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Abstract Activation of two mitogen-activated protein
kinases (MAPKSs), wound-induced protein kinase
(WIPK) and salicylic acid-induced protein kinase
(SIPK), is one of the earliest responses that occur in
tobacco plants that have been wounded, treated with
pathogen-derived elicitors or challenged with avirulent
pathogens. We isolated cDNAs for these MAPKs
(NbWIPK and NbSIPK) from Nicotiana benthamiana.
The function of NbWIPK and NbSIPK in mediating the
hypersensitive response (HR) triggered by infiltration
with INF1 protein (the major elicitin secreted by Phy-
tophthora infestans), and the defense response to an
incompatible bacterial pathogen (Pseudomonas cichorii),
was investigated by employing virus-induced gene
silencing (VIGS) to inhibit expression of the WIPK and
SIPK genes in N. benthamiana. Silencing of WIPK or
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Introduction

Mitogen-activated protein kinase (MAPK) cascades are
major components that act downstream of receptors or
sensors to transduce extracellular stimuli into intracel-
lular responses in yeast and animal cells (Widman et al.
1999; Davis 2000). The basic MAPK cascade is a three-
kinase module that is conserved in all eukaryotes.
MAPK, the ultimate kinase in the cascade, is activated
by dual phosphorylation of a tripeptide motif (TXY)
located in the activation loop (T-loop) between subdo-
mains VII and VIII of the kinase catalytic domain. Two
MAPKSs from tobacco, wound-induced protein kinase
(WIPK) and salicylic acid (SA)-induced protein kinase
(SIPK), and their orthologs in other plant species, have
been implicated in signaling of plant defense reactions
(Zhang and Klessig 2001 and references therein). WIPK,
first identified as wound-induced protein kinase, trans-
duces the wounding signal into the synthesis of jasmonic
acid (Seo et al. 1995, 1999). SIPK, first identified as
SA-induced protein kinase, is activated by pathogens,
pathogen-derived elicitors, wounding, and osmotic and
oxidative stresses (Zhang and Klessig 1997, 1998; Zhang
et al. 1998; Romeis et al. 1999; Droillard et al. 2000;
Mikolajczyk et al. 2000; Samuel et al. 2000; Lee et al.
2001; Samuel and Ellis 2002). Some of these treatments
activate WIPK as well as SIPK. Yang et al. (2001)
showed that transient overexpression of a constitutively
active MAPK kinase (NtMEK"?) induces the activation
of WIPK and SIPK, followed by hypersensitive response
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(HR)-like cell death in tobacco. Furthermore, Zhang
and Liu (2001) demonstrated that overexpression of
SIPK alone could induce HR in tobacco. These over-
expression studies suggested a vital role for SIPK acti-
vation in the development of the HR. However,
overexpression of signaling elements is known to
sometimes drastically disturb signaling cascades, and
therefore the results must be interpreted with some
caution. It is advisable that such gain-of-function anal-
ysis should be complemented by a loss-of-function
analysis. Therefore, in the present study, we silenced
WIPK and SIPK genes in Nicotiana benthamiana by
virus-induced gene silencing (VIGS) using potato virus
X (PVX) (Baulcombe 1999; Burton et al. 2000; Voinnet
2001; Saitoh and Terauchi 2002). Plants in which WIPK,
SIPK, or WIPK and SIPK together, had been silenced
were evaluated for the activation of WIPK and SIPK in
response to wounding, for HR development triggered by
the fungal elicitor INF1—a major secreted protein of
Phytophthora infestans, and for their defense response
against an avirulent bacterial pathogen, Pseudomonas
cichorii. In the plants in which WIPK and SIPK were
both silenced, resistance to P. cichorii was compromised.
Surprisingly, however, silencing of SIPK and WIPK did
not affect the development of HR after treatment with
INF1 or inoculation with P. cichorii.

Materials and methods

Plasmid construction

Total RNA from N. benthamiana leaves was reverse-transcribed
using an oligo(dT),q primer (Toyobo, Tokyo). Using this cDNA
as template, a cDNA containing the entire WI/PK ORF was ampli-
fied by PCR with forward (WIPK-ORFU: 5-ATGGCTGAT-
GCAAATATGGG-3') and reverse (WIPK1302R: 5-GGAAAG-
TAGATACTCCAGATC-3") primers designed from the DNA
sequence of WIPK from N. tabacum (Seo et al. 1995). The
PCR-amplified product (1195 bp) was ligated to the pT7Blue
T-Vector (Novagen, Madison, Wis.) to generate pT7-NbWIPK.
Similarly, a cDNA containing the entire SITPK ORF was amplified
using forward (SIPK-ORFU: 5-ATGGATGGTTCTGGTCAG-
CAG-3’) and reverse (SIPK-L1: 5-GACAACAATCTTAC-
CAGCAA-3’) primers based on the DNA sequence of SIPK of N.
tabacum (Zhang and Klessig 1997). The PCR product (1206 bp) was
cloned into the pT7Blue T-Vector to generate pT7-NbSIPK. A 273-
bp fragment of NHWIPK was amplified from the plasmid
pT7-NbWIPK by PCR with the forward primer WIPK-U/Sall
(5-CGGTCGACCCGTTACGAAGGGAGTTTTC-3"; Sal 1 site
underlined) and the reverse primer WIPK-R/EcoRV (5-CCGA-
TATCTCCGTCATATTCTCGTTCTC-3"; Eco RV site under-
lined). The PCR product was digested with Sa/ I and Eco RV, and
ligated into the corresponding sites in the vector pPC2S PVX
(Baulcombe et al. 1995), to generate pTXS.WIPK. A 255-bp frag-
ment of NbSIPK was amplified from the plasmid pT7-NbSIPK by
PCR with forward (SIPK-U/Sall: 5-CGGTCGACTTCTGCA-
CAGGGACTTGA-3"; Sal I site underlined) and reverse (SIPK-R/
EcoRV: 5-CCGATATCCGTGATCTCTACCAGGAA-3; Eco
RV site underlined) primers. The PCR product was digested with Sal/
I and Eco RV, and ligated to the same restriction sites in pPC2S to
generate pTXS.SIPK. A 194-bp fragment of NbWIPK was amplified
from pT7-NbWIPK with the forward primer WIPK-U/Sphl
(5-CCGCATGCAACCAAGGTTTATCAGAGGA-3, SphTsiteis
underlined) and the reverse primer WIPK-R/EcoRYV, then digested
with Eco RV and Sph 1. A 200-bp fragment of NbSIPK was obtained

from pT7-NbSIPK by digestion with Sa/ I and Sph I using internal
Sal 1 and Sph I sites located 909 and 1106 nt from the 5" end of the
OREF, respectively. The 194-bp NbWIPK fragment and the 200-bp
NbSIPK fragment were ligated in tandem to the Eco RV/Sall-di-
gested pPC2S to generate pTXS.WIPK-SIPK.

In vitro transcription and plant inoculation

The plasmids pTXS.WIPK, pTXS.SIPK, pTXS.WIPK-SIPK and
pTXS.GFP (Baulcombe et al. 1995) were linearized with Spe I, and
used for in vitro transcription using a mMessage mMachine T7 kit
(Ambion, Austin, Tex.) according to the manufacturer’s instruc-
tions. The transcripts were inoculated into N. benthamiana leaves as
described elsewhere (Saitoh et al. 2001). One leaf per plant was
inoculated with 30 ul of RNA solution (transcript concentration

50 ng/ul).

Wounding of leaves, preparation of INFI protein
and infiltration into leaves

N. benthamiana leaves were wounded by gently rubbing the upper
surface with wet carborundum. INF1 was prepared as previously
described (Kamoun et al. 1997). A solution of INF1 (100 nM) was
infiltrated with a needleless syringe through small incisions made
on the lower leaf surface with a razor blade. At a given time point,
a disk (15 mm diameter) was punched out of each infiltrated leaf
with a cork borer, immediately frozen in liquid nitrogen, and stored
at —70°C prior to further analysis.

Confirmation of NbWIPK and NbSIPK silencing by RT-PCR

RT-PCR analysis was performed as described by Saitoh and
Terauchi (2002). For the detection of NbWIPK mRNA, we
used WIPK147F (5-CAATTCCCTGATTTTCCTTCGG-3') as
the forward primer and WIPK1302R as the reverse primer. For the
detection of NbSIPK mRNA, the primers SIPK-U1 (5-TATA-
ATTCCACCACCACAGA-3) and SIPK-L2 (5-CTTCATC-
TGTTCCTCCGTAA-3") were used.

Preparation of protein extracts and assay for kinase activity

Leaf disks (15 mm diameter) were ground in liquid nitrogen,
thawed in 200 ul of extraction buffer [100 mM HEPES pH 7.4,
5 mM EDTA, 5 mM EGTA, 10 mM DTT, 10 mM NaF, 10 mM
Na3;VO,4, 50 mM  f-glycerophosphate, 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF), 5 pug/ml antipain, 5 ug/ml
aprotinin and 5 pg/ml leupeptin], and centrifuged at 15,000 x g for
20 min at 4°C in a microcentrifuge. The crude extracts were stored
at =70°C. The protein concentration of each sample was deter-
mined by the Bradford (1976) method, using BSA as a standard.
The in-gel kinase assay to check the WIPK/SIPK activity was
performed as described elsewhere (Matsumura et al. 2003).

Immunodetection of SIPK protein

Immunoblot analysis was performed as described by Saitoh and
Terauchi (2002). Antiserum was raised against a synthetic peptide
corresponding to the N-terminal sequence of SIPK (MDGSG-
QQTDTMMSDAGAEQ) of N. tabacum.

Inoculation with Pseudomonas cichorii and determination
of growth kinetics

P. cichorii SPC9001 (Hikichi et al. 1998) was grown at 28°C
in Nutrient Broth medium (Difco, Detroit, Mich.) containing



ampicillin (10 pg/ml) overnight. After centrifugation, bacterial cells
were resuspended in 10 mM MgCl, (ODggo=0.01). Bacterial sus-
pensions were inoculated on to leaves using a needleless syringe.
The increase in the numbers of bacteria was estimated in leaf disks
(5 mm diameter) taken from infiltrated areas of three different
plants at the indicated time points post-infection. The discs were
homogenized in 785 ul of 10 mM MgCl,, thoroughly mixed, and
serial dilutions of the slurry were plated out on LB medium con-
taining ampicillin (10 pug/ml). After incubation at 28°C for 24 h, the
colonies were counted.

Results

Isolation of NbWIPK and NbSIPK cDNAs
and silencing of the WIPK and SIPK genes

Complementary DNAs containing WIPK (GenBank
Accession No. AB098729) and SIPK (GenBank Acces-
sion No. AB098730) ORFs were amplified from N.
benthamiana leaves by RT-PCR. The degree of amino
acid sequence homology between NbWIPK and N. ta-
bacum WIPK was 97.6%, and that between NbSIPK
and N. tabacum SIPK was 98.5%. Both NbWIPK and
NbSIPK have the MAP kinase signature phosphoryla-
tion motif TEY (Fig. 1A, B). To examine the biological
function of WIPK and SIPK in planta, we employed the
VIGS method using PVX to specifically silence the genes
in N. benthamiana (Baulcombe 1999; Burton et al. 2000;
Voinnet 2001; Saitoh and Terauchi 2002). The VIGS
constructs pTXS.WIPK and pTXS.SIPK were gener-
ated by separately inserting a 273-bp NbWIPK and a
255-bp NbSIPK fragment, each derived from the middle
of the respective ORF, into the PVX vector in the anti-
sense direction (Fig. 2). pTXS.WIPK-SIPK was gener-
ated by inserting a 194-bp NbWIPK fragment and a 200-
bp NbSIPK fragment in tandem into the viral vector, in
the anti-sense direction (Fig. 2). In vitro runoff tran-
scripts were synthesized from pTXS.WIPK, pTXS.
SIPK, pTXS.WIPK-SIPK and pTXS.GFP, and inocu-
lated into N. benthamiana plants. The inoculated plants
showed mild mosaic symptoms 3 weeks after the inoc-
ulation of leaves with each transcript (data not shown).
The third or fourth leaf above the inoculated one, where
the silencing is most consistently established (Romeis
et al. 2001; Saitoh and Terauchi 2002), was used for
further analysis of plants inoculated with PVX.GFP,
PVX.WIPK, PVX.SIPK, and PVX.WIPK-SIPK. The
levels of NbWIPK and NbSIPK mRNAs in the inocu-
lated plants were determined by RT-PCR using gene-
specific primers that anneal to regions outside the partial
cDNA fragment cloned into the PVX vector (Fig. 3).
NbWIPK transcripts could be detected in plants inocu-
lated with PVX.GFP and PVX.SIPK, but not in those
treated with PVX.WIPK or PVX.WIPK-SIPK. Con-
versely, NbSIPK transcripts could be detected in plants
infiltrated with PVX.GFP and PVX.WIPK, but not in
those treated with PVX.SIPK or PVX.WIPK-SIPK.
Hence the VIGS constructs effectively silence the
corresponding genes.
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Response of WIPK - and SIPK -silenced plants
to wounding and INF1 treatment

Wounding and treatment with elicitors are known to
activate plant MAPKs. INF1, a protein secreted by
P. infestans, is a well-characterized elicitor that causes
HR in incompatible hosts like N. benthamiana (Kamoun
et al. 1997, 1998). We therefore studied the responses of
WIPK -, SIPK -, and WIPK - SIPK -silenced N. benth-
amiana plants to wounding and INF1, and compared
them with those in control N. benthamiana plants. At
selected times following wounding or INF1 treatment,
leaf disks were punched out, and the levels of WIPK and
SIPK transcripts, and the kinase activity of WIPK and
SIPK, were measured. The amounts of SIPK protein
present were also studied by Western analysis using anti-
SIPK antibody. We also tried to detect the WIPK pro-
tein as well using anti-WIPK antibody raised against
a synthetic peptide (MADANMGAGGGQFPDFPS)
derived from the N-terminus of WIPK of N. tabacum
(Seo et al. 1999). But these attempts failed, presumably
because the amino acid sequence of the N-terminus of V.
benthamiana WIPK (MADANMGGGGGGQFPDFPS;
Fig. 1A) differs from that of the N. tabacum homologue
and could not be recognized by the antibody.

Wounding caused a transient accumulation of WIPK
transcripts in the control (PVX.GFP) as well as in
PVX.SIPK-infected plants (Fig. 4A). The amount of
WIPK transcript increased within 15 min after wound-
ing, peaked at 60 min, and then gradually decreased
over the next 3 h. In PVX.WIPK- and PVX.WIPK-
SIPK-infected plants, transcript levels were much re-
duced as compared to the control, although some WIPK
transcripts were still detectable. In contrast to WIPK,
the level of SIPK mRNA in the PVX.GFP- as well as
PVX.WIPK-infected plants was unaltered after wound-
ing, and was almost nil in PVX.SIPK- and PVX.WIPK-
SIPK-infected plants (Fig. 4A).

To determine the effect of silencing of WIPK and
SIPK on the kinase activity of the corresponding pro-
teins, we investigated whether the level of protein
phosphorylation changed after wounding, using an in-
gel kinase assay with Myelin Basic Protein (MBP) as
substrate (Fig. 5A). Leaves of the PVX.GFP- and
PVX.WIPK -infected plants that had been wounded with
carborundum exhibited a rapid and transient activation
of SIPK, but little activation was observed in PVX.
SIPK- and PVX.WIPK-SIPK-infected plants. In addi-
tion, the results of immunoanalysis using anti-SIPK
antibody demonstrated that the reduction in the SIPK
activity in PVX.SIPK- and PVX.WIPK-SIPK-infected
plants actually resulted from a reduction in the amount
of SIPK protein present (Fig. 5A). On the other hand,
WIPK activity in the leaves of PVX.GFP- and PVX.
SIPK-infected plants increased until 60 min after
wounding, but was only slightly enhanced in
PVX.WIPK- and PVX.WIPK-SIPK-infected plants in
response to wounding (Fig. 5A).
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Fig. 1A, B Alignment of the
predicted amino acid sequences
of NbWIPK (A) and NbSIPK
(B) (upper lines) with tobacco
WIPK and SIPK (lower lines;
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D61377 and U94192), hkhkhkhkhkhhkhhkhhrkhhk dhkhkhhhhhh kb khhkhhk kb kkhkkkkkkkkkkkk k%
respectively. The conserved 60" VLNTELNEMVAVKKIANAFDIYMDAKRTLREIKLLRHLDHENVIGLRDVIPPPLRREFSD
phosphorylation motifs (TEY) WIPK-U/Sphl
for MAP kinase are shaded. The 121' VYIATELMDTDLHQIIRSNQGLSEDHCQYFMYQLLRGLKYIHSANVLHRDLKPSNLLLNA
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primers used in the experiments 120" VYIATELMDTDLHQIIRSNQGLSEDHCQYFMYQLLRGLKYIHSANVLHRDLKPSNLLVNA
.- TPK-R/EcoRV
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361' KDMIYQEALSLNPEYA WIPK1302R
A A A A AR AR A AR R AR K e e e e e e e e e e ———————
360" KDMIYQEALSLNPEYA
SIPK-ORFU
B pesch:
1' MDGSGQQSDTMMSDAGAEQPPPAAQPVAGMDNIPATLSHGGRFIQYNIFGNIFEVTAKYK
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****************. * ok k k ok ok .************************************
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SIPK-L2
. <
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361" FSFDFEQHALTEEQMKELIYRESLAFNPEYQHM

Next, we studied the response of WIPK - and SIPK -
silenced plants to INF1 treatment. The level of WIPK
RNA increased for 60 min after the infiltration of leaves
with 100 nM INF1 protein in PVX.GFP- as well as
PVX.SIPK-infected plants (Fig. 4B). The timing of
WIPK induction following INF1 treatment was some-
what delayed in comparison to its response to wounding
treatment (Fig. 4A, B). In the PVX.WIPK- and
PVX.WIPK-SIPK infected plants, the levels of WIPK
mRNA were reduced (Fig. 4B). SIPK transcripts were
present in PVX.GFP- and PVX.WIPK-infected plants;

however, SIPK expression was not affected by treatment
with INF1 (Fig. 4B). In the PVX.SIPK- and
PVX . WIPK-SIPK-plants, SIPK transcript levels were
very low (Fig. 4B).

The kinase activity and concentration of SIPK protein
were also investigated in the plants treated with INF1
(Fig. 5B). SIPK was activated in PVX.GFP- and
PVX.WIPK-infected plants, reaching its maximum
activity 15 min after treatment with INF1. WIPK
activation was not observed in any of the INFI-
treated plants, including the PVX.GFP control. In
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Fig. 2 Organization of the pPC2S, pTXS.WIPK, pTXS.SIPK,
pTXS.WIPK-SIPK and pTXS.GFP genomes. The boxes represent
PVX coding regions and the antisense partial cDNA fragments of
WIPK and SIPK; the horizontal lines indicate untranslated
sequences. pPC2S carries a duplication of the subgenomic coat
protein RNA promoter (dashed boxes) and a multiple cloning site.
Sizes of virus-encoded proteins are given in kDa. CP, coat protein;
WIPK and SIPK indicate partial cDNA fragments of WIPK and
SIPK, respectively, and are shown upside-down to indicate that the
sequences are inserted in the antisense direction; GFP, green
fluorescent protein

PVX.SIPK- and PVX.WIPK-SIPK-infected plants, the
activation of SIPK was impaired. Western analysis using
anti-SIPK antibody showed that the reduced SIPK
activity in PVX.SIPK- and PVX.WIPK-SIPK-infected
plants was caused by a reduction in the amount of the
protein itself (Fig. 5B).
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Fig. 3 RT-PCR analysis of NbWIPK and NbSIPK expression in
leaves of PVX.GFP, PVX.WIPK, PVX.SIPK and PVX.WIPK-
SIPK-infected N. benthamiana plants. Three weeks after inocula-
tion, leaf samples were harvested from the third or fourth leaf
above the inoculation site, and total RNA was isolated and used
for RT-PCR as described by Saitoh and Terauchi (2002);
amplification of first-strand cDNA was carried out for 25 cycles
using primers specific for NbWIPK and NbSIPK, respectively.
Equal input of cDNA template for PCR was demonstrated by
amplification of the constitutively expressed rbeS gene (22 cycles)

Following infiltration of 100 nM INF1 into the
leaves, a normal hypersensitivity response developed in
PVX.GFP-, PVX.WIPK-, PVX.SIPK- and PVX.WIPK-
SIPK-infected leaves, and no consistent difference was
observed in the timing and extent of HR in WIPK-,
SIPK- and WIPK- SIPK-silenced plants as compared to
the control plants (Fig. 6).

VIGS of WIPK and SIPK results in enhanced
susceptibility to disease

N. benthamiana leaves inoculated with P. cichorii exhibit
resistance responses and eventually develop HR
(Y. Hikichi, personal communication). To address the
question of whether WIPK and SIPK are involved in the
resistance responses and in the development of HR
against an avirulent incompatible pathogen, we inocu-
lated P. cichorii onto N. benthamiana leaves that had

Fig. 4A, B Amounts of WIPK, PVX.WIPK-
SIPK and rbeS mRNAs present PVX.GFP PVX.WIPK PVX.SIPK SIPK
at various times after wounding .
(A) and treatment with the Time " 15 60 120 240 15 60 120 240 0 15 60 120 240 15 60 120 240
elicitor INF1 ( B) as revealed by min %
RT-PCR ( ) WIPK
_sw
B PVX.WIPK-
PVX.GFP PVX.WIPK PVXLSIPK SIPK
Time 0 15 60 120 240 0 15 60 120 240 0 15 60 120 240 0 15 o0 120 240
(min) WIPK

e e s

SIPK
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Fig. 5A, B MBP kinase A PVX.WIPK-
activities and SIP_K prot_ein Time _PVYX.GFP PVX.WIPK PVX.SIPK SIPK
levels (detected with anti-SIPK (min) 0 I5 60 0 15 60 0 15 60 0 15 60
antibody) at various times after , - > - — --+— S|PK
wounding (A) and treatment MBI Ll — - +— WIPK
with INF1 (B) ANG-SIPK Ab o B S ——— --+— SIPK
B PVX.WIPK-
Time PVX.GFP_  PVX.WIPK PVX.SIPK SIPK
(min) 0 15 60 0 15 60 0 15 60 0 15 60
MBP —_ — —— i <— SIPK
anti-SIPK Ab [[EEE i S Se S - < SIPK

PVX.GFP PVX.WIPK PVX.SIPK PVX.WIPK-
SIPK

Fig. 6 Development of the hypersensitive response on leaves of
N. benthamiana plants infected with PVX.GFP, PVX.WIPK,
PVX.SIPK or PVX.WIPK-SIPK, 7 days after infiltration with
100 nM INF1

previously  been  inoculated with PVX.GFP,
PVX.WIPK, PVX.SIPK or PVX.WIPK-SIPK. The rate
of growth of P. cichorii in WIPK -, SIPK - and WIPK -
SIPK -silenced plants was approximately 3—8-fold, 3-20-
fold and more than 20-fold, respectively, greater than in
plants infected with PVX.GFP during the first 3 days
post inoculation (Fig. 7A). However, no marked alter-
ation in the timing and development of HR was seen in
WIPK/SIPK -silenced plants in comparison to the con-
trol, as indicated by photographs taken 4 days after
infiltration with P. cichorii (Fig. 7B).

Discussion

To examine the functional roles of two MAPKs, WIPK
and SIPK, in the development of HR and disease
resistance in N. benthamiana, we used virus-induced gene
silencing (VIGS) as a rapid gene knockout method.
WIPK and SIPK in N. benthamiana plants were silenced
individually (by inoculation with PVX.WIPK or
PVX.SIPK, respectively) or simultancously (by inocu-
lation with PVX.WIPK-SIPK), and the responses of
these gene-silenced plants were compared with those of
control plants inoculated with PVX.GFP. Wounding is
one of the most effective ways of activating WIPK and
SIPK in tobacco plants (T. Romeis, personal commu-
nication). Therefore, we first used wounding as a stim-
ulus to evaluate the effect of silencing of WIPK and

SIPK genes on the kinase activity of WIPK and SIPK in
a time-course experiment. By RT-PCR, we confirmed
that the basal levels of WIPK and SIPK gene tran-
scription were effectively reduced to a very low level in
PVX.WIPK- and PVX.SIPK-infected plants, respec-
tively, and that transcription of both WIPK and SIPK
was silenced in PVX.WIPK-SIPK-infected plants. Fur-
thermore, in the case of WIPK, de novo transcription of
WIPK in response to wounding was also reduced to a
very low level in PVX.WIPK- and PVX.WIPK-SIPK-
infected plants (Fig. 4A). In agreement with the reduced
levels of transcription, the MBP kinase assay showed
that wounding-induced activation of SIPK was abol-
ished in PVX.SIPK- and PVX.WIPK-SIPK-infected
plants. The absence of SIPK activation resulted from the
reduction in the amount of SIPK protein present, as
confirmed by immunoblot analysis (Fig. 5A). Similarly,
WIPK activation by wounding was reduced in
PVX.WIPK- and PVX.WIPK-SIPK-infected plants
(Fig. 5A). These results clearly demonstrate that PVX-
mediated VIGS is effective in silencing the kinase
activity of WIPK, SIPK or WIPK and SIPK together.
Next, using the WIPK-, SIPK- and WIPK- SIPK-
silenced plants, we examined the functional role of
WIPK and SIPK in INFI-mediated HR development
and in resistance to the incompatible bacterial pathogen
P. cichorii. Most species of the genus Phytophthora
produce 10-kDa extracellular protein elicitors, called
elicitins (Pernollet et al. 1993; Kamoun et al. 1994).
Elicitins induce defense responses including HR and
systemic acquired resistance (SAR) on a restricted set of
plant species, including tobacco (Kamoun et al. 1993;
Keller et al. 1996). Zhang et al. (1998, 2000) reported
that two purified elicitins, parasiticein and cryptogein,
activate WIPK and SIPK in tobacco cells grown in
suspension culture. Kamoun et al. (1997) identified an-
other elicitin, INF1, that induces HR on tobacco leaves.
INF1 also induces HR in N. benthamiana (Kamoun et al.
1998; Peart et al. 2002b; Qutob et al. 2002). In the
present study, we examined in planta the effect of
silencing of WIPK and SIPK on HR development fol-
lowing treatment with INFI1. The results showed that
SIPK was activated within 15 min after treatment
with INFT1 in the leaves of PVX.GFP- and PVX.WIPK-
infected plants, but was only slightly activated in
PVX.SIPK- and PVX.WIPK-SIPK-infected plants



Fig. 7A, B Growth of P.
cichorii (A) and development of
the hypersensitive response (B)
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P. cichorii

10° 5
on leaves of N. benthamiana E
plants infected with PVX.GFP,
PVX.WIPK, PVX.SIPK or
PVX.WIPK-SIPK. A Leaves
were infiltrated with P. cichorii
(ODgpp=0.01), and bacterial
growth was measured as colony
forming unit per cm? on three
consecutive days. The averages
and standard errors of data
from three plants are given. B
HR-like disease symptoms on
PVX.GFP-, PVX.WIPK-,
PVX.SIPK- and PVX.WIPK-
SIPK-infected plants 4 days
after infiltration with P. cichorii
(ODgpp=0.01)

10° -

10°

—a— PVX.GFP

—e— PYVX.WIPK
—a— PVX.SIPK
—e— PVX.WIPK-SIPK

PVX.GFP

(Fig. 5B). WIPK silencing in PVX.WIPK- and
PVX.WIPK-SIPK-infected plants was confirmed by
RT-PCR (Fig. 4B). No activation of WIPK was de-
tected after INF1 treatment, regardless of whether the
gene was silenced or not (Fig. 5B). Unexpectedly, WIPK
-, SIPK - and WIPK - SIPK -silenced leaves treated with
INF1 developed a normal HR like that observed in
PVX.GFP-infected leaves that were treated with INF1
(Fig. 6). These results suggest that activation of WIPK
and SIPK is not required to allow INF1 to induce a
hypersensitive response in N. benthamiana. Yang et al.
(2001) have shown that overexpression of a constitu-
tively active MAPKK, NtMEK?2 DD ‘leads to activation
of WIPK and SIPK followed by HR-like cell death in
tobacco. Likewise, Zhang and Liu (2001) reported that
overexpression of SIPK alone caused HR-like cell death
in tobacco. From these observations, the authors
hypothesized that HR in plant defense is mediated by
activation of SIPK (Yang et al. 2001; Zhang and Liu.
2001). Our result shows that SIPK activation can be
triggered by INF1 treatment, but is not necessary for the

PVX.WIPK

PVX.SIPK

PVX.WIPK-
SIPK

subsequent development of HR. Therefore, we conclude
that SIPK activation does not play a major role in
INF1-mediated HR. WIPK and SIPK can be activated
in transgenic Cf9 tobacco leaves and cells by treatment
with the elicitor protein Avr9 from Cladosporium fulvum
(Romeis et al. 1999). In the same incompatible interac-
tion between Avr9 and Cf9, calcium-dependent protein
kinases (CDPKs) were also activated (Romeis et al.
2000). Moreover, Romeis et al. (2001) demonstrated
that two tobacco CDPKs, NtCDPK2 and NtCDPK3,
were indispensable in causing HR in interactions
between Avr9 and Cf9, and Avr4 and Cf4. These reports
raise the possibility that INF1-induced HR in N. benth-
amiana results from the activation of a CDPK cascade
(Romeis 2001; Xing et al. 2002).

Recently, a simple method has been established for
studying disease resistance based on the measurement of
bacterial growth in N. benthamiana (Peart et al. 2002a,
2002b). We employed this method to examine the effect
of WIPK and SIPK silencing on bacterial growth
and HR in N. benthamiana leaves inoculated with the
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avirulent pathogen P. cichorii. The results showed that
growth of P. cichorii was significantly enhanced on
WIPK-, SIPK- and WIPK-SIPK -silenced plants relative
to PVX.GFP-infected plants. The reduction in resistance
caused by simultaneous silencing of WIPK and SIPK is
greater than that caused by silencing of either WIPK or
SIPK alone (Fig. 7A). This observation suggests that
WIPK and SIPK are involved in conferring resistance to
pathogens on plants, and that their effects are cumula-
tive. In agreement with the results obtained after INF1
treatment of gene-silenced plants, no perceptible differ-
ence in HR development was observed between WIPK -,
SIPK - or WIPK - SIPK -silenced plants and the control
plants (Fig. 7B). Based on these results, we propose that
WIPK and SIPK play an important role in the control
of pathogen growth in planta, but are not directly
involved in regulating the development of HR caused by
INF1 and P. cichorii.
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