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SUMMARY

Mitogen-activated protein kinase (MAPK) cascades have important functions in plant stress responses and

development and are key players in reactive oxygen species (ROS) signalling and in innate immunity. In

Arabidopsis, the transmission of ROS and pathogen signalling by MAPKs involves the coordinated activation

of MPK6 and MPK3; however, the specificity of their negative regulation by phosphatases is not fully known.

Here, we present genetic analyses showing that MAPK phosphatase 2 (MKP2) regulates oxidative stress and

pathogen defence responses and functionally interacts with MPK3 and MPK6. We show that plants lacking a

functional MKP2 gene exhibit delayed wilting symptoms in response to Ralstonia solanacearum and, by

contrast, acceleration of disease progression during Botrytis cinerea infection, suggesting that this

phosphatase plays differential functions in biotrophic versus necrotrophic pathogen-induced responses.

MKP2 function appears to be linked to MPK3 and MPK6 regulation, as indicated by BiFC experiments showing

that MKP2 associates with MPK3 and MPK6 in vivo and that in response to fungal elicitors MKP2 exerts

differential affinity versus both kinases. We also found that MKP2 interacts with MPK6 in HR-like responses

triggered by fungal elicitors, suggesting that MPK3 and MPK6 are subject to differential regulation by MKP2 in

this process. We propose that MKP2 is a key regulator of MPK3 and MPK6 networks controlling both abiotic

and specific pathogen responses in plants.

Keywords: Botrytis cinerea, mitogen-activated protein kinase (MAPK) phosphatase, mitogen-activated

protein kinase 3 (MPK3), mitogen-activated protein kinase 6 (MPK6), oxidative stress, Ralstonia solanacearum.

INTRODUCTION

Reversible phosphorylation of proteins is one important

mechanism that has evolved to transduce regulatory signals

in eukaryotes. This mechanism often depends on relatively

few types of protein kinases and signalling pathways, such

as the evolutionarily conserved mitogen-activated protein

kinase (MAPKs) cascade, which are reutilized in different

biological contexts (Colcombet and Hirt, 2008; Pitzschke and

Hirt, 2009). In plants, MAPK cascades regulate many devel-

opmental and physiological processes including the

response to different types of abiotic and biotic stresses,

such as the regulation of stomatal functions (Gudesblat

et al., 2007; MacRobbie and Kurup, 2007) stomatal density

(Wang et al., 2007; Lampard et al., 2008) and innate

immunity responses (Asai et al., 2002; Menke et al., 2004;

Pedley and Martin, 2005; Asai and Yoshioka, 2008).

MAPKs are activated when their conserved TEY motif at

the activation loop is phosphorylated by a dual specificity

MAPK kinase (MAPKK) on both Thr and Tyr residues (Kiegerl

et al., 2000). This step can be reversed by dephosphorylation

through Ser/Thr phosphatases (PP2C family), Tyr phospha-

tases (PTPs), or dual specificity phosphatases (DSPs) such as

the MPK-specific phosphatases (MKPs; Keyse, 2000; Meski-

ene et al., 2003; Schweighofer et al., 2007). In particular,

MKPs that act on both phosphothreonine and phosphotyro-

sine residues exert important roles in the inhibition of MAPK

activity (Tonks and Neel, 2001). Indeed, MKPs are pivotal in

the regulation of many physiological responses associated

to MAPK cascades and their activity is tightly controlled

(Luan, 2003; Dickinson and Keyse, 2006; Owens and Keyse,

2007).

Only five potential MKPs have been identified in Arabid-

opsis (Monroe-Augustus et al., 2003; Bartels et al., 2010), in

contrast with the high number of MAPKs (20 different family

members) identified in this species (Hamel et al., 2006).
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Consequently, the molecular and genetic characterization of

MKPs may be particularly useful to unravel the function of

MAPK cascades in plants. Recently, two MKPs, IBR5 and

PHS1 have been shown to regulate MPK12 and MPK18

during auxin signalling and cortical microtubule stabiliza-

tion (Lee et al., 2009; Walia et al., 2009). A third enzyme,

MKP1, plays a role in genotoxic responses and resistance to

high concentration of salt(s) through MPK6 interaction (Ulm

et al., 2001, 2002), and works as a repressor of salicylic acid

synthesis throughMPK3/MPK6 (Bartels et al., 2009). The last

two family members, DsPTP1 and MKP2, are structurally

related enzymes that display in vitro dephosphorylation

activity against MPK4 and MPK3/MPK6, respectively (Gupta

et al., 1998; Lee and Ellis, 2007). In vivo, MKP2 positively

regulates oxidative stress functions; however, its role in

disease responses remains largely unknown.

Previous studies have implicated MAPK cascades, in

particular those dependent on MPK3/MPK6, as important

regulators in the perception and response to pathogen

infections in plants (Asai and Yoshioka, 2008; Pitzschke

et al., 2009). Pathogen defence responses involve a variety

of mechanisms that include the rapid production of reactive

oxygen species (ROS; Torres et al., 2006) and induction of

the so-called hypersensitive response (HR; Heath, 2000).

Exactly how MAPK signalling controls HR-mediated

responses is not well understood, but there is evidence

suggesting that mutual cross-talk between MAPK signals,

ethylene signalling and ROS levels regulates HR-like cell

death (Liu et al., 2008; Pitzschke and Hirt, 2009). Different

results indicate that inhibition of MAPKs could prevent the

progression of HR cell death (Pedley and Martin, 2005). The

HR response induces a localized cell-death at the site of

infection that prevents further spreading of biotrophic

pathogens (e.g. different types of bacteria), which proliferate

within living tissues (Heath, 2000; Delledonne et al., 2001;

Ren et al., 2002; Greenberg and Yao, 2004). However, the

role of HR in the resistance against fungal necrotrophic

pathogens remains less clear, given that such pathogens

normally kill the infected cells to spread throughout the host

(Govrin and Levine, 2000).

Here, we identify an Arabidopsis mkp2 mutant allele and

characterize its effects in oxidative stress and pathogen

responses. Our results indicate that MKP2 positively con-

trols abiotic oxidative stress responses, and exerts differen-

tial functions in specific pathogen interactions. These

differential effects appear to correlate with differences in

the sensitivity of biotrophic and necrotrophic pathogens to

HR and the mechanisms used by these pathogens to spread

in the plant. We also provide evidence that MKP2 protein

interacts with both MPK3 and MPK6 in vivo, and that such

interaction is critical for the role of MPK6 in HR-like

responses triggered by fungal elicitor. We propose that

MKP2 is a key regulator of MAPK networks controlling both

abiotic and specific pathogen responses in plants.

RESULTS

Role of MKP2 during biotrophic and necrotrophic infections

Our entry point for the analysis of MKP2 function was the

identification of a mutant mkp2 allele in a collection of

T-DNA insertions screened for altered glucose responses

(see Experimental procedures). Sequence and PCR analyses

mapped the mkp2 T-DNA insertion to the third intron of the

mkp2/At3g06110 gene (Figure 1a). As shown in Figure 1(b),

MKP2 mRNA levels appear severely reduced in 7-day-old

mkp2 homozygous seedlings based on quantitative PCR

analyses, indicating that mkp2 represents a loss of function

mutation.

At3g06110/MKP2 T-DNA
ATG TGA 200 bp

(a)

EcoRI XbaI

Genomic MKP2 rescue construct (gMKP2)

(b)

Figure 1. Structure of the mkp2 T-DNA mutant

allele.

(a) Genomic organization of theMKP2 locus; the

genomic construct used in the rescue experi-

ment is shown below.

(b) Quantification of MKP2 expression by

RT-PCR analyses in 7-day-old seedlings grown

on MS medium. MKP2 relative expression in

mkp2 mutant is not significantly different from

the non-template (P £ 0.05). The experiment

was conducted more than twice with similar

results and representative data from one such

quantification are shown.
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We used mkp2 homozygous plants to examine their

response against the bacterium R. solanacearum GMI1000.

R. solanacearum is a biotrophic pathogen that produces

a wilt phenotype on susceptible hosts, including Col-0

(Hayward, 1991; Deslandes et al., 1998). When mkp2 plants

were inoculated with strain GMI1000, we observed a delay in

symptom development, as compared with controls

(Figure 2a). Specifically, mutant plants show in average a

delay of 1 day in the appearance of bacterial wilt symptoms.

This delay was reproducible and was suppressed in plants

complemented with a genomicMKP2 transgene (gMKP2). In

addition, a complementation experiment using an MKP2

overexpression construct (35S::MKP2) also restored the

onset of wilting caused by R. solanacearum infection to

wild-type response (Figure 2a). These results suggest that

MKP2 plays a direct or indirect role in the response to

R. solanacearum infection, possibly facilitating the develop-

ment of plant symptoms. Furthermore, mkp2 mutants did

not show altered responses upon infection with the bacterial

hemitrophic pathogen P. syringae. As shown in Figure S1

this pathogen showed similar rates of growth in mutant

versus wild-type plants, indicating a selective interaction of

mkp2 with S. solanacearum but not P. syringae defense

pathways. This different role of MKP2 in resistance to

P. syringae versus R. solanacearum wilting phenotype may

be due to the specific signalling cascades responding to

both pathogens. For instance, jasmonic acid signalling is an

important component of the susceptible disease response to

P. syringae, but is probably not involved in the wilt symp-

tom production by R. solanacearum (Hirsch et al., 2002;

Laurie-Berry et al., 2006).

To determine whether the observed phenotype of mkp2

mutant plants is specific to R. solanacearum or extends to

necrotrophic pathogens, we also tested these plants with

another Arabidopsis pathogen, B. cinerea. We have

observed a differential time course in the progression of

the fungus infection. Five days after infection, inoculated

mkp2 leaves showed on average smaller lesions than those

of wild-type plants (Figure S2). However, 15 days after

inoculation, most mkp2 plants exhibited systemic spread

of the pathogen throughout the plant, whereas the majority

of wild-type plants displayed local lesions restricted to the

inoculated leaves (Figure 2b). Around this time, 80% of

mutant plants were dead, compared with only 42% of wild-

type plants (Figure 2b). We observed that B. cinerea infec-

tion was restricted to the inoculated leaves inmost wild-type

plants while in the majority of mutant plants the infection

was extended to the whole plant causing its death. These

results suggest that there are different steps in the progres-

sion of B. cinerea infection and that the initial restriction in

the symptoms observed in mkp2 plants were over passed in

a second phase in which B. cinerea progression through the

plant is accelerated driving the death of the mkp2 plant.

Again, this effect results fromMKP2mutation becausemkp2

plants complemented with gMKP2 and 35S::MKP2 con-

structs showed a degree of susceptibility comparable to

wild-type plants. Thus, loss of MKP2 function results in an

increased susceptibility to fungal spreading, indicating that

MKP2 acts as a positive regulator against B. cinerea disease.

The opposite effect exerted by MKP2 during the response to

the biotrophic R. solanacearum bacterium and the necro-

trophic B. cinerea pathogen is consistent with current mod-

els on the host/pathogen interactions that occur during both

types of plant infection (see Discussion, Rudd et al., 2008).

Activation of MPK3 and MPK6 has been shown to play a

role in local Botrytis infection (Ren et al., 2008). To investi-

gate whether MKP2 affects the activity of both kinases upon

Botrytis infection, we performed in vitro MBP kinase assays

using cell extracts from infected plants. In these experi-

ments, we monitored kinase activities in wild-type, mkp2

and 35S::MKP2/mkp2 plants during the immediate response

to Botrytis infection. The samples corresponding to different

time points were quantified and equal amounts of total

protein were loaded in the gel. The MPK3 and MPK6 activity

bands were identified by immunoprecipitation using anti-

MPK3 and anti-MPK6 antibodies in wild-type plants col-

lected 24 h after inoculation (Figure 2c; upper panel). Our

analyses reveal three bands of activity that correspond to

MPK6,MPK3 and probablyMPK4, consistentlywith previous

studies by Ren et al. (2008). As shown in Figure 2(c),

whereas MPK6 activity was not affected during infection of

the different backgrounds tested, MPK3 activity appeared

significantly enhanced in both control and mkp2 mutant

plants at 30 min after infection. Furthermore, we observed a

second peak of MPK3 upregulation that was specific for

mkp2 plants at 6 h after inoculation. Both the early and late

(mutant-specific) peaks of MPK3 activity were absent in

35S::MKP2 plants. In addition, this background showed

upregulation of a distinct MAPK activity, possibly corre-

sponding to MPK4 (Ren et al., 2008) (Figure 2c; bottom

panel). Thus, our results reveal a dynamic pattern of MPK3

activation-inactivation during Botrytis infection that is sen-

sitive to changes in mkp2 function, particularly at 6 h after

infection. Specifically, we suggest that MKP2 is required to

maintain low MPK3 activity at this time point of infection,

perhaps reflecting a role of MKP2 in desensitizing MPK3

signalling activity after the initial phase of response.

MKP2 modulates oxidative stress responses

Previous data suggest that MKP2 positively regulates the

physiological responses to the oxidative stress generated

during ozone treatment (Lee and Ellis, 2007). Therefore, we

investigated the responses of mkp2 plants to various abiotic

stress conditions. As shown in Figure 3, the cotyledon

expansion and greening in mkp2 plants was severely

inhibited in medium containing 0.6 lM of the oxidative

agent methyl-viologen (MV) compared with wild-type

plants, suggesting that the mkp2 mutation disrupts

MKP2 mediates disease responses and interacts with MPK6 and MPK3 1019
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oxidative stress responses. Complementation with the

gMKP2 transgene efficiently rescued the MV hypersensitiv-

ity of mkp2 mutant plants, indicating that loss of MKP2

function is indeed responsible for the mkp2 phenotype. The

35S::MKP2 construct also complemented the MV hyper-

sensitive phenotype, although in this case the rescue was

incomplete and approximately one-third of seedlings still

arrested around day 7 (Figure 3). We also assayed the

responses of mkp2 plants to osmotic stress conditions. As

shown in Figure 3, mkp2 seedlings grown on media con-

taining 0.6 lM of ABA or 100 mM of NaCl developed simi-

larly to wild-type plants, suggesting a specific role of MKP2

in response to oxidative stress. However, 35S::MKP2/mkp2

plants were hypersensitivity to ABA and salt treatments

raising the possibility that MKP2 might directly or indirectly

affect other osmotic stress responses.

BecauseMKP2 is involved in ROS tolerance (Lee and Ellis,

2007), it is possible that MV hypersensitivity observed in

mkp2 plants may be associated with an alteration in ROS

levels. Therefore, we determined the accumulation of

(a)
Col0 mkp2

(b)

(c)

Col0 mkp2

35S::MKP2
MPK6
MPK3

mkp2

0 30’ 90’ 3 h 6 h 0 30’ 90’ 3 h 6 h

MPK6
MPK3

24 h

IP
MPK6

IP
MPK3

24 h 24 h

Col0Col0

0 30’ 90’ 3 h 6 h

MPK6
MPK3
MPK4?

MPK6
MPK3
MPK4? MPK4?

Figure 2. Progress of disease development in mkp2 plants inoculated with R. solanacearum bacterium and B. cinerea fungus.

(a) Phenotype of Col-0 and mkp2 plants at 8 days after root inoculation with strain GMI1000, rows of representative plants are shown (left panel). Progression of

disease symptomswas recorded for each plant (1–4 scale), according to the percentage of wilted leaves and themean for 20 inoculated plants is shown (right panel).

Errors bars represent standard errors. These pathogenicity tests were repeated three times with consistent results. Col-0: wt Columbia variety,mkp2:MKP2 deficient

line, gMKP2 and 35S::MKP2: complementation lines bearing the endogenous or the 35S constitutive promoter, respectively.

(b) Phenotype of Col-0 and mkp2 plants at 15 days after drop-inoculation (dai) with a spore suspension of B. cinerea (106 spores per millilitre). Appearance of

representative plants (left panel) and percentage of lethality of indicated genotypes (right panel) at 15 dai are shown. Data are the mean (�SE) of three independent

experiments.

(c) MAPK activation in B. cinerea inoculated plants. 2-week-old Col-0, mkp2 and 35S::MKP2/mkp2 plants were inoculated by spraying with B. cinerea spore

suspension (106 spores ml)1). At the indicated times, seedlings were collected and the activity of the MAPKs was analyzed by in-gel kinase assay with MBP as a

substrate. The MPK3 and MPK6 activity was determined by immunoprecipitation using anti-MPK3 and anti-MPK6 antibodies in wild-type plants collected 24 h after

inoculation and then subjected to in-gel kinase assay (IP MPK3: Immunoprecipitation experiment with MPK3 antibody (Sigma), the antibody recognizes both

activities, MPK3 and MPK6; IP MPK6: Immunoprecipitation experiment with MPK6, the antibody only recognizes MPK6 activity).
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superoxide radical anions (O2
)) and hydrogen peroxide

(H2O2) in 2-week-old mkp2, wild type and 35S::MKP2/mkp2

seedlings using both nitroblue tetrazolium (NBT) reduction

and diaminobenzidine (DAB) polymerization. As seen by the

accumulation of blue (NBT) and brown (DAB) precipitates

mkp2 plants accumulate similar superoxide radical anions

and H2O2 than control plants (Figure 3c). We also observe an

overall increased NBT and DAB staining after 2 h MV and

20 mM H2O2 treatments (Figure 3c); this increase, clear for

DAB staining, showsmore variability among different leaves

in the same plant for NBT staining, in particular after MV

treatment. These data suggest that altered mkp2 function

does not correlate with changes in ROS levels and homeo-

stasis; rather, we suggest that hypersensitivity of mkp2

(a)

(b)

MS1

mkp2 gMKP2

MS1 + 1 μM MV
Col0 35S::MKP2

mkp2 gMKP2Col0 35S::MKP2

(c)

NBT

DAB

Col0 mkp2 35S::MKP2

Control H2O2 MV Control H2O2 MV Control H2O2 MV

Figure 3. Response of mkp2, gMKP2/mkp2 and 35S::MKP2/mkp2 plants to various stresses and abscisic acid.

(a) mkp2 seedlings show a hypersensitive response to methyl-viologen (MV) treatment. Representative photographs were shown.

(b) Quantification of cotyledon expansion in the presence of MV 0.6 lM, ABA 0.6 lM and NaCl 100 mM. The growth rate was scored at 7 days after stratification.

These data represent the average of three independent experiments evaluating about 150–200 plants. Bars indicate standard errors (�SE).

(c) In situ detection of O2
) and H2O2 by DAB (bottom) and NBT (upper) staining in 2-week-old wild-type, mkp2 and 35S::MKP27mkp2 plants grown on soil. Plants

were treated with 20 mM H2O2 or 100 lM methyl-viologen (MV) for 2 h in mild light.
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mutant plants to MV treatment reflects an enhanced sus-

ceptibility of mkp2 plants to ROS accumulation.

MKP2 expression and accumulation

To gain further insight into MKP2 expression, we generated

transgenic lines carrying the MKP2 promoter fused to the

GUS reporter gene (see Experimental procedures). Analysis

of several independent lines harbouring this construct

reveals a complex pattern of expression. During floral

development GUS activity staining was observed in stig-

matic papillae, anthers, pollen grains and floral abscission

zones (data not shown). At later floral stages, GUS staining

was no longer visible in mature flowers and dry-embryos

(Figure 4a,b) but persisted in the abscission zones and in the

septum of the siliques (Figure 4a). In 2 day-old germinating

plants, GUS staining was detectable in the cotyledons, but

was completely absent in young roots (Figure 4c,d).

Expression in roots appeared by days 5–7 and was detected

in vascular organs and at branching points in lateral roots

(Figure 4h). In adult leaves,MKP2-GUS expression appeared

particularly localized in vascular tissues and hydathodes

(Figure 4f). The higher expression in both young (Figure 4e)

and senescent leaves (Figure 4g) compared with adult

leaves suggests a role of MKP2 in tissues undergoing

developmental transitions.

At the protein level, we tested MKP2 accumulation during

development using polyclonal antibodies raised against

GST-MKP2 (Figure S3). Although, our anti-MKP2 antibodies

readily detect recombinant MKP2 protein in vitro and MKP2

overexpressed in transgenic plants (lane 2), no endogenous

MKP2 was detected in the plant tissues in wild-type Col-0

plants (data not shown and lane 1; Figure S3). In addition,

(a) (b) (c) (d)

(i) (j) (k)

(n)

(l) (m)

(r)

(o) (p)

(s)

(q)

(u)(t)

(e) (f) (g) (h)

Figure 4. MKP2 expression and protein accumulation during development.

(a–h) Expression of theMKP2::GUS reporter in transgenic plants. (a) Staining of mature siliques showing GUS expression in the hilum and the valvemargin. Intense

GUS expression is also detected in the seed coat, being absent from dry embryos. (c) Two-day-old seedlings show GUS expression in the aerial part and in the

endosperm (black arrow). (d) Three-day-old seedlings display strong GUS expression in the hypocotyl. In cotyledons the higher staining is observed in the

hydathodes and the apical meristem. (e) In young plants, a broad pattern of GUS staining is observed in leaves while in roots GUS detection begins at day 6–7, in

which the higher staining is observed in vascular tissues and at the sites of emerging secondary roots (f). As the leaf develops the staining declines and becomes

more restricted to hydathodes at the adult stage (g). (h) In senescent leaves, strong GUS expression is detected with localized GUS staining at the base of trichomes

(black arrow).

(i–u) Expression of the MKP2–GFP fusion in 35S::MKP2–GFP transgenic plants. (i) Three-day-old seedlings show GFP fluorescence in the upper hydathode, the

epidermal and vascular tissues, the apical meristem and the basal region of the hypocotyl. Fluorescence is also detected in the endosperm layer during

heterotrophic growth (arrowhead). (j) Detail of MKP2–GFP localization in epidermis and stomata. (k) Confocal micrograph of 3-day-old young roots showing nuclear

and cytoplasmic GFP accumulation. (l) The same root detail under bright field. (m) Detail of GFP fluorescence in meristematic tissues of young leaves. (n–u)

Localization of MKP2–GFP fusion in adult leaves. (n) MKP2–GFP localizes mainly in leaf specific tissues, including guard cells (n), trichomes, leaf margin hydathodes

(s), and vasculature (u). (p, q, r, t) Leaf constitutive GFP accumulation in 35S::MKP2–GFP plants.
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MKP2 protein accumulation was also surveyed by the

generation of transgenic lines expressing a MKP2–GFP

fusion protein under the control of the constitutive 35S

promoter (Figure 4). As a control, we analysed lines carrying

a 35S::GFP transgene, which showed constitutive expres-

sion at all developmental stages (Figure 4q,r,s,u). However,

we found that MKP2–GFP plants showed a more restricted

pattern of MKP2–GFP accumulation in both germinating

seedlings and adult plants. During seed development

MKP2–GFP is mainly detected in the endosperm layer,

where it persists until the fourth day after germination

(Figure 4i). In young seedlings and adult leaves, MKP2–GFP

accumulates in specific cell types, such as, the epidermis,

trichomes, stomata, hydathodes and vascular tissues (Fig-

ure 4j,k,o,p,t,v). At the subcellular level MKP2–GFP protein

was readily detected in both nucleus and cytoplasm of all

cell types examined in young roots, but was absent from

nucleoli (Figure 4l), suggesting that MKP2 could be function

in both sub-cellular compartments.

Finally, during the characterization of 35S::MKP2–GFP

plants, we noticed that such plants display altered osmotic

stress responses (Figure S4). MKP2–GFP-expressing plants

are hypersensitive to MV, ABA and salt treatments, exhib-

iting reduced cotyledon expansion and greening compared

with wild-type plants. Although overexpression constructs

need to be interpreted with caution, our results at the level of

protein localization and phenotypic effects raise the possi-

bility that MKP2 could also be involved in ABA and salt

responses.

Dynamic interactions of MKP2 with MPK3 and MPK6

It has been previously shown that MKP2 is able to dephos-

phorylate MPK3 and MPK6 in vitro (Lee and Ellis, 2007). To

test this interaction in planta and to examine the subcellular

localization of MKP2/MAPK complexes in the cell, we per-

formed BiFC assays. We generated fusion proteins for

MKP2, MPK3 and MPK6 proteins that were co-infiltrated in

tobacco leaves. Reconstituted YFP signals were observed in

leaves co-expressing YFP N-terminal and C-terminal chi-

meras, but not in control leaves infiltrated with single con-

structs. As shown in Figure 5, MKP2 and MPK3/MPK6

tagged proteins interact to reconstitute YFP fluorescence,

indicating the in vivo relevance of MKP2 and MPK3/MPK6

associations. We also found that YFP fluorescence localizes

YN-MKP2/YC-MPK6

1 2 3

MKP2-GFP

YN-MKP2/YC-MPK3

(a)

(b)

Figure 5. Subcellular localization of MKP2 and

interaction with MPK3/MPK6.

(a) Subcellular localization of MKP2–GFP fusion

inAgrobacterium-infiltrated tobacco leaves. Epi-

fluorescence (1), bright-field (2) and bright-field

merged with epifluorescence images (3) of

representative epidermal leaf cells were shown.

(b) Bimolecular fluorescence complementation

(BiFC) reveals MKP2 interaction with MPK3/

MPK6 in the nucleus and the cytosol. 35S::YN

and 35S::YC vectors expressing split YFP

domains alone were used as controls.
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in both the nucleus and the cytoplasm (Figure 6b), indicating

that the complex occurs in these two subcellular compart-

ments.

Next, we investigated whether MKP2 and MKP2/MAPK

interactions are regulated in response to pathogen infection.

For these experiments, we tested MKP2, MKP2/MPK3, and

MKP2/MPK6 subcellular localization upon treatment with

fungal elicitors. A careful examination of MKP2 upon this

treatment revealed that GFP relocalizes surrounding spher-

ical structures that could correspond to epiplasts (Figure 6a).

Although the BiFC results do not provide quantitative

information, treatment with fungal elicitors caused a differ-

ential effect on the MKP2/MPK3 and MKP2/MPK6 interac-

tions, reducing the MKP2/MPK3 interaction and enhancing

theMKP2/MPK6 association (Figure 6b) when the same cells

were monitored before and after elicitor treatment using the

same laser intensity. Evaluation of fluorescence changes in

MKP2 interaction with MPK3/MPK6 suggests a degree of

specificity in the interaction and indicates that MKP2 could

act differentially on both kinases. In order to verify the

expression of the tagged fusion proteins, western blot

analyses were performed before and after 1 h of treatment

with elicitors (Figure 6c).

We also analyzed the biological responses associated

with MKP2 and MPK3/MPK6 during pathogen infection.

Previous studies have shown that activation by MEK2 of

MPK6/SIPK cascade leads to HR-like cell death in tobacco

leaves (Ren et al., 2002; Jin et al., 2003). We used this

biological response to determine whether the activation of

MPK3 and/or MPK6 by elicitor treatment was affected by the

MKP2 interaction in tobacco agro-infiltrated plants. As

shown in Figure 7, we found a dramatic HR-response in

MPK6 agro-infiltrated plants upon elicitor treatment. After

24 h of treatment, MPK6-expressing leaves lost turgor and

collapsed, followed by dehydration in a response that is

similar to pathogen-induced HR cell death (Figure 7a). In

contrast to MPK6, plants agro-infiltrated with MPK3 plays a

minor role in the HR response (Figure 7a). Similarly, agro-

infiltration of MKP2 did not cause significant effects in these

assays. However, co-infiltration with MKP2 and MPK6 con-

structs resulted in a clearly reduced HR response compared

with the effects caused by the expression of MPK6 alone

(Figure 7a). The area of cell death produced 24 h after

infiltration was reduced by co-expression of MKP2 and

MPK6 in about 75% (Figure 7b). Taken together, these

experiments indicate that MKP2 and MPK6 functionally

(a)

(c)

–E

+E

YN-MKP2/YC-MPK6YN-MKP2/YC-MPK3

1 21 2

2 min 15 min 30 min 45 min

MKP2-GFP + E

(b)

YN-MKP2

YC-MPK3/YC-MPK6

Rubisco

Anti-YFP C

Anti-YFPN

–E

YN-MKP2/ 
YC-MPK3

+E –E

YN-MKP2/ 
YC-MPK6

+E

Figure 6. MKP2 interaction with MPK3/MPK6 in

response to fungal elicitors.

(a) Detail of MKP2–GFP subcellular localization

at the indicated times after elicitor treatment

(+E). Arrows indicate epiplasts surrounded by

MKP2–GFP signal. Epifluorescence (1), bright-

field (2) and bright-field merged with epifluo-

rescence images (3) of representative epidermal

leaf cells were shown.

(b) MKP2 interaction with MPK3 and MPK6

before ()E) and after (+E) 1h elicitor treatment

(left). Epifluorescence (1) and bright-field

merged with epifluorescence images (2) of

representative epidermal leaf cells were shown.

Data points represent average BiFC interaction

intensity of the same microscopic field before

and after 1 h of elicitor treatment (right; n = 10

areas). Bars indicate standard errors (�SE).

(c) Protein extracts obtained from tobacco

leaves infiltrated with Agrobacterium suspen-

sions harbouring constructs YN-MKP2/YC-

MPK3 and YN-MKP2/YC-MPK6 has been

monitored before and after 1 h of elicitor treat-

ment by western-blot analysis.
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interact in the context of HR-like responses triggered by

fungal infection.

DISCUSSION

The complete sequencing of the Arabidopsis genome has

revealed a bewildering complexity of putative MAPK cas-

cades and signalling components, which poses a challenge

for assigning individual MAPK functions to specific biolog-

ical processes (Andreasson and Ellis, 2010). In this context,

the analysis of a small family ofMAPK phosphatases present

in Arabidopsis is proving particularly fruitful for our under-

standing of MAPK pathways and their interactions with

other regulatory signals in vivo (Luan, 2003; Bartels et al.,

2010). In this report, we use in vivo genetic analyses to

explore the functional roles of MKP2 in biotic and abiotic

stress responses in relation to specific MAPK proteins.

Resistance to pathogen infection involves a complex set

of defence mechanisms, which are at least partly controlled

by specific MAPK proteins such as MPK3 and MPK6

(reviewed in Pitzschke et al., 2009). Previous studies indicate

that these MAPKs are positively involved in disease resis-

tance toward R. solanacearum; for example, infection by

MKP2HcPro MPK3

MKP2 + MPK3 MKP2 + MPK6 MPK6

+E

+E

MKP2 + MPK3 MKP2 + MPK6 MPK6

–E

(a)

(b)

Figure 7. HR-like cell death in YC-MPK6 agroin-

filtrated N. benthamiana leaves is negatively

regulated by MKP2.

(a) HR response in YN-MKP2; YC-MPK3; YC-

MPK6; YN-MKP2/YC-MPK6 and YN-MPK2/YC-

MPK3 agro-infiltrated leaves before ()E) and

after 24 h treatment with the elicitor (+E).

(b) Quantitative analyses of HR-like cell death

response. The area of lesion was scored at time

0 and 24 h after infiltration. These data represent

the average of three independent experiments.

Bars indicate standard errors (�SE).
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this pathogen leads to development of wilt symptoms that

appear increased in MPK3 virus-induced gene silencing

(Chen et al., 2009). Recently, physiological and biochemical

analyses have shown that MPK3 and MPK6 activities are

inhibited via dephosphorylation by MKP2, raising the pos-

sibility that this phosphatase was involved in regulatory

pathways controlling pathogen responses (Lee and Ellis,

2007). Consistent with this hypothesis, we now show that

mutation of MKP2 shows delayed symptom development in

response to R. solanacearum infection. The severity of

disease symptoms was reduced in mutant plants compared

with wild-type and gMKP2 or 35S::MKP2 complemented

plants, suggesting that in Arabidopsis MKP2 is a negative

modulator of wilt disease symptom development caused by

R. solanacearum. Thus, it is conceivable that MKP2 controls

the balance of MPK3 activities during the response to

R. solanacearum infection, although such function is likely

to depend on additional phosphatase inputs (Leung et al.,

2006; Schweighofer et al., 2007), as indicated by the fact that

35S::MKP2 lines expressing high levels of MKP2 do not

exhibit a clear hypersensitive response to R. solanacearum

that would phenocopy the effects of susceptibility produced

by MPK3 down regulation.

In contrast to the R. solanacearum effects, we have

observed enhanced susceptibility of mkp2 mutant plants

against the necrotrophic fungus B. cinerea, which causes

gray mold disease (van Kan, 2006). This systemic suscep-

tibility is observed by the decay of plants 15 days after

infection, but not for local response. Previous studies

indicate that early (local) and late (systemic) responses to

B. cirenea infections are subject to differential regulation

(Asai and Yoshioka, 2009), involving distinct signalling

pathways, such as the salicylic acid- and ethylene-mediated

pathways (Ferrari et al., 2003). Therefore, it is conceivable

that our results reflect the differential impact of mkp2

disruption on those pathways. As in the case of R. solan-

acearum infections, resistance to B. cinerea in Arabidopsis

appears to be regulated by MPK3 and MPK6 activities (Asai

et al., 2002; Alonso et al., 2003; Schweighofer et al., 2007;

Ren et al., 2008). However, there are major differences in the

host–pathogen mechanisms of interaction that occur during

biotrophic and necrotrophic pathogen infection (Glaze-

brook, 2005; Yoshioka et al., 2009); whereas defence

responses involving HR-induced cell death are effective

against biotrophic infections, they conversely facilitate the

spread of necrotrophic pathogens upon death of host cells

(Govrin et al., 2006). Thus, the opposite phenotypes dis-

played by mkp2 mutant plants in response to R. solanacea-

rum and B. cinerea infections suggest that MKP2 normally

functions as a negative regulator of HR-dependent

responses. Indeed, recent studies have shown that the

Arabidopsis LOV1 protein, a NB-LRR disease-resistance

protein which mediates HR responses upon pathogen

infection, behaves as a positive determinant of susceptibil-

ity against the necrotrophic fungus Cochliobolus victoriae

(Lorang et al., 2007). Also, successful infection by the

necrotrophic fungus Mycosphaerella graminicola has been

shown to involve a mechanism of cell death in the host

response with features related to the HR-like response,

more commonly seen during resistance to avirulent plant

pathogens (Rudd et al., 2008). Taken together, these obser-

vations support the view that HR responses represent a

powerful mechanism of defence that requires precise

regulation in order to prevent excessive killing of host cells

(Heath, 2000). We suggest that MKP2 participates in this

negative regulation of cell death responses possibly acting

as an inhibitor of MPK6 activity, and that this function also

could represent a mechanism of resistance against the

systemic expansion of necrotrophic pathogens such as

B. cinerea.

That MKP2 controls MPK3 and MPK6 activities is sup-

ported by changes in the activation of MPK3 after B. cinerea

infection and by our finding that MKP2 interacts with MPK3

and MPK6 in BiFC experiments. Presumably, MKP2 binds

both kinases and dephosphorylates regulatory residues in

their pTEpY motif (Lee and Ellis, 2007). This negative

regulation is consistent with the genetic interactions

observedbetweenMKP2andMPK6duringHR-like responses

triggered by fungal elicitors (Figure 7). However, our results

argue against a simple model in which MKP2 controls both

kinases through exactly the same mechanism. We find that

treatment with a fungal elicitor reduces the MKP2/MPK3

interaction but enhances MKP2/MPK6 binding (Figure 6),

suggesting that MKP2 regulates both kinases differentially.

This result is unexpected given the extensive functional

overlap of MPK3 and MPK6 in several cellular and physio-

logical contexts (Asai et al., 2002; for review, see Nakagami

et al., 2005). Nevertheless, there is evidence that both kinases

exert individual mechanisms in specific processes, such as

the ABA dependent opening and closure of stomata medi-

ated by MPK3 and MPK6, respectively (Pitzschke and Hirt,

2009). The changes in MKP2 interaction observed during

elicitor treatment could reflect differences inMPK3andMPK6

activities during specific plant defence responses, for in-

stance the HR-cell death response. Also, the binding ofMKPs

to their MAPK substrates sometimes enhances the catalytic

activity of MKPs (Camps et al., 1998). In plants, for specific

MAPK-MKP modules, catalytic activity of NtMKP1 was

strongly increased by the binding of SIPK (Katou et al.,

2005) and the activity of AtMKP2 was found to be stimulated

by incubation with either MPK3 or MPK6 in vitro (Lee and

Ellis, 2007), suggesting also that differences in MKP2 and

MPK3/MPK6 interaction during elicitor treatment could also

reflect changes in the activity of the phosphatase.

Furthermore, the nucleo-cytoplasmic localization of the

phosphatase-MAPK complexes is consistent with the pro-

posed shufflingofMAPKs to the nucleus upon stress (Ahlfors

et al., 2004) and with the involvement of MAPKs in the
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phosphorylation of distinct targets, namely ACS6 in the

cytosol and EIN3 in the nucleus reported for MPK6 function

(Yoo et al., 2008).

Finally, the interactions between MPK3/MPK6 and MKP2

are likely to modulate other processes such as the response

to abiotic stress. Previous studies have shown that overex-

pression of both kinases in tobacco causes hypersensitivity

to ozone exposure (Samuel and Ellis, 2002), suggesting that

oxidative-stress signalling depends on a fine-tuned balance

of these MAPK activities. Furthermore, Lee and Ellis (2007)

have shown that RNAi-mediated suppression of MKP2

function leads to extended activation of MPK3 and MPK6

in response to ozone treatment, arguing that MKP2 inhibits

MPK3/MPK6 signalling in this context. In support of this

idea, we now show that of mkp2 mutant plants exhibit

hypersensitivity to oxidative stress induced by methyl-

viologen in germination. In contrast, other abiotic stress

responses remain largely unaffected in the mutant. As in the

case of pathogen responses, this MKP2 function may reflect

a common feedback mechanism that maintains adequate

levels of MPK3/MPK6 activation. Similarly, these shared

responses point to a central role of MKP2 at the intersection

of biotic and abiotic signalling pathways in Arabidopsis (Lee

and Ellis, 2007). Future studies will be aimed at deciphering

the precise molecular mechanism(s) of this regulatory

function and the possible differential effects of MKP2 on

MPK3 and MPK6 signalling pathways.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions and treatments

Arabidopsis Col-0 plants were maintained in controlled growth
chambers (24 � 2�C, 16 h:8 h light:dark photoperiod). Seeds were
germinated in medium containing 1 · Murashige and Skoog (MS)
basal salt mixture supplemented with 0.05% MES. Seeds were
incubated at 4�C for 3 days to break dormancy prior to germination.
Salt treatments were carried out by growing plants in 0–150 mM of
NaCl. ABA was added to the growth medium at concentrations
between 0.1 and 10 lM. Methyl-viologen was used at 0.1–1 lM.
Plant treatments were monitored in MS medium supplemented
with 1% sucrose medium.

Analysis of the MKP2 mutant line

The mkp2 insertion allele was from a Spanish project T-DNA line
collection selected in a screening for mutants with a glucose
insensitive phenotype. In a first step, themkp2 T-DNAmutation was
found in an aba1 background, responsible of a glucose insensitive
phenotype. After cleaning the T-DNA from the aba1 background,
and tested that the single mkp2 allele does not show glucose
insensibility. The insertion in the gene was identified by using
inverse PCR with two T-DNA left border primers. The T-DNA inser-
tion in the mkp2 mutant was confirmed by PCR and its exact posi-
tionwas determined by sequencing. The homozygousmkp2mutant
was further analyzed by RT-PCR using genomic MKP2 primers
(gMKP2.1–5¢- GTGGCAGGGTACTATTCTACC-3¢; gMKP2.2–5¢-CCT-
CCTAGACATTCCCATGAAGC-3¢ and gMKP2.3–5¢-CACGTTCGAT-
CAAGATATCGG-3¢) to confirm the insertion of the T-DNA in the
gene. Plants homozygous for mkp2 were used for further analysis.

Quantitative PCR analysis

RNA isolation was conducted using RNeasy kits (Qiagen, http://
www.qiagen.com/) following the manufacturer’s instructions. Total
RNA (5 lg) was DNaseI-treated (Roche, http//www.roche.com/) and
used for cDNA synthesis with SuperScript III (Invitrogen, http://
www.invitrogen.com/). The reaction was diluted to a final volume of
20 ll and 2 ll were used as PCR template by usingmastermix SYBR
Green Premix Ex-Taq Takara qPCR kit and MKP2 primers (R1–5¢-
GCCGACGACATCAGGCATAT-3¢ and R2–5¢-GCTGGAGCTGC-
GAAATGAA-3¢) at 0.3 lM. The raw threshold cycle values were
normalized to Ubiquitin and products obtained from the PCR were
run on 1%-agarose gels to ensure that there was only one band of
the expected size.

Constructs and Arabidopsis transformation

To generate the MKP2::GUS construct, Arabidopsis Col-0 genomic
DNA was used as a template to amplify a 620-bp MKP2 promoter
fragment carrying BamHI and NcoI ends. This fragment BamHI–
NcoI was subcloned into the pCambia 1300 vector (Clontech, http://
www.clontech.com/). The 35S::MKP2–GFP construct was made
by amplifying the MKP2 coding sequence (with NcoI ends) and
subcloning this fragment into the pCK–GFP–S65C vector. The
35S::MKP2–GFP cassette was released with HindIII and transferred
to the pCambia 1300 vector (Clontech). The 35S::MKP2 construct
was made similarly by subcloning the MKP2 coding region into the
vector pJIT60 (using EcoRI), and transferring the 35S::MKP2
sequences as a KpnI–SphI fragment to pCambia 1302 (Clontech).
The genomic MKP2 rescue construct was made by amplifying a
1784-bp fragment carrying EcoRI (5¢) XbaI (3¢) ends and subcloning
this fragment in pCambia 1300 (Clontech). These constructs were
transformed in Arabidopsis by the floral dip method (Clough and
Bent, 1998). Transgenic seedlings were selected in MS medium
containing kanamycin 50 lg ml)1 or hygromycin 40 lg ml)1. For
each construct, 10 independent lines were selected and a minimum
of five to six homozygous lines were analyzed. For the 35S::MKP2
plants, only lines with over-accumulation of MKP2 protein were
selected for phenotypic analyses (Figure S3).

Pathogenicity tests on A. thaliana

For plant infection with R. solanacearum, A. thaliana Col-0 seeds
were sterilized during 15 min in 25% sodium hypochlorite solution,
washed with sterile water and sown on MS-agar plates. The plates
were incubated at 4�C during 2 days (wrapped with aluminum foil)
and then transferred to a growth chamber (24�C, 16 h/8 h light/
dark). After 8–10 days, seedlings were planted in Jiffy-7 peat pellets
and grown for approximately 3 weeks until inoculated (24�C, 8 h/
16 h light/dark, 50% humidity). Pathogenicity tests were performed
by R. solanacearum root inoculations on A. thaliana plants, as
described in Deslandes et al., 1998;. Symptom appearance was
recorded independently for each plant according to a wilting scale
0–4 (0: no wilting; 1: 25% leaves wilted; 2: 50%; 3: 75%; 4: death).
Results are given as the medium of wilting for the 20–30 plants
assayed in the experiment. For plant infection with B. cinerea
inoculation was performed on 4-week-old soil-grown plants as
described by Thomma et al., 1998. One needle-prick wound was
applied to two leaves per plant, and the fresh wounds were covered
with 5 ll drops of 106 conidial spores per ml in 0.2% glucose water
solution. Progression of infection was followed macroscopically by
viewing the disease symptoms, and the percentage of decayed
plants 15 days after inoculation was determined. At least 12 plants
per genotype were inoculated in each experiment, and three inde-
pendent experiments were done. Activation of MPK3 and MPK6
after B. cinerea inoculation was assessed in 2-week-old seedlings.
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Seedlings collected at times 0, 30, 90 min, 3 and 6 hwere frozen and
analyzed by in-gel kinase assay. Determination of which band cor-
responded to MPK3 and MPK6 activities was performed by immu-
noprecipitation of wild-type seedling after 24 h infection (Ren et al.,
2008).

In gel kinase assay

Proteins were extracted in 5 mM EDTA, 5 mM EGTA, 2 mM DTT,
25 mMNaF, 1 mMNa3VO4, 50 mM, 50 mM b-glycerophosphate, 20%
glycerol, 1 mM PMSF, 10 lM leupeptin, 1lg ml)1 aprotinin and
10 lg ml)1 pepstatin and 50 mM HEPES-KOH, pH 7.5. In gel kinase
assaywas performed according to Fujii et al. (2007). Proteins (50 lg/
lane) were separated on a 12.5% SDS-PAGE gel containing
0.25 mg ml)1 of myelin basic protein (Sigma). The gels were
washed 3 · 30 min with 0.5 mM DTT, 5 mM NaF, 0.1 mM Na3VO4,
0.5 mg ml)1 BSA, 0.1% Triton X-100, and 25 mM Tris–HCl, pH 7.5
and proteins were renatured with 1 mM DTT, 5 mM NaF, 0.1 mM

Na3VO4, and 25 mM Tris–HCl, pH 7.5, for 2 · 30 min and 16 h at 4�C
prior to the reaction. The gel was incubated for 90 min at room
temperature with 2 mM EGTA, 12 mM MgCl2, 1 mM DTT, 0.1 mM

Na3VO4, and 25 mM Tris–HCl, pH 7.5, supplemented with 50 mCi of
[c-33P]ATP and 250 nM cold ATP. Finally, the gel was washed with
5% trichloroacetic acid (TCA) and 1% sodium pyrophosphate at
least five times for 30 min and dried. Radioactivity was quantified
using a Storm 820 imager (GE Healthcare).

Protein immunoprecipitation

Immunoprecipitation of MPK3 and MPK6 was done with Anti-
AtMPK3 and Anti-AtMPK6 antibody (Sigma) respectively. Proteins
(1.5 mg) were incubated at 4�C overnight with the desired antibody,
loaded on a Protein-A Sepharose CL-4B resin (GE Healthcare) and
incubated for 3 h with IP buffer (20 mM Tris–HCl pH7.5, 150 mM

NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, 10 lM
leupeptin, 1 lg ml)1 aprotinin and 10 lg ml)1 pepstatin). The slurry
was washed 3 · 15 min with IP buffer and the supernatant was
removed prior to the in gel kinase assay.

Histochemical ROS staining

H2O2 accumulation was detected by the DAB and O2
) using NBT

staining methods (Scarpeci et al., 2008). Two-week-old (Col-0,
mkp2, gMKP2/mkp2 and 35S::MKP2/mkp2) Arabidopsis seedlings
grown on soil were treated for 2 h either with MS solution (control)
or MS supplemented with 20 mM H2O2 or 100 lM methyl-viologen
in the light (120 lmol photons m)2 s)1) and then incubated in
5 mM 3,3¢- diaminobenzidine (DAB) at pH 3.8 for 6 h or 6 mM

nitroblue tetrazolium (NBT) for 6 h to detect H2O2 and O2
),

respectively. After clearing the chlorophyll with 80% ethanol at
60�C, images of representative plants were taken with a Leica ste-
reomicroscope.

Histochemical GUS staining

In situ assay of GUS activity was performed as described by
Jefferson (1989). Whole plants were immersed in 1 mM 5-bromo-
4-chloro-3-indolyl-b-glucuronic acid solution in 100 mM sodium
phosphate, pH 7, 0.1 mM EDTA, 0.5 mM ferricyanide, and 0.5 mM

ferrocyanide, and 0.1% Triton X-100, and after applying vacuum for
5 min, they were incubated at 37�C over-night. Chlorophyll was
cleared from the plant tissues by immersion in 70% ethanol.

GFP localization and BiFC by confocal microscopy

GFP observation of transgenic Arabidopsis seedlings expressing
MKP2–GFP was examined by using a Leica fluorescence stereo-

microscope, a Zeiss Axiophot epifluorescence microscope and a
Leica TCS SP confocal laser-scanning microscope. For Agrobac-
terium tumefaciens-mediated transient expression in N. benth-
amiana the full-length MKP2, MPK3 and MPK6 cDNA sequences
were cloned in the GATEWAY-compatible vector pENTRY3C
(Invitrogen). The three pENTRY3C plasmids were transferred to a
BiFC GATEWAY-modified vector developed by A. Ferrando
(unpublished results; López-Paz et al., 2009) to produce 35S::YN-
MKP2; 35S::YN-MPK6; 35S::YN-MPK3; 35S::YC-MKP2; 35S::YC-
MPK6; 35S::YC-MPK3. N. benthamiana plants were transiently
transfected for YFP detection. For the co-infiltration, equal volumes
of the three Agrobacterium cultures (the two truncated YFP con-
structs; and the strain expressing the HcPro protein) were mixed
(Dunoyer et al., 2004). Observations were performed 3 days after
infiltration.

Elicitors were derived from liquid cultures of the tobacco
pathogen Fusarium tabacinum (Mycotheque de l¢Universite Cath-
olique de Louvain-La-Newe, MUCL 9701 strain), the anamorph of
Plectosphaerella cucumerina. Elicitors were crude preparation of
culture filtrates sterilized by autoclave and lyophilized as previ-
ously described (Casacuberta et al., 1992). Treatment with fungal
elicitors was performed by infiltration of previously transfected
N. benthamiana leaves with an elicitor solution (0.5 lg ml)1) 1h
prior to confocal microscopy or by direct application of the
elicitor solution on leaves. BiFC interaction intensity was analysed
by measuring the average fluorescence of the same microscopic
field before and after 1 h of elicitor treatment. To monitor the
same field, the plant tissue was fixed on the cover slip using a
Medical Adhesive (Hollister, http://www.hollister.com/) that keeps
the epidermal cells viable while making them immobile. After the
initial scanning of fluorescence (time 0), we added the fungal
elicitor to the system and we scanned the same field one hour
after the treatment, keeping the initial settings of the laser and of
the image acquisition unchanged. Expression levels of MPK3,
MPK6 and MKP2 before and after elicitor treatment was per-
formed by western blot analysis of infiltrated leaves. Approxi-
mately 40 lg of total protein from several independent
transfected leaves was loaded per lane and transferred to a
nitrocellulose membrane. Homogenous protein transfer was
confirmed by Pounceau red staining. Anti-GFP, N-Terminal anti-
body (Sigma) and monoclonal antibody, JL-8 (Living Colors) were
used to detect YFN- and YFC-conjugated proteins, respectively.
Rubisco was used as input control. For the HR assay, N. benth-
amiana leaves were transiently transfected for 3 days with the
different constructs and then infiltrated with the same fungal
elicitor solution mentioned above. Leaves were photographed
before the elicitor treatment and 24 h after infiltration.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:
Figure S1. Bacterial growth in Ps. syringae-inoculated leaves after
infection.
Figure S2.Necrotic lesions in B. cinerea -inoculated leaves at 5 days
after drop inoculation (dpi).
Figure S3.Analysis bywestern blot of MKP2 protein accumulation in
35S::MKP2/mkp2 plants.
Figure S4. Phenotype of 35S::MKP2–GFP transgenic plants in stress
responses.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than missing
files) should be addressed to the authors.
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