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Abstract

Arabidopsis PP2C belonging to group A have been extensively worked out and known to
negatively regulate ABA signaling. However, rice (Oryza sativa) orthologs of Arabidopsis
group A PP2C are scarcely characterized functionally. We have identified a group A PP2C
from rice (OsPP108), which is highly inducible under ABA, salt and drought stresses and lo-
calized predominantly in the nucleus. Genetic analysis revealed that Arabidopsis plants
overexpressing OsPP108 are highly insensitive to ABA and tolerant to high salt and manni-
tol stresses during seed germination, root growth and overall seedling growth. At adult
stage, OsPP108 overexpression leads to high tolerance to salt, mannitol and drought
stresses with far better physiological parameters such as water loss, fresh weight, chloro-
phyll content and photosynthetic potential (Fv/Fm) in transgenic Arabidopsis plants. Ex-
pression profile of various stress marker genes in OsPP108 overexpressing plants revealed
interplay of ABA dependent and independent pathway for abiotic stress tolerance. Overall,
this study has identified a potential rice group A PP2C, which regulates ABA signaling nega-
tively and abiotic stress signaling positively. Transgenic rice plants overexpressing this
gene might provide an answer to the problem of low crop yield and productivity during ad-
verse environmental conditions.

Introduction

Abiotic stresses such as drought, high salinity, cold and heat adversely affect the plant growth
and productivity. To combat various environmental cues, as an adaptive mechanism, various
signaling cascades get activated in the plant cell leading to altered cellular function and re-
sponse. Reversible protein phosphorylation mediated by kinases and protein phosphatases is
one such adaptive cellular response to maintain a critical balance in phospho-regulation during
normal and adverse growth conditions. Protein phosphatases have been known to mediate abi-
otic stress triggered signaling pathways and members of major phosphatase class, PP2C, have
been variably implicated in a number of studies [1-6]. The phytohormone ABA is a major
player in regulation of responses during abiotic stresses, especially drought and salt stresses. It
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has been well established that abiotic stress signaling is regulated by ABA dependent and ABA
independent gene expression [7-10]. Group A of PP2C in Arabidopsis, which comprised of
ABI1, ABI2, HAB1, HAB2, AHGI and AtPP2CA, has been studied extensively and recognised
as negative regulators of ABA signaling and responses [11-15]. Recent discovery of novel ABA
receptors PYR/PYL/RCAR gene family of START proteins has further accentuated this con-
nection and placed PP2Cs at centre stage of ABA signaling pathway where these receptors in-
teract with PP2Cs to regulate abiotic stress responses and plant development [16-18]. In rice
also, differential expression of several group A PP2Cs was reported under abiotic stresses and
ABA treatment [6,19]. Recent studies have suggested that similar ABA signaling module is also
working in crop plant rice and other plant species such as cucumber and tomato [20-22]. Rice
ABA receptor OsPYL/RCARS5 was found to interact with group A PP2C, OsPP2C30 and a core
ABA signaling unit was reconstituted, which also comprised of a ser/thr kinase SAPK2 [21].
Prior studies have shown high degree of sequence and structural conservation among protein
phosphatases from different plant species [6,19]. The recent findings also indicate towards
their functional conservation, especially for group A PP2Cs, from different plant species
[23-24].

In this study, we are presenting one of the initial reports on detail functional characteriza-
tion of a rice group A PP2Cs. We have identified a group A PP2C member from rice
(OsPP108/0OsPP2C68), which is highly up-regulated under ABA, salt and drought stress condi-
tions. We generated constitutively expressing OsPP108 transgenic lines in Arabidopsis and
seed germination based assays showed that transgenic plants are highly insensitive to high level
of exogenous ABA. Expression level of ABA and stress related genes were altered in transgenic
plants. Seed germination and stress tolerance assays for Arabidopsis adult plants showed that
OsPP108 overexpression resulted in high degree of salt, drought and osmotic stress tolerance.
Moreover, stomata movement assays under ABA treatment suggest that OsPP108 overexpres-
sion leads to ABA insensitivity even at adult stage. This study will help to comprehend the
functional role of this PP2C gene in ABA signaling and abiotic stresses and can be utilized to
develop transgenic rice plant with better stress tolerance and productivity.

Materials and Methods
Plant material, growth conditions and stress treatment

Oryza sativa ssp. Indica var. IR64 cultivar of rice was used for expression profiling. Rice seeds
were sterilized and grown in culture room conditions according to Jain et al. (2004) [25]. Ara-
bidopsis thaliana ecotype Columbia-0 was used for generation of transgenic plants. Arabidopsis
seeds were treated with isopropanol for 5 minutes followed by 2% sodium hypochlorite for

10 min, washed five times with sterile water, and plated on MS medium solidified with 0.8%
agar for aseptic growth and incubated at 4°C for 4 days under dark conditions. Seeds were
grown under long-day conditions (16h-light/ 8h-dark cycle) in growth room. For growth in
soil pots, seeds were sown on soilrite (1: 1: 1 ratio of vermiculite, perlite and Sphagnum moss)
and regularly supplemented with Okada and Shimura (OS) nutrient medium [26]. For stress
treatment, 7 days old IR64 rice seedlings were subjected to salt treatment by incubation in
250mM NaCl solution, dehydration stress by air drying on the Whatman paper and ABA treat-
ment by incubation in 50puM (%) cis, trans ABA solution (prepared in absolute ethanol) at

28 + 1°C along with respective untreated controls. Treated tissue was harvested at different
time points and frozen immediately in liquid nitrogen. For stress treatment in Arabidopsis,

3 week-old seedlings grown on Murashige and Skoog (MS) basal medium were subjected to
300mM NaCl, 400mM mannitol and 50uM (=) cis, trans ABA treatment, at room temperature
under white light and samples were harvested at different time points.

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 2/24



@’PLOS | ONE

Role of Rice PP2C in ABA and Abiotic Stress

Overexpression construct and transformation of Arabidopsis

To generate overexpression constructs, complete open reading frame (ORF) of OsPP108 was
PCR amplified using iProof high-fidelity DNA polymerase (Bio-Rad, Hercules, USA) and
cloned at BamHI and Sall restriction sites of modified pPCAMBIA1300 vector under the control
of CaM V35S promoter. The binary construct was transferred to Agrobacterium tumifaciens
strain GV3101 and used for Arabidopsis plant transformation by floral dip method [27]. T
seeds harvested from these plants were screened on selection media (half strength MS media
supplemented with 15ug/ml hygromycin) to obtain T plants. Transgenic plants were verified
by segregation analysis in selection media (15pg/ml hygromycin) and then transferred to soil
till maturity, to generate T, and T; generation, which were screened as homozygous transfor-
mants and used for further analysis.

In-silico sequence and promoter analysis

Complete amino acid sequences of entire Arabidopsis group A PP2Cs were retrieved from The
Arabidopsis Information Resource (TAIR) and for rice group A PP2Cs from RGAP-TIGR 7.0.
Multiple sequence alignment was performed in ClustalX 2.0.8 with both Arabidopsis and rice
sequences. Phylogenetic tree was constructed in MEGAS5 with neighbour-joining, p-distance
and pairwise deletion method. For promoter analysis, 1kb upstream sequence from translation
start site of OsPP108 was extracted from RGAP-TIGR and scanned in PlantCARE database for
the presence of significant cis-regulatory elements.

GFP-OsPP108 construct preparation, Nicotiana benthamiana leaf
infiltration and confocal microscopy

Complete coding region lacking stop codon of OsPP108 was amplified from stressed rice
cDNA using iProof high-fidelity DNA polymerase (Bio-Rad). Amplified ORF was cloned in
pENTR-D/TOPO vector (Invitrogen) by Gateway technology and subsequently mobilized to
gateway compatible binary destination vector pSITE2CA [28] by LR reaction (Invitrogen). In
pSITE2CA-GEFP vector, 2XCaMV 35S promoter controls the expression of cloned gene. Suc-
cessful preparation of the construct was confirmed by PCR and sequencing methodologies.
GFP-OsPP108 construct and empty pSITE2CA vector (control) were transferred to Agrobac-
terium tumifaciens GV3101::pMP90, which was then used to infiltrate 4-6 weeks old Nicotiana
benthamiana leaves for transient expression. Subsequently, confocal microscopy for GFP and
DAPI (4, 6-diamidino-2-phenylindole) localization was performed according to Mishra et al.
(2013)[29].

RNA isolation and cDNA preparation

Total RNA was isolated from rice and Arabidopsis tissues using Tri-reagent (Sigma, USA) ac-
cording to manufacturer’s instructions. To nullify any genomic DNA contamination, isolated
RNA was treated with RNase free DNAse I (NEB) and subsequently purified using NucleoSpin
RNA clean-up kit (Macherey-Nagel, Germany). Quality and quantity of purified RNA was
confirmed by reading absorption at 260nm, 230nm and 280nm at nano-spectrophotometer
(Eppendorf). Ratio of 1.8-2.0 for A,40:A,g0 and 2.0-2.3 for Ajep:Az30 confirmed the high quali-
ty of RNA. Integrity of purified RNA was verified on MOPS buffer (Sigma, USA) RNA dena-
turing gel. cDNA was prepared from 1pg purified RNA in a 20yl reaction volume using high-
capacity cDNA Archive kit (Applied Biosystems, USA) according to manufacturer’s
instruction.
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Semi quantitative RT-PCR analysis

To confirm overexpression of OsPP108 in Arabidopsis, semi-quantitative RT-PCR was per-
formed for three Arabidopsis OX lines of OsPP108 along with WT (Col-0) with gene specific
primer, using iTaq DNA polymerase (iNtRON Biotechnology, Korea) on BioRad C 1000 ther-
mal cycler. The primer sequences used are as following OsPP108F: 5' CACCATGTCGA
TGGCGGAGGTGT 3', OsPP108 R: 5' CAAGGCGTTGCCTCGCCG 3'. For the quality of
c¢DNA and as endogenous control, ACTIN2 was amplified in parallel. 24 PCR cycles were used
for amplification of both, OsPP108 and ACTIN2 genes.

gPCR expression analysis

For qPCR analysis primers were designed preferably from 3’ end using PRIMER EXPRESS (PE
applied Biosystems, USA) with default settings. Primers used in this analysis are listed in S1
Table. qPCR reaction was carried out in ABI Prism 7000 sequence detection system (Applied
Biosystems, USA) using KAPA SYBR FAST Master Mix (KAPABIOSYSTEMS, USA). ACTIN2
was used as endogenous control to normalize the cDNA variance among the samples. Relative
expression was computed by AACt method according to Singh et al. (2012) [30].

Germination and growth based phenotypic assays

About 100 seeds of three OsPP108°™ lines (L1, L2 and L4) along with WT were plated on half
strength MS media plates supplemented with different concentration of ABA, NaCl and man-
nitol, and incubated at 4°C for 4 days for stratification and then transferred to growth room at
22°C, under long day (16hrs light/8hrs dark) condition. For vertical growth assays, plates were
placed vertically on a rack. Percentage of seed germination (emergence of radicle) was scored
until 5 days of growth. Cotyledon emergence was counted on the fourth day and fresh weight
was measured after 7 days of growth. All the experiments were replicated thrice and average
data from three observations with standard errors is presented.

Salt, osmotic and drought tolerance analysis

Arabidopsis seeds of WT and OsPP108°* were sown on pots containing soilrite and grown in
LabTech (Daihann Inc, Korea) growth chamber with strictly regulated conditions (22°C, 60%
humidity, 100 umol m™s™, 16h light/8h dark cycle). For salt stress and osmotic stress treat-
ment, 3 week old plants were supplied with 300 mM NaCl and 400 mM mannitol solutions, re-
spectively, after every 3 days, and plants were observed for 15 days for distinctive phenotype.
Photographs were recorded after 10 days. Drought stress was subjected by withholding the
water for 2 weeks and photographs were recorded after 12 days. For recovery, drought stress
treated plants were resupplied with water and phenotype was recorded after 1 week. For the
quantitative assessment of phenotype, various parameters such as survival percentage, total
chlorophyll content and as a measure of efficiency of photosynthetic system, Fv/Fm ratio were
recorded as described earlier [31]. To extract the chlorophyll, equal fresh weight of leaves were
incubated in 80% acetone overnight in dark. Next day debris was pelleted down by centrifuga-
tion and absorption was recorded for the supernatant at 663nm and 645nm. Total chlorophyll
content was calculated by employing the formula (8.02 X Agg3) + (20.2 X Agys) and normalized
to per gram of fresh weight. Water loss analysis was carried out according to Cheong et al.
(2007) [32]. Briefly, five leaves from 3 week old WT and transgenic plants were detached and
kept on laboratory bench with standard light conditions. Leaves were weighed at different time
intervals to estimate the loss in fresh weight. All the experiments were repeated thrice.
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Stomata aperture assay

10 rosette leaves were detached from 4week old WT and OsPP108 overexpression plants
(grown under 8 h light/16 h dark at 22°C; 70% relative humidity), and blended using a mixer/
blender for 30 seconds to produce epidermal peels, in stomata opening solution (SOS: 50 mM
KCl, 0.2 mM CaCl,, and 10 mM MES-KOH, pH 6.15), under white light (150 umol m™>s™).
The epidermal blends were filtered through a nylon mesh and were further incubated in SOS
for 2 h under white light. For ABA treatment, the epidermal cells were incubated in SOS buffer
containing 100 uM ABA, for 2h. Epidermal cells were analysed under fluorescence microscope
(Olympus, BX53) in bright field and stomata apertures were examined at random fields. 30 sto-
mata apertures were measured for WT and transgenic lines in each experiment. All experi-
ments were repeated three times.

Statistical analysis

All the expression, phenotypic and quantitative experiments have been replicated thrice and
data have been presented as mean + S.D (standard deviation). Two tailed student’s t-test was
performed to determine the statistical significance among the samples. A p-values <0.05 was
considered statistically significant.

Results
OsPP108 gene is intronless and belongs to ABA related PP2Cs

Gene structure analysis showed that OsPP108 (RGAP Locus ID; LOC_0Os09g15670) is an
intronless gene located on chromosome 9 encoding 359 aa (amino acids) protein (Fig 1A). Do-
main analysis of OsPP108 protein, predicted the presence of PP2C catalytic domain, which
spans 73-345 aa and authenticated the integrity of the protein. Phylogenetic analysis using do-
main sequences placed this gene in the group A of rice PP2Cs [6]. We performed the phyloge-
netic analysis only with group A PP2Cs, both from rice and Arabidopsis to get a more closer
view, and it was found that OsPP108 falls in subgroup b of group A rice PP2Cs (Fig 1B). Previ-
ously, group A PP2Cs have been implicated in ABA signaling and responses in plants
[3,11,13-15]. Therefore, we performed multiple sequence alignment of OsPP108 and clade A
PP2Cs from Arabidopsis and it was observed that OsPP108 has high sequence homology with
all the ABA related group A PP2Cs (Fig 1C). A high degree of sequence conservation with all
the members of this group from two different plant species suggested possible involvement of
OsPP108 in similar ABA related function and prompted us to perform in-depth functional
characterization, to comprehend the role of this PP2C gene in ABA and abiotic stress mediated
signaling pathway.

OsPP108 gene is highly induced by ABA and abiotic stresses in rice

In our previous study, OsPP108 was found to be up-regulated under abiotic stresses such as salt
and drought after 3 hrs of stress treatment [6]. Since OsPP108 belongs to group A of PP2Cs, it
was of interest to investigate its expression pattern under ABA and abiotic stress treatments.
Therefore, we performed detail expression kinetics in rice seedlings by qPCR. Expression pro-
file revealed that OsPP108 was highly induced by ABA after 3 hrs of treatment and induction
was about 30 fold higher in comparison to the untreated seedlings, and it subside to 12 fold
and 7 folds in 6 hrs and 12 hrs, respectively (Fig 2). Similar expression pattern was suggested
for OsPP108 under ABA treatment by the microarray expression profile obtain from RiceXPro
database (S1 Fig). Long term drought stress for 6 hrs leads to up-regulation of the transcript
level to 60 folds with a significant up-regulation of 11 fold and 18 fold during 1 hrs and 3hrs of
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Fig 1. Gene, protein structure and sequence analysis of OsPP108. (A) Localization of OsPP108 gene on chromosome 9 of rice, gene structure showing
that OsPP108 is intronless and has 1077 bp open reading frame. Protein structure showing that OsPP 108 protein is comprised of 359 amino acid residues
and PP2C catalytic domain starts at amino acid 73 and ends at 345. (B) Phylogenetic analysis of group A PP2Cs from rice and Arabidopsis. Group A PP2Cs
are further divided into two sub-clades a and b and OsPP108 belongs to sub-clade b. Tree was constructed with MEGAD5, scale bar represents amino acid
substitution per site. (C) Multiple sequence alignment of OsPP 108 with the entire group A PP2Cs from Arabidopsis. Amino acid position is indicated at the
bottom of the alignment. Multiple alignments were done in clustalX2.0.8 and manually edited to show the conservation clearly.

doi:10.1371/journal.pone.0125168.g001

drought stress, respectively. OsPP108 was also induced by salt stress treatment with approx. 6

fold up-regulation after 3 hrs, about 15 fold up-regulation after 6 hrs, and 3 fold up-regulation
after 12 hours of treatment. Slight down-regulation was observed for OsPP108 after 3 hrs cold
treatment, but no significant transcript fluctuations observed after 6 and 12 hrs.

Sub-cellular localization of OsPP108 protein

One of the key evidences for the function of a protein inside the cell is its spatial and temporal
localization. To determine the sub-cellular localization of OsPP108, the coding sequence was
fused with green fluorescent protein (GFP) tag and the expression was driven by 2XCaMV35S
promoter. Agrobacterium carrying this construct was infiltrated into Nicotiana benthamiana
epidermal peel cells to transiently express the fusion protein. Confocal microscopy analysis of
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Fig 2. Expression profile of OsPP108 under ABA and abiotic stresses. qPCR analysis was performed to
generate the expression profile of OsPP708 under ABA, salt, drought and cold treatment in rice seedlings.
Different time period of treatment in hours is indicated on X-axis and fold change in expression level w.r.t.
untreated control sample is indicated on Y-axis. Each bar represents mean value of two replicates. Standard
error among the samples is indicated by error bars. * represents p-value < 0.05 and ** p-value < 0.01 for
treated samples w.r.t. untreated control (Oh).

doi:10.1371/journal.pone.0125168.g002

Nicotiana epidermal cells revealed that OsPP108 protein predominantly resides in the nucleus
with partial cytosolic distribution (Fig 3). Nuclear localization of OsPP108 was further sup-
ported by co-localization of DAPI with strong GFP signal in nucleus.

Overexpression of OsPP108 leads to ABA insensitivity in Arabidopsis

The expression pattern under ABA and abiotic stresses suggested significant role of OsPP108
in ABA and abiotic stress triggered signaling in plants and prompted us for its in-planta func-
tional characterization. We performed seed germination and root growth assays for three
CaMV35S::0sPP108 (overexpression) lines (Fig 4A) on 1/2 MS media supplemented with

GFP Bright field

358:0sPP108-GFP

358:GFP

358:0sPP108-GFP

Fig 3. Sub-cellular localization of OsPP108 in Nicotiana benthamiana. Agrobacterium-infiltrated tobacco
leaves expressing the GFP-OsPP108 fusion protein driven by the 2XCaMV35S promoter. Confocal images
of fluorescence (green) for cell expressing OsPP108 (35S:0sPP108-GFP) are showing its distribution
predominantly in the nucleus and partly in cytoplasm (upper panel). Fluorescence is distributed throughout
the cells, transformed with vector only (35S: GFP) (middle panel). Co-localization of green (GFP) signal with
blue DAPI organelle marker confirms the localization of OsPP108 in nucleus (lower panel). Detection of
fluorescence was performed under a confocal laser-scanning microscope (wavelength: 488nm for GFP and
405nm for DAPI). Scale bar =20 ym.

doi:10.1371/journal.pone.0125168.9g003
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Fig 4. Germination and seedling growth analysis of OsPP108 overexpression transgenic Arabidopsis
lines on ABA containing media. (A) RT-PCR analysis showing expression level of OsPP108 in WT (Col-0)
and transgenic lines (L1, L2 and L4) using gene-specific primers after 24 PCR cycles. ACTIN2 is expressed
as endogenous control in all cDNA samples. (B) Germination and vertical growth of WT (Col-0) and three
OsPP108°% lines L1, L2 and L4 on 1/2MS (control) and different ABA concentrations (5uM, 10uM, 25 uM and
50 uM) after 7 days. (C) Horizontal germination based growth pattern and seedling establishment of
approximately 100 seeds from WT and transgenic lines on different ABA concentrations (2uM, 5uM, 10uM)
after 7 days growth. (D) Seed germination percentage of WT and three transgenic lines on 2uM ABA, 5uM
ABA, 10uM ABA. Germination percentage was counted for approximately 100 seeds for each genotype till 5
days of growth. Experiments were repeated three times and mean value + SD is plotted on the graph. p-value
<0.05 was observed for all the transgenic lines (L1, L2 and L4) w.r.t. WT on different ABA concentrations at
different time points.

doi:10.1371/journal.pone.0125168.9g004

different concentration of ABA (Fig 4B). Growth was monitored until 7 days and OsPP108
overexpressing plants showed insensitivity to ABA in seed germination and overall growth in
comparison to WT. Insensitivity was observed until a very high ABA level (50uM). The insen-
sitive phenotype was evaluated in term of seeds germination over a period of 5 days and all
three transgenic lines could tolerate and grow much better on higher ABA level (upto 10 uM).
Only 25-30% of WT seeds could germinate on this ABA concentration and almost none devel-
op into a healthy seedling, whereas > 80% seeds of all the three overexpressing lines were ger-
minated and developed into healthy seedlings (Fig 4C and 4D). Tolerance of OsPP108
overexpressing seeds to ABA was also estimated as full emergence of cotyledon at fourth day of
growth, and all three overexpression lines had approximately 85-90% fully emerged cotyledons
at 2uM ABA and 75-80% at 10 uM ABA level whereas, ~ 8% WT seeds could develop cotyle-
dons even at 2uM ABA (Fig 5A). Fresh weight estimation after 7 days of growth at 2uM ABA
showed that each seedling of three transgenic lines was ~2.4 mg, whereas WT seedling weighed
only ~0.3 mg (Fig 5B), and this observation also indicated the strong insensitivity of OsPP108
overexpressing lines on higher ABA concentration. To confirm that this response is due to

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 9/24
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Fig 5. Quantitative analysis of ABA insensitive phenotype. (A) Cotyledon emergence percentage of WT
and OsPP108%% lines L1, L2, L4 on MS (control) media and MS media supplemented with different
concentrations of ABA (2uM, 5uM, 10uM). Approximately 100 seeds were counted for each genotype and
average of three observations is plotted on the graph + SD. * p-value < 0.05, ** p-value < 0.01 shows
statistically significant cotyledon emergence for transgenic lines w.r.t WT on different ABA concentrations (B)
Fresh weight of 7 days old seedling grown on MS and different ABA concentrations. 15 seedlings of each
genotype were recorded and average of three observations is plotted on the graph + SD. * p-value < 0.05, **
p-value <0.01 statistically significant fresh weight of transgenic lines w.r.t WT.

doi:10.1371/journal.pone.0125168.g005

overexpression of OsPP108 in Arabidopsis, and to rule out the possibility of down-regulation
of its Arabidopsis homologs (i.e. HAI2, HAI3, AHGI and PP2CA) due to heterologous
OsPP108 overexpression, expression analysis was performed for all these genes in the OsP-
P108°* lines and WT, but no significant change in expression was observed for any homolog
in OsPP108° lines (S2 Fig). qPCR primers are listed in S1 Table.

Overexpression of OsPP108 confers abiotic stress tolerance in
Arabidopsis seedlings

Induction of OsPP108 transcript level under abiotic stresses such as drought and salt, and in-
sensitivity of OsPP108°* transgenic plants towards ABA during seed germination enticed us
to investigate the transgenic plant behaviour under abiotic stresses. Therefore, we performed
seed germination and growth assays on MS media supplemented with NaCl and mannitol.

OsPP108°% lines could germinate and survive on high salt stress (upto 175mM) and osmotic
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Fig 6. Germination and seedling growth analysis of OsPP108 overexpression Arabidopsis lines on
salt and mannitol containing media. (A) Germination and vertical growth of WT (Col-0) and three
OsPP108°* transgenic lines L1, L2 and L4 on 1/2MS (control) and different concentrations of NaCl (150 and
175mM) and mannitol (375 and 400mM) after 7 days. (B) Horizontal germination and growth pattern and
seedling establishment of approximately 100 seeds from WT and transgenic lines on different MS media
supplemented with different concentrations of NaCl (150 and 175mM) and mannitol (350 and 375mM) after 7
days growth. (C) Seed germination percentage of WT and three transgenic lines on 150mM, 175mM NaCl
and 350mM, 375mM mannitol supplemented MS media. Germination percentage was counted for
approximately 100 seeds for each genotype till 5 days of growth. Experiments were repeated three times and
mean value + SD is plotted on the graph. p-value < 0.05 was observed for all the transgenic lines (L1, L2 and
L4) w.r.t. WT on different stress media, at different time points.

doi:10.1371/journal.pone.0125168.9g006

stress (upto 400mM mannitol), and hence showed tolerance to these abiotic stresses, when
compared to untransformed WT (Fig 6A). Seed germination rate was much better for OsP-
P108°% lines than WT after 2 days of growth and more than 70% transgenic seeds could germi-
nate on 175mM NaCl and 375mM mannitol while, ~ 45% and ~60% germination observed for
WT on these stresses, respectively (Fig 6B and 6C). Analysis for cotyledon emergence after 4
days revealed that >50% transgenic seeds and only ~6% WT have emerged cotyledons on
175mM NaCl. Similarly, ~80% transgenic but only ~20% WT seeds had fully emerged cotyle-
don at 375mM mannitol (Fig 7A and 7B). Stress tolerance of transgenic plants was also as-
sessed in term of fresh weight of full grown seedlings. This analysis showed that all the
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Fig 7. Quantitative analysis of abiotic stress tolerance phenotype. (A) Cotyledon emergence percentage
of WT and OsPP108°% lines L1, L2, L4 on MS (control) media and MS media supplemented with different
concentrations of NaCl (150mM and 175mM) and (B) mannitol (350mM and 375mM). Approximately 100
seeds were counted for each genotype. * p-value < 0.05, ** p-value <0.01 and *** p-value < 0.005 shows
statistically significant cotyledon emergence for transgenic lines w.r.t WT on different stress media. (C) Fresh
weight of 7 days old seedling grown on MS and different NaCl and (D) mannitol concentrations. 15 seedlings
of each genotype were recorded and average of three observations is plotted on the graph + SD. * p-

value < 0.05, ** p-value < 0.01 shows statistically significant fresh weight of transgenic lines w.rt WT on
different stress media.

doi:10.1371/journal.pone.0125168.g007

transgenic plants have much more weight at high salt and drought stress conditions than the
WT seedlings (Fig 7C and 7D). Taken together, all these results indicated that OsPP108 overex-
pression confers tolerance to abiotic stresses such as salt and drought/osmotic stress in trans-
genic Arabidopsis.

Overexpression of OsPP108 alters the expression of stress marker
genes

One of the important parameters to assess the response to stress is by monitoring the expres-
sion pattern of crucial stress marker genes. Since OsPP108° plants exhibited enhanced ABA
and abiotic stress tolerance, it is quite imperative to analyse the expression level of various
stress marker genes in WT and transgenic plants under normal and stress conditions. There-
fore, we performed qPCR based expression analysis for selected and well established stress
marker genes, including RD29A, RD29B, RAB18 and KIN1, using RNA from 3 week old Arabi-
dopsis plants grown on MS media, and treated with different stresses (NaCl, mannitol and
ABA) for Ohrs, 6hrs and 12hrs time periods. We observed that transcript level of most of these
stress marker genes was higher in OsPP108°* plants than WT even without any stress (Fig 8).
Interestingly, RD29A was found to be induced at several fold higher level in WT than in OsP-
P108° transgenic plants, under exogenous ABA treatment. It expressed at almost similar level
in WT and transgenic plants under salt stress, however expression level was slightly higher in
transgenic plants under mannitol treatment. Expression level of RD29B was significantly
higher in OsPP108°* lines under ABA, salt and mannitol stresses. Notably, expression level of
RABI18 was found to decline more in transgenic plants than in WT plants under ABA, salt and
mannitol stresses. Expression level of KINI was consistently higher in transgenic lines under
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Fig 8. Expression profile of stress marker genes. gPCR analysis was done to generate expression profile
of different stress marker genes such as RD29A, RD29B, RAB18 and KIN1 in WT (Col-0) and two OsPP 108
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ABA and mannitol treatments, and during salt stress induction was higher in OsPP108°* lines
than WT after 6 hrs but higher expression observed in WT than OsPP108°* lines after 12hrs
of treatment. Overall, overexpression of OsPP108 in Arabidopsis plants enhanced the expres-
sion level of stress responsive genes without ABA and stress treatment. But under ABA and
stress conditions, variable expression pattern was observed, especially for ABA related genes
(RD29A and RABI8), which might be contributing to stress adaptation in overexpressing trans-
genic plants in ABA dependent or independent manner.

Overexpression of OsPP108 confers abiotic stress tolerance in adult
Arabidopsis plants

Adult transgenic Arabidopsis plants challenged with salt, drought and osmotic stresses, showed
higher level of stress tolerance when compared with WT plants. 10 days after salt stress treat-
ment most of the WT plants died and showed strong bleaching of leaves whereas, OsPP108°*
transgenic plants were much healthier with subtle stress susceptible symptoms (Fig 9A). Pro-
longed salt stress treatment (15 days) resulted in complete bleaching of leaves in WT plants
while transgenic plants were growing relatively better. For salt stress, striking differences be-
tween WT and transgenic plants could be observed even after 5 days of treatment, as approxi-
mately 50% WT stems started drooping down with death of stems, leaves were wilted and

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 13/24



o ®
@ : PLOS | ONE Role of Rice PP2C in ABA and Abiotic Stress

Control

Salt &

Mannitol

g

Survival %
ssgss5zas8

Fig 9. Salt and mannitol stress tolerance of adult OsPP1080X plants. (A) Phenotype of 3 week old WT
and OsPP108°% lines L1, L2 and L4 without stress treatment (upper row), after salt treatment (middle row)
and after mannitol treatment (lower row). (B) Survival percentage of WT and different OsPP1 08 lines
without stress and after salt and mannitol stress for 10 days. Values are mean + SD (n = 24 plants). *p-value
<0.05 and **p-value < 0.01 for transgenic lines w.r.t. respective WT in different stresses (C) Fv/Fm ratios
after stress treatment. **p-value < 0.01 and ***p-value < 0.005 for transgenic lines w.r.t. respective WT, in
different stresses, and (D) Total chlorophyll content after stress treatment. Data presented is mean + SD
(n=3). *p-value < 0.05 and **p-value < 0.01 for transgenic lines w.r.t. respective WT, in different stresses.

doi:10.1371/journal.pone.0125168.g009

siliques became yellowish, while only about 10% transgenic plant stems showed death and
stress symptoms. About 80% transgenic plants could survive after 10 days of salt treatment
whereas less than 15% WT plants could survive (Fig 9B). Osmotic stress was subjected by wa-
tering the plants with high concentration of mannitol solution, and observation after 10 days
showed similar results as in salt stress (Fig 9A). Majority of transgenic plants survived osmotic
stress while most of the WT plants died. Other quantitative parameters for assessing the stress
such as total chlorophyll content and Fv/Fm ratio were also found quite high for all three trans-
genic lines in comparison to WT plants (Fig 9B, 9C and 9D). Similarly, OsPP108°* plants
could efficiently withstand the drought stress as distinctive visible phenotype was observed
after 12 days of drought treatment (Fig 10A). Majority of WT plants died as stems drooped
down, dried, siliques and flowers were wilted while large proportion of OsPP108°* transgenic
plants could withstand stress and grew healthy. Water loss measurement suggested that WT
plants lost relatively more amount of water at all the time points than three OsPP108°* lines
(Fig 10B). Quantitative analysis revealed that more than 80% transgenic plants could survive
with true leaves and vigour and they also had relatively high chlorophyll content and Fv/Fm
ratio (Fig 10C, 10D and 10E). Moreover, to check the relative vigour and growth potential of
the WT and transgenic plants, drought subjected plants were resupplied with water for 1 week
and it was observed that plants in all three transgenic lines could recuperate from stress condi-
tion and bear healthy stems, leaf, fruits and flowers while WT plants could not regain the
growth (Fig 10A and S3 Fig).
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doi:10.1371/journal.pone.0125168.g010

Overexpression of OsPP108 results in ABA independent stomata
movement in adult Arabidopsis plants

In order to find out the causative mechanism for stress tolerance in adult plants, and its ABA
dependence or independence, stomata movement assays were performed, as ABA dependent
stomata closure is known to mediate drought stress tolerance. Stomata movement analysis in
adult Arabidopsis plants revealed that in control condition (mock treatment with SOS buffer)
all three OsPP108° transgenic lines have stomata aperture size similar to WT. However,
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treatment with 100uM ABA for 2h resulted in significant difference in stomata aperture size,
and most WT stomata were closed, whereas stomata in transgenic lines exhibit ABA insensitiv-
ity and most of them remained unaffected (opened) and had aperture size similar to control
condition (Fig 11A). Moreover, based on the aperture size, stomata could be divided into three
groups: (i) open—2.5-5.0uM, (ii) partially open- 1.0-2.5uM and (iii) closed- < 1 pM. In WT,
compare to 40% in control condition, only 8% stomata were opened after ABA treatment, ap-
proximately 60% were partially opened both in control and ABA treatment, while 28% stomata
were closed after ABA treatment. In contrast, all the three transgenic lines stomata had similar
percentage of open and partially opened stomata, in control and ABA conditions, and almost
none of the stomata were found to be closed even after ABA treatment (Fig 11B). Therefore,

L1 L2 L4

M Closed
M Partially open
M Open

100uM ABA

Percentage of each stomata type

5 % 5 % - %
- s = - z°
WT L1 L2 L4

Fig 11. Stomata movement of OsPP108 overexpression transgenic lines under ABA treatment. (A)
Stomata aperture of 4 week old WT and OsPP1 08°% lines, L1, L2 and L4, in mock treatment (Stomata
Opening Solution; SOS) (upper panel) and 100uM ABA (lower panel). 30 stomata were analyzed for each
genotype and representation of those are shown in pictures (n = 3). Pictures were taken at 60x magnification
in Olympus BX53 fluorescence microscope in bright field. Scale bar = 5uM. (B) Graph depicting percentage
of different type of stomata (closed, partially open and open) in WT and OsPP108°* transgenic in mock and
ABA treatments. Stomata were grouped based on apertures sizes, i.e., open- 2.5-5.0uM, partially open- 1.0—
2.5uM and closed- < 1 uM. Percentage of stomata is calculated based on the average of three independent
replicate experiments.

doi:10.1371/journal.pone.0125168.g011
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these results suggest that OsPP108 mediate the stomata movement, independent of ABA path-
way and OsPP108 overexpression leads to ABA insensitivity at adult plant stage also.

Discussion

Various abiotic stresses impose adverse growth conditions for the plants in their natural envi-
ronment and affect the overall productivity of crops. Stress hormone ABA is known to regulate
different events of plant development in response to adverse environmental conditions and en-
able plants to withstand these adversities. In plants, abiotic stress triggered signaling is known
to be perpetuated in ABA dependent and independent manner as expression of stress related
genes can be modulated by the presence or absence of ABA [7-8, 33-34]. In Arabidopsis, ABA
signaling triggered particularly under abiotic stresses, involve various members of group A
PP2Cs as key regulators. Similar signaling cascade is also emerging in other plants species, es-
pecially model crop plant rice. Arguably, here we are presenting very first report of in-planta
functional characterization of a rice group A PP2C, which possibly functioning in similar abi-
otic stress and ABA signaling module. Phylogenetic and sequence analysis revealed that
OsPP108 belongs to group A of rice PP2C and its sequence is highly homologous to all the
members from well-established ABA related Arabidopsis group A PP2C (Fig 1B and 1C).
Moreover, subcellular localization in Nicotiana benthamiana suggested that OsPP108 protein
predominantly resides in the nucleus with slight presence in cytosol as well. Similar localization
have been predicted for group A PP2Cs previously, however, it was emphasized that the com-
plex of ABA signaling components (PYR/PYL receptors, PP2Cs and Ser/Thr Kinase) is formed
in the nucleus to regulate ABA mediated gene expression [21, 24]. With these clues in mind,
we performed detailed expression analysis for OsPP108 under ABA and abiotic stresses such as
salt, drought and cold. To our anticipation, this gene was highly induced under exogenous
ABA treatment, salt and drought stresses at different time periods, while expression was insig-
nificant under cold stress. Moreover, in-silico promoter analysis revealed the presence of twelve
ABA responsive elements (ABRE) and one motif IIb (CCGCCGCFCT) which is also an ABA
responsive element, in 1kb upstream sequence of OsPP108 (54 Fig). These important observa-
tions indicated towards the vital functional role of this rice PP2C in ABA and abiotic stress sig-
naling network. To validate this assumption, three independent homozygous Arabidopsis
transgenic lines constitutively expressing OsPP108 were analysed for ABA sensitivity and toler-
ance on MS based media. Transgenic lines showed marked difference when compared to WT,
and all three transgenic lines could not only germinate but grew and developed into healthy
seedlings at higher ABA concentration as much as 50uM, while WT could not even germinate
after 2uM ABA (Fig 4B). This drastic phenotypic difference was also supported by various
quantitative parameters such as seed germination rate, seedling fresh weight and cotyledon
emergence. The genetic evidence suggested that OsPP108°™ plants are highly insensitive to
ABA, and like other group A PP2Cs, this rice PP2C also act as negative regulator of ABA sig-
naling. This ABA insensitive phenotype of OsPP108° plants is quite comparable with
snrk2.2/2.3/2.6 triple mutant plants on high level of ABA [35-37]. SnRK2 kinase members 2.2,
2.3 and 2.6 work in ABA signaling as positive regulators. Previously, various Arabidopsis group
A PP2C members have been characterized in ABA signaling. HAB1 overexpressing transgenic
plants also showed high ABA insensitivity in seed germination and root growth at higher exog-
enous ABA levels while habl-1 mutants showed high ABA sensitivity [13, 38]. Similarly, Arabi-
dopsis plants overexpressing AtPP2CA exhibited high ABA insensitivity in seed germination
and stomata aperture closure, whereas its knockout mutants showed opposite phenotype [39],
and similar results were also observed by Yoshida and co-workers with overexpression and
knock-out mutant plants of AtPP2CA [3]. Also, different double and triple mutants of ABA
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related group A PP2Cs such as, ABI1, ABI2, HAB1 and PP2CA exhibited highly ABA sensitive
phenotype in seed germination, root growth and overall development [40]. Recently, another
member of Arabidopsis group A PP2Cs called HONSU was found to negatively regulate ABA
signaling to regulate seed dormancy, and its overexpression resulted in phenotype similar to
OsPP108°% at higher concentration of ABA, while mutant exhibited ABA sensitivity [41]. Al-
together, our study suggests that OsPP108 can be placed in the ABA signaling module similar
to other group A PP2Cs in Arabidopsis and rice. Germination based assays on high salt and os-
motic/drought media showed that OsPP108°* transgenic lines could tolerate abiotic stresses
much better than WT plants (Fig 6A and 6B). Stress tolerance of transgenic lines was evident
from better overall shoot and root growth, better germination rate, cotyledon emergence rate
and fresh weight of the seedlings on NaCl and mannitol supplemented MS media (Fig 6C and
Fig 7). Saez et al. (2004)[13] also showed that HABI overexpressing lines showed better germi-
nation and seedling growth rate on higher ABA, salt and mannitol media while its knock-out
mutants showed reverse pattern. Hyperosmotic and salt stress are known to increase the pro-
duction of ABA in plants [34, 42-43] and plants, which show hypersensitivity to ABA may also
exhibit hypersensitivity to salt and osmotic stresses either due to increased sensitivity to ABA
or increased production of ABA [33-34, 44-45]. In other words, abiotic stress responses may
be controlled by ABA dependent or ABA independent pathway. Based on our result, we specu-
late that the abiotic stress tolerance of OsPP108°* lines might be through ABA independent
pathway, however, this needs further experimental verification. To support this assumption, a
recent report in Arabidopsis has shown that the group A PP2Cs especially, three highly ABA
induced (HAI) PP2Cs, which are also the closest homologs of OsPP108 in Arabidopsis, were
highly induced under low water potential stress whereas, expression of many ABA receptor i.e.
PYLs was down-regulated [15]. Moreover, it has been reported that overexpression of PYL5
and PYL9 resulted in ABA hypersensitivity [17, 38] and it was hypothesized that the regulation
of PYL expression can be a converging point where crosstalk between ABA dependent and in-
dependent signaling factors might take place [15]. Moreover, in our analysis, expression level
of stress marker genes such as RD29A and RABI8 was found to be declined significantly in
OsPP108°* lines in comparison to WT, under exogenous ABA treatment. These stress marker
genes are known to be regulated through ABA signaling, during abiotic stress responses [46-
49]. Notably, RD29A expression was higher in transgenic plants than WT under mannitol
treatment, while RAB18 was down-regulated not only under ABA, but also in salt and mannitol
stresses (Fig 8). This behaviour could be due to the presence of specific ABA responsive ele-
ment in promoter of RABI8 [8, 50-51] and presence of both drought responsive elements and
ABA responsive elements in promoter of RD29A [48]. Previously, expression was found to be
declined for RABI8 and RD29A stress genes where PP2C transgenic plants exhibited ABA in-
sensitive response and vice-versa [13, 52-53]. However, variable expression pattern for stress
markers such as RD29A, RD29B could be attributed to multi-layers of gene expression regula-
tion. Key transcription factors such as DREB and AREB, which ultimately control the expres-
sion of stress genes such as RD29A and RD29B, might be variably (and indirectly) controlled
by OsPP108 or other components such as SnRK2s (since SnRK2s are downstream to PP2C),
which are known to regulate the stress responsive transcription factors. Moreover, at many in-
stances gene expression pattern have not been found to be directly correlated with the observed
phenotypes [54-55], and post translation modification might also lead to the resulting effects.
It can be speculated that OsPP108 might interact and regulate some critical components of
ABA signal transduction pathway such as ser/thr kinases, especially SnRK2 [33, 56-57] and
CIPKs [33, 45, 55], which have been implicated in ABA, salt and osmotic stresses and could in-
fluence the expression of stress responsive genes to regulate the physiological processes. Previ-
ously, PP2Cs have been found to physically interact and form complexes with kinase such as
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CIPK15/PKS3 [58-59] and OST1/SnRK2.6 [2, 3, 5] in negative feedback loop to regulate ABA
signaling. Guo et al. (2002) [58] demonstrated that RNAi knockdown lines of CIPK15/PKS3
were sensitive to ABA in germination and double mutants of pks3 with dominant abil and
abi2 mutants could recapitulate the phenotype towards WT and similar to abil and abi2 mu-
tant phenotype. At adult stage most of the OsPP108° transgenic plants could withstand the
stress conditions and found to retain high level of chlorophyll. Chlorophyll fluorescence is a
vital parameter to gauge early signs of stress and hence considered as a suitable way to assess
the stress tolerance in plants [60]. Therefore, chlorophyll fluorescence was measured to esti-
mate the photochemical efficiency or photosynthetic potential of transgenic and WT plants in
terms of Fv/Fm ratios. Under normal conditions, there was no significant difference but under
salt, drought and osmotic stresses transgenic plants found to have far better photosynthetic po-
tential (Fig 9C and Fig 10D). Better tolerance of transgenic plants to drought stress was further
supported by water loss assay where transgenic plants were found to retained higher amount of
water at different time points than WT plants. Reduced water loss can also be understood as
enhanced water retention ability or osmotic potential, which help the cell to maintain regular
turgor and prevent membrane damage. ABA induced stomata closure is an important adaptive
response when plant encounters drought stress, and results in reduced water loss [24]. There-
fore, we analyse the stomata aperture size at the adult stage of OsPP108°* plants. Consistent
with the ABA insensitivity at the seed germination level, adult plants also showed ABA insensi-
tivity and most stomata were unaffected and remained opened or partially opened, after high
concentration ABA treatment (Fig 11). This observation suggested that OsPP108 might regulate
abiotic stress (especially drought) tolerance through ABA independent mechanism. Notably, an
inward rectifying potassium channel, KAT1 is known to be involved in stomata movement in
Arabidopsis and SnRK2E/OST1 can target KAT1 and can affect its channel activity through
phosphorylation at Thr306 [61]. Therefore, ABA activated SnRK2 may promote stomata closure
by negatively regulating KAT1 activity [62]. However, in case of ABA insensitive PP2C such as
OsPP108, SnRK2 may remain inactive as its inhibition by PP2C could not be released due to
absence of PP2C interaction with ABA activated ABARs and might result in failure of stomata
closure. This observation requires clarification that how OsPP108° plants can show reduced
water loss when their stomata are ABA insensitive and mostly opened. We speculate that
OsPP108 transgenic plant may not be completely ABA insensitive at molecular level, as expres-
sion level of few stress marker genes was still higher in OsPP108°* plants than WT under ABA
treatment (Fig 8), and might be contributing to stress tolerance.

OsPP108 might be involved in osmoregulatory function, maintenance of high water poten-
tial in dehydration conditions, independent of ABA pathway, as proposed for its close homo-
logs HAIs in Arabidopsis [15]. Alternatively, OsPP108 might be regulating TFs such as
WRKY46, which has been found to regulate osmotic/drought stress response and stomata
movement independently [63]. WRKY46 was found to control the expression of genes coding
LEA (late embryogenesis abundant) proteins, which participate in cellular osmoprotection
during osmotic/drought stress, and genes involve in redox homeostasis and protection against
oxidative damage. Moreover, in WRKY46 overexpressing plants stomata movement was con-
trolled by light dependent starch metabolism in guard cells, and this process was independent
of ABA. Recently, similar mechanism for drought stress tolerance in rice was shown by a
PP2C. Overexpression of PP2C, OsPP18 led to drought and oxidative stress tolerance in trans-
genic plants through controlling gene expression of ROS scavenging enzymes and ROS homeo-
stasis, in ABA independent manner [64]. However, these speculations require further
experimental support.

Previously, not many PP2Cs have been implicated in salt stress responses in plants; a maize
member ZmPP2C found to negatively regulate salt stress response in Arabidopsis [65]. As an
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initial evidence, rice leaf disc based stress tolerance assay also revealed that OsPP108 regulate
salt and drought stress signaling positively in rice at the adult stage of development, and over-
expression of OsPP108 confer enhance stress tolerance (data not shown).

In conclusion, OsPP108 is a rice group A PP2C and like other PP2Cs of this group from rice
and Arabidopsis, it negatively regulates ABA signaling. OsPP108 overexpression results in high
ABA insensitivity at the seed germination, early seedling development and stomata closure at
adult stage. On the other hand, it positively regulates salt, drought and osmotic signaling as its
overexpression lead to enhance stress tolerance in Arabidopsis, at seed germination and adult
stage. Transgenic rice plants overexpressing OsPP108 are expected to show similar responses
to ABA and abiotic stresses and may provide an answer to plants vulnerability in the natural
environment to these adverse conditions, and ultimately result in higher crop yield and
better productivity.

Supporting Information

S1 Fig. Microarray expression profile of OsPP108 under ABA treatment from RiceXPro
database in root and shoot. Bars representing expression profile of three and two replicates in
root and shoot, respectively for mock (control) and ABA treatment for different time points,
indicated at X-axis.

(EPS)

S2 Fig. Expression profile of OsPP108 homologs AHG1, PP2CA, HAI2 and HAI3 in Arabi-
dopsis. qQPCR analysis was done using gene specific primers in WT and OsPP108°* lines 1, 2
and 4.

(EPS)

$3 Fig. Phenotype of WT and OsPP108°* lines L1, L2 and 14 plants, after 7 days of re-wa-
tering post 12 days drought treatment.
(EPS)

$4 Fig. 1 kb upstream promoter sequence of OsPP108 extracted from PlantCARE database.
12 ABRE elements were marked in the promoter sequence are highlighted with yellow color.
(EPS)

S1 Table. Primers used for QPCR expression analysis.
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Acknowledgments

This work is supported by grant from Council of Scientific and Industrial Research (CSIR),
India to GKP. AS and SKJ acknowledge CSIR and the Department of Science and Technology
(DST), INDIA, respectively for the research fellowships.

Author Contributions

Conceived and designed the experiments: GKP. Performed the experiments: AS SKJ JB. Ana-
lyzed the data: AS GKP. Wrote the paper: AS GKP.

References

1. Himmelbach A, Hoffmann T, Leube M, Hohener B, Grill E (2002) Homeodomain protein ATHBG is a tar-
get of the protein phosphatase ABI1 and regulates hormone responses in Arabidopsis. EMBO J 21:
3029-3038. PMID: 12065416

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125168.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125168.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125168.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125168.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125168.s005
http://www.ncbi.nlm.nih.gov/pubmed/12065416

@’PLOS | ONE

Role of Rice PP2C in ABA and Abiotic Stress

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mustilli AC, Merlot S, Vavasseur A, Fenzi F, Giraudat J (2002) Arabidopsis OST1 protein kinase medi-
ates the regulation of stomatal aperture by abscisic acid and acts upstream of reactive oxygen species
production. Plant Cell 14: 3089-3099. PMID: 12468729

Yoshida R, Hobo T, Ichimura K, Mizoguchi T, Takahashi F, Aronso J, et al. (2002) ABA-activated
SnRK2 protein kinase is required for dehydration stress signaling in Arabidopsis. Plant Cell Physiol 43:
1473-1483. PMID: 12514244

Zhang W, Qin C, Zhao J, Wang X (2004) Phospholipase D alpha 1-derived phosphatidic acid interacts
with ABI1 phosphatase 2C and regulates abscisic acid signaling. Proc Natl Acad SciU S A 101: 9508—
9513. PMID: 15197253

Yoshida T, Nishimura N, Kitahata N, Kuromori T, Ito T, Asami T, et al. (2006) ABA-hypersensitive ger-
mination3 encodes a protein phosphatase 2C (AtPP2CA) that strongly regulates abscisic acid signaling
during germination among Arabidopsis protein phosphatase 2Cs. Plant Physiol 140: 115-126. PMID:
16339800

Singh A, Giri J, Kapoor S, Tyagi AK, Pandey GK (2010) Protein phosphatase complement in rice: ge-
nome-wide identification and transcriptional analysis under abiotic stress conditions and reproductive
development. BMC Genomics 11:435. doi: 10.1186/1471-2164-11-435 PMID: 20637108

Thomashow MF (1999) PLANT COLD ACCLIMATION: Freezing Tolerance Genes and Regulatory
Mechanisms. Annu Rev Plant Physiol Plant Mol Biol 50: 571-599. PMID: 15012220

Shinozaki K, Yamaguchi-Shinozaki K (2000) Molecular responses to dehydration and low temperature:
differences and cross-talk between two stress signaling pathways. Curr Opin Plant Biol 3: 217-223.
PMID: 10837265

Chinnusamy V, Schumaker K, Zhu JK (2004) Molecular genetic perspectives on cross-talk and speci-
ficity in abiotic stress signalling in plants. J Exp Bot 55: 225-236. PMID: 14673035

Fujita Y, Fujita M, Shinozaki K, Yamaguchi-Shinozaki K (2011) ABA-mediated transcriptional regulation
in response to osmotic stress in plants. J Plant Res 124: 509-525. doi: 10.1007/s10265-011-0412-3
PMID: 21416314

Merlot S, Gosti F, Guerrier D, Vavasseur A, Giraudat J (2001) The ABI1 and ABI2 protein phosphatases
2C act in a negative feedback regulatory loop of the abscisic acid signalling pathway. Plant J 25: 295—
303. PMID: 11208021

Tahtiharju S, Palva T (2001) Antisense inhibition of protein phosphatase 2C accelerates cold acclima-
tion in Arabidopsis thaliana. PlantJ 26: 461-470. PMID: 11439132

Saez A, Apostolova N, Gonzalez-Guzman M, Gonzalez-Garcia MP, Nicolas C, Lorenzo O, et al. (2004)
Gain-of-function and loss-of-function phenotypes of the protein phosphatase 2C HAB1 reveal its role
as a negative regulator of abscisic acid signalling. Plant J 37: 354-369. PMID: 14731256

Singh A, Pandey GK (2012) Protein phosphatases: a genomic outlook to understand their function in
plants. J Plant Biochem Biotechnol 21, suppl 100-107.

Bhaskara GB, Nguyen TT, Verslues PE (2012) Unique drought resistance functions of the highly ABA-
induced clade A protein phosphatase 2Cs. Plant Physiol 160: 379-395. doi: 10.1104/pp.112.202408
PMID: 22829320

Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park SY, et al. (2009) In vitro reconstitution of
an abscisic acid signalling pathway. Nature 462: 660—-664. doi: 10.1038/nature08599 PMID: 19924127

Ma'Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, et al. (2009) Regulators of PP2C phos-
phatase activity function as abscisic acid sensors. Science 324: 1064—1068. doi: 10.1126/science.
1172408 PMID: 19407143

Park SY, Fung P, Nishimura N, Jensen DR, FujiiH, Zhao Y, et al. (2009) Abscisic acid inhibits type 2C
protein phosphatases via the PYR/PYL family of START proteins. Science 324: 1068—1071. doi: 10.
1126/science.1173041 PMID: 19407142

Xue T, Wang D, Zhang S, Ehlting J, Ni F, Jakab S, et al. (2008) Genome-wide and expression analysis
of protein phosphatase 2C in rice and Arabidopsis. BMC Genomics 9: 550. doi: 10.1186/1471-2164-9-
550 PMID: 19021904

SunL, Wang YP, Chen P, Ren J, Ji K, Li Q, et al. (2011) Transcriptional regulation of SIPYL, SIPP2C,
and SISnRK2 gene families encoding ABA signal core components during tomato fruit development
and drought stress. J Exp Bot 62: 5659-5669. doi: 10.1093/jxb/err252 PMID: 21873532

Kim H, Hwang H, Hong JW, Lee YN, Ahn IP, Yoon IS, et al.(2012) A rice orthologue of the ABA recep-
tor, OsPYL/RCARS, is a positive regulator of the ABA signal transduction pathway in seed germination
and early seedling growth. J Exp Bot 63: 1013—1024. doi: 10.1093/jxb/err338 PMID: 22071266

Wang Y, Wu Y, Duan C, Chen P, Li Q, Dai S, et al. (2012) The expression profiling of the CsPYL,
CsPP2C and CsSnRK2 gene families during fruit development and drought stress in cucumber. J Plant
Physiol 169: 1874-1882. doi: 10.1016/}.jplph.2012.07.017 PMID: 22959675

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 21/24


http://www.ncbi.nlm.nih.gov/pubmed/12468729
http://www.ncbi.nlm.nih.gov/pubmed/12514244
http://www.ncbi.nlm.nih.gov/pubmed/15197253
http://www.ncbi.nlm.nih.gov/pubmed/16339800
http://dx.doi.org/10.1186/1471-2164-11-435
http://www.ncbi.nlm.nih.gov/pubmed/20637108
http://www.ncbi.nlm.nih.gov/pubmed/15012220
http://www.ncbi.nlm.nih.gov/pubmed/10837265
http://www.ncbi.nlm.nih.gov/pubmed/14673035
http://dx.doi.org/10.1007/s10265-011-0412-3
http://www.ncbi.nlm.nih.gov/pubmed/21416314
http://www.ncbi.nlm.nih.gov/pubmed/11208021
http://www.ncbi.nlm.nih.gov/pubmed/11439132
http://www.ncbi.nlm.nih.gov/pubmed/14731256
http://dx.doi.org/10.1104/pp.112.202408
http://www.ncbi.nlm.nih.gov/pubmed/22829320
http://dx.doi.org/10.1038/nature08599
http://www.ncbi.nlm.nih.gov/pubmed/19924127
http://dx.doi.org/10.1126/science.1172408
http://dx.doi.org/10.1126/science.1172408
http://www.ncbi.nlm.nih.gov/pubmed/19407143
http://dx.doi.org/10.1126/science.1173041
http://dx.doi.org/10.1126/science.1173041
http://www.ncbi.nlm.nih.gov/pubmed/19407142
http://dx.doi.org/10.1186/1471-2164-9-550
http://dx.doi.org/10.1186/1471-2164-9-550
http://www.ncbi.nlm.nih.gov/pubmed/19021904
http://dx.doi.org/10.1093/jxb/err252
http://www.ncbi.nlm.nih.gov/pubmed/21873532
http://dx.doi.org/10.1093/jxb/err338
http://www.ncbi.nlm.nih.gov/pubmed/22071266
http://dx.doi.org/10.1016/j.jplph.2012.07.017
http://www.ncbi.nlm.nih.gov/pubmed/22959675

@’PLOS | ONE

Role of Rice PP2C in ABA and Abiotic Stress

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Komatsu K, Nishikawa Y, Ohtsuka T, Taji T, Quatrano RS, Tanaka S, et al. (2009) Functional analyses
of the ABI1-related protein phosphatase type 2C reveal evolutionarily conserved regulation of abscisic
acid signaling between Arabidopsis and the moss Physcomitrella patens. Plant Mol Biol 70: 327-340.
doi: 10.1007/s11103-009-9476-z PMID: 19266168

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR (2010) Abscisic acid: emergence of a core signal-
ing network. Annu Rev Plant Biol 61: 651-679. doi: 10.1146/annurev-arplant-042809-112122 PMID:
20192755

Jain M, Tyagi SB, Thakur JK, Tyagi AK, Khurana JP (2004) Molecular characterization of a light-re-
sponsive gene, breast basic conserved protein 1 (OsiBBC1), encoding nuclear-localized protein homol-
ogous to ribosomal protein L13 from Oryza sativa indica. Biochim Biophys Acta 1676: 182—-192. PMID:
14746913

Okada K, Shimura Y (1990) Reversible root tip rotation in Arabidopsis seedlings induced by obstacle-
touching stimulus. Science 250: 274-276. PMID: 17797309

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated transformation
of Arabidopsis thaliana. Plant J 16: 735—-743. PMID: 10069079

Chakrabarty R, Banerjee R, Chung SM, Farman M, Citovsky V, Tanaka S, et al. (2007) PSITE vectors
for stable integration or transient expression of autofluorescent protein fusions in plants: probing Nicoti-
ana benthamiana-virus interactions. Mol Plant Microbe Interact 20: 740-750. PMID: 17601162

Mishra M, Kanwar P, Singh A, Pandey A, Kapoor S, Pandey GK (2013) Plant omics: genome-wide
analysis of ABA repressor1 (ABR1) related genes in rice during abiotic stress and development.
OMICS 17:439-450. doi: 10.1089/0mi.2012.0074 PMID: 23895290

Singh A, Baranwal V, Shankar A, Kanwar P, Ranjan R, Yadav S, et al. (2012) Rice phospholipase A su-
perfamily: organization, phylogenetic and expression analysis during abiotic stresses and develop-
ment. PLoS One 7:e30947. doi: 10.1371/journal.pone.0030947 PMID: 22363522

Chauhan H, Khurana N, Nijhavan A, Khurana JP, Khurana P (2012) The wheat chloroplastic small heat
shock protein (sHSP26) is involved in seed maturation and germination and imparts tolerance to heat
stress. Plant Cell Environ 35: 1912—-1931. doi: 10.1111/j.1365-3040.2012.02525.x PMID: 22530593

Cheong YH, Pandey GK, Grant JJ, Batistic O, Li L, Kim BG, et al. (2007) Two calcineurin B-like calcium
sensors, interacting with protein kinase CIPK23, regulate leaf transpiration and root potassium uptake
in Arabidopsis. PlantJ 52: 223-239. PMID: 17922773

Kim KN, Cheong YH, Grant JJ, Pandey GK, Luan S (2003) CIPK3, a calcium sensor-associated protein
kinase that regulates abscisic acid and cold signal transduction in Arabidopsis. Plant Cell 15: 411-423.
PMID: 12566581

Pandey GK, Cheong YH, Kim KN, Grant JJ, Li L, Hung W, et al. (2004) The calcium sensor calcineurin
B-like 9 modulates abscisic acid sensitivity and biosynthesis in Arabidopsis. Plant Cell 16: 1912—1924.
PMID: 15208400

Fujita Y, Nakashima K, Yoshida T, Katagiri T, Kidokoro S, Kanamori N, et al. (2009) Three SnRK2 pro-
tein kinases are the main positive regulators of abscisic acid signaling in response to water stress in
Arabidopsis. Plant Cell Physiol 50: 2123-2132. doi: 10.1093/pcp/pcp147 PMID: 19880399

Fujii H, Zhu JK (2009) Arabidopsis mutant deficient in 3 abscisic acid-activated protein kinases reveals
critical roles in growth, reproduction, and stress. Proc Natl Acad Sci U S A 106: 8380-8385. doi: 10.
1073/pnas.0903144106 PMID: 19420218

Umezawa T, Sugiyama N, Mizoguchi M, Hayashi S, Myouga F, Yamaguchi-Shinozaki K, et al. (2009)
Type 2C protein phosphatases directly regulate abscisic acid-activated protein kinases in Arabidopsis.
Proc Natl Acad SciU S A 106: 17588—17593. doi: 10.1073/pnas.0907095106 PMID: 19805022

Santiago J, Dupeux F, Round A, Antoni R, Park SY, Jamin M, et al. (2009) The abscisic acid receptor
PYR1 in complex with abscisic acid. Nature 462: 665—-668. doi: 10.1038/nature08591 PMID:
19898494

Kuhn JM, Boisson-Dernier A, Dizon MB, Maktabi MH, Schroeder JI (2006) The protein phosphatase
AtPP2CA negatively regulates abscisic acid signal transduction in Arabidopsis, and effects of abh1 on
AtPP2CA mRNA. Plant Physiol 140: 127-139. PMID: 16361522

Rubio S, Rodrigues A, Saez A, Dizon MB, Galle A, Kim TH, et al. (2009) Triple loss of function of protein
phosphatases type 2C leads to partial constitutive response to endogenous abscisic acid. Plant Physiol
150: 1345—-1355. doi: 10.1104/pp.109.137174 PMID: 19458118

KimW, Lee Y, Park J, Lee N, Choi G (2013) HONSU, a protein phosphatase 2C, regulates seed dor-
mancy by inhibiting ABA signaling in Arabidopsis. Plant Cell Physiol 54: 555-572. doi: 10.1093/pcp/
pct017 PMID: 23378449

Leung J, Giraudat J (1998) Abscisic Acid Signal Transduction. Annu Rev Plant Physiol Plant Mol Biol
49: 199-222. PMID: 15012233

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 22/24


http://dx.doi.org/10.1007/s11103-009-9476-z
http://www.ncbi.nlm.nih.gov/pubmed/19266168
http://dx.doi.org/10.1146/annurev-arplant-042809-112122
http://www.ncbi.nlm.nih.gov/pubmed/20192755
http://www.ncbi.nlm.nih.gov/pubmed/14746913
http://www.ncbi.nlm.nih.gov/pubmed/17797309
http://www.ncbi.nlm.nih.gov/pubmed/10069079
http://www.ncbi.nlm.nih.gov/pubmed/17601162
http://dx.doi.org/10.1089/omi.2012.0074
http://www.ncbi.nlm.nih.gov/pubmed/23895290
http://dx.doi.org/10.1371/journal.pone.0030947
http://www.ncbi.nlm.nih.gov/pubmed/22363522
http://dx.doi.org/10.1111/j.1365-3040.2012.02525.x
http://www.ncbi.nlm.nih.gov/pubmed/22530593
http://www.ncbi.nlm.nih.gov/pubmed/17922773
http://www.ncbi.nlm.nih.gov/pubmed/12566581
http://www.ncbi.nlm.nih.gov/pubmed/15208400
http://dx.doi.org/10.1093/pcp/pcp147
http://www.ncbi.nlm.nih.gov/pubmed/19880399
http://dx.doi.org/10.1073/pnas.0903144106
http://dx.doi.org/10.1073/pnas.0903144106
http://www.ncbi.nlm.nih.gov/pubmed/19420218
http://dx.doi.org/10.1073/pnas.0907095106
http://www.ncbi.nlm.nih.gov/pubmed/19805022
http://dx.doi.org/10.1038/nature08591
http://www.ncbi.nlm.nih.gov/pubmed/19898494
http://www.ncbi.nlm.nih.gov/pubmed/16361522
http://dx.doi.org/10.1104/pp.109.137174
http://www.ncbi.nlm.nih.gov/pubmed/19458118
http://dx.doi.org/10.1093/pcp/pct017
http://dx.doi.org/10.1093/pcp/pct017
http://www.ncbi.nlm.nih.gov/pubmed/23378449
http://www.ncbi.nlm.nih.gov/pubmed/15012233

@’PLOS | ONE

Role of Rice PP2C in ABA and Abiotic Stress

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Seo M, Koshiba T (2002) Complex regulation of ABA biosynthesis in plants. Trends Plant Sci 7: 41-48.
PMID: 11804826

Pandey GK, Grant JJ, Cheong YH, Kim BG, LiL, Luan S (2005) ABR1, an APETALA2-domain tran-
scription factor that functions as a repressor of ABA response in Arabidopsis. Plant Physiol 139: 1185—
1193. PMID: 16227468

Pandey GK, Grant JJ, Cheong YH, Kim BG, Lile G, Luan S (2008) Calcineurin-B-like protein CBL9 in-
teracts with target kinase CIPKS3 in the regulation of ABA response in seed germination. Mol Plant 1:
238-248. doi: 10.1093/mp/ssn003 PMID: 19825536

Lang V, Palva ET (1992) The expression of a rab-related gene, rab18, is induced by abscisic acid dur-
ing the cold acclimation process of Arabidopsis thaliana (L.) Heynh. Plant Mol Biol 20: 951-962. PMID:
1463831

Koornneef M, Jorna ML, Brinkhorst-van der Swan DL, Karssen CM (1982) The isolation of abscisic
acid (ABA) deficient mutants by selection of induced revertants in non-germinating gibberellin sensitive
lines of Arabidopsis thaliana (L.) heynh. Theor Appl Genet 61: 385-393. doi: 10.1007/BF00272861
PMID: 24270501

Narusaka Y, Nakashima K, Shinwari ZK, Sakuma Y, Furihata T, Abe H, et al. (2003) Interaction be-
tween two cis-acting elements, ABRE and DRE, in ABA-dependent expression of Arabidopsis rd29A
gene in response to dehydration and high-salinity stresses. PlantJ 34: 137—148. PMID: 12694590

Jakab G, Ton J, Flors V, Zimmerli L, Metraux JP, Mauch-Mani B (2005) Enhancing Arabidopsis salt and
drought stress tolerance by chemical priming for its abscisic acid responses. Plant Physiol 139: 267—
274.PMID: 16113213

Uno'Y, Furihata T, Abe H, Yoshida R, Shinozaki K, Yamaguchi-Shinozaki K (2000) Arabidopsis basic
leucine zipper transcription factors involved in an abscisic acid-dependent signal transduction pathway
under drought and high-salinity conditions. Proc Natl Acad SciU S A 97: 11632—-11637. PMID:
11005831

Finkelstein RR, Gampala SS, Rock CD (2002) Abscisic acid signaling in seeds and seedlings. Plant
Cell 14 Suppl: S15-45. PMID: 12045268

Leung J, Merlot S, Giraudat J (1997) The Arabidopsis ABSCISIC ACID-INSENSITIVE2 (ABI2) and
ABI1 genes encode homologous protein phosphatases 2C involved in abscisic acid signal transduc-
tion. Plant Cell 9: 759-771. PMID: 9165752

Antoni R, Gonzalez-Guzman M, Rodriguez L, Rodrigues A, Pizzio GA, Rodriguez PL (2012) Selective
inhibition of clade A phosphatases type 2C by PYR/PYL/RCAR abscisic acid receptors. Plant Physiol
158: 970-980. doi: 10.1104/pp.111.188623 PMID: 22198272

Kim KN, Cheong YH, Grant JJ, Pandey GK, Luan S (2003) CIPK3, a calcium sensor-associated protein
kinase that regulates abscisic acid and cold signal transduction in Arabidopsis. Plant Cell 15: 411-423.
PMID: 12566581

D'Angelo C, Weinl S, Batistic O, Pandey GK, Cheong YH, Schultke S, et al. (2006) Alternative complex
formation of the Ca-regulated protein kinase CIPK1 controls abscisic acid-dependent and independent
stress responses in Arabidopsis. Plant J 48: 857-872. PMID: 17092313

Mao X, Zhang H, Tian S, Chang X, Jing R (2010) TaSnRK2.4, an SNF1-type serine/threonine protein
kinase of wheat (Triticum aestivum L.), confers enhanced multistress tolerance in Arabidopsis. J Exp
Bot 61: 683-696. doi: 10.1093/jxb/erp331 PMID: 20022921

Mizoguchi M, Umezawa T, Nakashima K, Kidokoro S, Takasaki H, Fujita Y, et al. (2010) Two closely re-
lated subclass Il SnRK2 protein kinases cooperatively regulate drought-inducible gene expression.
Plant Cell Physiol 51: 842—-847. doi: 10.1093/pcp/pcg041 PMID: 20375108

Guo 'Y, Xiong L, Song CP, Gong D, Halfter U, Zhu JK (2002) A calcium sensor and its interacting protein
kinase are global regulators of abscisic acid signaling in Arabidopsis. Dev Cell 3: 233—244. PMID:
12194854

Lee C, Cheong YH, Kim KN, Pandey GK, Luan S (2010) Protein Kinases and Phosphatases for Stress
Signal Transduction in Plants. In Abiotic Stress Adaptation in Plants: Physiological, Molecular and Ge-
nomic Foundation, ed. Pareekh A, Sopory S K, Bohnart H J, Govindjee, 123—164. The Netherland:
Springer

Chaerle L, Leinonen |, Jones HG, Van Der Straeten D (2007) Monitoring and screening plant popula-
tions with combined thermal and chlorophyll fluorescence imaging. J Exp Bot 58: 773-784. PMID:
17189594

Sato A, Sato Y, Fukao Y, Fujiwara M, Umezawa T, Shinozaki K, et al. (2009) Threonine at position 306
of the KAT1 potassium channel is essential for channel activity and is a target site for ABA-activated
SnRK2/0ST1/SnRK2.6 protein kinase. Biochem J 424: 439-448. doi: 10.1042/BJ20091221 PMID:
19785574

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 23/24


http://www.ncbi.nlm.nih.gov/pubmed/11804826
http://www.ncbi.nlm.nih.gov/pubmed/16227468
http://dx.doi.org/10.1093/mp/ssn003
http://www.ncbi.nlm.nih.gov/pubmed/19825536
http://www.ncbi.nlm.nih.gov/pubmed/1463831
http://dx.doi.org/10.1007/BF00272861
http://www.ncbi.nlm.nih.gov/pubmed/24270501
http://www.ncbi.nlm.nih.gov/pubmed/12694590
http://www.ncbi.nlm.nih.gov/pubmed/16113213
http://www.ncbi.nlm.nih.gov/pubmed/11005831
http://www.ncbi.nlm.nih.gov/pubmed/12045268
http://www.ncbi.nlm.nih.gov/pubmed/9165752
http://dx.doi.org/10.1104/pp.111.188623
http://www.ncbi.nlm.nih.gov/pubmed/22198272
http://www.ncbi.nlm.nih.gov/pubmed/12566581
http://www.ncbi.nlm.nih.gov/pubmed/17092313
http://dx.doi.org/10.1093/jxb/erp331
http://www.ncbi.nlm.nih.gov/pubmed/20022921
http://dx.doi.org/10.1093/pcp/pcq041
http://www.ncbi.nlm.nih.gov/pubmed/20375108
http://www.ncbi.nlm.nih.gov/pubmed/12194854
http://www.ncbi.nlm.nih.gov/pubmed/17189594
http://dx.doi.org/10.1042/BJ20091221
http://www.ncbi.nlm.nih.gov/pubmed/19785574

@’PLOS | ONE

Role of Rice PP2C in ABA and Abiotic Stress

62.

63.

64.

65.

Umezawa T, Nakashima K, Miyakawa T, Kuromori T, Tanokura M, Shinozaki K, et al. (2010) Molecular
basis of the core regulatory network in ABA responses: sensing, signaling and transport. Plant Cell
Physiol 51:1821-1839. doi: 10.1093/pcp/pcq156 PMID: 20980270

Ding ZJ, Yan JY, Xu XY, Yu DQ, Li GX, Zhang SQ, et al. (2014) Transcription factor WRKY46 regulates
osmotic stress responses and stomatal movement independently in Arabidopsis. PlantJ 79: 13-27.
doi: 10.1111/tpj. 12538 PMID: 24773321

You J, Zong W, Hu H, Li X, Xiao J, Xiong L (2014) A STRESS-RESPONSIVE NAC1-regulated protein
phosphatase gene rice protein phosphatase18 modulates drought and oxidative stress tolerance
through abscisic acid-independent reactive oxygen species scavenging in rice. Plant Physiol 166:
2100-2114. doi: 10.1104/pp.114.251116 PMID: 25318938

Liu L, Hu X, Song J, Zong X, Li D (2009) Over-expression of a Zea mays L. protein phosphatase 2C
gene (ZmPP2C) in Arabidopsis thaliana decreases tolerance to salt and drought. J Plant Physiol 166:
531-542. doi: 10.1016/}.jplph.2008.07.008 PMID: 18930563

PLOS ONE | DOI:10.1371/journal.pone.0125168 April 17,2015 24/24


http://dx.doi.org/10.1093/pcp/pcq156
http://www.ncbi.nlm.nih.gov/pubmed/20980270
http://dx.doi.org/10.1111/tpj.12538
http://www.ncbi.nlm.nih.gov/pubmed/24773321
http://dx.doi.org/10.1104/pp.114.251116
http://www.ncbi.nlm.nih.gov/pubmed/25318938
http://dx.doi.org/10.1016/j.jplph.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18930563


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


