:1) in a growth chamber under a 16 h light/8 h dark cycle at 25°C.
After 3-week growth with normal water supply, drought stress was
imposed by withholding water for 10 d and 14 d, salt stress was
carried out by water solution containing 200 mM NaCl for 5 d.

Determination of ABA Content

Drought and salt stresses were applied to transgenic plants as
described previously (Ouyang et al. 2010). ABA content of samples
was determined with a Phytodetek ABA test Kit (Agdia, USA) by an
enzyme-linked immunosorbent assay (ELISA). For ABA extraction,
1 g of flesh leaf was ground in a mortar and homogenized using
extraction solution (80% methanol, v/v). Extracts were centrifuged at
12,000 g for 20 min. The supernatant liquid was eluted through a Sep-
PakC18 cartridge (Waters, Milford, MA, USA) to remove polar
compounds and stored at -20°C for enzyme linked immunosorbent
assay (ELISA). The ELISA procedures were conducted according to
the instructions provided by the manufacturer. ABA was determined
by the SpectraMax M2 system (molecular devices, USA). SoftMax
Pro v5.0.1 was used to analyze the results.
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