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Abstract Protein phosphatase 2Cs (PP2Cs) have been

demonstrated to play critical roles in regulation of plant

growth/development, abscisic acid signaling pathway and

adaptation to environmental stresses. Here we report the

cloning and molecular characterization of a novel rice

protein phosphatase 2C gene, OsBIPP2C2 (Oryza sativa L.

BTH-induced protein phosphatase 2C 2). OsBIPP2C2 has

three alternatively spliced transcripts and the largest tran-

script OsBIPP2C2a encodes a 380 aa protein containing all

11 conserved catalytic subdomains of PP2Cs. Expression

of OsBIPP2C2a was significantly induced by benzothia-

diazole (BTH), one of defense-related signal molecules in

plants. Expression of OsBIP2C2a was induced by infection

with the blast fungus, Magnaporthe grisea, and the path-

ogen-induced expression of OsBIPP2C2a in BTH-treated

rice seedlings was much earlier and stronger than those in

water-treated seedlings. Overexpression of OsBIPP2C2a in

transgenic tobacco plants resulted in increased disease

resistance against tobacco mosaic virus and Phytophthora

parasitica var. nicotianae. Importantly, the OsBIPP2C2a-

overexpressing transgenic tobacco plants showed consti-

tutive expression of defense-related genes. These results

suggest that OsBIPP2C2a may play an important role in

disease resistance through activation of defense response.
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Abbreviations

ABA Abscisic acid

BTH Benzothiadiazole

CaMV Cauliflower mosaic virus

PP2C Protein phosphatase 2C

TMV Tobacco mosaic virus

Introduction

Protein phosphatases play critical roles in balance of pro-

tein dephosphorylation by removing the phosphor-groups

from their phosphorylated targets. Among them, protein

phosphatase 2Cs (PP2Cs) have been studied extensively for

their biochemical functions in plant growth, development

and responses to hormones and abiotic stresses (Sch-

weighofer et al. 2004). In Arabidopsis, 76 genes were

identified to encode putative PP2C-type phosphatases

(Kerk et al. 2002). Implication of PP2Cs in regulation of

abscisic acid (ABA) response is well established in Ara-

bidopsis. Biochemical and genetic analyses have resulted

in the identification of at least four PP2Cs, including ABI1,

ABI2, PP2CA, and HAB1 (formerly named AtP2C-HA), as

negative regulators of ABA signal transduction (Meyer

et al. 1994; Stone et al. 1994; Leung et al. 1997; Gosti et al.

1999; Merlot et al. 2001; Tahtiharju and Palva 2001;

Gonzalez-Garcia et al. 2003; Saez et al. 2004; Kuhn et al.
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2006; Yoshida et al. 2006; Nishimura et al. 2007). Func-

tions of ABI1 and ABI2 appear to be highly overlapped,

including ABA-regulated seeds dormancy, guard cell clo-

sure, and acclimation to various stresses (Pei et al. 1997;

Leung et al. 1997; Gosti et al. 1999; Chak et al. 2000;

Merlot et al. 2001; Saez et al. 2006). Other identified

Arabidopsis PP2Cs include kinase-associated protein

phosphatase (KAPP) and POL, which regulate the normal

developmental process of tissues and organs (Stone et al.

1998; Shah et al. 2002; Yu et al. 2003).

A number of PP2Cs identified from other plant species

have also been shown to play roles in growth and

response to various abiotic stresses. FsPP2C1 and

FsPP2C2, two PP2C genes from beech (Fagus sylvatica)

seeds, were induced by ABA in dormant seeds (Lorenzo

et al. 2001, 2002). Results from transgenic Arabidopsis

overexpressing FsPP2C1 gene indicate that negative

regulation of ABA signaling by FsPP2C1 is a factor

contributing to promote the transition from seed dor-

mancy to germination during early stage of stratification

(Gonzalez-Garcia et al. 2003). Interestingly, constitutive

expression of FsPP2C2 in transgenic Arabidopsis under

the cauliflower mosaic virus 35S promoter resulted in

enhanced sensitivity to ABA and osmotic stress in seeds

and vegetative tissues as well as dwarf and delayed

flowering, suggesting that FsPP2C2 is a positive regulator

of ABA (Reyes et al. 2006). Thus, FsPP2C2 is different

from other identified plant PP2Cs that act as negative

regulators of ABA signaling. MP2C, a wound-induced

alfalfa PP2C gene, was found to be activated within

10 min and gradually decreased to non-detectable levels

after 20 min wounding treatment (Meskiene et al. 1998).

NtPP2C1, a tobacco PP2C gene, was strongly activated

by drought, but repressed by oxidative stress and heat

shock, suggesting that NtPP2C1 may operate at the

junction of drought, heat shock and oxidative stress

(Vranova et al. 2000). Moreover, a lotus PP2C gene,

LiNPP2C1, was shown to be expressed specifically during

establishment of root nodules with Mesorhizobium, but

not in the early stage (Kapranov et al. 1999), indicating

the involvement of PP2Cs in plant-microbe interactions.

Compared with the extensive studies on the functions of

MAP kinases, little attention has been paid on the

involvement of PP2Cs in plant biotic stress responses.

Recently, several lines of evidence suggest a role for

PP2Cs in regulation of plant defense responses. Tobacco

DBP1 contains a typical catalytic domain of PP2C at its C

terminus and a transcription factor domain at the N ter-

minus and was found to modulate transcription of a defense

gene, CEVI1, whose expression was up-regulated only in

compatible interaction between citrus exocortis viroid and

tobacco, but not in incompatible interaction (Carrasco et al.

2003). 14-3-3G is directly involved in regulating DBP1

function by promoting nuclear export and subsequent

cytoplasmic retention of DBP1 under conditions that in

turn alleviate DBP1-mediated repression of target gene

expression (Carrasco et al. 2006). Arabidopsis AP2C1 is a

novel stress signal regulator that inactivates the stress-

responsive MAPKs. Mutant ap2c1 plants produce higher

amounts of jasmonic acid and are more resistant to phy-

tophagous mites. Plants overexpressing AP2C1 gene dis-

play reduced ethylene production and defense-related gene

expression, and compromised innate immunity against the

necrotrophic pathogen Botrytis cinerea (Schweighofer

et al. 2007).

We are interested in the function of protein phosphor-

ylation/dephosphorylation, which is modulated by protein

kinases and phosphatases, respectively, in regulation of

plant defense response. We previously found that two MAP

kinase genes, OsBIMK1 and OsBIMK2, and a PP2C gene,

OsBIPP2C1, play roles in rice disease resistance responses

(Song and Goodman 2002a; Song et al. 2006; Hu et al.

2006). Here we report the isolation and identification of a

new rice PP2C gene, OsBIPP2C2. Among the predicted

three alternatively spliced transcripts of OsBIPP2C2 gene,

accumulation of OsBIPP2C2a transcript was increased in

rice seedlings after treatment with benzothiadiazole, a

disease resistance signal molecule and infection by Mag-

naporthe grisea, a fungal pathogen causing rice blast dis-

ease. Overexpression of OsBIPP2C2a in transgenic

tobacco plants resulted in enhanced disease resistance and

constitutive expression of defense-related genes. Our

results suggest that OsBIPP2C2a may play an important

role in disease resistance through activation of defense

response.

Materials and methods

Plant growth and treatments

Rice (Oryza sativa L. subsp. indica cv. Yuanfengzao)

seedlings were grown under greenhouse conditions at 22/

27�C (night/day) and 3-week-old seedlings were used for

all experiments. Rice seedlings were treated by foliar

spraying with 0.3 mM BTH solution (Novartis Crop

Protection Inc., Research Triangle Park, NC, USA) or

with sterilized distilled water as a control. At 3 days

after BTH treatment, the seedlings were inoculated with

spore suspension (5 9 105 spores per ml in 0.05%

Tween-20) of Magnaporthe grisea (strain 85-14B1 of

race ZB1) and then the inoculated seedlings were kept at

100% relative humidity in darkness for 36 h (Luo et al.

2005a). Samples were collected at different time points

as indicated after treatment and stored at -80�C until

further use.
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Cloning of OsBIPP2C2

Two differentially expressed clones (BNHN-n22 and

BNHN-n23), obtained previously from screenings of sup-

pression subtractive hybridization libraries (Song and

Goodman 2002a), show high level of similarity to plant

PP2C genes. To obtain the full-length cDNA of this puta-

tive PP2C gene, the 50- and 30-missing ends were amplified

by PCR using phage DNA prepared from a rice cDNA

library (Song and Goodman 2002a) as template. To

amplify the 30-end, a gene-specific primer, BNHN-n22-1F

(50-GGA CGG GTA TAG CAA ACA GA-30) and a vector

anchored universal reverse primer, T7 (50-GTA ATA CGA

CTC ACT ATA GGG C-30) were used for amplification of

the 30-end; a gene-specific primer, BNHN-n22-1R (50-CTT

CCT CGT GGC TTC CTT TA-30), and another vector

anchored forward universal primer, T3 (50-AAT TAA CCC

TCA CTA AAG GGA-30) were used for amplification of

the 50-end. The full-length cDNAs were amplified using a

gene-specific primer, BNHN-n22-2F (50-GCT TGT GTT

GGA TCG GAG T-30), located in the 50-UTR, and the

vector universal primer T7. A pair of primers, BNHN-n22-

3F (50-CAT ATG TTG AGG GCG GTG GC-30, underlined

is an NdeI site) and BNHN-n22-3R (50-GAA TTC TAC

CAA CCG GAG CC-30, underlined is an EcoRI site) was

used for cloning of the ORF sequences. All PCR products

were cloned into pUCm T-vector (Sangon, Shanghai,

China) by T/A cloning and confirmed by sequencing. The

correct clones for the full-length cDNAs were designated

as pUCm-OsBIPP2C2.

DNA sequencing and analysis

DNA sequencing was performed on both strands on the

MegaBACE 1000 DNA Analysis System (Amersham

Biosciences, UK) at the Center of Analysis and Measure-

ment in Zhejiang University. Sequence edits and ORF

prediction were carried out using DNASTAR software

(LaserGene, Madison, WI, USA). Similarity searches were

done using BLAST at the NCBI GenBank database

(http://www.ncbi.nlm.nih.gov/BLAST/). Sequence align-

ments were conducted using ClustalW (http://www.ebi.

ac.uk/clustalw/).

Total RNA extraction and Northern blotting

Total RNA was extracted from rice and tobacco leaf

samples using a standard acid-guanine method (Sambrook

and Russell 2001). Twenty (rice) or ten (tobacco) micro-

grams of total RNA were separated on 1% agarose-form-

aldehyde gel, and transferred onto Hybond N? (Amersham

Biosciences, UK) nylon membrane in 20 9 SSC by

capillary action overnight. A 30-end 700 bp fragment of

OsBIPP2C2 was prepared from plasmid pUCm-

OsBIPP2C2 by digesting with PstI. Fragments for tobacco

PR-1a and Sar8.2b, two defense-related genes were pre-

pared as previously described (Song and Goodman 2002b;

Luo et al. 2005b). cDNA fragments were labeled with

[a-32P]-dCTP by the random priming method using a

Random Primed DNA Labeling Kit (Takara, Dalian,

China). Pre-hybridization was performed at 42�C for

30 min in ULTRAhyb buffer (Ambion Inc., Austin, USA)

and hybridization was carried out overnight at 42�C in the

same hybridization buffer with the [a-32P]-labeled probe.

After hybridization, the blots were washed twice with

2 9 SSC, 0.1%SDS and 1 9 SSC, 0.1%SDS for 5 min

each at 42�C, and autoradiographed by exposure to X-ray

film (Lucky Film Corporation, Baoding, China) for 2 days

at -80�C.

Construction of binary vector and generation

of transgenic tobacco

The ORF sequence of OsBIPP2C2 was released by

digestion with XbaI/PstI from plasmid pUCm-OsBIPP2C2

and ligated into XbaI/PstI sites of plant binary vector

CHF3, in which the OsBIPP2C2 gene was placed under

the control of the CaMV 35S promoter in the sense ori-

entation. The resulting plasmid, CHF3-OsBIPP2C2, was

introduced into Agrobacterium tumefaciens EHA105 by

electroporation. Agrobacteria were grown at 28�C with

shaking (200 rpm) in YEP broth containing 100 lg/ml

streptomycin and 100 lg/ml spectinomycin and bacterial

suspension of OD600 = 0.80 was used for transformation.

Transformation of tobacco (cv. Xanthi nc) was performed

using Agrobacterium-mediated leaf disc transformation

method. Transgenic lines with single copy of

OsBIPP2C2a gene were selected and T3 homozygous

seeds were used for study. The seeds of the transgenic

tobacco lines were germinated on 1/2 MS medium

containing 200 lg/ml kanamycin in a growth chamber

under 16 h day/8 h night at temperature of 22–25�C for

3–4 weeks and the surviving plants were transferred

into natural soil and grown in the growth room for

another 3–4 weeks.

Genomic DNA of transgenic plants was extracted by

CTAB protocol (Luo et al. 2005b). Approximately 100 ng

of genomic DNA was used for detection of the transgene in

transgenic plants by PCR with primers BNHN-n22-3F and

BNHN-n22-3R. Genomic DNA was digested with HindIII,

separated on agarose gel, and transferred onto Hybond N?

(Amersham Biosciences, UK) nylon membrane by capil-

lary action. Southern blotting analysis was performed with

the same protocol as Northern blotting analysis.
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Disease resistance assays

Inoculation of the tobacco plants with TMV was performed

using standard mechanical rubbing method. For prepara-

tion of the inoculums, TMV-infected tobacco leaves were

ground in a mortar with a pestle in 5 ml of potassium

phosphate buffer (50 mM, pH 7.0). Fully expanded leaves

were dusted with dry carborundum and inoculated by

gently rubbing the upper leaf surface with 100 ll of the

viral suspension inoculums, followed by rinsing with

deionized water immediately. Control plants were also

dusted with carborundum and mock inoculated with sam-

ple volume of potassium phosphate buffer. Following

inoculation, plants were maintained at 23–26�C under

continuous illumination provided by cool-white fluorescent

lamps. The lesion numbers on the inoculated leave of at

least six plants were counted 5 days after inoculation.

Phytophthora parasitica var. nicotianae was cultivated

on PDA medium (potato, 200 g/L; dextrose 20 g/L; agar

15 g/L; pH 6.5) at 25�C for 4–6 days. The mycelia were

collected and suspended in water to OD600 & 0.5 for

inoculation. Six two-month-old tobacco plants were inoc-

ulated by pouring of mycelium suspension at the base of

the stem (20 mL/plant) and were then incubated in growth

room under the conditions described above. Disease

severity was evaluated three weeks after inoculation on a

four-scale standard as the follows: 0, the inoculated plants

have no significant symptom; 1, lesions on stem base of the

inoculated plants do not encircle the stem and the plants

have no wilted leaves; 2, lesions on stem base encircle the

stem and 2–3 lower leaves of the inoculated plants become

yellowish and/or wilted; 3, lesions on stem base encircle

the stem and the inoculated plants become wilted. Disease

index was calculated by dividing sum of plants scored in

each rating 9 corresponding rating value with total num-

ber of plants 9 3.

All experiments were performed independently three

times, and the data from these experiments were subjected

to statistical analysis using DPS software (Beijing China-

agri BRAINS Science & Technology Co. Ltd, http://www.

nbs.net.cn/yzjaa.htm).

Results

Cloning of OsBIPP2C2 and identification of two

alternatively spliced transcripts

In our previous studies aimed at elucidation of molecular

biology of rice disease resistance response, we isolated and

characterized hundreds of differentially expressed cDNA

clones (Song and Goodman 2002a). Among them, two

differentially expressed clones, BNHN-n22 (GenBank

Accession No. BI118738) and BNHN-n23 (GenBank

Accession No. BI118739), contain cDNA inserts of 344 bp

and 399 bp, respectively, which show high level of simi-

larity to genes encoding plant PP2Cs. A rice PP2C gene,

OsBIPP2C1 (Oryza sativa L. BTH induced protein phos-

phatase 2C 1) was previously identified (Hu et al. 2006),

we thus designated this new PP2C gene as OsBIPP2C2.

Rapid amplification of cDNA ends approach was used to

amplify the missing 50- and 30-end sequences and a full-

length cDNA was assembled. Database searches revealed

that OsBIPP2C2 corresponds to locus Os03g55320, which

is annotated to have three alternatively spliced transcripts,

Os03g55320.1, Os03g55320.2 and Os03g55320.3

(Fig. 1a). In amplification of OsBIPP2C2 ORF, two frag-

ments of *1,140 and *1,050 bp in size were amplified.

Cloning and sequencing revealed that these two fragments

were 1,143 and 1,040 bp in size, respectively, and had

identical sequences of 696 bp at 50-end. Alignments of

these two transcripts with predicted Os03g55320 tran-

scripts, indicate that the large (1,143 bp) and small

(1,040 bp) transcripts correspond to Os03g55320.1 and

Os03g55320.3, respectively. We designated the large

transcript as OsBIPP2C2a and the short one as

OsBIPP2C2c. OsBIPP2C2a is supported by two full-length

cDNAs (GenBank Accession Nos. AK102620 and

AK105764) isolated from rice subsp. Japonica by

Knowledge-based Oryza Molecular biological Encyclopedia

(http://cdna01.dna.affrc.go.jp/cDNA/); while OsBIPP2C2c

lacks support of full-length cDNA available in public

database. Another full-length cDNA, AK066083, con-

firms the predicted transcript of Os03g55320.2. The

OsBIPP2C2c transcript seems to be transcribed from

Os03g55320 locus with an advanced transcription stop due

to an alternatively splicing event. This was the reason that

the OsBIPP2C2c sequence was amplified using a pair of

primers that were designated for amplification of the

OsBIPP2C2 ORF. Database searching and alignment

analyses revealed that there are 3 nucleotide differences

between the OsBIPP2C2a sequence and its corresponding

rice genomic sequence; but these differences do not result

in any changes in protein sequence. Because OsBIPP2C2c

does not encode a typical PP2C, OsBIPP2C2a was chosen

for further study.

Characterization of OSBIPP2C2 protein

The full-length cDNAs of OsBIPP2C2a contains a pre-

dicted ORF of 1,143 bp, encoding a 380 aa protein with

calculated molecular weight of 41.8 kD and isoelectric

point of 9.4. OsBIPP2C2a contains all 11 conserved cata-

lytic subdomains present in all PP2Cs (Rodriguez 1998)

with six residues putatively involved in binding of the

phosphate and metal ions (Das et al. 1996) (Fig. 1b).
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However, OsBIPP2C2b and OsBIPP2C2c lack domains

10–11 and domains 7–11, respectively. OsBIPP2C2a has a

relatively shorter N-terminal extensions (44 aa) than those

of other plant PP2Cs (110–140 aa).

Because PP2Cs family comprises of a large number of

members in plants, we thus searched for possible function

of OsBIPP2C2a by comparing phylogenetic relationship

between OsBIPP2C2a and other previously studied plant

PP2Cs with defined biological functions. Phylogenetic tree

analysis revealed that OsBIPP2C2a shows a relatively low

level of identity (\45%) to other reported plant PP2Cs

(Fig. 2) at amino acid sequence level. OsBIPP2C2a is more

close (45% identity) to a biochemically identified Fagus

sylvatica FsPP2C2 (Lorenzo et al. 2002), which has been

shown to be involved in osmotic stress tolerance in seeds

and vegetative tissues through regulating ABA sensitivity

(Reyes et al. 2006). However, OsBIPP2C2a has less than

25% of identity to other well-identified plant PP2Cs such

as Arabidopsis ABI1 (Leung et al. 1994; Meyer et al.

1994), ABI2 (Leung et al. 1997; Rodriguez et al. 1998) and

AtPP2CA (Kuromori and Yamamoto 1994), tobacco

NtPP2C1 and NtPP2C2 (Vranova et al. 2000), and Medi-

cago sativa MP2C (Meskiene et al. 1998). Furthermore,

OsBIPP2C2a has only 21% of identity to OsBIPP2C1,

previously identified rice PP2C that plays a role in disease

resistance (Hu et al. 2006). Thus, OsBIPP2C2a may be a

new stress-related PP2C.

Expression of OsBIPP2C2a in rice defense response

The differentially expressed clones BNHN-n22 and

BNHN-n23, which contain cDNA inserts derived from

Fig. 1 Alternatively spliced

transcripts of OsBIPP2C2 gene

and alignment of OsBIPP2C2a

with other PP2Cs. a Exon/intron

organizations, splicing patterns

of the OsBIPP2C2 gene. Exons

are indicated by black boxes and

the introns are indicated by

thick inverted V-shape lines. For

OsBIPP2C2c transcript, 30 end

sequence after stop codon is

also presented as bold line.

Numbers of nucleotides are

indicated above for introns

and below for exon in bp.

b Alignment analysis of

and conserved domains in

OsBIPP2C2a protein. The

putative subdomains of PP2C

are indicated by numbers above

the sequences and residues

putatively involved in binding

metal ions are marked by filled

stars. Plant PP2Cs used for

alignment are Arabidopsis
thaliana ABI1 (CAA54383) and

Fagus sylvatica FsPP2C2

(CAB90634)
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OsBIPP2C2a, were obtained from suppression subtractive

hybridization library constructed by subtraction of cDNAs

from BTH-induced rice tissues with those from water

control. This implied that OsBIPP2C2 gene might be

induced by BTH treatment in rice. We first analyzed

whether expression of OsBIPP2C2a was induced by BTH

treatment. Because OsBIPP2C2 has multiple alternatively

spliced transcripts, a 700 bp fragment at 30-end of

OsBIPP2C2a that covers the different sequence among the

three alternatively spliced transcripts was used as probe.

The specificity of the probe used was further confirmed by

RT-PCR, in which only the OsBIPP2C2a transcript could

be amplified as confirmed by sequencing the RT-PCR

product. Northern blot analysis revealed that OsBIPP2C2a

has a very low level of basic expression in healthy leaf

tissues of rice seedlings grown under normal conditions

(Fig. 3a). However, treatment of 3-week-old seedlings with

BTH induced markedly the expression of OsBIPP2C2a

(Fig. 3b). OsBIPP2C2a transcript accumulated signifi-

cantly at 12 h, peaked at 24 h and maintained at high level

until 48 h after treatments (Fig. 3b). The OsBIPP2C2a

transcript returned to background level at 72 h after BTH

treatment (Fig. 3b).

The expression pattern of OsBIPP2C2a in disease resis-

tance response against the blast fungus, M. grisea was fur-

ther analyzed. In this experiment, we treated the rice

seedlings by spraying BTH solution and inoculated with

spores of M. grisea 3 days after BTH treatment. The BTH-

treated seedlings showed an induced defense response

against infection by the blast fungus. In the BTH-treated rice

seedlings, OsBIPP2C2a transcript accumulated to a high

level as early as 12 h and peaked at 24 h after inoculation

with the fungus. High level of the OsBIPP2C2a transcript

was maintained within first 36 h and declined to background

level after 36 h of inoculation (Fig. 3c). In contrast, no sig-

nificant accumulation of OsBIPP2C2a transcript was

detected in water-treated control seedlings within the first

24 h after inoculation. However, a relatively low level of

expression was also observed in water-treated control

Fig. 2 Phylogenetic tree analysis of OsBIPP2C2a. Alignment was

done using ClustalW program in DNAstar software and the PP2C

proteins used are: Arabidopsis thaliana ABI1 (CAA54383), ABI2

(CAA70162), AtP2CA (BAA07287), KAPP (AAB38148) and HAB1

(At1g72770); Nicotiana tabacum NtPP2C1 (CAC10358), NtPP2C2

(CAC10359) and DBP1 (AAM75346); Fagus sylvatica FsPP2C1

(CAB90633) and FsPP2C2 (CAB90634); Lotus japonicus LiNPP2C1

(AAD17804); Medicago sativa MP2C (CAA72341); Mesembryan-
themum crystallinum, Mpc2 (AAC36697), Mpc5 (AAC36698), Mpc6

(AAC36699) and Mpc8 (AAC36700); Zea mays ZMPP2

(AAG43835) and ZmKAPP (AAB93832); Oryza sativa OsKAPP

(AAC26828)

Fig. 3 Induction of OsBIPP2C2a expression in defense responses.

a and b OsBIPP2C2a expression in 3-week-old rice seedlings after

treatment by foliar spraying with 0.3 mM of BTH or water as control.

c and d Expression of OsBIPP2C2a in response to infection by

Magnaporthe grisea. Three-week-old seedlings were treated by foliar

spraying 0.3 mM BTH solution and inoculated with M. grisea 3 days

after treatment. Leaf samples were collected at various time points (h)

as indicated after BTH treatment (a and b) or after inoculation (c and

d). Twenty micrograms of total RNA were fractionated on 1.5%

agarose formaldehyde gel and hybridized with the 32P-labeled 700 bp

fragment of OsBIPP2C2a cDNA as probe. The corresponding

ethidium bromide gel image confirms equal loading of RNA samples
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seedlings during 36–48 h after inoculation (Fig. 3d). These

results suggest that OsBIPP2C2a transcript could be induced

by infection with the blast fungus and the expression level in

the BTH-induced rice plants was much earlier and stronger

than those in the uninduced plants, especially during the

early stage of infection.

Generation and characterization of OsBIPP2C2a

transgenic tobacco plants

To gain further insights into the biological function of the

OsBIPP2C2 gene, we performed a functional analysis

in transgenic tobacco plants by overexpression of

OsBIPP2C2a under control of the cauliflower mosaic virus

(CaMV) 35S promoter. Sixteen independent transgenic

lines were obtained and all of them contained the

OsBIPP2C2a gene as confirmed by PCR detection of its

cDNA sequence with genomic DNA as templates and

sequencing of the amplified fragments (Fig. 4a). Copy

number of the OsBIPP2C2a gene in transgenic lines was

analyzed by Southern blotting and five transgenic lines

with single copy of the transgene were identified (Fig. 4b).

The transgene OsBIPP2C2a expressed in the transgenic

lines, although the expression level varied to some extent

(Fig. 4c). No significant abnormal morphological and

growth/development phenotypes were observed in

OsBIPP2C2a transgenic plants. Independent transgenic

lines #03, #07, #33 and #36 were chosen for further studies

as these lines contained a single copy of the transgene and

showed high level of OsBIPP2C2a expression in trans-

genic plants.

OsBIPP2C2a-overexpressing plants enhanced disease

resistance

To explore the possible role of OsBIPP2C2a in defense

responses, we analyzed the disease resistance levels of

OsBIPP2C2a-overexpressing tobacco plants against tobacco

mosaic virus (TMV) and P. parasitica var. nicotianae.

Under our experimental conditions, typical necrotic lesions

were observed on the leaves of the wild-type and the

OsBIPP2C2a-overexpressing transgenic plants 3–5 days

after inoculation with TMV (Fig. 5). However, the lesion

numbers in the leaves of the OsBIPP2C2a-overexpressing

transgenic lines #03, #07, #33 and #36 were significantly

reduced (P B 0.05) by 39–55% as compared with that of the

wild-type plants (Fig. 5). Likewise, disease symptoms,

typical wilting of the lower old leaves and rotting of the stem

bases were seen on the transgenic and the wild-type plants

10 days after drench-inoculation with P. parasitica var.

nicotianae (Fig. 6). Disease indexes at 10 and 20 days after

inoculation in the transgenic lines #03, #07 and #36 were

significantly reduced (P B 0.05) by 43–90 and 33–84%,

respectively, as compared with those of wild-type plants

(Fig. 6). These results suggest that overexpression of the rice

OsBIPP2C2a in tobacco plants enhances disease resistance

against TMV and P. parasitica var. nicotianae.

Constitutive expression of defense genes

in OsBIPP2C2a transgenic plants

To further confirm the disease resistance phenotype

observed in OsBIPP2C2a-overexpressing tobacco plants,

we analyzed and compared expression levels of PR-1a and

Sar8.2b, two defense-related genes, in OsBIPP2C2a

transgenic plants with those in wild-type plants. As shown

in Fig. 7, under the experimental conditions, no significant

expression of PR-1a and Sar8.2b was detected in the wild-

type plants. However, elevated expressions of these two PR

genes were observed in OsBIPP2C2a-overexpressing

plants in absence of pathogens or other chemical inducers

Fig. 4 Generation and characterization of OsBIPP2C2a-overexpress-

ing transgenic tobacco plants. a Detection of OsBIPP2C2a in

transgenic plants by PCR. b Southern blot analysis of copy number

of the OsBIPP2C2a gene in the transgenic lines. Genomic DNA was

digested with HindIII, separated on agarose gel, and transferred onto

nylon membrane. The blot was hybridized with 32P-labeled fragment

as a probe. c Expression of OsBIPP2C2a in transgenic plants. Ten

micrograms of total RNA extracted from leaf samples of 6-week-old

plants were fractionated and hybridized with 32P-labeled

OsBIPP2C2a fragment as a probe. The corresponding ethidium

bromide gel image shows the relative levels of RNA loaded for each

sample. P Plasmid, WT untransformed wild-type plants; #03, #07,

#33, #36 and #41, independent transgenic lines
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(Fig. 7). The increased levels of PR-1a and Sar8.2b

expression varied among the transgenic lines tested. These

results indicate that overexpression of the rice OsBIPP2C2a

in transgenic tobacco plants results in constitutive activa-

tion of defense responses, which in turn confers enhanced

disease resistance against TMV and P. parasitica var.

nicotianae.

Discussion

Protein phosphatase 2Cs have been extensively studied for

their involvement in regulation of plant growth and devel-

opment as well as in the ABA-responsive signaling pathway

and in adaptation to environmental stresses (Rodriguez

et al. 1998; Schweighofer et al. 2004). However, our

knowledge on the involvement and function of PP2Cs in

regulation of defense responses in plants is very limited.

Recently, it was demonstrated that the Arabidopsis AP2C1

plays a key role in regulation of innate immunity against

Botrytis cinerea (Schweighofer et al. 2007). We previously

identified a rice PP2C gene, OsBIPP2C1 and found that

overexpression of OsBIPP2C1 in tobacco led to enhanced

disease resistance (Hu et al. 2006). In the present study, we

identified a new PP2C gene, OsBIPP2C2, whose expression

was induced in rice defense response. Our functional

analysis by ectopic expression of OsBIPP2C2a, one of three

alternatively spliced transcripts of OsBIPP2C2 gene, in

Fig. 5 Enhanced disease resistance against tobacco mosaic virus in

OsBIPP2C2a-overexpressing tobacco plants. a Representative dis-

ease symptom on transgenic and wild-type plants. b Disease severity

as measured by lesion numbers. Data presented are the means

(standard deviations from three independent experiments. The bars
with the same letter are not significantly different at P B 0.05.

Photographs were taken 7 days after inoculation. WT untransformed

wild-type plants; #03, #07, #33 and #36, independent transgenic lines

Fig. 6 Enhanced disease resistance against Phytophthora parasitica
in OsBIPP2C2a-overexpressing tobacco plants. a Representative

disease symptom on transgenic and wild-type plants. b Disease index

on the transgenic and wild type plants 10 and 20 days after

inoculation with P. parasitica. Open and solid columns represent

the disease indexes at 10 and 20 days after inoculation, respectively.

Data presented are the means (standard deviations from three

independent experiments. The bars with the same letter are not

significantly different at P B 0.05. Photographs were taken 20 days

after inoculation. WT untransformed wild-type plants; #03, #07 and

#36, independent transgenic lines
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transgenic tobacco plants suggest that OsBIPP2C2 may

function in regulation of defense responses through acti-

vation of defense-related gene expression.

The OsBIPP2C2 gene (Os03g55320) is predicted to

have three alternatively spliced transcripts. Our cloning of

OsBIPP2C2a and OsBIPP2C2c, and the available full-

length cDNAs in GenBank database, confirm the existence

of these three alternatively spliced transcripts in rice. The

OsBIPP2C2a transcript encodes a typical PP2C containing

all 11 conserved subdomains of the PP2C catalytic domain,

while the other two transcripts encode C-terminal truncated

putative PP2C proteins lacking subdomains 8–11. This is

similar to the situation for rice OsMAPK5, whose large

transcript OsMAPK5a encodes a functional MAPK with

typical kinase activity, but the small transcript OsMAPK5b

encodes a truncated MAPK with no kinase activity (Xiong

and Yang 2003). The OsBIPP2C2a transcript was accu-

mulated in rice tissues in response to BTH treatment and

pathogen attack. We tried to detect the OsBIPP2C2c

transcript in rice by RT-PCR using a pair of specific

primers located in the flanking sequences of the alternative

splicing sites. However, we were unable to detect the

OsBIPP2C2c transcript in healthy rice seedlings and its

accumulation, like the OsBIPP2C2a transcript, in response

to BTH treatment and pathogen infection (data not shown).

Therefore, it is likely that OsBIPP2C2a transcript is the

prevalent transcript of the OsBIPP2C2 gene. However, the

biological role of the other two alternatively spliced tran-

scripts of the OsBIPP2C2 gene or the biochemical activity

of their products, if any, remain to be explored further.

Benzothiadiazole has been previously shown to be an

effective inducer of induces defense response in rice against

blast, bacterial leaf blight and sheath blight diseases (Gor-

lach et al. 1996; Song et al. 2001; Ge et al. 1999; Zhang

et al. 2003). In this study, we observed that treatment of rice

seedlings with BTH induced expression of OsBIPP2C2

gene, resulting in accumulation of the OsBIPP2C2a tran-

script. This is supported from the other side by the fact that

the two differentially expressed clones that contain partial

cDNA of OsBIPP2C2 gene were isolated from BTH-treated

rice seedlings. Moreover, accumulation of OsBIPP2C2a

transcript was also induced by M. grisea. Thus, it is likely

that OsBIPP2C2 gene is responsive and inducible to

chemical inducers of defense response, including BTH, and

pathogen infection. OsBIPP2C1, a rice PP2C gene that we

identified previously, and the Arabidopsis AP2C1 were also

shown to be up-regulated by different biotic and abiotic

stress factors, including pathogen infection (Hu et al. 2006;

Schweighofer et al. 2007). Another feature of OsBIPP2C2

expression is that the accumulation kinetics of

OsBIPP2C2a transcript showed different patterns in the

BTH-induced rice plants and the uninduced plants after

infection with M. grisea, and this pathogen-induced

expression of OsBIPP2C2a was much earlier and stronger

in the BTH-induced rice plants than those in the uninduced

plants. It is likely that expression of OsBIPP2C2 gene,

especially the OsBIPP2C2a transcript, can be induced

during early stage of the disease resistance response in rice

against M. grisea and thus OsBIPP2C2a might be involved

in regulation of defense response.

Direct involvement of OsBIPP2C2a in disease resis-

tance response was further studied through functional

analysis by ectopic overexpression in transgenic tobacco

plants. The transgenic tobacco plants overexpressing the

OsBIPP2C2a transcript of OsBIPP2C2 gene showed

enhanced disease resistance against TMV and P. parasitica

var. nicotianae, leading to a significant reduction in disease

severity. This is similar to our previous observation that

overexpression of OsBIPP2C1 in transgenic tobacco

resulted in enhanced disease resistance (Hu et al. 2006).

Importantly, coincided with the enhanced disease resis-

tance in OsBIPP2C2a-overexpressing plants is the consti-

tutive expression of defense-related genes including PR-1

and Sar8.2b. Such relationship between enhanced disease

resistance and elevated levels of defense gene expression

has been already documented previously for some defense-

related transcriptional factors, e.g. constitutive expression

of genes encoding for rice OsBIHD1 or OsBIERF3 in

tobacco and AtWRKY70 or AtWRKY18 in Arabidopsis

resulted in increased disease resistance and elevated levels

of PR gene expression (Luo et al. 2005b; Cao et al. 2006;

Chen and Chen 2002; Li et al. 2004). The coincidence of

the enhanced disease resistance with elevated PR gene

expression suggests that OsBIPP2C2a in transgenic

tobacco plants acts as a positive regulator of defense

response by modulating PR gene expression. This is dif-

ferent from the Arabidopsis AP2C1, which is a negative

modulator of innate immunity because plants with

increased AP2C1 levels compromised disease resistance

Fig. 7 Expression of PR-1a and Sar8.2b in OsBIPP2C2a-over-

expressing tobacco plants. Leaf samples were collected from six-

week-old tobacco plants of different transgenic lines. Ten micrograms

of total RNA were fractionated on agarose formaldehyde gel and

hybridized with the 32P-labeled fragments of PR-1a and Sar8.2b
cDNAs. The corresponding ethidium bromide gel image shows the

relative levels of RNA loaded for each sample. WT untransformed

wild-type plants; #02 and #07, independent transgenic lines
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against B. cinerea and expression of PDF1.2 gene (Sch-

weighofer et al. 2007). Taken together, it is likely that plant

PP2Cs have much diverse biological functions and rela-

tively narrower substrate specificity than those in other

organisms, probably due to the large number of PP2Cs in

plants as compared with the numbers in yeast and human

(Kerk et al. 2002; Stark 1996; Cheng et al. 2000).

In conclusion, our studies present evidence supporting

that OsBIPP2C2a plays an important role in disease

resistance; however, the mechanism by which

OsBIPP2C2a regulates defense response remains to be

explored. Further functional genomics studies with

knockout/knockdown mutants and/or overexpression in

transgenic rice are underway and results from these studies

will provide new insights into the biological function and

the mechanism of OsBIPP2C2 in rice.
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