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;

The mitogen-activated protein kinase (MAPK) cas-

cade is involved in responses to biotic and abiotic stress in

plants. In this study, we isolated a new MAPK, NtMPK4,

which is a tobacco homolog of Arabidopsis MPK4

(AtMPK4). NtMPK4 was activated by wounding along with

two other wound-responsive tobacco MAPKs, WIPK and

SIPK. We found that NtMPK4 was activated by salicylic

acid-induced protein kinase kinase (SIPKK), which has

been isolated as an SIPK-interacting MAPK kinase. In

NtMPK4 activity-suppressed tobacco, wound-induced

expression of jasmonic acid (JA)-responsive genes was

inhibited. NtMPK4-silenced plants showed enhanced sensi-

tivity to ozone. Inversely, transgenic tobacco plants, in

which SIPKK or the constitutively active type SIPKKEE

was overexpressed, exhibited greater responsiveness to

wounding with enhanced resistance to ozone. We further

found that NtMPK4 was expressed preferentially in epider-

mis, and the enhanced sensitivity to ozone in NtMPK4-

silenced plants was caused by an abnormal regulation of

stomatal closure in an ABA-independent manner. These

results suggest that NtMPK4 is involved in JA signaling

and in stomatal movement.

Keywords: Jasmonic acid — MAP kinase — Ozone — Sto-
mata — Wound response.

Abbreviations: ACS, 1-aminocyclopropane-1-carboxylate
synthase; AOS, allene oxide synthase; GST, glutathione S-transferase;
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MAPKK/MEK/MKK, MAPK kinase; MBP, myelin basic protein;
ORF, open reading frame; PI-II, proteinase inhibitor-II; PPFD, photo-
synthetic photon flux density; PR, pathogenesis-related; RACE, rapid
amplification of cDNA ends; RT–PCR; reverse transcription–PCR;
SA, salicylic acid; SIPK, salicylic acid-induced protein kinase;
SIPKK, salicylic acid-induced protein kinase kinase; WIPK, wound-
induced protein kinase

The nucleotide sequence reported in this paper has been submit-
ted to GenBank under accession number AB212070.

Introduction

Plants are sessile organisms lacking any possible means of
avoiding environmental challenges, and thus have developed a
network of signaling events leading to defensive responses by
producing defensive compounds. Jasmonic acid (JA) or its
methyl ester (MeJA) is a plant signaling compound involved in
the regulation of many stress responses and development
(Turner et al. 2002). It is induced by a wide range of biotic and
abiotic stresses, such as wounding, ozone exposure, water defi-
cit and pathogen attack (Creelman and Mullet 1997, Pieterse et
al. 1998, Staswick et al. 1998, Overmyer et al. 2000, Rao et al.
2000, Turner et al. 2002, Farmer et al. 2003, Rojo et al. 2003).
The JA biosynthetic pathway has been well studied, and much
information about the type and subcellular localization of its
enzymes is available (Mueller 1997, Berger 2002, Turner et al.
2002, Li et al. 2005). In contrast, information about the JA sig-
naling pathway is limited. The few signaling components
described have mostly been identified by mutant screens for
plants displaying either a reduced sensitivity to JA or a consti-
tutive or enhanced response to JA (Weber 2002). Recent stud-
ies have revealed that some mitogen-activated protein kinase
(MAPK/MPK) cascades are involved in the wound/JA signal-
ing pathway (Zhang and Klessig 1998, Seo et al. 1999,
Ichimura et al. 2000, Petersen et al. 2000, Matsuoka et al.
2002). MAPKs constitute a familiy of serine/threonine protein
kinases that have been well conserved in all eukaryotes
throughout evolution (Nishida and Gotoh 1993, Jonak et al.
1994, Nishihama et al. 1995). They are enzymatically acti-
vated when threonine and tyrosine residues within the TXY
motif in subdomain VIII are phosphorylated (Anderson et al.
1990) by MAPK kinase (MAPKK/MEK/MKK). In the
sequenced Arabidopsis genome, 20 genes have been identified
as encoding putative MAPKs (MAPK Group 2002). In
Arabidopsis, two MAPKs, AtMPK3 and AtMPK6, are respon-

* Corresponding author: E-mail, sseo71@affrc.go.jp; Fax, +81-29-838-7469.
1902



Biological function of NtMPK4 in tobacco 1903

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/46/12/1902/1827370 by guest on 24 April 2024
sive to various forms of stress (Ichimura et al. 2000, Yuasa et
al. 2001, Droillard et al. 2002). In tobacco, it has been revealed
that WIPK (wound-induced protein kinase) and SIPK (sali-
cylic acid-induced protein kinase), which are the orthologs of
AtMPK3 and AtMPK6, respectively, are involved in the
response to wounding and ozone (Seo et al. 1995, Zhang and
Klessig 1998, Samuel and Ellis 2002). In addition, the
Arabidopsis mpk4 mutant was reported to exhibit constitutive
systemic acquired resistance with elevated salicylic acid (SA)

levels and AtMPK4 is required for JA-responsive gene expres-
sion (Petersen et al. 2000). Furthermore, AtMPK4 is activated
by various stresses (Ichimura et al. 2000, Droillard et al. 2004),
indicating that MPK4 has an important role in the plant defense
system as well as AtMPK3/WIPK and AtMPK6/SIPK.

However, to our knowledge, there is no evidence about
the function of MPK4 in other plant species. Recently, it has
been revealed that JA signaling is similar but not the same
among plant species. For example, a homolog of coronatine-
insensitive1 (COI1), which is required for the JA signaling
pathway, has been isolated from tomato (Li et al. 2004). The
sterility of the mutant was caused by a defect in maternal con-
trol of seed maturation rather than male sterility (Li et al.
2004), whereas the Arabidopsis coi1 mutant exhibits a male
sterile phenotype (Feys et al. 1994). Thus, characterization and
functional analyses of MPK4 from other plant species would
be interesting and important.

In order to study the role of MPK4 in other plant species,
we isolated a tobacco MPK4 gene (NtMPK4) and identified
SIPK kinase (SIPKK) as an upstream MAPKK of NtMPK4. To
elucidate the biological function of NtMPK4, we generated
NtMPK4-silenced tobacco plants by introducing the inverted
repeat sequence of NtMPK4 and SIPKK-overexpressing
tobacco plants using either wild-type SIPKK or constitutively
active SIPKKEE genes. Using transgenic plants, we show that
NtMPK4 has an essential role in the response to wounding, and
is also involved in ozone tolerance by regulating stomatal clo-
sure in an ABA-independent manner.

Results

Isolation of NtMPK4 cDNA from tobacco

Using a partial sequence of NtMPK4 obtained by degener-
ate PCR amplification from RNA of tobacco leaves, we synthe-
sized gene-specific primers for 3′-rapid amplification of cDNA
ends (RACE) and 5′-RACE. All overlapping sequences among
these RACE products were identical, and the full sequence of
the tobacco MPK4 cDNA, designated NtMPK4, was identified

Fig. 1 NtMPK4 is a homolog of AtMPK4 and is activated by

wounding. (A) Phylogenic relationship of MAPK proteins from

Arabidopsis and tobacco. The sequence information of Arabidopsis

and tobacco MAPKs was obtained from the Ahlfors 2004. The align-

ment for this analysis was created using the ClustalW program (http//

www.ddbj.nig.ac.jp/E-mail/clustalw-j.html). Tobacco MAPKs are rep-

resented in bold type and NtMPK4 is represented in boxed type. (B)

The specificity of NtMPK4 antibody. His-tagged MAPKs (25 ng) were

loaded onto duplicate blots and subjected to immunoblot analysis with

antibodies raised against NtMPK4 (anti-NtMPK4) and His-tag (anti-

His-Tag). (C) Immune complex kinase assay of NtMPK4 after wound-

ing. Leaves of 2-month-old wild-type tobacco plants were harvested at

the indicated time after wounding. Crude extracts containing 50 µg of

total protein were immunoprecipitated with anti-NtMPK4 antibody,

and the immunoprecipitates were subjected to an immune complex

kinase assay with myelin basic protein (MBP) as a substrate. Phospho-

rylation of MBP was detected by autoradiography after SDS–PAGE.
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(GenBank accession number AB212070). This gene consisted
of 1,760 bp and the deduced amino acid sequence consisting of
373 amino acids contained 11 conserved kinase domains and
the amino acids TEY (residues 198–200) that are required for
the activation of MAPK (data not shown). To compare the
amino acid sequence of NtMPK4 with that of MAPKs already
isolated from tobacco and Arabidopsis, we produced a phylo-
genetic tree using the CLUSTALW algorithm and TREE-
VIEW program (Fig. 1A). NtMPK4 was classified into the
same clade as AtMPK4 and could therefore be a homolog of
AtMPK4.

Activation of NtMPK4 by wounding

The Arabidopsis mpk4 mutant exhibits a JA-insensitive
phenotype and suppresses wound-responsive gene expression,
indicating that MPK4 is required for wound/JA signaling
(Petersen et al. 2000). Thus, to clarify whether our newly iso-
lated gene is also involved in these signaling pathways, we
analyzed the kinase activity of NtMPK4 after wounding by
immune complex kinase assay with myelin basic protein
(MBP) as an artificial substrate. Before performing the experi-
ment, we generated a specific antibody against NtMPK4 and
confirmed that the antibody recognizes NtMPK4 but not WIPK,
SIPK, or two other tobacco MAPKs (i.e. NTF3 and NRK1)
(Fig. 1B). The kinase activity of NtMPK4 transiently increased
at 10 min and declined to the basal level at 30 min in wounded
tobacco leaves (Fig. 1C).

SIPKK activates NtMPK4 and NRK1 in vitro

To determine which MAPKK activates NtMPK4, we
selected SIPKK as a candidate because SIPKK is classified
into the same group as AtMKK1 and AtMKK2 (MAPK Group
2002), which activate AtMPK4 in vitro and in vivo (Huang et
al. 2000, Matsuoka et al. 2002, Teige et al. 2004). SIPKK was
originally isolated as an SIPK-interacting MAPKK in tobacco
by yeast two-hybrid screening, but was reported to have no
activity for the activation of SIPK (Liu et al. 2000). To verify
whether SIPKK can activate NtMPK4 in vitro, we generated
glutathione S-transferase (GST)–SIPKK and GST–SIPKKEE;
the latter is a constitutively active form produced by replacing
both Thr220 and Thr226 with glutamic acid. On conducting in
vitro kinase assays with MBP, we found that SIPKKEE but not
SIPKK could activate NtMPK4 (Fig. 2A). Next, we tested the
activation of different tobacco MAPKs (WIPK, SIPK, NTF3
and NRK1) by SIPKKEE. SIPKKEE could activate NtMPK4
strongly and NRK1 slightly, indicating that SIPKK is the
potential upstream MAPKK of NtMPK4 and NRK1, but not of
WIPK, SIPK and NTF3 (Fig. 2B).

Generation of NtMPK4-silenced tobacco

To obtain more information on the biological function of
NtMPK4 in tobacco, we attempted to generate NtMPK4-
silenced plants using RNA interference technology. A 762 bp

region of NtMPK4 (covering a portion of the 5′ coding region)
was inserted, in inverse orientation, into the binary vector
pBE2113 (Mitsuhara et al. 1996). The inverted repeat con-
struct was introduced into tobacco plants by the Agrobac-

terium-mediated method. The second generation of nine
independently transformed lines was selected and checked for
the expression of the endogeneous NtMPK4 by reverse tran-
scription–PCR (RT–PCR) (Fig. 3A). Seven NtMPK4-silenced
lines exhibited substantially low levels of the NtMPK4 tran-
script (Fig. 3A). The two lines of NtMPK4 (NtMPK4IR-11 and
NtMPK4IR-6) were used for further experiments. Both
NtMPK4-silenced plants exhibited a dwarf phenotype but the
NtMPK4IR-6 line was a more severe dwarf phenotype than
that of the NtMPK4IR-11 line (Fig. 3B). To confirm that
NtMPK4 kinase activity was suppressed in NtMPK4-silenced
plants, we analyzed the activity of NtMPK4 after wounding.
As shown in Fig. 3C, NtMPK4 kinase activity was clearly sup-
pressed in both NtMPK4-silenced plants.

Generation of SIPKK- and SIPKKEE-overexpressing tobacco

To strengthen our analysis of the biological function of
NtMPK4, we generated SIPKK- and SIPKKEE-overexpressing
lines. Thirty-two (SIPKK) and 38 (SIPKKEE) independent lines
were resistant to kanamycin. RNA gel blot analysis revealed
that nine SIPKK- and seven SIPKKEE-overexpressing lines
exhibited substantially elevated levels of the SIPKK or SIPK-

KEE transcript (Fig. 4A). The second generations of each of two

Fig. 2 Constitutively active SIPKK, SIPKKEE, activates NtMPK4

and NRK1 in vitro. Tobacco MAPKs were incubated with wild-type

SIPKK or SIPKKEE in the kinase reaction buffer containing MBP, and

the samples were separated by SDS–PAGE and subjected to autoradi-

ography, and protein staining with Coomassie brilliant blue (CBB).

(A) In vitro activation of NtMPK4 by wild-type SIPKK or constitu-

tively active SIPKK, SIPKKEE. (B) In vitro activation of different

MAPKs of tobacco by SIPKKEE.



Biological function of NtMPK4 in tobacco 1905

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/46/12/1902/1827370 by guest on 24 April 2024
Fig. 3 Generation of NtMPK4-silenced tobacco. (A) RT–PCR analy-

sis of leaves from wild-type and NtMPK4-silenced (NtMPK4IR)

plants for expression of NtMPK4 and actin. Wild-type and vector con-

trol lines are indicated by W and V, respectively. The cycle number of

the RT–PCR is shown at the right. (B) Morphology of 1-month-old

wild-type (WT) and NtMPK4-silenced tobacco plants. (C) MAP

kinase activity in response to wounding. Leaves of 2-month-old wild-

type and NtMPK4-silenced tobacco plants were harvested at the indi-

cated time after wounding. Immune complex kinase assays were per-

formed by using anti-NtMPK4, anti-WIPK and anti-SIPK antibodies.

Fig. 4 Generation of SIPKK- and SIPKKEE-overexpressing tobacco

plants. (A) Screening of SIPKK- or SIPKKEE-overexpressing trans-

genic plants. RNA gel blots showing SIPKK (upper panel) or SIPK-

KEE (middle and lower panels) expression in untreated leaves. Wild-

type and vector control lines are indicated by W and V, respectively.

The methylene blue-stained rRNA is shown as a loading control. (B)

Morphology of wild-type (WT), SIPKK-overexpressing and SIPKKEE-

overexpressing lines. The upper panel shows the plants of 2-month-old

wild-type (WT), SIPKK-overexpressing, and SIPKKEE-overexpressing

lines. The lower panel shows leaves of the same age at 3 months after

germination. (C) Activity of each MAPK in untreated leaves. Leaves

of 2-month-old wild-type (W), SIPKK-overexpressing and SIPKKEE-

overexpressing plants were harvested. Immune complex kinase assays

were performed by using anti-WIPK, anti-NtMPK4 and anti-SIPK

antibodies. (D) Activities of NtMPK4 and NRK1 in untreated leaves.

The result after 1 h (upper panel) or 24 h (lower panel) exposure is

shown.
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lines of SIPKK (SIPKK-5 and SIPKK-27) or SIPKKEE (SIPK-
KEE-33 and SIPKKEE-34) were used for further experiments.
As shown in Fig. 4B, SIPKKEE-overexpressing lines exhibited a
dwarf phenotype, whereas SIPKK-overexpressing lines had no
obvious phenotype under normal growth conditions. In addi-
tion, leaves of SIPKKEE-overexpressing lines exhibited some
lesion-like chlorotic spots, whereas leaves of wild-type and
SIPKK-overexpressing lines of the same age did not (Fig. 4B).
To confirm that SIPKK activates both NtMPK4 and NRK1 in
planta as well as in vitro (Fig. 2B), we analyzed the activity of
each MAPK under non-treatment conditions in these trans-
genic plants. NtMPK4 was activated in both SIPKK- and SIPK-

KEE-overexpressing lines, but was more strongly activated in
SIPKKEE-overexpressing lines (Fig. 4C), indicating that SIPKK
has the potential to activate NtMPK4 in vivo. NRK1 activity
could be detected after 24 h but not 1 h exposure when consid-
erable NtMPK4 activity was detectable (Fig. 4D). Activation of
NRK1 was found in only SIPKKEE-overexpressing lines (Fig.
4D). Interestingly, SIPK activity, which was detectable at 1 h
exposure under non-treatment conditions, was significantly
suppressed in both SIPKK- and SIPKKEE-overexpressing lines
compared with the wild type (Fig. 4C).

NtMPK4 activity alters the expression of some defense-related

genes

To investigate the role of NtMPK4 in the regulation of
wound-responsive genes, RNA gel blot analysis was per-
formed on allene oxide synthase (AOS) and proteinase

inhibitor-II (PI-II) in NtMPK4-silenced and wild-type plants
after wounding. AOS is a key enzyme for the biosynthesis of
JA and it was reported that AOS gene expression was increased
by wounding in Nicotiana attenuata (Ziegler et al. 2001). PI-II

has been used as markers of wound/JA-responsive genes (Seo
et al. 1995). After wounding, the expression of AOS gene was
not altered in NtMPK4-silenced plants compared with wild-
type plants (Fig. 5A). The expression of PI-II was suppressed
in both NtMPK4-silenced plants after wounding but was
strongly suppressed in the NtMPK4IR-6 line (Fig. 5A). To clar-
ify whether NtMPK4 is involved in JA signaling as well as
AtMPK4 in Arabidopsis, we next performed an RT–PCR anal-
ysis of acidic PR-1 and NtWRKY3, which were SA-inducible
genes (Sasaki et al. 2002, Chen and Chen 2000) in NtMPK4-
silenced plants, because the antagonistic effect of SA on JA
signaling was well known (Sasaki et al. 2002). As shown in
Fig. 5, expression of acidic PR-1 and NtWRKY3 was up-
regulated in NtMPK4-silenced plants under non-treatment
conditions, indicating that NtMPK4 was involved in the JA sig-
naling pathway.

To confirm the above results, we performed similar exper-
iments using SIPKK- and SIPKKEE-overexpressing lines. As
shown in Fig. 5C, the expression of NtWRKY3 was suppressed
in SIPKKEE-overexpressing lines under non-treatment condi-
tions. After wounding, expression of the PI-II gene was
induced more strongly in SIPKK-overexpressing lines, or more

Fig. 5 Differential expression of wound- and SA-responsive genes

in NtMPK4-silenced, SIPKK-overexpressing and SIPKKEE-over-

expressing tobacco plants. (A) Effect of NtMPK4 silencing on induc-

tion of wound-responsive genes at 0, 2 and 24 h after wounding. (B)

RT–PCR analysis of SA-responsive genes in untreated leaves of wild-

type (WT) and NtMPK4-silenced plants. The level of actin was

assayed as a control. The cycle number of the RT–PCR is shown at the

right. (C) RT–PCR analysis of the NtWRKY3 gene in untreated leaves

of wild-type (WT), SIPKK-overexpressing and SIPKKEE-over-

expressing plants. The level of actin was assayed as a control. The

cycle number of the RT–PCR is shown at the right. (D) Effect of

SIPKK or SIPKKEE on induction of the wound-responsive gene at 0, 3

and 6 h after wounding. (E) Effect of SIPKK or SIPKKEE on induction

of acidic PR-1 at 0 and 24 h after SA treatment.
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rapidly in SIPKKEE-overexpressing lines, compared with the
wild type (Fig. 5D). Furthermore, expression of acidic PR-1

after treatment with SA was suppressed in both transgenic lines
(Fig. 5E). These results strongly indicate that NtMPK4 regu-
lates part of the wound-based JA signaling pathway positively
and the SA signaling pathway negatively.

NtMPK4-silenced plants are sensitive to ozone

The ethylene and JA signaling pathways act synergistically
in induced systemic resistance (Pieterse et al. 1998) and in reg-
ulating the expression of pathogenesis-related (PR) and wound-
inducible genes (O’Donnell et al. 1996, Norman-Setterblad et
al. 2000). Thus we asked the question whether NtMPK4 is
required for ethylene signaling because expression of PI-II was
also induced by ethylene (Sasaki et al. 2002). To clarify
whether NtMPK4 acts as a regulator of JA signaling, we ana-
lyzed the sensitivity of NtMPK4-silenced plants to ozone,
because it has been revealed that ethylene and JA have oppo-
site effects on the response to ozone. Ethylene stimulates cell

Fig. 6 Activity of NtMPK4 is involved in ozone tolerance. (A)

NtMPK4 activity after exposure to ozone. Leaves of 1-month-old

wild-type (WT) and NtMPK4-silenced plants were harvested at the

indicated time after ozone exposure (0.2 ppm), and immune complex

kinase assays were performed using anti-NtMPK4, anti-WIPK and

anti-SIPK antibodies. (B) Morphology of wild-type (WT) and

NtMPK4-silenced leaves of the same age at 3 d after the onset of a 4 h

exposure to ozone (0.2 ppm). (C) Free SA content at 4 h after ozone

exposure (0.2 ppm) in wild-type (WT) and NtMPK4-silenced leaves of

the same age. Values are means ± SD of six samples.

Fig. 7 SIPKK- and SIPKKEE-overexpressing lines are resistant to

ozone. (A) Morphology of wild-type (WT), SIPKK-overexpressing

and SIPKKEE-overexpressing leaves of the same age after the onset of

a 2 d exposure to ozone (0.2 ppm). The same region of the leaf was

photographed. The experiments were repeated three times with similar

results. (B) Free SA content after a 2 d exposure to ozone (0.2 ppm) in

wild-type (WT), SIPKK-overexpressing and SIPKKEE-overexpressing

leaves of the same age. Values are means ± SD of six samples.
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death, requiring for the spreading cell death, whereas JA pro-
tects tissues from cell death (Mehlhorn and Wellbum 1987,
Overmyer et al. 2000, Rao et al. 2000, Nakajima et al. 2002,
Tuominen et al. 2004). Furthermore, it has been reported that
SIPK/AtMPK6 and WIPK/AtMPK3 are activated by ozone in
tobacco and Arabidopsis (Samuel and Ellis 2002, Ahlfors et al.
2004). To determine whether NtMPK4 is involved in the
response to ozone, first we analyzed the NtMPK4 kinase activ-

ity after ozone exposure. As shown in Fig. 6A, when wild-type
plants were exposed to 0.2 ppm of ozone for 30 min, NtMPK4
activity increased as well as WIPK and SIPK activity. SIPK
activity was significantly stronger in NtMPK4-silenced plants
than wild-type plants, while WIPK activity was little changed
(Fig. 6A). Next, when we observed a visible change of
NtMPK4-silenced plants, we found no visible change after
exposure to 0.2 ppm of ozone for 4 h (data not shown). How-
ever, obvious necrotic lesions were found in NtMPK4-silenced
leaves at 3 d after the onset of a 4 h exposure to ozone, while
no necrosis was visible in wild-type leaves under the same con-
ditions (Fig. 6B). This result strongly indicates that NtMPK4
functions in the JA signaling pathway but not the ethylene sig-
naling pathway and its activity is required for ozone tolerance.
The suppression of the NtMPK4 kinase activity in these plants
was confirmed by immune complex kinase assay (Fig. 6A).

Next, we measured the amount of SA in NtMPK4-
silenced plants exposed to ozone, because it has been reported
that SA signaling is involved in the induction of cell death
upon exposure to ozone (Örvar et al. 1997, Rao et al. 2000). At
a concentration of ozone that caused no visible symptoms in
wild-type plants (0.2 ppm for 4 h), NtMPK4-silenced plants
accumulated free SA at 14.0- to 16.4-fold compared with that
in the wild-type plants (Fig. 6C).

To confirm the above results, SIPKK- and SIPKKEE-over-
expressing lines were exposed to 0.2 ppm of ozone for 2 d.
Under these conditions, many necrotic lesions formed on wild-
type leaves, while fewer lesions developed in the SIPKK-over-
expressing lines and no necrotic lesions in the SIPKKEE-over-
expressing lines (Fig. 7A). Notably, significantly less SA
accumulated in SIPKKEE-overexpressing lines exposed to
ozone for 2 d than in the wild type (Fig. 7B). In the SIPKK-
overexpressing lines, SA accumulation was slightly reduced
compared with that in the wild type (Fig. 7B) with a slight
reduction of necrotic lesions (Fig. 7A). The overexpression of

Fig. 8 NtMPK4 is involved in stomatal regulation. (A) RT–PCR

analysis of the NtMPK4 gene in leaves (L) and abaxial epidermis (E).

NtLTP1 as a highly expressed gene in epidermal tissue (Canevascini et

al. 1996), and NtRbcS as a gene expressed to only a small extent

(Kopka et al. 1997) were used as controls. The cycle number of the

RT–PCR is shown at the right. (B) Changes in stomatal conductance

of ozone-exposed wild-type (WT) and NtMPK4-silenced plants. One-

month-old plants were exposed to ozone (0.2 ppm). Diffusion resist-

ance was measured in the light (PPFD, 300 µE m–2 s–1) by using a dif-

fusion porometer. The data were then processed and expressed as

stomatal conductance. Values are means ± SD of five independent

points per leaf in two replicate measurements. The experiments were

repeated twice with similar results. (C) Stomatal apertures of wild-type

(WT) and NtMPK4-silenced plants. The width and length of at least 70

stomatal pores were measured and used to calculate the average

stomatal aperture (width/length). Values are means ± SD. (D) Changes

in stomatal conductance of ozone-exposed wild-type (WT), SIPKK-

overexpressing and SIPKKEE-overexpressing plants. Two-month-old

plants were exposed to ozone (0.2 ppm). Values are means ± SD of

five independent points per leaf in two replicate measurements. The

experiments were repeated three times with similar results.
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the SIPKK and SIPKKEE genes in these plants was confirmed
by RT–PCR (data not shown).

NtMPK4 is involved in stomatal regulation

How is NtMPK4 involved in the response to ozone
through the JA signaling pathway? Ozone enters the plant
mesophyll tissue through the stomata and diffuses through
inner air spaces. It has been reported that the AtMPK4 gene is
strongly expressed in guard cells (Petersen et al. 2000) and that
JA signaling is required for stomatal closure (Suhita et al.
2004). Thus, we performed RT–PCR for NtMPK4 using total
RNA extracted from abaxial epidermal peels. As control genes,
we used NtLTP1, whose expression was higher in epidermal
tissue and the guard cells (Canevascini et al. 1996), and RbcS,
whose expression was lower in the epidermis (Kopka et al.
1997). As shown in Fig. 8A, the NtMPK4 gene was highly
expressed in abaxial epidermis. Thus, we predicted that the
highly sensitive phenotype of NtMPK4-silenced plants was
caused by abnormal regulation of stomatal closure. To evalu-
ate whether NtMPK4 activity is required for stomatal regula-
tion, the diffusion resistance of NtMPK4-silenced and wild-

type plants during ozone exposure was measured and used to
calculate the stomatal conductance. Surprisingly, NtMPK4-
silenced plants showed approximately 1.5-fold higher stomatal
conductance than wild-type plants at 0 time (Fig. 8B). Further-
more, the stomatal conductance of NtMPK4-silenced plants
was approximately 1.5-fold greater than that of wild-type
plants after 5 h of ozone exposure (Fig. 8B). Consistent with
the above result, stomatal aperture was significantly greater in
NtMPK4-silenced plants than wild-type plants under normal
growth conditions (Fig. 8C). The density of stomata was simi-
lar in both wild-type and NtMPK4-silenced plants (data not
shown). On the other hand, the SIPKKEE-overexpressing line
showed significantly lower stomatal conductance than the wild
type until 2 h after the onset of ozone exposure, while the
SIPKK-overexpressing line was similar to the wild type (Fig.
8D). These results indicate that NtMPK4 activity is required
for the regulation leading to stomatal closure.

The greater stomatal conductance in NtMPK4-silenced
plants also had an effect on transpiration. Leaf temperature in
NtMPK4-silenced plants measured by thermal imaging was
significantly lower than that of the wild type (Fig. 9A). When
the temperature of SIPKKEE-overexpressing lines was moni-
tored, quite the opposite was found, confirming that NtMPK4
activity is needed for stomatal closure (Fig. 9B).

NtMPK4 regulates stomatal closure in an ABA-independent

manner

The abnormal regulation of stomatal closure prompted us
to determine whether ABA has a role in NtMPK4-silenced
plants. ABA is well known as a regulator of stomatal closure
(Suhita et al. 2004). To study the effect of ABA, we measured

Fig. 9 NtMPK4 activity affects transpiration. (A) Pseudo-color infra-

red image of 1-month-old wild-type (WT) and NtMPK4-silenced

plants under normal growth condition. (B) Pseudo-color infrared

image of 1-month-old wild-type (WT), SIPKK-overexpressing and

SIPKKEE-overexpressing plants under normal growth conditions.

Fig. 10 NtMPK4 does not affect ABA signaling for stomatal clo-

sure. Kinetics of water loss from ABA-treated leaves of the wild-type

(WT) and NtMPK4-silenced plants. Detached leaves were incubated in

water containing ABA (20 µM) for 12 h. Then, the water loss from

four detached leaves was measured. Water loss is expressed as a per-

centage of the initial fresh weight. Values are means ± SD of four

leaves each. The experiments were repeated twice with similar results.
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transpirational water loss after ABA treatment in NtMPK4-
silenced leaves. Transpirational water loss was 9 and 4% in
untreated and ABA-treated wild-type leaves at 120 min,
respectively (Fig. 10). In NtMPK4-silenced leaves, it was
approximately 22 and 6% in untreated and ABA-treated leaves,
respectively (Fig. 10). This result indicates that the response to
ABA in stomata is almost normal in NtMPK4-silenced plants,
and NtMPK4 might regulate stomatal closure in an ABA-inde-
pendent manner.

Discussion

In this study, we generated NtMPK4-silenced or -activated
transgenic plants, and demonstrated that, in tobacco, activation
of NtMPK4 is required for the wound-based JA signaling path-
way and has an essential role in the response to ozone. We also
identified SIPKK as a possible upstream MAPKK of NtMPK4
and NRK1. In Arabidopsis, AtMKK2 activates both AtMPK4
and AtMPK6, which are a homolog of NtMPK4 and an
ortholog of SIPK respectively, and AtMKK1 activates only
AtMPK4 (Teige et al. 2004). On the other hand, SIPKK could
activate NRK1, which was from the same clade as AtMPK5
and AtMPK13, but not SIPK. Neither AtMKK1 nor AtMKK2
interacts with AtMPK5 or AtMPK13 (Teige et al. 2004). These
results suggest that SIPKK might not be a tobacco ortholog of
AtMKK1/AtMKK2 and its function is different from that of
these MAPKKs. This idea is supported by the phenotype of
each transgenic plant. AtMKK2EE-overexpressing plants had
no obvious phenotype, but the SIPKKEE-overexpressing
tobacco plants showed a dwarf phenotype (Teige et al. 2004,
Fig. 4B).

NRK1 was isolated by yeast two-hybrid screening
using NQK1 (NtMEK1) as bait and is involved in cytokinesis
(Soyano et al. 2003). It has been reported that NQK1 activates
NRK1 in vitro and in vivo. In this study, we found that SIPKK
also activates NRK1, suggesting the possible involvement of
SIPKK as well as NQK1 in cytokinesis. These results are con-
sistent with the dwarf phenotype of SIPKKEE-overexpressing
lines, which may be caused by acceleration of the cell cycle
due to hyperactivation of NRK1. Although we do not have any
direct evidence at this point, it would be interesting to study
this transgenic plant from the viewpoint of cytokinesis.

In the Arabidopsis mpk4 mutant, the induction of JA- and
wound-responsive genes was blocked (Petersen et al. 2000),
suggesting that AtMPK4 is a positive regulator in the wound/
JA signaling pathway. In this study, we demonstrated that
wound-induced expression of the AOS gene, encoding a key
enzyme for JA biosynthesis, was not altered, but that of PI-II

was altered in NtMPK4-silenced plants. These results indicate
that NtMPK4 regulates a part of wound signaling in tobacco.
Furthermore, we demonstrated that NtMPK4-silenced plants
exhibited the antagonistic effect of SA on JA signaling, indicat-
ing that NtMPK4 was involved in JA signaling. In addition,
SIPKKEE-overexpressing lines exhibited spontaneous chlorotic

spots with leaf senescence (Fig. 4B). As JA signaling is
involved in leaf senescence in Arabidopsis (He et al. 2002,
Xiao et al. 2004), this phenomenon may be explained by hyper-
acceleration of NtMPK4-mediated JA signaling.

Recently, plant MAPK cascades have been suggested to
be involved in the response to ozone. SIPK/AtMPK6 and
WIPK/AtMPK3 are activated on exposure to ozone in tobacco
and Arabidopsis (Samuel and Ellis 2002, Ahlfors et al. 2004).
In this study, we revealed that NtMPK4 was activated by
ozone, as were WIPK and SIPK (Fig. 6A), suggesting that
NtMPK4-mediated signaling has an important role in the mod-
ulation of the cellular response to ozone. Generally, ethylene
and JA seem to have opposite effects on this response. For
example, JA protects tobacco plants from ozone-induced cell
death when applied before ozone treatment (Örvar et al. 1997).
The Arabidopsis JA-insensitive mutant jar1 and the JA-defec-
tive fad3 fad7 fad8 triple mutant are highly ozone sensitive
(Overmyer et al. 2000, Rao et al. 2000, Tuominen et al. 2004).
On the other hand, the ethylene-insensitive mutant ein2 is
ozone tolerant (Tuominen et al. 2004). Tobacco transgenic
plants, in which antisense DNA for an ozone-inducible 1-
aminocyclopropane-1-carboxylate synthase (ACS) from tomato
was introduced, showed an ozone-tolerant phenotype
(Nakajima et al. 2002). In this study, we found that NtMPK4-
silenced plants were highly sensitive to ozone (Fig. 6B), indi-
cating that NtMPK4 functions in the JA signaling but not the
ethylene signaling pathway. This is consistent with the finding
that Arabidopsis AtMPK4 does not act in the ethylene signal-
ing pathway (Petersen et al. 2000). More recently, it has been
reported that the ACS gene family except ACS1 and ACS9 in
Arabidopsis is highly expressed in the epidermal cell layer and
guard cells (Tsuchisaka and Theologis 2004). To our knowl-
edge, there is no evidence of antagonistic or synergetic interac-
tion between the ethylene and JA signaling pathways in
epidermal cells or guard cells. Studies using transgenic plants
or mutants for each hormone signaling pahway may provide
new findings regarding the interactions between the ethylene
and JA signaling pathways in the epidermis.

Interestingly, SIPK activity was significantly stronger in
NtMPK4-silenced plants than wild-type plants after exposure
to ozone (Fig. 6A). Recently, it has been reported that
AtMPK6/SIPK was involved in the biosynthesis of ethylene
through the phosphorylation of ACS2 and ACS6, which is the
rate-limiting enzyme of the biosynthesis (Liu and Zhang 2004).
Thus, the marked activation of SIPK may be caused by an
antagonistic effect of ethylene on NtMPK4-mediated JA sign-
aling. However, surprisingly, both the overexpression and the
suppression of SIPK caused great sensitivity to ozone in
tobacco (Samuel and Ellis 2002). In the above scenario, SIPK-
silenced plants should be resistant to ozone. Although it is not
clear why the suppression of SIPK caused such sensitivity, one
possible explanation of this phenotype is the putative abnor-
mal hyperactivation of WIPK in SIPK-silenced tobacco, in
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which the hyperactivation continued after exposure to ozone
(Samuel and Ellis 2002).

It has been reported that SA was accumulated in ozone-
exposed plants and its signaling was involved in promoting cell
death (Örvar et al. 1997, Rao et al. 2000). Under normal
growth conditions, the level of SA in NtMPK4-silenced plants
was similar to that in wild-type plants. In the Arabidopsis mpk4

mutant, the SA level is higher than in the wild type (Petersen et
al. 2000). This may be a result of the difference between the
‘knock-out mutant’ and ‘knock-down transgenic plant’,
because expression of the acidic PR-1 and NtWRKY3 genes in
NtMPK4-silenced plants could be detected by RT–PCR analy-
sis but not RNA gel blot analysis (Fig. 5B, data not shown).
After exposure to ozone, more SA was accumulated in
NtMPK4-silenced plants than in wild-type plants (Fig. 6C),
suggesting that the sensitivity of NtMPK4-silenced plants
depends on the accumulation of SA.

Our data shown in Fig. 5E, 6C and 7B revealed that
NtMPK4 activity influences the SA biosynthesis and signaling
pathways by regulating JA signaling, although precisely how is
not clear. One possible explanation is a positive feedback of
SA signaling via NtMPK4. Indeed, the Arabidopsis mpk4

mutant exhibits high-level expression of the PR1 gene inde-
pendent of NPR1, which is a key regulatory component of SA
signaling and thought to regulate a negative feedback pathway
in the signaling (Shah 2003, Dong 2004).

We demonstrated that NtMPK4-silenced plants had high
stomatal conductance, and reduced stomatal closure on expo-
sure to ozone (Fig. 8B), indicating that the NtMPK4-silenced
plants could not restrict the influx of ozone into leaf tissue.
Thus, the sensitivity to ozone in NtMPK4-silenced plants is
probably caused by an acceleration of cell death following the
accumulation of SA due to an excessive influx of ozone. The
Arabidopsis jar1 mutant exhibits similar stomatal conductance
compared with wild type (Tuominen et al. 2004), suggesting
that the NtMPK4-mediated JA pathway is distinct from the
JAR1-mediated JA pathway. Interestingly, the stomatal aper-
ture was significantly greater in NtMPK4-silenced plants than
in wild-type plants under normal growth conditions (Fig. 8C).
Arabidopsis ost1, which is an ABA-insensitive mutant in terms
of stomatal closure, and jar1 mutants exhibit a similar stomatal
aperture to the wild type under normal growth conditions
(Mustilli et al. 2002, Suhita et al. 2004). This suggests that
NtMPK4 is involved not only in the response to stress, but also
in the developmental regulation of stomata. Recently, it has
been reported that some MAPKKKs control stomatal develop-
ment in tobacco and Arabidopsis (Nishihama et al. 2001,
Bergmann et al. 2004), indicating that the MAPK cascade has
an important role in stomatal development. However, we found
that the density of stomata was similar in both wild-type and
NtMPK4-silenced plants. Furthermore, the nuclear division of
guard cells in NtMPK4-silenced plants was normal (data not
shown). These results suggest that NtMPK4-mediated stomatal
regulation is distinct from that of other known MAPK cascades.

The abnormal regulation of stomatal closure prompted us
to examine the altered sensitivity to ABA in NtMPK4-silenced
plants. We demonstrated that the stomatal response to ABA in
NtMPK4-silenced plants was almost normal (Fig. 10). Consist-
ent with our results, AtMPK4 was activated by low humidity
but not by ABA in Arabidopsis (Ichimura et al. 2000). These
results suggest that NtMPK4 is not involved in the ABA sign-
aling pathway for stomatal regulation. In comparison with
ABA signaling, very few studies have focused on the JA sign-
aling pathway leading to stomatal closure. Suhita et al. (2004)
conducted a detailed examination of the role of JA signaling in
stomatal closure, finding that protein phosphorylation is an
important factor by using protein kinase inhibitors.

Interestingly, SIPK activity was suppressed in both
SIPKK- and SIPKKEE-overexpressing lines (Fig. 4C). This phe-
nomenon would be explained by the putative formation of an
SIPKK–SIPK complex which inhibits SIPK activity, because
SIPKK can interact with SIPK in vitro but was reported to have
no activity for the activation of SIPK (Liu et al. 2000). Further
study, such as an immunoprecipitation assay, on the SIPKK
complex is necessary.

Taken together, our findings strongly indicate that the acti-
vation of NtMPK4 has an important role in transmitting a JA-
mediated signal and ozone sensitivity. A number of issues,
however, still remain to be addressed such as the relationship
among NtMPK4, WIPK and SIPK in the response to stress, and
identification of downstream targets of NtMPK4.

Materials and Methods

Plant materials, wounding and salicylic acid treatment

Tobacco (Nicotiana tabacum cv. Samsun NN) plants were grown

in a temperature-controlled greenhouse maintained at 25°C with a 16 h

light/8 h dark cycle. The wounding of leaves was performed by cut-

ting them into small pieces with a razor blade. For SA treatment,

pieces of tobacco leaf were floated on water containing 50 µM SA.

cDNA cloning

Total RNA from leaves was extracted using Trizol (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s instructions. For

the isolation of NtMPK4, degenerated oligonucleotides were made

from the sequence conserved between Arabidopsis AtMPK4

(Mizoguchi et al. 1993) and Medicago MMK2 (Jonak et al. 1995),

which fell into the same group (MAPK Group 2002), and used as

primers in PCR amplification. A full-length cDNA of NtMPK4 was

isolated by using a SMART RACE cDNA Amplification Kit according

to the manufacturer’s instructions (Clontech, Palo Alto, CA, USA).

Partial cDNA of NtAOS was amplified from the SMART cDNA

library by using degenerated primers made from the sequence of

Nicotiana attenuate (Ziegler et al. 2001). DNA sequencing was per-

formed with a DNA sequencing kit and ABI DNA sequencer (Applied

Biosystems, Foster City, CA, USA).

Production of NtMPK4 antibody and immunoblot analysis

A polyclonal antiserum was raised against the synthetic peptide

SGDQGVQSNFK at the N-terminus of NtMPK4. Immunoblot analy-

sis using anti-NtMPK4 and anti-His-Tag antibodies (Novagen,
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Darmstadt, Germany) was performed as described previously (Seo et

al. 1999).

Expression and purification of fusion proteins

The open reading frames (ORFs) of NtMPK4, WIPK (D61377),

SIPK (U94192), NTF3 (X69971) and NRK1 (AB055515) were ampli-

fied by PCR using gene-specific primers. These amplicons were

cloned in-frame into the expression vector pET32a (Novagen, Madi-

son, WI, USA). These fusion proteins produced in Escherichia coli

were purified according to the manufacturer’s instructions. The ORFs

of SIPKK and SIPKKEE were cloned into pGEX4T-1 (Amersham

Pharmacia Biotech, Buckinghamshire, UK), and the GST-fused pro-

teins produced in E. coli were purified according to the manufac-

turer’s directions. Site-directed mutagenesis of SIPKK was performed

by using a Site-directed Mutagenesis System (TAKARA SHUZO CO.

LTD, Tokyo, Japan) following the instructions provided. The amino

acids replaced and the sites of replacements are described in the

Results.

In vitro kinase assay and immune complex kinase assay

Each MAPK (500 ng) and MBP (5 µg, Sigma, St Louis, MO,

USA) were incubated with GST–SIPKK or GST–SIPKKEE (50 ng) at

30°C for 20 min in a kinase reaction buffer containing 40 mM HEPES-

KOH, pH 7.5, 20 mM MgCl
2
, 2 mM dithiothreitol, 100 µM ATP and

50 nM [γ-32P]ATP (Amersham; ∼4,000 Ci/mmol). The immune com-

plex kinase assay was performed by using anti-NtMPK4, anti-WIPK,

anti-SIPK and anti-NRK1 antibodies according to Seo et al. (1999).

Reaction products were separated by SDS–PAGE, and phosphoryl-

ation of MBP was analyzed by autoradiography.

Construction of NtMPK4-silencing, SIPKK-overexpressing and SIPK-

KEE-overexpressing vectors, and tobacco transformation

The double-stranded RNA interference construct was tailored

through a PCR-mediated approach using a 762 bp region of NtMPK4

(corresponding to positions 141–902). The amplified DNA fragments

were inserted, in inverse orientation and separated by a β-glucuronidase

sequence linker, into the binary vector pBE2113 vector (Mitsuhara et

al. 1996). cDNAs of SIPKK and SIPKKEE were also subcloned into the

same vector. These constructs were introduced into Agrobacterium

tumefaciens LBA4404 by electroporation (Wen-jun and Forde 1989).

Transformation of Samsun NN tobacco was performed by using the

leaf disc co-cultivation method (Horsch et al. 1985). Transformed

plants were selected by growth on kanamycin-containing media. Plants

of the second generation were used for the experiments.

RT–PCR and RNA gel blot analysis

Total RNA from leaves and abaxial epidermis was extracted

using Trizol (Invitrogen) according to the manufacturer’s instructions.

RT–PCR was performed with RT–PCR High-plus- (TOYOBO, Osaka,

Japan) using gene-specific primers designed to target NtMPK4, actin

(X63603), RbcS (AY220079), NtLTP1 (X62395), acidic PR-1

(X06361), NtWRKY3 (AF193770) and SIPKK (AF165186). The

number of cycles was adjusted so that the amplification was within the

linear range. Sequences used for RT–PCR were as follows: NtMPK4,

forward, 5′-GATCACCTGATGATGCCAGT-3′ and reverse, 5′-GAG-

CTGTGAACTCACCTCCA-3′; actin, forward, 5′-CAGGGTTTGCT-

GGAGATGATGCTC-3′ and reverse, 5′-TGAATGCCTGCAGCTTC-

CATTCC-3′; RbcS, forward, 5′-CCTCTGCAGCAGTTGCCACT-3′

and reverse, 5′-GTAGCCTTCAGGCTTGTAGGC-3′; NtLTP1, for-

ward, 5′-TTGTGCATGGTGGTAGCTGC-3′ and reverse, 5′-CTTC-

CAAATTGTGCGGGG-3′; acidic PR-1, forward, 5′-GTAATATC-

CCACTCTTGCCGTGCC-3′ and reverse, 5′-CGTGAAATGGACG-

TAGGTCG-3′; NtWRKY3, forward, 5′-CCAACACGCTTGCAACTC-

3′ and reverse, 5′-AGTCATAAGGATTAACAATC-3′; SIPKK/SIPK-

KEE, forward 5′-CGCTCTCAAGGCTATTCAG-3′ and reverse, 5′-

TTATAACTCAGTGAGTGTTGCC-3′. The identity of these RT–PCR

products was confirmed by sequencing. Total RNA blotting, hybridiza-

tion, labeling of cDNA probes and RNA gel blot analysis were per-

formed as described previously (Seo et al. 1999).

Ozone exposure, stomatal conductance, stomatal aperture, thermal

imaging and water loss

Ozone treatment was performed at 0.2 ppm. The ozone chamber

was maintained at 25°C and a relative humidity of 70% under a photo-

synthetic photon flux density (PPFD) of 300 µE m–2 s–1. Ozone was

generated with an ozone generator (Sumitomo Seika Chemicals,

Tokyo, Japan). After exposure, the same aged leaf of each plant was

photographed. Diffusion resistance at five independent points per leaf

was measured in the light (PPFD, 300 µE m–2 s–1) by using a diffusion

porometer (Super porometer, LI-1600; LiCor, Lincoln, NE, USA). The

data were then processed and indicated as stomatal conductance. For

the measurement of stomatal aperture, abaxial epidermal peels were

fixed with cold ethanol at –20°C for 15 min. The width and length of

at least 70 stomatal pores were measured with an optical microscope

and used to calculate the average stomatal aperture (width/length).

Water loss from four detached leaves was measured as described by

Leung et al. (1997). For ABA treatment, detached leaves were incu-

bated in water containing ABA (20 µM) for 12 h. Then, the water loss

from four detached leaves was measured as described above. Thermal

images of plants were obtained using a Thermotracer TH7102MV

(NEC san-ei, Japan).

Quantification of SA

Quantification of free SA was performed as described previ-

ously (Seo et al. 1995).
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