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Abstract Type 2C protein phosphatase plays an impor-
tant role in the signal transduction of stress response in
plants. In this paper, we identified a novel stress-induced
type 2C protein phosphatase gene OsSIPP2CI from rice.
OsSIPP2CI contains a complete open reading frame
of 1,074 bp, encoding a protein with 357 amino acids.
OsSIPP2C1 expression was up-regulated by high salt,
PEG6000 and exogenous ABA, and enhanced in the abl]
mutant under normal, salt, or drought condition. Interest-
ingly, OsSIPP2CI expression was increased during the
early panicle development. Subcellular localization assay
using rice protoplast cells indicated that OsSIPP2C1 was
predominantly located in the nucleus. Together, it is sug-
gested that a nuclear PP2C protein OsSIPP2C1 negatively
regulated by ABL1 is involved in abiotic stress and panicle
development in rice.
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Introduction

Environmental stresses such as cold, drought, and salinity
adversely affect plant growth and crop production. Plants
can initiate a number of molecular, cellular, and physio-
logical changes to respond and adapt to various stresses. It
has been established that two distinct pathways (ABA
dependent and ABA independent) are involved in stress-
responsive gene expression [1, 2]. The phytohormone ABA
plays a central role in abiotic stress response, especially in
plant response to drought or salt stress, as well as in the
regulation of plant development. The protein phosphoryla-
tion and dephosphorylation mediated by protein kinases and
protein phosphatases play important roles in ABA signal
transduction. The protein phosphatases can be divided into
two major classes: protein tyrosine phosphatases and protein
serine/threonine phosphatases [3, 4]. The protein serine/
threonine phosphatases are classified into protein phospha-
tase P (PPP) and protein phosphatase M (PPM) families. The
PPP family includes type I (PP1), type 2A (PP2A), and type
2B (PP2B), whereas the PPM family includes type 2C
(PP2C) and pyruvate dehydrogenase phosphatase [5].

The roles for PP2C in the ABA-dependent signaling
pathway have been extensively studied. In Arabidopsis, it
was estimated that seventy-six genes encode PP2C-type
phosphatases [6]. The group A of PP2C family contains
most of the identified genes involved in ABA signaling,
and they act as negative regulators in the pathway. ABI1
and ABI2 are the best studied PP2Cs [7-10]. Through
genetic screening, it was obtained two mutants abil-I and
abi2-1 with ABA-insensitive phenotypes. Both ABI/ and
ABI2 encode PP2C proteins and their expression is up-
regulated by ABA. Further studies have suggested that
ABI1 and ABI2 negatively regulate ABA signaling with
overlapping functions, and that other PP2Cs are also
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involved in ABA signaling as ABIl and ABI2 contribute
nearly 50 % of the ABA-induced PP2C activity [8].

In recent years, it has been made a significant progress in
the research on ABA receptors. The pyrabactin resistance 1
(PYR1)/PYRI1-LIKE (PYL)/regulatory components of ABA
receptors (RCAR) family proteins were recognized as the
ABA receptors that inhibit PP2C activity, such as ABI1 and
ABI2, in an ABA-dependent manner [11-14]. ABI1, ABI2
and some other group A PP2Cs can interact with and directly
dephosphorylate the subclass III SNF1-related protein
kinase 2 (SnRK2) [15, 16]. Recently, a SnRK2-PP2C com-
plex structure was revealed where the kinase activation loop
docks into the active site of PP2C, while the conserved ABA-
sensing tryptophan of PP2C inserts into the kinase catalytic
cleft, thus mimicking receptor-PP2C interactions [17]. In the
absence of ABA, PP2Cs repress ABA signaling by
dephosphorylation and inactivation of SnRK2s. However,
under ABA conditions induced by environmental or other
stimuli, the ABA receptors PYR/PYL/RCAR proteins bind
to PP2C and release SnRK2s [15, 16]. After that, SnRK2s
can phosphorylate the downstream substrates to positively
activate ABA response [15, 16]. Recently, it was found that
Arabidopsis HAI2/AtAIP1 could interact with ABA recep-
tors while aipl null mutant plants exhibited reduced sensi-
tivity to ABA and glucose during seed germination,
suggesting that AIP1 is associated with ABA-mediated cell
signaling and functions as a positive regulator of ABA [18].
Therefore, plant PP2Cs may play both positive and negative
roles in ABA signaling.

The genes coding for PP2C proteins have been identified
in different plant species, mostly in Arabidopsis [3].
Although a bioinformatics survey has identified 78 PP2C
genes in rice [19], few rice PP2C genes have been function-
ally investigated [20, 21]. OsBIPP2CI and OsBIPP2C2a
are two PP2C genes induced by disease resistance inducers
and pathogen infections in rice [20, 21]. Overexpression of
OsBIPP2C1 or OsBIPP2C2a could enhance disease resis-
tance. A rice PP2C gene Xb15 was reported to negatively
regulate XA2l-mediated innate immune response [22].
Based on a microarray analysis of salt responsive genes in
rice, we identified and cloned a new PP2C gene Os-
SIPP2CI from rice. Our data indicated that OsSIPP2CI
was involved in both reproductive development and abiotic
stress response, and negatively regulated by ABLI tran-
scription factor.

Materials and Methods
Plant Materials

The rice (Oryza sativa L. sub. japonica) cultivars Jiu-
caiqing, Zhonghuall, and Zhonghuall mutant abll [23]
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were used in this study. The seeds were sterilized in 0.1 %
HgCl, and germinated at 30 °C. The seedlings were cul-
tured with Yoshida’s culture solution in growth chamber as
previously described [24]. For tissue-specific gene
expression analysis, the roots and young culms from two-
week-old seedlings, the leaves, culms, nodes, anthers, and
panicles at different lengths from adult plants were
harvested and immediately frozen in liquid nitrogen,
respectively.

Stress Treatments

The two-week-old seedlings were used for stress treatments
as previously described [25]. For salt, osmotic and ABA
treatments, the seedlings were cultured in Yoshida’s cul-
ture solution supplemented with 150 mM NaCl, 20 %
(w/v) PEG6000, and 0.1 mM ABA, respectively. For cold
treatment, the seedlings were transferred to the growth
chamber with the temperature of 4 °C.

RNA Isolation and Reverse Transcription

The total RNA was extracted using Trizol reagent (Invit-
rogen, USA) according to the manufacturer’s protocol. The
RNA was subsequently treated with DNase I (Promega,
USA) to remove the remaining genomic DNA. The first
strand cDNA was synthesized with 2 pg total RNA using
Reverse Transcription system (Promega, USA).

Semi-quantitative RT-PCR

The RT-PCR primers for OsSIPP2C1 were 5-GGCGAGG
TGTGACTTCTA-3' and 5-GCTTGTGGTCGGAGGAT-
A-3'. The PCR program included an initial denaturation at
94 °C for 5 min, 32 cycles at 94 °C for 30 s, 58 °C for
50 s, 72 °C for 1 min, and a final extension at 72 °C for
10 min. In addition, an 800-bp PCR fragment of rice actin
gene Racl was amplified as an internal control to insure
equal amount of cDNA used in each sqRT-PCR reaction.
The primers for Racl were 5'-GGAACTGGTATGGT-
CAAGG-3' and 5-AGTCTCATGGATAACCGCAG-3'.

Subcellular Localization

A green fluorescent protein (GFP) fusion protein was
constructed using the full-length OsSIPP2C1 cDNA with a
C-terminal fusion of the GFP clone under control of CaMV
35S promoter. The rice protoplast preparation and trans-
formation were conducted as previously described [25].
Subcellular distribution of the GFP fusion protein was
examined by the confocal laser scanning microscopy
(Leica, TCS SP2). Cells were labeled with the DNA dye 4,
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6-diamidino-2-phenylindole (DAPI)
nucleus.

to visualize the

In Silico Sequence Analysis

Multiple sequences alignments were produced by the
ClustalX and GeneDOC programs. For promoter sequence
analysis, 1,200-bp upstream sequence of OsSIPP2C1 was
obtained from Rice Genome Annotation Project (http:/
rice.plantbiology.msu.edu/) and analyzed with MatInspec-
tor program (http://www.genomatix.de/). In silico gene
expression, analysis was performed with Genevestigator
platform (https://www.genevestigator.com/).

Results
Cloning and Sequence Analysis of OsSIPP2C1

Through a microarray-based investigation on salt-induced
genes in rice seedlings, 1,834 genes were found to be up-
regulated (>2 fold) by salt stress (data not shown). Among
these salt-induced genes, an EST (probe ID: 0s.9022.1.S1_at)
showed a 23.3-fold induction after salt treatment. Database
search indicated that this EST sequence encodes a previously
unknown type 2C protein phosphatase. As this gene is largely
induced by salt stress, we named this gene Oryza sativa salt-
induced PP2C Protein 1 (OsSIPP2CI) under GenBank
accession number AK063334. The full-length OsSIPP2C1
gene containing a complete ORF of 1,074 bp was cloned from
rice seedlings treated with salt by RT-PCR. The predicted
protein product of OsSIPP2C1 comprises 357 amino acids
with calculated molecular mass of 37.6 kDa.

OsSIPP2C1 showed homologies to other plant PP2C
proteins including Arabidopsis ABIl (45 % similarity),
AtPP2CA (55 % similarity) [26, 27], and maize ZmPP2C1
(79 % similarity) (Fig. 1). In particular, the -catalytic
domain is well conserved among these PP2C proteins,
whereas the N-terminal extension of OsSIPP2C1 diverges
with ABI1 and ABI2 (Fig. 1). Eleven typical motifs [28]
are conserved among these PP2Cs including OsSIPP2C1
(Fig. 1). Phylogenetic analysis revealed that OsSIPP2C1
was grouped into group A PP2C proteins [3], and close to
ZmPP2C1 and SbPP2C1 but far from another rice PP2C
protein OsBIPP2C1 [22]. As OsSIPP2CI1 is more close to
AtPP2CA [26, 27], HAIl1 [29], HAI2/AtAIP1 [18], and
HAI3 than ABI1 and ABI2 (Fig. 2), OsSIPP2C1 may be
functionally related to AtPP2CA and HAIs.

Cis-acting Element Analysis in OsSIPP2C1 Promoter

The 1,200-bp promoter sequence of OsSIPP2CI was ana-
lyzed for cis-acting elements. The promoter sequence

contains some putative stress-related cis-acting elements,
such as dehydration responsive element (DRE), MYC rec-
ognition sites (MYCS), multiple ABA responsive element
(ABREs), and MYB recognition sites (MYBSs) (Table 1).
These cis-acting elements may be responsive for stress-
regulated expression of OsSIPP2C]. In addition, a MADS-
box protein binding site (ttaaaCCTAcaatagaaagtt, —889 to
—869) also exists in the OsSIPP2C1 promoter region.

Expression Analysis of OsSIPP2C1 Under Stress
Conditions

Based on the microarray data, it was found that OsSIPP2C1
was induced by various abiotic stresses, such as high salt,
PEG6000, drought and biotic stresses including rice blast
pathogen Magnaporthe grisa and bacterial blight pathogen
Xanthomonas oryzae pv. oryzae (Xoo) (Fig.3). These
results suggest that OsSIPP2C1 is involved in both abiotic
and biotic stress responses. Furthermore, OsSIPP2CI is
induced by exogenous ABA treatment but not markedly by
cold or H,O,. To confirm the expression of OsSIPP2CI in
rice under abiotic stress, semi-quantitative RT-PCR was
employed to analyze OsSIPP2CI expression in rice seed-
lings under salt, PEG6000, cold, and ABA treatments. As
shown in Fig. 4, the transcripts of OsSIPP2CI accumulated
at 1 h after salt treatment and reached the maximum at 24 h.
For PEG treatment, the OsSIPP2CI mRNA showed an
increase at 1 h of treatment and decreased to the baseline
after 24 h. For cold, the expression of OsSIPP2CI was not
markedly altered upon cold from 1 to 24 h. The presence of
0.1 mM exogenous ABA as a signal molecule induced
OsSIPP2C1 expression to peak at 12 h. In addition, our data
showed that the expression of OsSIPP2C1 was not signifi-
cantly changed under normal growth condition (Fig. 4).
Together, OsSIPP2C1 is induced by salt and osmotic stresses
as well as exogenous ABA, but not markedly by cold.

Expression of OsSIPP2C1 in Rice abll Mutant Under
Abiotic Stress

The rice ABI5-Likel (ABL1) deficiency mutant, abll,
shows suppressed ABA responses [23]. To analyze whether
OsSIPP2CI1 is involved in ABL1 signaling, we analyzed
OsSIPP2C1 gene expression in abll and wild-type rice
under salt and drought stresses. Interestingly, OsSIPP2CI
expression was enhanced in abl/ mutant under both normal
and stress conditions (Fig. 5), suggesting that ABLI
probably negatively regulates OsSIPP2C1 gene expression.

Tissue-specific Expression Analysis of OsSIPP2C1

Tissue-specific expression of OsSIPP2CI was analyzed
by semi-quantitative RT-PCR. Under normal growth
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conditions, OsSIPP2CI was detected only in the develop-
ing panicles (Fig. 6a). It was found that OsSIPP2CI was
weakly detected in the panicles at the length of 2 mm and
gradually accumulated with the elongation of panicles. The
highest expression level of OsSIPP2C1 was observed in the
5-10 cm panicles. Although OsSIPP2CI expression was
not detected in the leaves, roots, and culms under normal
condition (Fig. 6a), we found that application of ABA
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motif 11

could significantly induce expression of OsSIPP2CI in
those tissues (Fig. 6b).

OsSIPP2C1 Predominately Locates in the Nucleus
To further explore OsSIPP2C1 function, we analyzed its

subcellular localization using rice protoplast cells. As
shown in Fig. 7, GFP-OsSIPP2C1 fusion protein was
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Fig. 2 Phylogenetic analysis of plant PP2C proteins. The tree was
constructed with MEGA program with amino acid sequences of plant
PP2C proteins. Branch numbers represent a percentage of the
bootstrap values in 1,000 sampling replicates, and the scale bar
indicates the branch length. The accession numbers for the sequences
are as follows: Oryza sativa OsSIPP2C1(AK063334) and Os-
BIPP2C1(AY603974); Arabidopsis thaliana ABI1(At4g26080),
ABI2(At5g57050),  AtPP2CA(At3g11410),  HAI1(At5g59220),
HAI2/AtAIP1(At1g07430), HAI3(At2g29380), HAB1(Atlg72770),
HAB2(At1g17550), AHG1(At5g51760) and AtPPH1(At4g27800);
Zea mays ZmPP2C(AAT40439), ZmPP2C1(NP_001146047), and
ZmPP2C2(ABA41456); Sorghum bicolor SbPP2C1(XP_002460055);
Fagus sylvatica FsPP2C1(CAB90633); and Vitis vinifera
VvPP2C1(CBI16058)

localized predominately in the nucleus, and this was also
indicated by DAPI staining. In contrast, the control GFP
protein was detected throughout the cell (Fig. 7).

Discussion

When suffering stresses, such as high salt, drought and
cold, plants activate adaptive responses including changes
in physiology, metabolism, and gene expression. The
stress-derived signal transduction through protein phos-
phorylation and dephosphorylation plays an essential role
in these processes [3]. The type 2C protein phosphatase has
an important role in the signal transduction of stress
response, especially in the ABA-dependent signaling
pathway in Arabidopsis. Besides in Arabidopsis, PP2C
genes have been less reported in other plant species. In the

Table 1 List of putative stress-related cis-acting elements in the
promoter of OsSIPP2C1

Position Score Sequence
DRE —95 to —81 0.905 cgtcTCCGcctctet
ABRE —197 to —181 0.802 gcggg ACTCgtggacgg
—234 to —218 0.954 gaaggACACgtgtcgcg
—269 to —277 0.919 cttcgtcACGTgtecgg
—352 to —336 0.881 tactagtACGTggcgac
—800 to —784 0.850 acttaatACGTgctcta
MYBS —689 to —673 0.848 taaaATATgctaatagce
—848 to —832 0.979 gagaATATacaaaaaat
—1064 to —1048 0.848 gaaaATATgctgacatg
—1138 to —1122 0.858 cttttctcTATAgact
—1155 to —1139 0.826 tctctAATCcattgtct
MYCS —234 to —216 0.953 gaaggaCACGtgtcgegtg
—285 to —267 0.950 cttcgtCACGtgtceggge
H,0, 0O
ABA ]
4dpi [
M.grisa 3dpi /I
2dpi [
X oryzae [
Cold =
PEG6000 ]
Root [
Panicle |
Drought . i
Seedling
Leaf |
Salt ]
-2 0 2 4 6 8
Logs(ratio)

Fig. 3 In silico expression analysis of OsSIPP2CI, the Log2
expression data were derived from Genevestigator platform (https:/
www.genevestigator.com/) except expression values of OsSIPP2CI
in rice seedlings under drought (20 % PEG6000), cold (4 °C), salt
(150 mM NaCl), and ABA (0.1 mM) treatments that are from our
unpublished microarray data

present study, a new PP2C gene OsSIPP2C1 was cloned
and characterized in rice.

The gene expression analysis indicated OsSIPP2C1 was
significantly induced upon salt and PEG stresses but not
markedly by cold, implying that OsSIPP2C1 is mainly
involved in signal transduction induced by salt or osmotic
stress. Considering that the ABA-dependent signaling is
mostly associated with salt and drought stress [1, 2], it is
deduced that OsSIPP2C1 plays an important role in signal
transduction of salt and drought responses through an
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Fig. 4 Expression analysis of OsSIPP2C1 in rice under abiotic stress.
The rice seedlings grown in Yoshida’s culture solution were treated
with H,O, 150 mM NaCl, 20 % PEG6000, 4 °C, or 0.1 mM ABA.
The rice shoots were collected for gene expression analysis after the
treatments of different time intervals indicated in the figure
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Fig. 5 Expression of OsSIPP2CI in rice abll mutant under stress
conditions. The seedlings of the wild-type and abl// mutant were
treated with 20 % PEG6000 and 150 mM NaCl and the shoots were
harvested for gene expression analysis

ABA-dependent pathway. Phylogenetic analysis indicated
that OsSIPP2C1 was similar to Arabidopsis PP2C protein
AtPP2CA and HAIs (Fig. 2). AtPP2CA negatively regulates
ABA signal transduction in Arabidopsis as its disruption
mutants displayed strong ABA hypersensitivity [25]. Based
on the fact that OsSIPP2C1 was induced by salt, PEG6000
and ABA treatments, it might play a similar role as AtPP2CA
does in ABA signaling. To further study the position of
OsSIPP2C1 in ABA-dependent pathway, we studied its
expression in the rice ABL1 deficiency mutant, abll, under
salt and PEG conditions. ABL1 is a basic region/leucine
zipper motif transcription factor positively regulating
ABRE-containing gene expression [23]. The abll mutant
showed suppressed ABA responses and the decreased
expression of ABRE-containing genes. The expression of
OsSIPP2C1 was enhanced in abll mutant under normal, salt,
and PEG conditions, suggesting that ABL1 is a negative
regulator of OsSIPP2CI1. The studies for PP2C members
such as AtPP2CA and FsPP2C1, the Arabidopsis and Fagus
sylvatica orthologues of OsSIPP2CI, have suggested that
PP2Cs are negative regulators of ABA signaling [26,27,30,31].
We hypothesize here under stress conditions, the plant ini-
tiates an ABA-dependent pathway. This in turn activates
expression of ABA responsive genes. Expression of ABLI is
then up-regulated, and subsequently ABL1 positively regu-
lates expression of ABRE-containing genes. As OsSIPP2C1
probably functions in the repression of ABA responses,
ABL1 may negatively control the abundance of OsSIPP2CI
to avoid OsSIPP2C1-dependent repression of ABA signal-
ing. Therefore, OsSIPP2C1 may function in modulating
ABA responses in plants.

It is interesting that OsSIPP2CI is also responsive to
biotic stresses including rice blast pathogen Magnaporthe
grisa and bacterial blight pathogen Xoo. Two rice PP2C
genes OsBIPP2CI and OsBIPP2C2a were induced by
disease resistance inducers and pathogen infections to

A : \éb
§°’ Panicle @é el &
£ : &

1.5

Leaf

5

Young Culm

ABA - + - +

OsSIPP2C1 | o

-+
= =

Rac?“____.——‘

Fig. 6 Tissue-specific expression of OsSIPP2CI. a Expression of
OsSIPP2C1 in rice tissues under normal growth condition. The roots
and young culms from two-week-old seedlings, the panicles at
different lengths, the leaves, culms, nodes, and anthers from adult
plants were used for tissue-specific expression of OsSIPP2CI.
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b Expression of OsSIPP2CI in rice tissues under 0.1 mM ABA
treatment. The semi-quantitative RT-PCR was employed to analyze
OsSIPP2CI expression in different rice tissues as indicated in the
figure
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Fig. 7 Subcellular localization of GFP-OsSIPP2CI1 fusion protein. Constructs of 35S:GFP-OsSIPP2C1 (above) and 35S:GFP were transformed
into rice protoplast cells, respectively. The GFP and DAPI signals were observed by confocal microscopy

confer disease resistance [20, 21]. Another rice PP2C gene
Xbl5 was shown to negatively regulate XA21-mediated
innate immune response [22], suggesting that similar
machinery involving PP2Cs may exist in both abiotic and
biotic stress responses. Mutation of an Arabidopsis PP2C
gene AP2C1 produced more jasmonate upon wounding and
was more resistant to phytophagous mites while increase of
AP2CI levels reduced ethylene production and compro-
mised innate immunity against Botrytis cinerea [32]. Fur-
ther studies with OsSIPP2C] transgenic plants are required
to confirm the positive or negative role of OsSIPP2CI in
biotic stress response.

The expression of OsSIPP2C1 was not detected in most
of tissues but regulated by panicle development in rice
under normal growth condition. There are few reports
connecting the role of PP2Cs with plant development [33].
With development of rice panicles, OsSIPP2C1 expression
gradually increased, suggesting that OsSIPP2C1 might play
an essential role in the early panicle development. During
the early stage of panicle development, OsSIPP2CI accu-
mulates and may negatively regulate ABA signaling.
Thereafter, expression of OsSIPP2CI decreases at the late
stage of panicle development to insure ABA functioning in
the promotion of panicle maturing. However, this hypoth-
esis needs further functional validation using OsSIPP2C1
knock-out mutant. The MADS-box transcription factors
are very important in reproductive development in plants.
For example, PANICLE PHYTOMER?2, encoding a SEPAL-
LATA subfamily MADS-box protein, positively determines
the spikelet meristem identity in rice [34]. A MADS-box
protein binding site in the promoter region of OsSIPP2CI
suggests that OsSIPP2C1 may participate in the early pan-
icle development under the regulation of MADS-box tran-
scription factors. Although the role of OsSIPP2C1 in

panicle development is not understood yet, it provides an
interesting clue for further study of the functions of PP2Cs
in reproductive development in plants.

In summary, OsSIPP2C1 is a nuclear PP2C protein
involved in abiotic stress and early panicle development.
Moreover, OsSIPP2C1 was negatively regulated by ABL1.
Our data provide the new clues in the understanding of the
functions of PP2Cs in stress responses and reproductive
development in plants.
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