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It is well known that NtMEK2, a tobacco MAPK
kinase, is the upstream kinase of both salicylic acid-
induced protein kinase and wound-induced protein
kinase. In addition, expression of NtMEK2DD, a constitu-
tively active mutant of NtMEK2, is known to induce
multiple defense responses in tobacco. In this study,
transgenic rice plants that contained an active or inac-
tive mutant of NtMEK2 under the control of a steroid
inducible promoter were generated and used to deter-
mine if a similar MAPK cascade is involved in disease
resistance in rice. The expression of NtMEK2DD in trans-
genic rice plants resulted in HR-like cell death. The
observed cell death was preceded by the activation of
endogenous rice 48-kDa MBP kinase, which is also
activated by Xanthomonas oryzae pv. oryzae, the
bacterial blight pathogen of rice. In addition, prolonged
activation of the MAPK induced the generation of
hydrogen peroxide and up-regulated the expression of
defense-related genes including the pathogenesis-related
genes, peroxidases and glutathione S-transferases. These
results demonstrate that NtMEK2 is functionally re-
placeable with rice MAPK kinase in inducing the
activation of the downstream MAPK, which in turn
induces multiple defense responses in rice. 

Keywords : Defense-related genes, hydrogen peroxide,
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The mitogen-activated protein kinase (MAPK) cascade is a

major and evolutionally conserved signaling pathway that

transduces extracellular stimuli into intracellular responses

in eukaryotic cells (Jonak et al., 2002; Widmann et al.,

1999). MAPK cascades are composed of three protein

kinase modules, MAPK, MAPK kinase (MAPKK) and

MAPKK kinase (MAPKKK). MAPK, the last kinase in the

three-kinase cascade, is activated by dual phosphorylation

of Thr and Tyr residues in a TXY motif by MAPKK.

MAPKK, in turn, is activated by MAPKKK (MAPK Group

et al., 2002). Extensive studies conducted by several groups

have demonstrated that salicylic acid-induced protein

kinase (SIPK) and wound-induced protein kinase (WIPK),

which are two well-characterized tobacco MAPKs, as well

as their functional orthologs in Arabiopsis, MPK6 and

MPK3, are activated in plants in response to biotic or

abiotic stresses (Asai et al., 2002; Mishra et al., 2006;

Zhang and Klessig, 1998; Zhang and Klessig, 2001). In

addition, ectopic expression of a constitutively active

mutant of NtMEK2, the upstream kinase of SIPK and

WIPK, was recently found to induce HR-like cell death and

defense-related gene expression, as well as to promote the

generation of H2O2 in chloroplasts in tobacco (Liu et al.,

2007; Yang et al., 2001).

Several studies have been conducted to evaluate the

ability of tobacco NtMEK2 and its orthologs in other dicot

plants such as Arabidopsis and potato. One study has

demonstrated that NtMEK2 was functionally interchange-

able with AtMKK4 and AtMKK5, two Arabidopsis ortho-

logs of NtMEK2, for activation of the downstream MAPKs

in Arabidopsis (Ren et al., 2002). In addition, a recent study

found that a fungal-responsive MAPK cascade, MAPKKKα/

MEKK1-MKK4/MKK5-MPK3/MPK6, plays a positive

role in regulation of the biosynthesis of camalexin in

Arabidopsis (Ren et al., 2008). It has also been reported that

StMEK1DD, a constitutively active mutant of the potato

ortholog of tobacco NtMEK2, is capable of activating SIPK

and WIPK and inducing the accumulation of defense genes

in tobacco plants (Katou et al., 2003). Moreover, it has been

shown that StMEK1DD transgenic potato plants driven by a

pathogen-inducible promoter have resistance to the early

blight pathogen, Alternaria solani, as well as to Phyto-

phthora infestans (Yamamizo et al., 2006). 

To date, a total of 17 rice MAPK genes have been identi-

fied. Of these MAPKs, OsMPK1, OsMPK2, OsMAPK4,
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OsMAPK5, OsMPK7, OsMPK8, OsMPK12, OsMPK13,

OsMPK15 and OsMPK17 are induced by the rice blast

fungus (Magnaporthe grisea), BTH or defense signal mole-

cules such as salicylic acid (SA), jasmonic acid (JA),

ethylene (ET) or H2O2 at the mRNA level (Lee et al., 2008;

Rohila and Yang, 2007). These results suggest that at least

10 rice MAPKs are involved in defense signaling in rice.

However, little is known about the entire pathogen-

responsive MAPK cascade (MAPKKK-MAPKK-MAPK)

in rice. Therefore, further studies are necessary to identify

upstream kinases and downstream target proteins to better

understand the MAPK-mediated pathways associated with

disease resistance in rice. 

In this study, we transformed rice plants with the tobacco

NtMEK2DD or NtMEK2KR gene, which encodes the constitu-

tively active mutant or the inactive mutant of NtMEK2,

respectively, to understand the MAPK cascade associated

with defense responses in rice, an economically valuable

monocot plant. In NtMEK2DD transgenic rice, activation of

mainly endogenous rice 48-kDa myelin basic protein

(MBP) kinase was found to lead to HR-like cell death,

which was preceded by the generation of hydrogen

peroxide. Furthermore, expression of the NtMEK2DD gene

in transgenic rice plants induced the expression of several

defense-related genes. 

Materials and Methods

Generation of transgenic rice plants. The NtMEK2DD and

NtMEK2KR constructs were used to generate transgenic rice

(Yang et al., 2001). Each construct was transformed into

Agrobacterium tumefaciens EHA105 by electroporation

using a cell-porator according to the manufacturer's instruc-

tions (Life Technologies, Rockville, USA). Rice trans-

formation was then conducted using the protocol described

by Hiei et al. (1994) with slight modifications (Lee et al.,

2002). Briefly, calli from the mature embryos (Oryza sativa

L. cv. Dongjin) were co-cultured with A. tumefaciens

EHA105 that harbored a constitutively active mutant or

inactive mutant of the NtMEK2 gene for 3 days. Next, the

calli were washed 10 times in distilled water and then

placed on pre-selection medium for 10 days. Several calli

were then selected for additional growth on MS medium

containing 50 mg/L hygromycin and 250 mg/L carbeni-

cillin for 1 month. The calli were then regenerated on

shooting medium for 2 months, after which they were

transferred to rooting MS medium containing antibiotics

for 2 weeks. For regeneration, the temperature of the tissue

culture room was maintained at 25oC with a 16 h light/8 h

dark photoperiod. The regenerated transgenic plants were

then moved into soil and maintained in a greenhouse until

seed harvest (Fig. 1). Next, the T1 seeds of the trans-

formants were selected on MS medium containing 50 mg/L

hygromycin and used for the following experiments after

being moved into soil.

Inoculation with the rice bacterial pathogen. Xantho-

monas oryzae pv. oryzae (Xoo) strain K3 inoculum was

used after suspending bacteria grown in NB (Nutrient

broth, 5 g peptone, 5 g NaCl, 2 g Yeast extract, 1 g Beef

extract per l liter) in 10 mM MgCl2 buffer. Plant inoculation

was performed using the leaf clip method. Briefly, the

uppermost leaf of the rice plants were cut at the tip (1-2 cm)

with scissors that had been dipped into bacterial inoculums

(OD600 of 1) (Kauffman et al., 1973). The Xoo-infected

leaves were then collected at 48 h after inoculation. Wound-

treated leaves were also collected as a control at the same

time as the infected leaves.

Preparation of protein extracts and immunoblot analy-

sis. Total protein was extracted from rice leaf tissue by

grinding the leaves with small plastic pestles in extraction

buffer. The samples were then centrifuged at 18,000 g for

40 min, after which the supernatants were transferred into

Fig. 1. Construction of NtMEK2 transgenic rice plants. Transgenic rice plants that harbored either an inactive mutant (NtMEK2KR) or
constitutively active mutant (NtMEK2DD) of the NtMEK2 gene were generated. (A) The putative transgenic shoots were transferred to
rooting MS medium containing appropriate antibiotics. (B) Transgenic plants were then cultivated in plastic pots for 3 weeks to induce
hardening. (C) The hardened transgenic plants were then transferred to pots. Wild type (Oryza sativa L. cv. Dongjin), T0 NtMEK2KR

transgenic rice plants and T0 NtMEK2DD transgenic rice plants were grown in the greenhouse. 
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clean tubes, quickly frozen in liquid nitrogen and then

stored at −80oC until analyzed. The concentrations of the

protein extracts were determined using a Bio-Rad protein

assay kit. Immunoblot analysis of Flag-tagged proteins was

then conducted as described previously (Yang et al., 2001).

Prestained size markers (Bioneer, Daejeon, KOREA) were

used to calculate the size of the kinases. 

In-gel kinase activity assay. An in-gel kinase activity

assay was performed using previously described methods

(Yang et al., 2001). Briefly, 15 µg of protein extracts were

electrophoresed on 10% SDS-polyacrylamide gels embedd-

ed with 0.1 mg/ml myelin basic protein in separating gel as

a substrate for the kinases. After electrophoresis, the SDS

was removed from the gel by washing with washing buffer

(25 mM Tris-HCl, pH 7.5, 0.5 mM dithiothreitol, 0.1 mM

Na3VO4, 5 mM NaF, 0.5 mg/ml bovine serum albumin and

0.1% Triton X-100) three times for 30 min each at room

temperature. The proteins were then renatured in buffer (25

mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 0.1 mM Na3VO4

and 5 mM NaF) at 4oC overnight with three changes of

buffer. The gel was then incubated in 100 ml of reaction

buffer (25 mM Tris-HCl, pH 7.5, 2 mM EGTA, 12 mM

MgCl2, 1 mM dithiothreitol and 0.1 mM Na3VO4) at room

temperature for 30 min. Next, phosphorylation was per-

formed for 1.5 h at room temperature in 30 ml of the same

reaction buffer that contained 200 nM ATP plus 50 Ci of [γ-
32P]ATP (3000 Ci/mmol). The reaction was then stopped by

transferring the gel into a solution that contained 5%

trichloroacetic acid (w/v) and 1% sodium pyrophosphate

(w/v). The unincorporated radioactivity was subsequently

removed by washing the gel for 6 h at room temperature,

with five changes. The gel was then dried on 3MM paper

and subjected to autoradiography. Prestained size markers

were used to calculate the size of the kinases. 

Histochemical detection of hydrogen peroxide. The pro-

duction of hydrogen peroxide was detected by the in situ

histochemical staining procedure using 3,3'-diaminobenzi-

dine (DAB) solution (Thordal-Christensen et al., 1997).

Briefly, the detached 8-week-old rice leaves that had been

treated with DEX were placed in a solution containing 1

mg/ml DAB (pH 4.2) for 8 h. The leaves were then boiled

in ethanol (96%) for 20 min to remove the chlorophyll. 

Reverse transcription–polymerase chain reaction (RT-

PCR). The expression of defense-related genes was analy-

zed by extracting RNA from NtMEK2DD and NtMEK2KR

transgenic rice leaves that had been treated with 100 μM

DEX using RNeasy plant mini kit. Following DNase treat-

ment, reverse transcription was performed for 1.5 h at 42oC

in a reaction mixture with a final volume of 20 μl that

contained 3 μg of the purified total RNA. The first-strand

was then used as a template for PCR amplification, which

was conducted using 12.5 pmol of each primer set (Table

1). Next, the RT-PCR products were separated by gel

electrophoresis in agarose gel and the bands were then

visualized by staining with ethidium bromide. 

ACP (annealing control primer)-based differential dis-

play RT-PCR. Differentially expressed genes were screen-

ed for using GeneFishingTM DEG kits according to the

manufacturer's instructions (Seegene, Seoul, KOREA; Kim

et al., 2004). Total RNA was isolated from NtMEK2KR-6

and NtMEK2DD-13 transgenic rice plants collected follow-

ing DEX treatment. Briefly, reverse transcription was per-

formed for 1.5 h at 42oC in a reaction mixture with a final

volume of 20 μl that contained 10 μM dT-ACP1 and 3 μg

of the purified total RNA. First-stage PCR for second-

strand cDNA synthesis was conducted in a mixture with a

final reaction volume of 50 μl that contained the following:

3-5 μl (approximately 50 ng) of diluted first-strand cDNA,

1 μl of dT-ACP2 (10 μM), 1 ul of 10 μM arbitrary ACP and

10 μl of 2× Master Mix (Seegene, Seoul, Korea). The PCR

Table 1. Gene specific primer pairs used for RT-PCR 

Gene Forward primer (5'-3') Reverse primer (5'-3')

PR-1a TCGAGCAGGTTATCCTGCTGCTTG GAGTAGTTGCAGGTGATGAAGACG

PR-3 TACTGTGTCCAGAGCTCGCAGTGG TCTGGTTGTAGCAGTCCAAGTTGG

PR-5 ACCTCTTCCGCTGTCCTC GAAGACGACTTGGTAGTTGC

PBZ1 GGTGTGGGAAGCACATACAAGAC AGCTCGTACTCCACCTTG

POX2 AGGGACAGGCTCTACAACGA AGTTCCTGACCGTGTTGT

POX3
PAL

GGTGAGAGGGTACGAAG
AGGTCAACTCCGTGAACGAC

ATTT GCCACCAGACCATC
AGGTCAGCCCGTTGTTGTAG

GSTTU4 GGTGGTCGAGTTCGCTAAGA CCAACAAGCACATTAGTTTCTCC

GSTTU12 GAGGTGGACAAGCTGATCG CCACCCCTTCATTCAACATT

CYP71D7 CGATGGAATGTTGCACAAAG CGCGAAGACCCCATATCTAA

18s rRNA ATGATAACTCGACGGATCGC CTTGGATGTGGTAGCCGTTT
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conditions for second-strand synthesis were as follows: one

cycle at 94oC for 5 min, followed by 50oC for 3 min and

72oC for 1 min. After second-strand DNA synthesis was

completed, the following protocol was used for the second-

stage PCR amplification: 40 cycles of 94oC for 40 s, 65oC

for 40 s, 72oC for 40 s, and a 5 min final extension at 72oC.

The amplified PCR products were then separated by

electrophoreses in a 2% agarose gel, stained with ethidium

bromide and cloned into a pGEM-T Easy cloning vector.

The cloned plasmids were then sequenced. 

Results and Discussion

Generation of NtMEK2 transgenic rice plants and ex-

pression of transgene. Transgenic rice plants that contain-

ed a constitutively active mutant (NtMEK2DD) or an inactive

mutant (NtMEK2KR) of the NtMEK2 gene under the control

of a glucocorticoid-inducible promoter were generated and

then examined to determine whether tobacco MAPK kinase

was functionally replaceable with rice MAPK kinase.

Although the glucocorticoid-inducible system has been

characterized extensively in dicot plants, it has not been

tested extensively in rice or other monocots. However,

Ouwerkerk et al. (2001) did adapt the glucocorticoid-

inducible system for specific use in rice. In the present

study, a Flag tag was added to the N-terminus of the trans-

gene to enable detection of transgene expression using an

anti-Flag antibody. The integration of the transgene into

putative T0 transgenic plants was detected through polymer-

ase chain reaction using NtMEK2 specific primers (data not

shown). The expression of the transgene in T0 transgenic

plants was tested by treating detached leaves with DEX

(100 μM in water). Briefly, detached 10-week-old rice

leaves were placed in conical tubes that contained DEX in

water. The tubes were then sealed with parafilm to prevent

dehydration and the leaves were allowed to soak for 24 h.

Leaf discs were then collected and the transgene expression

was checked by immunoblot analysis and an in-gel kinase

assay. The HR-like cell death phenotype was then deter-

mined between 48 h and 72 h following DEX treatment. As

shown in Table 2, transgene induction was detected in 9 out

of 13 NtMEK2DD lines and 6 out of 8 NtMEK2KR lines

following DEX treatment. In addition, only the NtMEK2DD

lines with detectable transgene expression were found to

have the HR-like cell death phenotype. Furthermore, no

cell death phenotype was observed in transgenic lines that

contained the NtMEK2KR gene, even when transgene expre-

ssion was detected. Most of the transgenic plants showed a

normal growth rate (Fig. 1C). Transgenic T1 seeds were

selected by hygromycin resistance. Finally, 3 independent

T1 NtMEK2DD transgenic plants (NtMEK2DD-5, NtMEK2DD-

10, and NtMEK2DD-13) and 2 independent T1 NtMEK2KR

transgenic plants (NtMEK2KR-3 and NtMEK2KR-6) were

selected at random for further analysis. 

Expression of NtMEK2DD activates endogenous rice 48-

kDa MBP kinase. The selected 8-week-old T1 plants were

collected 24 h after DEX treatment (100 µM). The trans-

gene expression was then evaluated by immunoblot analy-

sis and the activation of endogenous MAPK(s) was evalu-

ated using an in-gel kinase assay. Transgene expression was

detected at the protein level in two T1 NtMEK2KR and three

T1 NtMEK2DD transgenic rice plants. Interestingly, NtMEK2DD

proteins were found to be up-shifted in the SDS-PAGE

when compared with the NtMEK2KR proteins (Fig. 2A and

C). Additionally, the activation of an endogenous 48-kDa

MBP kinase was observed in all three T1 NtMEK2DD trans-

genic rice. Conversely, no endogenous 48-kDa MBP kinase

activation was observed in the T1 NtMEK2KR transgenic rice

(Fig. 2B and C). The molecular mass of the 48-kDa MBP

kinase in the T1 NtMEK2DD transgenic rice was calculated

by simultaneously conducting SDS-PAGE using proteins

extracted from NtMEK2DD transgenic tobacco plants follow-

ing DEX treatment (30 µM) (data not shown, Jin et al.,

2003). To determine if the rice 48-kDa MBP kinase activat-

ed by the expression of NtMEK2DD was involved in the

defense responses of rice, proteins from bacterial pathogen-

treated rice leaves were extracted and analyzed using an in-

gel kinase assay. Activation of the same 48-kDa MBP

kinase was also observed in rice leaves that were treated

with Xoo, the bacterial blight pathogen of rice, whereas no

endogenous 48-kDa MBP kinase activation was observed

in wound-treated leaves that were used as a control (Fig.

2B, data not shown).

A detailed time-course study of transgenic lines follow-

ing DEX treatment was performed. Immunoblot analysis

revealed that the expression of the transgene in both the

NtMEK2KR-6 and the NtMEK2DD-13 line occurred after 12 h

of DEX treatment and was maintained for 48 h after DEX

Table 2. Correlation between the inducibility of NtMEK2DD

expression and HR-like cell death in T0 transgenic rice plants

Construct
Total trans-
genic lines 
generateda

Lines showed 
transgene 

inducibilityb

Lines showed 
HR-like cell 

deathc

NtMEK2DD 13 9  9

NtMEK2KR 8 6  0

aTransgenic rice plants were generated by Agrobacterium-mediated
transformation and selected on MS medium containing hygromycin. 

bTransgene inducibility was detected in leaves collected 24 h after
DEX (100 µM) treatment by an immunoblot analysis and an in-gel
kinase assay.

cHR-like cell death phenotype was determined between 48 h and 72 h
after DEX treatment of detached rice leaves. Detached leaves were
treated by soaking them in water containing DEX.
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treatment. However, rice 48-kDa MBP kinase activation

occurred only in the NtMEK2DD-13 line. In addition, HR-

like cell death already began to appear 48 h after the induc-

tion of NtMEK2DD expression in NtMEK2DD-13 line, at

which time the activation of a 45-kDa and a 40-kDa MBP

kinase was also detected (Fig. 2C). This result indicates that

long-lasting activation of the 48-kDa MBP kinase is

sufficient to induce HR-like cell death, and that other MBP

kinases may play a role in accelerating the cell death

process. This data is consistent with the results of a study

conducted by Zhang and Liu (2001) in which SIPK alone

was found to be sufficient for the activation of several

defense responses, including HR-like cell death. However,

the cell death phenotype is delayed in the absence of WIPK

activity. Furthermore, the extensive research on interaction

between SIPK and WIPK demonstrated that the co-

expression of WIPK with the active mutant of NtMEK2

resulted in high-level activation of WIPK, which leads to

accelerated HR-like cell death in tobacco (Liu et al., 2003).

In a previous study, the mRNA level of OsMAPK6 (also

known as OsMPK1) and the OsMAPK6 protein level

remained constant in response to treatment with a sphin-

golipid elicitor, however, rapid induction of the kinase

activity, which was found to have a molecular mass of 48-

kD in the activation assay, was observed in a rice cell

culture (Lieberherr et al., 2005). Therefore, we conducted

quantitative RT-PCR analysis using primers specific for the

OsMAPK6 gene. The mRNA level of OsMAPK6 was not

changed in the NtMEK2KR-6 and the NtMEK2DD-13 line

after DEX treatment, whereas the mRNA level of other rice

MAPKs was significantly induced in the NtMEK2DD trans-

genic rice lines (Data not shown). Taken together, these

results suggest that NtMEK2, a tobacco MAPK kinase,

activates mainly endogenous 48-kDa MBP kinase in stably

transformed rice. This 48-kDa MBP kinase, which might

be OsMAPK6, is involved in pathogen infection and

defense responses in rice. 

Expression of NtMEK2DD induces HR- like cell death

associated with hydrogen peroxide production. The

relationship between the expression of the active mutant

and HR-like cell death in T1 plants was evaluated. Although

the transgenes were expressed in both NtMEK2DD and

NtMEK2KR transgenic rice, the activation of endogenous 48-

kDa MBP kinase and HR-like cell death was only observed

in the NtMEK2DD transgenic plants. Interestingly, we found

black speckled lesions in the NtMEK2DD lines within 40 h of

DEX treatment, prior to the HR-like cell death, and dehydr-

ation of the tissue was eventually observed in the plants

(Fig. 3A and B). To determine if H2O2 production is involv-

ed in the HR-like cell death induced by activation of the

endogenous 48-kDa MBP kinase pathway in NtMEK2DD

transgenic rice, DAB (3,3'-diaminobenzidine) staining was

performed. The results of the staining revealed that H2O2

generation occurred in NtMEK2DD transgenic rice plants

that had been treated with DEX (Fig. 3C). However, no

H2O2 generation was observed in transgenic rice plants that

expressed NtMEK2KR. In addition, the expression of antioxi-

dant genes such as peroxidase and glutathione S-transferase

was only significantly increased in the NtMEK2DD trans-

genic rice (Fig. 4). Transgenic rice plants expressing a fun-

gal glucose oxidase gene (GOX) lead to increase in the

endogenous levels of H2O2, which in turn caused cell death.

In addition, elevated levels of H2O2 in GOX transgenic rice

plants activated the expression of several defense genes and

enhanced resistance to bacterial and fungal pathogens

(Kachroo et al., 2003). Taken together, these findings indi-

cate that the DAB-detectable H2O2 production is a late event

associated with activation of rice 48-kDa MBP kinase,

Fig. 2. Expression of NtMEK2DD activates endogenous rice 48-
kDa MBP kinase following DEX treatment in NtMEK2DD

transgenic rice plants. Detached leaves from the T1 transgenic rice
plants, the NtMEK2KR-3, -6 lines and the NtMEK2DD-5, -10, and
-13 lines as well as a wild type (Oryza sativa L. cv. Dongjin) were
treated with DEX (100 µM). (A) T1 NtMEK2KR and NtMEK2DD

transgenic rice were collected 24 h after DEX treatment and trans-
gene expression was then determined by immunoblot analysis
using anti-Flag antibody. Arrows indicate the rubisco subunit as
the background. (B) The activation of endogenous 48-kDa MBP
kinase in T1 NtMEK2DD transgenic rice plants was determined by
an in-gel kinase assay using MBP as a substrate. Protein extracts
from Xoo-infected rice leaves were also collected and analyzed by
an in-gel kinase assay. (C) A detailed time-course analysis was
performed. Detached leaves from the T1 transgenic rice plants, the
NtMEK2KR-6 line and the NtMEK2DD-13 line were treated with
DEX were collected during the indicated time period and protein
extracts were prepared. Transgene expression was then
determined by immunoblot analysis and an in-gel kinase assay.
Arrows indicate that the rubisco subunit was the background. All
experiments were repeated three times with similar results.
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which may contribute directly to the HR-like cell death process.

Effect of NtMEK2DD on the expression of defense-relat-

ed genes. The expression of defense-related genes was

confirmed by comparing the NtMEK2DD-13 transgenic line

to the NtMEK2KR-6 transgenic line using RT-PCR (Fig. 4).

Expression of defense-related genes, including pathogene-

sis-related (PR) genes and PBZ1 (encodes probenazol-

inducible protein), POX genes (encodes peroxidase that

plays a role in oxygen metabolism), the PAL gene (encodes

phenylalanine ammonia lyase, a key enzyme involved in

the production of phytoalexin) and GST genes (encodes

glutathione S-transferase, an enzyme involved in cellular

detoxification) were induced in the NtMEK2DD-13 trans-

genic line. As shown in Fig. 4, the PBZ1, PAL and GST

genes (GSTTU4 and GSTTU12) were highly induced in the

NtMEK2DD transgenic plant within 12 h of treatment with

DEX. In addition, high levels of POX2 and PR-3 were

observed 12 h and 48 h after DEX treatment, respectively.

However, much lower levels of PR-5 and POX3 were

induced in response to treatment when compared to other

genes (Fig. 4). Defense-related genes evaluated in this

study, which included peroxidase, glutathione S-transferase

and PAL, were also up-regulated in rice infected with the

bacterial leaf blight pathogen, Xoo. In addition, induction of

the ROS scavenging system and glutathione-mediated

detoxification may be responsible for hypersensitive cell

death in the resistant cultivar upon bacterial infection

(Kottapalli et al., 2007). These results indicate that the

Fig. 3. Hydrogen peroxide production is associated with HR-like cell death induced by NtMEK2DD in transgenic rice plants. Detached
leaves from the T1 transgenic rice plants, the NtMEK2KR-6 line and the NtMEK2DD-5, -10, and -13 lines as well as a wild type (Oryza sativa
L. cv. Dongjin, used as a control) were treated with DEX (100 µM). (A) Dehydration of the tissues was only observed in the NtMEK2DD

transgenic rice plants that were treated with DEX. The photo was taken 80 h after DEX treatment. (B) The black speckled lesions were
observed in the NtMEK2DD transgenic rice plants (arrowed). (C) H2O2 production was detected by immersing the leaves in DAB solution
(1 mg/ml, pH 4.2) for 8 h, followed by boiling the leaves in ethanol (96%) for 20 min to remove the chlorophyll. H2O2 production was
observed (as indicated by formation of a dark brown color) only in the NtMEK2DD transgenic plants (arrowed). The photo was taken 40 h
after DEX treatment. All experiments were repeated four times with similar results in both the T0 and T1 transgenic lines.

Fig. 4. Induction of NtMEK2DD expression leads to the activation
of several groups of defense genes. Total RNA was isolated from
samples from NtMEK2KR-6 and NtMEK2DD-13 transgenic rice
collected at the indicated times following DEX treatment.
Reverse transcription-PCR analysis was conducted to evaluate the
expression of defense-related genes using primers specific for the
genes. The bottom gels show reverse transcription-PCR of the
housekeeping gene, 18s rRNA, which was used as a loading
control. The amplified cDNA products were separated on 1.5%
agarose gels and stained with EtBr. The experiment was repeated
three times with similar results. 
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expression of NtMEK2DD in transgenic rice leads to the

activation of several groups of defense genes, which is

consistent with the results of previous studies that have

found that the activation of SIPK and WIPK by NtMEK2DD

leads to the induction of HMGR and PAL, as well as

Osmotin, PR-1a, PR-lb, PR-2b and PR-3b in tobacco (Kim

and Zhang, 2004; Yang et al., 2001).

Isolation of differentially expressed genes (DEGs) medi-

ated by the NtMEK2 and rice 48-kDa MBP kinase

cascade. The ACP-based differential display reverse tran-

scription polymerase chain reaction (DDRT-PCR) techni-

que was used to screen for downstream genes mediated by

the NtMEK2 and rice 48-kDa MBP kinase cascade in

NtMEK2DD transgenic rice. The DDRT-PCR technique uses

special primers that are designed to specifically anneal only

to the template, thereby ensuring that only genuine products

are amplified and eliminating false-positive products (Hwang

et al., 2003; Kim et al., 2004). Two DEGs were identified in

the total RNA of NtMEK2DD transgenic rice plants using 20

arbitrary ACP primers. Sequence analysis of the PCR

products conducted using the basic local alignment search

tool (BLAST) revealed that these 2 DEGs were involved in

the plant defense response. Figure 5A shows the differ-

entially expressed cDNA band, which was identified as

acidic pathogenesis-related protein 1 (PR-1a, Accession

No. AF251277). A putative CYP71D7 that showed high

homology to the elicitor-inducible cytochrome P450,

CYP71D20 of tobacco (70%) was also obtained using these

techniques (Accession No. AK065971). RT-PCR analysis

confirmed that these two DEGs were up-regulated in

NtMEK2DD transgenic rice when compared to NtMEK2KR

transgenic rice (Fig. 5B). Expression of the PR-1a gene is

induced by infection with the rice blight fungus, Mag-

naporthe grisea, or the bacterial leaf blight pathogen, Xoo,

and in response to treatment with chemical SAR inducer

such as BTH, which suggests that PR-1a plays an important

role in rice defense responses (Kim et al., 2001). However,

the signal pathway associated with activation of the PR-1a

gene is still unknown. Our results suggest that rice 48-kDa

MBP kinase regulates the expression of PR genes,

including the PR-1a gene (Fig. 4 and 5B). Cytochrome

P450 are heme-thiolate protein products belonging to a

very large gene superfamily that includes 272 genes in

Arabidopsis and 457 genes in rice that play key roles in the

metabolism of physiologically important compounds such

as defense compounds (isoflavonoids, phytoalexins, hydro-

xamic acids), signaling molecules (SA and JA), fatty acids

and structural polymers (lignins) (Ehlting et al., 2006; Li et

al., 2007; Xu et al., 2001). The tobacco CYP71D mRNA

was found to be rapidly induced in cells that were treated

with a fungal elicitor, reaching its maximum expression 6 to

9 h after treatment. In addition, the CYP71D20-encoded

Fig. 5. ACP-based DDRT-PCR and RT-PCR analysis in both
NtMEK2KR and NtMEK2DD transgenic rice plants. (A) Represen-
tative band patterns for differential expression between NtMEK2KR-
6 and NtMEK2DD-13 transgenic rice after ACP-based DDRT-PCR
analysis. Arrow indicates a cDNA fragment that was identified as
acidic pathogenesis-related protein 1 (PR-1a, Accession No.
AF251277) through sequencing analysis. (B) Reverse transcrip-
tion-PCR analysis of differentially expressed genes (DEGs) in
NtMEK2KR and NtMEK2DD transgenic rice were treated with DEX
(100 µM). The same total RNA used in Fig. 4 was used for the
analyses shown here. The amplified cDNA products were
separated on 1.5% agarose gels and stained with EtBr. The
experiment was repeated three times with similar results. 

Fig. 6. A model depicting the tobacco MAPK kinase, NtMEK2,
which functionally activates the rice endogenous 48-kDa MBP
kinase and leads to downstream defense responses in rice. 
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enzyme was found to be involved in the production of

capsidiol in vitro, which is a dihydroxylated sesquiterpene

produced by several solanaceous species (Ralston et al.,

2001). Furthermore, a fungal-responsive MAPK cascade

that plays a positive role in regulation of the biosynthesis of

phytoalexin via up-regulation of multiple genes in the

camalexin biosynthetic pathway involved in cytochrome

P450 enzymes such as CYP79B2, CYP71A13 and

CYP71B15 in Arabidopsis has also been identified (Ren et

al., 2008). These findings suggest that rice 48-kDa MBP

kinase regulates the expression of putative CYP71D7 genes

involved in the defense response in rice.

In summary, the results of this study demonstrate that

NtMEK2 can be used to replace rice MAPK kinase to

activate the downstream MAPK pathway involved in multi-

ple defense responses in rice (Fig. 6). In addition, the results

of this study indicate that NtMEK2 transgenic rice plants

will be a useful tool for the identification of downstream

defense genes regulated by the rice 48-kDa MBP kinase,

which will aid in the study of disease resistance in rice.
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