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Bacterial wilt, a disease impacting cultivated crops worldwide, is caused by the pathogenic bacterium Ralstonia

solanacearum. PopP2 (for Pseudomonas outer protein P2) is an R. solanacearum type III effector that belongs to the

YopJ/AvrRxv protein family and interacts with the Arabidopsis thaliana RESISTANT TO RALSTONIA SOLANACEARUM 1-R

(RRS1-R) resistance protein. RRS1-R contains the Toll/Interleukin1 receptor–nucleotide binding site–Leu-rich repeat

domains found in several cytoplasmic R proteins and a C-terminal WRKY DNA binding domain. In this study, we identified

the Arabidopsis Cys protease RESPONSIVE TO DEHYDRATION19 (RD19) as being a PopP2-interacting protein whose

expression is induced during infection by R. solanacearum. An Arabidopsis rd19mutant in an RRS1-R genetic background is

compromised in resistance to the bacterium, indicating that RD19 is required for RRS1-R–mediated resistance. RD19

normally localizes in mobile vacuole-associated compartments and, upon coexpression with PopP2, is specifically

relocalized to the plant nucleus, where the two proteins physically interact. No direct physical interaction between

RRS1-R and RD19 in the presence of PopP2 was detected in the nucleus as determined by Förster resonance energy

transfer. We propose that RD19 associates with PopP2 to form a nuclear complex that is required for activation of the RRS1-

R–mediated resistance response.

INTRODUCTION

Plants have evolved two lines of defense in response to pathogen

attack (Jones and Dangl, 2006; De Wit, 2007). Primary or basal

defense constitutes the first barrier to all potential pathogens

and is triggered by pathogen-associated molecular patterns

(PAMPs), conserved molecules present in a wide range of

pathogens. The best known PAMPs are bacterial flagellin and

elongation factor Tu (Kunze et al., 2004; Zipfel et al., 2004, 2006;

Chinchilla et al., 2006) and fungal b-glucans and chitin

(Fliegmann et al., 2004; Kaku et al., 2006;Miya et al., 2007). PAMPs

are perceived by transmembrane pattern recognition receptors

that mediate basal defense responses (Jones and Dangl, 2006;

De Wit, 2007), thereby providing immunity of plants to most

potentially pathogenicmicrobes. This primary line of defense can

be overcome by microbes that have evolved various effectors

with different virulence functions to avoid or suppress PAMP-

triggered immune responses in the host, enabling microbes to

promote disease (Mudgett, 2005; Grant et al., 2006; da Cunha

et al., 2007). The second line of defense, targeted either against

these effectors (now called avirulence factors [Avr]) or against

effector-induced perturbations, is mediated by plant resistance

(R) proteins. This results in effector-triggered immunity (ETI),

which leads to strong disease resistance responses that are

often associated with a hypersensitive response (HR) (Jones and

Dangl, 2006; De Wit, 2007). In the absence of an R protein, the

pathogen avoids or suppresses basal defense, colonizes the

host plant, and causes disease. The biochemical implication of

the gene-for-gene hypothesis (also called ETI) initially proposed

by Flor (1971) implies that an R protein is the primary receptor of

an Avr protein (Keen, 1990; De Wit, 1992). Direct interaction

between an R and an Avr protein has been confirmed in a few

pathosystems, including Magnaporthe grisea–rice (Oryza sativa;

Jia et al., 2000), Ralstonia solanacearum–Arabidopsis thaliana

(Deslandes et al., 2003), Melampsora lini–flax (Linum usitatissi-

mum; Dodds et al., 2006), and tobacco mosaic virus (TMV)–

tobacco (Nicotiana tabacum; Burch-Smith et al., 2007), but this

situation is the exception rather than the rule. Inmost cases, an R
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protein does not directly interact with an effector but guards and

senses perturbation of a virulence target by an effector and

subsequently mediates ETI. This indirect interaction, also known

as the guard hypothesis (Van der Biezen and Jones, 1998), has

been demonstrated to occur in several R-Avr pairs from various

host–pathogen interactions (Ren et al., 2000; Krüger et al., 2002;

Mackey et al., 2002, 2003; Axtell and Staskawicz, 2003; Shao

et al., 2003; Xia et al., 2004; Rooney et al., 2005).

Most gram-negative bacterial plant pathogens use the type-

three secretion system (TTSS) to deliver, directly into plant cells,

effectors that can either elicit disease symptoms in susceptible

plants or ETI in resistant plants containing a cognate R protein

(Cornelis and Van Gijsegem, 2000; Jones and Dangl, 2006).

TTSS is an essential pathogenicity determinant since mutants

defective in HR and pathogenicity (hrp) genes encoding the

building blocks for this secretion machinery are no longer viru-

lent. Despite the identification of a large number of bacterial

effectors (Grant et al., 2006), their precise roles in colonization of

the host plant, pathogenesis, and activation of plant defense

responses are still largely unknown.

Perturbation of host protein activities involved in basal defense

is a common strategy used by pathogens to avoid or suppress

host defense responses and thereby to cause disease. Effectors

can circumvent host defense responses by inducing proteolysis

of plant proteins. Several bacterial effectors sharing similarities

with Cys proteases have been identified (Hotson and Mudgett,

2004; van der Hoorn, 2008) and shown to be involved in crucial

regulatory steps controlling defense responses and resistance.

The Cys proteases AvrRpt2 and HopAR1 from Pseudomonas

syringae cleave essential components of the R-mediated resis-

tance signaling pathway. AvrRpt2 targets RPM1-interacting

protein 4 (RIN4), a negative regulator of the basal defense

response, whose degradation leads to activation of Resistance

to Pseudomonas syringae 2 (RPS2), a nucleotide binding site–

Leu-rich repeat (NBS-LRR) containing R protein (Axtell and

Staskawicz, 2003). HopAR1 (previously called AvrPphB) specif-

ically cleaves PBS1, a Ser-Thr kinase required for activation of

the cognate R protein, RPS5 (Shao et al., 2003).

Host plant proteases can also play key roles in pathogen

recognition and in disease resistance signaling (van der Hoorn

and Jones, 2004; Mosolov and Valueva, 2006). Maturation of the

effectors Avr4 and Avr9 of the fungal tomato pathogen Clado-

sporium fulvum is at least partially achieved in planta by yet

unknown plant proteases during infection (Van den Ackerveken

et al., 1993; Joosten et al., 1997), whereas perception of the Avr2

effector of this pathogen by the cognate tomato R protein Cf-2

(Dixon et al., 1996, 2000; Luderer et al., 2002) requires Rcr3 (for

Required for Cladosporium fulvum resistance 3), a secreted

tomato (Solanum lycopersicum) Cys protease that is inhibited

through its interaction with Avr2 (Rooney et al., 2005). Recently it

was shown that C. fulvum Avr2 targets several extracellular Cys

proteases of tomato that are required for basal host defense

(Shabab et al., 2008; van Esse et al., 2008). The diverse functions

of plant Cys proteases are also illustrated by their involvement in

the HR, commonly associated with plant disease resistance

(D’Silva et al., 1998; Solomon et al., 1999; Mosolov et al., 2001;

Chichkova et al., 2004; Rojo et al., 2004; Gilroy et al., 2007; Mur

et al., 2007; van der Hoorn, 2008). Thus, manipulation of plant

proteases may contribute to distinct aspects of plant responses

to pathogens.

R. solanacearum is a soil-borne b-proteobacterium causing

bacterial wilt disease in >200 species, including agronomically

important crop plants of the Solanaceous family, such as to-

bacco, tomato, and potato (Solanum tuberosum; Hayward,

1991, 2000). Bacterial infection predominantly occurs at both

the root elongation zone and the sites of lateral root emergence.

After invasion of the intercellular spaces, bacteria cross the

endoderm and reach the xylem vessels where they proliferate.

Subsequently, bacteria spread into the aerial parts of the

infected plants (Vasse et al., 1995). The massive production of

exopolysaccharides leads to the obstruction of the vascular

system that causes wilting symptoms resulting from strong

reduction of water flow (Schell et al., 1994). R. solanacearum

encodes up to 80 putative TTSS effectors (Salanoubat et al.,

2002; Cunnac et al., 2004; Occhialini et al., 2005). Among them,

Pseudomonas outer protein P2 (PopP2), an effector found in

most R. solanacearum strains, elicits a specific disease resis-

tance response in Arabidopsis mediated by RESISTANT TO

R. SOLANACEARUM 1-R (RRS1-R), its cognate R protein

(Deslandes et al., 2003). RRS1-R is an atypical R protein that

contains not only the Toll/Interleukin1 receptor (TIR)–NBS-LRR

domains found in several other R proteins but also a C-terminal

WRKY domain, a signature of the zinc-finger class of WKRY

transcription factors (Deslandes et al., 2002; Eulgem and

Somssich, 2007). Coexpression of both PopP2 and RRS1-R in

Arabidopsis revealed that RRS1-R is specifically targeted to the

plant nucleus in the presence of PopP2 and that these two

proteins colocalize to the nucleus (Deslandes et al., 2003).

PopP2 belongs to the YopJ/AvrRxv effector protein family

whose members share structural similarities with the C55 pepti-

dase family of theCEclanofCysproteases (Barrett andRawlings,

2001). Apart fromRRS1-R (Deslandes et al., 2003), no other plant

targets of PopP2 have yet been described. In this study, search

for such targets was performed by a yeast two-hybrid screen

using PopP2 as a bait, which led to the identification of RESPON-

SIVE TO DEHYDRATION19 (RD19), a Cys protease. We showed

that PopP2 specifically relocalizes RD19 from vacuole-associated

compartments to the nucleus. A fluorescence lifetime imaging

(FLIM) approachallowedus todemonstrate aphysical interaction

between these two proteins in living cells. Since we also found

that an rd19 knockout mutant is impaired in resistance to

R. solanacearum, we conclude that RD19 is a crucial host factor

for PopP2-triggered RRS1-R–mediated resistance.

RESULTS

Identification of RD19

To identify components of the RRS1-R/PopP2-mediated dis-

ease resistance signaling, PopP2 was used as bait in the

screening of a yeast two-hybrid Arabidopsis cDNA library gen-

erated from mRNAs isolated from a mixture of root tissues of

10-d-old seedlings (from bothRRS1-S andRRS1-R genetic back-

grounds), challenged with the R. solanacearum GMI1000 strain

expressing PopP2. After several rounds of screening, different
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prey cDNA clones were identified. Among those, we focused on

a partial cDNA clone encoding the last 124 amino acid residues

of the RD19 Cys protease. According to the MEROPS peptidase

database, RD19 is a predicted papain-like Cys protease (PLCP;

subfamily C1A, http://merops.sanger.ac.uk/).

The rd19Mutant Is Compromised in RRS1-R–Mediated

Resistance Signaling

To investigate the function of RD19 in the establishment of the

plant response to R. solanacearum, we searched for an Arabi-

dopsis rd19 null mutant in the SALK collection (http://signal.salk.

edu/). Among various candidate lines, we were able to identify a

homozygous rd19 knockout line containing a T-DNA insertion at

position +55 of the predicted open reading frame (SALK_031088

line). To determine whether inactivation of RD19 could compro-

mise RRS1-R–mediated resistance, the rd19 mutation originally

identified in a Columbia (Col-0) accession (susceptible, RRS1-S)

was introduced into an Nd-1 accession (resistant, RRS1-R).

Interestingly, two independent F3 lines (F3-1 and F3-3; see

Supplemental Figures 1A and 1B online), selected as being

homozygous for both the rd19 mutation and the RRS1-R gene,

developed wilting symptoms in response to the GMI1000 strain.

These data suggest that RD19 is involved in RRS1-R–mediated

resistance signaling. Segregation of the loss of resistance phe-

notype with the rd19 mutation in an RRS1-R background was

confirmed by expanding this analysis on eight different segre-

gating F3 families. Susceptibility to the GMI1000 strain corre-

lated with the presence of the rd19mutation in two homozygous

rd19 RRS1-R lines challenged with the GMI1000 strain (F3-1 and

F3-3 lines; see Supplemental Figures 1A and 1B online). For all

subsequent experiments, a representative rd19 RRS1-R F3 line

(F3-1) was used.

The development of disease symptoms in this rd19RRS1-R F3

line after inoculationwith theGMI1000 strain was studied inmore

detail. Five days after inoculation (DAI), Col-0 plants showed

somewilting symptoms, whereas the rd19 RRS1-R line andwild-

type Nd-1 plants remained without symptoms. Seven days later

(12 DAI), 25% of the scored leaves of rd19 RRS1-R plants were

wilted (disease index 1 [D1]), whereas Nd-1 plants showed no

detectable symptoms and Col-0 plants were completely wilted

(Figures 1A and 1B). Disease symptoms correlated with an

increase of bacterial growth in rd19 RRS1-R plants. Twelve days

after inoculation, the bacterial growth in the rd19 RRS1-R plants

reached intermediate levels between those found in Col-0 and

Nd-1 plants (Figure 1C). Taken together, these data suggest that

RD19 is involved in the establishment of PopP2-triggered RRS1-

R–mediated resistance. Bacterial multiplication of the GMI1000

strain monitored in the SALK_031088 line (Col-0 background)

was similar to that of Col-0, indicating that rd19 loss of function

did not affect the susceptibility toRalstonia in anRRS1-S genetic

background (Figure 1C).

Complementation of the rd19Mutant Restores

PopP2-Triggered RRS1-R–Mediated Resistance

To demonstrate that the wilting symptoms observed in the rd19

RRS1-R mutant were causally related to the loss of function of

RD19, genetic complementation of this mutant was performed

using a 3527-bp genomic fragment from Col-0 containing the

complete RD19 open reading frame driven by 1429 bp of the

native 59 regulatory sequence and 596 bp of the 39 terminator

sequence (named RD19g). Three independent homozygous

RD19g-complemented T2 lines (RD19g-1 to -3) containing a

single insertion of the wild-type RD19 gene were selected and

root inoculated with R. solanacearum GMI1000. As shown in

Figure 1B, rd19 RRS1-R plants containing the RD19g construct

regained a resistance phenotype similar to that of Nd-1 plants

upon inoculation. Internal bacterial multiplication in the RD19g-1

line, which we selected as a representative transgenic line, was

also restored to wild-type levels (Figure 1C). These results

confirm that loss of RD19 function leads to development of

enhanced wilting symptoms and increased bacterial multiplica-

tion in response to R. solanacearum. We compared the level of

detectable RD19 transcript, as determined by quantitative RT-

PCR (Q-RT-PCR), with the gain-of-function phenotype. In un-

challenged plants,RD19 expression patternswere similar in both

Col-0 and Nd-1 plants. By contrast, RD19g-1 plants showed a

three- to fourfold higher RD19 expression level than that of wild-

type plants (Figure 2A; t = 0). Similar results were obtained for the

two other independent RD19g complemented lines, RD19g-2

and -3 (see Supplemental Figure 2 online). This increased ex-

pression level of RD19might be caused by a position effect of the

T-DNA insertion.

To rule out the possibility that the resistance phenotype of the

RD19g-1 line was solely due to the higher expression of the

transgene, which could confer nonspecific resistance, we chal-

lenged these plants with DPopP2, a GMI1000 strain that lacks

PopP2 (Lavie et al., 2002). This strain is virulent on both Nd-1 and

Col-0 plants (Deslandes et al., 2003). RD19g-1 plants developed

wilting symptoms similar to those observed on Nd-1 plants

(Figure 2B). These data demonstrate that the resistance re-

sponse of RD19g-1 plants challenged with the GMI1000 strain is

specific and is not due to the increased expression level of the

transgene.

RD19 Expression Is Upregulated during the Wilt

Disease Development

The expression of RD19 in Col-0, Nd-1, and the rd19 RRS1-R

+RD19g line was analyzed upon challenge with the GMI1000

strain using Q-RT-PCR. Whereas no RD19 transcript could be

detected in the rd19mutant (SALK_031088 line), the expression

of RD19 increased after inoculation with R. solanacearum in

susceptible Col-0 plants (eightfold between 0 and 12 DAI; Figure

2A). The increased expression ofRD19 in wiltingCol-0 plants is in

agreement with previous reports showing that RD19 is induced

during drought conditions (Koizumi et al., 1993). By contrast,

both resistant Nd-1 and RD19g-1 transgenic plants showed a

twofold increase in RD19 transcripts at 5 DAI after which the

levels remained constant until 12 DAI.

We then checked whether the appearance of wilt symptoms in

the rd19RRS1-Rmutant line in response toR. solanacearumwas

accompanied by the induction of the ethylene/jasmonic acid

signaling pathways. Previously, ethylene and jasmonic acid

marker genes have been shown to be upregulated during wilt
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disease development in susceptibleCol-0 plants challengedwith

the GMI1000 strain (Hirsch et al., 2002). The expression profiles

of the pathogenesis-related (PR) genes PR-3, PR-4, and PDF1.2

were monitored in GMI1000-inoculated rd19 RRS1-R plants

(Figure 3). Transcript levels of these PR genes increased in

wilting-susceptible Col-0 plants (at 5 and 12 DAI), whereas no

induction of those genes could be detected either in the partially

susceptible rd19 RRS1-R mutant line and in symptomless

Nd-1 or in the complemented mutant RD19g-1 line. These data

indicate that partial loss of RRS1-R–mediated resistance in the

rd19mutant is not associated with the activation of the ethylene/

jasmonic acid defense signaling pathways.

RD19 Colocalizes with Aleurain, a Vacuole-Targeted

Cys Protease

To determine the subcellular localization of the RD19 protein in

plant cells, RD19 was tagged on its C terminus with the yellow

fluorescent protein venus (YFPv) and transiently expressed by

means of particle bombardment under the control of the consti-

tutive 35S promoter in Arabidopsis epidermal cells. Using con-

focal laser scanning microscopy, the RD19-YFPv fusion protein

was found to label small mobile compartments (see Supplemen-

tal Figure 3 online). However, due to the extremely low transfor-

mation efficiency, transient expression of RD19-YFPv was

subsequently performed via Agrobacterium tumefaciens in Ni-

cotiana benthamiana leaves, where a similar localization was

observed in a very high number of transformed cells (Figure 4A).

This localization pattern is similar to that of vacuolar proteases

that are synthesized as preproteins in the rough endoplasmic

reticulum and transiently transported to the vacuole through the

endomembrane secretion system (Mo et al., 2006). To determine

the subcellular localization of RD19 more precisely, markers of

various vesicular compartments were used. A perfect colocali-

zation was found with aleurain fused to cyan fluorescent protein

(CFP). Aleurain is a PLCP described as being targeted to the lytic

vacuole where it becomes active after proteolytic processing

(Paris et al., 1996). Forty eight hours after coexpression in N.

benthamiana leaves, overlay of YFP and CFP images demon-

strated that both fluorescent protein fusions labeled the same

mobile vacuole-associated compartments that may correspond

to prevacuolar vesicles (Figures 4A to 4C). No fluorescence could

be detected in the vacuole for both RD19 and aleurain, probably

due to the light-dependent degradation of YFP under the acidic

vacuolar conditions (Fluckiger et al., 2003; Tamura et al., 2003).

These observations suggest that RD19 is a Cys protease

Figure 1. RD19 Is Required for RRS1-R–Mediated Disease Resistance

Signaling.

(A) Phenotypic responses of susceptible Col-0 (RD19 RRS1-S) and

resistant Nd-1 (RD19 RRS1-R) wild-type Arabidopsis plants and of the

rd19 RRS1-R (F3-1) line to the GMI1000 strain of R. solanacearum 12

DAI. Arrows point to wilted leaves of the mutant line.

(B) Disease symptom development curves. Each plant was scored at 0,

5, and 12 DAI of roots using a scale between 0 and 4: 0 = no wilting, 1 =

25%, 2 = 50%, 3 = 75%, and 4 =100% of leaves were wilted. Means and

SD were calculated from scores of a total of 60 plants per genotype (from

three independent experiments); triangle, Col-0 (RD19 RRS1-S); open

square, Nd-1(RD19 RRS1-R); closed square, rd19mutant (F3-1 line [rd19

RRS1-R]); open diamonds, closed diamond, and open circle, three inde-

pendent complemented rd19 lines (RD19g1 to -3 in an rd19 RRS1-R

background).

(C) Bacterial growth inside the plant was estimated as described before

(Deslandes et al., 1998). Means of colony-forming units per gram of fresh

weight (cfu/gfw) and SD were calculated from triplicates of three plants

for each genotype (from three independent experiments). (a) Col-0 (RD19

RRS1-S), (b) SALK_031088 line (rd19 RRS1-S), (c) Nd-1(RD19 RRS1-R),

(d) rd19 RRS1-R F3-1 line, (e) complemented rd19 line (RD19g1 in an

rd19 RRS1-R background). Analysis of variance and multiple between-

group comparisons (Bonferroni test) were used to analyze differences

between ecotypes. Groups 1 (a and b), 2 (d), and 3 (c and e) are

statistically different (P value of 0.05).
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targeted to the lytic vacuole through a similar secretory pathway

as aleurain.

RD19 Is Relocalized to the Plant Nucleus in the Presence

of PopP2

Based on the yeast two-hybrid results, we predicted a physical

interaction between these two proteins in planta. When ex-

pressed individually, PopP2 is exclusively detected in the

nucleus (Deslandes et al., 2003) and RD19 in mobile vacuole-

associated compartments (Figure 4A). Coexpression of PopP2

fused to CFP (PopP2-CFP) and RD19 fused to YFPv (RD19-

YFPv) in N. benthamiana led to YFP fluorescence detection not

only in these mobile vesicles but also in the plant nucleus. This

observation demonstrates partial relocalization of RD19-YFPv to

the nucleus due to the presence of PopP2 (Figures 5A and 5B).

By contrast, RD19 expression had no effect on the nuclear

localization of PopP2-CFP. In a similar way, relocalization of

RD19-YFPvwas observed in epidermal cells ofArabidopsis upon

delivery of the corresponding constructs by particle gun bom-

bardment (see Supplemental Figure 3 online). However, due to

the extremely low transformation efficiency of Arabidopsis cells,

we decided to use the N. benthamiana expression system. This

decision was also justified by the PopP2-dependent nuclear

targeting of the RRS1-R protein in Arabidopsis cells reported

before (Deslandes et al., 2003), which occurs also in N. ben-

thamiana.

To test the specificity of RD19 recruitment to the nucleus, we

used two RD19-like proteins, RDL1 and RDL2 from Arabidopsis

sharing 86 and 73% identity, respectively, with RD19 (see Sup-

plemental Figure 4 online). Both RDL1-YFPv and RDL2-YFPv

were found to localize in the same mobile vacuole-associated

compartments as RD19 since they also colocalize with

aleurain-CFP (see Supplemental Figure 5 online), suggesting

that these two RD19-like proteins are also targeted to the lytic

vacuole. However, after coexpression of RDL1 or RDL2 with

PopP2, no YFP fluorescence could be detected within the plant

nucleus (Figures 5C to 5F). To confirm that nuclear YFP fluores-

cence was due to the relocalization of RD19-YFPv and not the

result of a passive diffusion of a YFPv truncated form, we

coexpressed YFPv alone with PopP2-CFP. This led to the

labeling of the whole cell with YFP fluorescence (Figures 5G

and 5H), a pattern completely different from that observed with

RD19-YFPv+PopP2-CFP (Figure 5A). The presence of the full-

length RD19-YPFv, RDL1-YFPv, and RDL2-YFPv fusion proteins

(either coexpressed with PopP2 or alone) was further confirmed

by protein gel blot analysis (see Supplemental Figure 6 online).

Taken together, these data demonstrate specific recruitment of

RD19 to the nucleus in the presence of PopP2.

RD19 Physically Associates with PopP2 in the Nucleus

To confirm a physical interaction between PopP2 and RD19 in

the nucleus, we took a quantitative noninvasive FLIM approach

tomonitor the Förster resonance energy transfer (FRET) between

the CFP (donor) and YFPv (acceptor) molecules fused to PopP2

and RD19, respectively. If these two proteins interact, the trans-

fer of energy from the donor to the acceptor decreases the

Figure 2. Enhanced Expression of RD19 Does Not Affect the Plant

Response to the DPopP2 Strain.

(A) Expression analysis of the RD19 gene in three different genotypes

after inoculation with the GMI1000 strain. RD19 transcript levels were

determined by Q-RT-PCR from cDNAs generated from the aerial parts of

three plants per genotype at 0, 5, and 12 DAI. The expression values of

RD19 were normalized using the expression level of two housekeeping

genes considered as internal standards. Mean expression and SD values

were calculated from the results of two independent experiments (trip-

licate samples of three plants were taken at each time point). (a) Col-0

(RD19 RRS1-S), (b) Nd-1(RD19 RRS1-R), (c) RD19g-1 line (rd19 RRS1-R

mutant complemented with RD19 genomic clone), (d) rd19 RRS1-S

mutant (SALK_031088). AU, arbitrary units.

(B) Disease symptom developments were scored after root inoculation

with the DPopP2 strain. Each plant was scored at 4, 5, 6, and 8 DAI of

roots using a scale between 0 and 4: 0 = no wilting, 1 = 25%, 2 = 50%, 3 =

75%, and 4 =100% of leaves were wilted. Means and SD were calculated

from scores of 30 plants per accession and mutant line. This experiment

was repeated three times, and reproducible results were obtained; open

triangle, Col-0 (RD19 RRS1-S); open square, Nd-1 (RD19 RRS1-R);

closed triangle, SALK_031088 line (rd19 RRS1-S); closed square, F3-1

line (rd19 RRS1-R); open circle, RD19g-1 line (rd19 RRS1-R mutant

complemented with RD19 genomic clone).
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fluorescence lifetime (average time that a molecule remains in its

excited state prior to returning to its basal state) of the donor

fluorophore. The relative difference of lifetime is a measure of

FRET efficiency. The average CFP lifetime in nuclei expressing

PopP2-CFP was 2.1366 0.028 ns (mean 6 SD, n = 86 nuclei). A

significant reduction of the averageCFP lifetime to 1.9456 0.024

ns (n = 91) was recorded in nuclei coexpressing the PopP2-CFP

and RD19-YFPv fusion proteins (Table 1). FRET efficiencies

corresponding to the different combinations tested are shown in

Table 1. In nuclei expressing both PopP2-CFP and free YFPv,

even with the high levels of YFPv in the nucleus (Figures 5G and

5H), no physical interaction could be detected between PopP2-

CFP andYFPv, as indicated by an averageCFP lifetime of 2.1976
0.017 ns (n = 32), which is not significantly different from that of

CFP or PopP2-CFP alone. Taken together, these data confirm

that reduction of PopP2-CFP lifetime, in the presence of RD19-

YFPv, is not due to nonspecific transfer of energy between the

two fluorophores and provide strong evidence for both a specific

nuclear relocalization of RD19 (Figure 5A) and a physical inter-

action between PopP2 and RD19 in planta.

Since RRS1-R and PopP2 physically interact in yeast

(Deslandes et al., 2003), we checked whether the presence of

RRS1-R could modulate the physical association between PopP2

and RD19 in N. benthamiana. Thus, the FRET efficiency of the

PopP2-CFP/RD19-YFPv donor/acceptor couple was monitored

in the presence of RRS1-R. As shown in Table 1, RRS1-R did not

significantly alter the average CFP lifetime of PopP2-CFP coex-

pressed with RD19-YFPv. This indicates that the physical inter-

action between PopP2 andRD19 is not significantly altered in the

presence of RRS1-R. Finally, when RRS1-R-CFP, RD19-YFPv,

and PopP2 were simultaneously coexpressed, the average CFP

lifetime of RRS1-R-CFP did not significantly differ from that

Figure 3. Expression Analysis of PR Genes PR-3, PR-4, and PDF1.2.

Transcript levels of PR-3, PR-4, and PDF1.2 genes were determined by Q-RT-PCR from cDNAs generated from aerial parts of three plants per genotype

at 0, 5, and 12 DAI. The expression values of the genes were normalized using the expression level of two housekeeping genes considered as internal

standards. Mean expression and SD values were calculated from the results of two independent experiments (triplicate samples of three plants were

taken at each time point). (a) Col-0 (RD19 RRS1-S), (b) Nd-1(RD19 RRS1-R), (c) rd19 mutant (F3-1 line, rd19 RRS1-R), (d) RD19g-1 line (rd19 RRS1-R

mutant complemented with RD19).

Figure 4. Subcellular Localization of RD19-YFPv in N. benthamiana.

Confocal images of N. benthamiana epidermal cells 48 h after coexpression of P35S:RD19-YFPv and P35S:aleurain-CFP via A. tumefaciens infiltration.

RD19-YFPv and aleurain-CFP colocalize in mobile vesicles ([A] and [B], respectively), moving along the endoplasmic reticulum. Colocalization of RD19-

YFPv and aleurain-CFP is shown in the merged image in (C). Bars = 20 mm.
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found in nuclei coexpressing only RRS1-R-CFP and PopP2,

suggesting that there is no detectable physical interaction be-

tween RRS1-R and RD19 in the nucleus (Table 1).

DISCUSSION

We report here the identification of the ArabidopsisCys protease

RD19 as a PopP2-interacting partner that is required for RRS1-R

function triggered by PopP2, as demonstrated by the loss of full

resistance of an rd19 RRS1-Rmutant to the GMI1000 strain ofR.

solanacearum (Figure 1). Confocal fluorescence microscopy

studies demonstrated that RD19 colocalizes with aleurain, a

papain-like Cys protease known to locate in the lytic vacuole

(Figure 4). Coexpression studies revealed that in the presence of

PopP2, RD19 is specifically relocalized to the nucleus (Figure 5).

FLIM analysis performed in living cells showed that both proteins

physically interact in this key compartment (Table 1).

RD19 encodes a drought-inducible Cys protease (Koizumi

et al., 1993) whose transcript levels increase strongly after R.

solanacearum infection causing wilt disease development and

water deprivation. The function of this Cys protease during

drought stress is not known. RD19 inactivation leads to a loss of

full RRS1-R–mediated resistance that is associated with in-

creased bacterial multiplication in infected plants (Figure 1),

which is comparable to the effect of RIN4 inactivation on RPM1-

mediated resistance (Mackey et al., 2002). Upon challenge with

the GMI1000 strain, an rd19 mutant developed disease symp-

toms comparable to those observed in the corresponding wild-

type parental Col-0 plants (Figure 1), suggesting that, unlike

RIN4, RD19 is not an essential component of basal plant de-

fense. This assumption is strengthened by the observation that

the susceptibility of RD19-overexpressing plants (RD19g-1 com-

plemented line) is comparable to that of Nd-1 plants, after

challenge with a virulent strain of R. solanacearum lacking

PopP2 (DPopP2) (Figure 2B). Interestingly, loss of full RRS1-R–

mediated resistance due to RD19 inactivation is not associated

with the induction of marker genes of the ethylene and jasmonic

acid signaling pathways, whereas these genes are induced in

wilted Col-0 plants. This observation indicates that wilting symp-

tom appearance is not tightly correlated with the activation of

these signaling pathways.

Subcellular localization of RD19 was studied by fluorescence

microscopy. We found that RD19 colocalizes with aleurain

(Figure 4), a vacuolar PLCP (Paris et al., 1996). Although RD19-

YFP was only detected in mobile vacuole-associated vesicles,

our colocalization data are consistent with it being destined to

the lytic vacuole. The failure to detect both RD19-YFP and

aleurain-CFP fusion proteins in the lytic vacuole could be due to

the light-dependent degradation of both fluorescent proteins in

Figure 5. RD19 Relocalizes to the Plant Nucleus in the Presence of

PopP2.

Coexpression of RD19-YFPv with PopP2-CFP in N. benthamiana epi-

dermal cells resulted in the relocalization of RD19 into the nucleus ([A]

and [B]). YFP fluorescence was not detected in the nucleus when

PopP2-CFP was coexpressed with RDL1-YFPv or RDL2-YFPv ([C] and

[D] and [E] and [F], respectively). YFP fluorescence was detected in the

whole cell when YFPv alone was expressed in the presence of PopP2-

CFP ([G] and [H]). Bars = 20 mm.

Table 1. FLIM Measurements Showing That PopP2 Physically

Interacts with RD19 in the Nucleus of N. benthamiana Epidermal Cells

Donor Acceptor Cofactor Lifetimea SDb nc Ed

PopP2-CFP – – 2.136 0.024 86 –

PopP2-CFP YFPv – 2.197 0.017 32 –

PopP2-CFP RD19-YFPv – 1.945 0.024 91 8.94

PopP2-CFP RD19-YFPv RRS1-R 1.936 0.026 30 9.36

RRS1-R-CFP – PopP2 1.847 0.024 30 –

RRS1-R-CFP RD19-YFPv PopP2 1.836 0.022 30 –

aMean lifetime in nanoseconds.
b SD.
c Total number of nuclei measured.
d FRET efficiency percentage (E = 1 � tDA/tD) was calculated by

comparing the lifetime of the donor in the presence of the acceptor

(tDA) with its lifetime in the absence of the acceptor (tD).
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this acidic compartment. Green fluorescent protein (GFP) is

indeed unstable in the acidic vacuoles of higher plants in the

presence of light (Tamura et al., 2003). In the lytic vacuole,

absorption of the blue light at low pH induces a conformational

change of the fluorescent protein, making it more sensitive to

degradation by vacuolar proteinases. Thus, the clear visualization

of RD19-YFP and aleurain-CFP may be explained by the higher

stability of the fluorescent proteins in prevacuolar vesicles.

In this study, we demonstrated that PopP2 partially modifies

the targeting of RD19 frommobile vacuole-associated compart-

ments to the plant nucleus. The specificity of this bacterial

effector for its target was demonstrated by showing that the

localization of RDL1 and RDL2, two closely related Arabidopsis

homologs of RD19, predicted to be targeted to the lytic vacuole,

was not altered in the presence of PopP2 (Figure 5). Together

with RRS1-R, whose nuclear targeting is dependent on the

presence of PopP2 (Deslandes et al., 2003), RD19 constitutes

the second example of a PopP2-interacting plant component

whose subcellular localization is affected by this bacterial effec-

tor. Changes in subcellular protein localization, reorganization of

the plant cytoskeleton, organelle positioning, cell trafficking, and

cytoplasmic-nuclear transport and partitioning represent some

of the many dynamic cellular processes accompanying plant

defense (Lipka and Panstruga, 2005; Robatzek, 2007; Shen

et al., 2007; Shen and Schulze-Lefert, 2007; Wiermer et al.,

2007). Dynamic trafficking of many defense regulators and R

proteins between the cytoplasm and the nucleus is crucial for the

integration of distinct signaling pathways in innate immunity in

plants (Shen and Schulze-Lefert, 2007; Wiermer et al., 2007). In

Arabidopsis, essential components of the immune response,

such as NONEXPRESSOR OF PRGENES1, which is also known

as NO IMMUNITY1, ENHANCED DISEASE SUSCEPTIBILITY1,

and some of its interacting partners, such as PHYTOALEXIN

DEFICIENT4 (Dong, 2004; Feys et al., 2005;Wiermer et al., 2005),

localize to both the cytoplasm and the nucleus. Intracellular

distribution of predicted cytoplasmic NBS-LRR R proteins can

also be modified in effector-triggered cells. For instance, the

nuclear pool of MLA1, a barley (Hordeum vulgare) coiled coil–

NB-LRR R protein, which recognizes the Blumeria graminis f. sp

hordei effector AVRA1, is strongly increased during an incom-

patible interaction (Shen et al., 2007).

The nuclear relocalization of RD19, which is activated by an

unknown mechanism, is surprising since, unlike RRS1-R, which

carries a bipartite nuclear localization signal (NLS) sequence, no

obvious NLS is present within the RD19 sequence. Nevertheless,

nuclear localization of Cys proteases that possess no NLS has

been reported previously (Tabaeizadeh et al., 1995; Harrak et al.,

2001; Goulet et al., 2004). Among them, the tomato LeCp

vacuolar protease acts as a transcription factor that activates

the expression of the tomato ACC sythase2 gene upon treat-

ment with the ETHYLENE-INDUCING XYLANASE (EIX) elicitor

(Matarasso et al., 2005). Nuclear targeting of Cp occurs via a still

unexplained mechanism. EIX might trigger a vacuole membrane

collapse leading to the release of Cp into the cytoplasm where it

becomes available for SUMOylation, thereby allowing its nuclear

targeting (Rosin et al., 2005). Similarly, specific release of RD19

from mobile vacuole-associated compartments to the nucleus

may be triggered by a PopP2-induced permeabilization of mem-

branes by an unknown mechanism in Arabidopsis and N.

benthamiana cells. Nuclear relocalization of RD19 might also

involve a SUMOylation process. Alternatively, we cannot rule out

the possibility that PopP2 may intercept RD19 on its way to the

vacuole via retrograde signaling from the endomembrane sys-

tem, which has some continuity with the nuclear envelope.

Physical association between PopP2 and RD19 was demon-

strated using a FLIM-based approach, allowing the observation

of these proteins in their natural location (Table 1). We recently

detected a physical interaction between PopP2 and RRS1-R

using FLIM (M. Bernoux, C. Tasset, Y. Marco, and L. Deslandes,

unpublished data). Despite the requirement of RD19 for the

RRS1-R–mediated disease resistance response triggered by

PopP2, various attempts to show a physical interaction between

RRS1-R and RD19, in the presence of PopP2, were unsuccess-

ful. In addition, the presence of RRS1-R seems to have no

significant effect on the physical interaction between PopP2 and

RD19 (Table 1). However, the possibility that other unknown host

factorsmediate interaction between the three proteins cannot be

ruled out. Some bacterial type III effectors do indeed target

multiple host components (Belkhadir et al., 2004; Chisholm et al.,

2006; Grant et al., 2006; Lin et al., 2006), and some additional

PopP2-interacting candidate proteins fromArabidopsis currently

under investigationwere recently identified (M.Bernoux,C. Tasset,

Y. Marco, and L. Deslandes, unpublished data). Contribution of

these additional PopP2-interacting host factors to the full percep-

tion of PopP2 by RRS1-R could then explain the partial loss of

resistance of the rd19 mutant in response to Ralstonia infection.

What could be the biological significance of the relocalization

of a Cys protease by PopP2 to the plant nucleus? Interaction of

PopP2 with both RRS1-R and RD19 could serve a dual recruit-

ment function. PopP2 localizes both proteins to the nucleus

where RD19 could, as in the case of tomato Le Cp, act as a

transcription factor and compete with RRS1-R for similar or

overlapping cis-elements of promoters of defense genes. RD19

and RRS1-R could act as positive and negative regulators,

respectively. RRS1-R might indeed act as a negative transcrip-

tion factor, as a mutation in its WRKY domain (addition of one

amino acid) seems to impair its DNA binding activity leading to

constitutive expression of salicylic acid–dependent defense

genes (Noutoshi et al., 2005). These authors found that under

low humidity, the sensitive to low humidity1mutant of Arabidop-

sis, which essentially contains the RRS1-R gene with the above-

mentioned mutation in the WRKY domain, accumulates callose,

autofluorescent compounds, salicylic acid, and salicylic acid–

induced PR proteins like PR-1, PR-2, and PR-5. Direct targeting

of these putative transcriptional regulators by PopP2 would

suggest a short signaling pathway leading to R-mediated ETI.

Localization of immune receptors and effector proteins and

identification of associated host proteins is of crucial importance

for the deciphering of plant innate immunity. Recently, the host N

RECEPTOR-INTERACTING PROTEIN1 (NRIP1) that directly in-

teracts with both the TIR domain of the N immune receptor and

the 50-kD helicase (p50) domain of TMV was identified (Caplan

et al., 2008). NRIP1 has an in vitro sulfurtransferase activity and is

required for N-mediated resistance to TMV. NRIP1 normally

localizes to the chloroplast but is recruited to the cytoplasm and

the nucleus by the p50 effector. Caplan et al. (2008) proposed
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that this recruitment forms a mature p50-NRIP1 complex that is

recognized through N’s TIR domain to activate successful de-

fense signaling. RRS1-R represents an atypical fusion of NB-

LRR and WRKY domains, which provides the host with a

transcription machinery-associated receptor whose transcrip-

tional activity needs likely to be tightly regulated by association

with multiple host proteins. In this context, the recruitment of

RD19 within the nucleus by PopP2 could lead to the formation of

an active RRS1-R/PopP2 perception complex. The modification

recognized by RRS1-R could be the nuclear targeting of RD19, a

Cys protease normally targeted to the lytic vacuole. On the other

hand, RRS1-R could perceive a posttranslational modification

provoked by PopP2 in the nucleus. This TTSS effector belongs to

the YopJ/AvrRxv effector protein family whose members share

structural similarities with theC55 peptidase family of theCE clan

of Cys proteases (Barrett and Rawlings, 2001). YopJ, identified in

Yersinia pestis, the causal agent of the bubonic plague, is a TTSS

effector harboring both deubiquitinating and acetyltransferase

activities, which are essential for the death of infected macro-

phages and for the inhibition of host proinflammatory responses

(Mittal et al., 2006; Mukherjee et al., 2006; Sweet et al., 2007).

Characterization of such enzymatic activities of PopP2 that may

play a role in both RD19 and RRS1-R relocalization is currently

under investigation.

Among the plant proteases involved in disease resistance,

Rcr3, required for Cf2-mediated resistance in tomato, is inhibited

by Avr2, the cognate avirulence protein of C. fulvum (Luderer

et al., 2002; Rooney et al., 2005). It has been proposed that

inhibition of Rcr3 by Avr2 induces a conformational change in

Rcr3 that causes the Cf-2 protein to activate HR.Whether PopP2

harbors enzymatic activities similar to that of YopJ or acts as an

inhibitor of RD19 remains to be determined. RD19 protease

profiling in the presence of PopP2 is under investigation and

should help us to answer this question. Alternatively, RD19

protease could be required for PopP2 avirulence activity. In the

case of the AvrRpt2 bacterial effector, activation by a host factor

such as cyclophilin is necessary for protease activity and rec-

ognition by the R protein RPS2 (Coaker et al., 2005). Detailed

analysis of resistasome protein complexes will enable us to

broaden our understanding of activation and execution of plant

innate immunity.

METHODS

All experiments reported in this article were performed at least three times

with similar results.

Yeast Two-Hybrid Screening

An Arabidopsis thaliana Gal4 Gateway yeast two-hybrid cDNA prey

library (MatchMaker; Clontech) was generated from mRNA isolated from

a mixture of root tissue of wild-type Col-0 seedlings (RRS1-S genetic

background) and transgenic Col-0 (complemented with the RRS1-R

gene) challenged or not with the Ralstonia solanacearum GMI1000 strain

(PopP2) and harvested at different times up to 24 h after infection. The full-

length PopP2 protein (488 amino acids) was used as a bait for screening

3.2 3 106 independent transformants exhibiting His auxotrophy on

selective plates.

Plant and Bacterial Materials

Arabidopsis ecotype Col-0 (Nottingham Arabidopsis Stock Centre

[NASC] accession number N1093) and Niedersenz (Nd-1; NASC acces-

sion number N1636) were used as the wild types. Seedswere germinated

onMurashige and Skoogmedium, and plants were grown in Jiffy pots in a

growth chamber at 228C, with a 9-h light period and a light intensity of 190

mmol·m–2·s–1. Experiments were performed on 4-week-old plants. The

rd19 T-DNA insertion line was derived from the SALK collection (line

N531088 in Col-0 background). The position of the T-DNA insertion was

confirmed by PCR (forward RD19-specific primer, 59-ATTATCCAAGA-

CAACACGGCACTGCTA-39; T-DNA left border primer, 59-CCCTTTAG-

GGTTCCGATTTAGTGCT-39) and sequencing. Individual homozygous

lines for both rd19 and RRS1-R (rd19 RRS1-R line) were obtained by

crossing the rd19 line with Nd-1. The selection of F2 plants homozygous

for both the T-DNA insertion (forward RD19-specific primer, 59-ATTATC-

CAAGACAACACGGCACTGCTA-39; RD19-rev2, 59-GAGAGAACTGTGA-

ATATCTAGGA-39) and theRRS1-R gene (RT1, 59-GGCTATAGACGAGG-

GAGATCTATGGA-39; RT3, 59-GAACGAGTGGAGTCAGCGAGAGCCT-39)

was performed by PCR. Absence of RD19 transcripts on homozygous

rd19 RRS1-R lines was verified by RT-PCR with RD19 gene-specific

primers. Plant phenotypic responses toward the GMI1000 strain of R.

solanacearumwere determined by root inoculation of 4-week-old plants,

and bacterial internal growth curves were performed as described

previously (Deslandes et al., 1998).

Plasmid Constructions

Plasmids used in this study were constructed by Gateway technology

(GW; Invitrogen) following the instructions of the manufacturer. PCR

products flanked by the attB sites were recombined into the pDONR 207

vector (Invitrogen) via a BP reaction to create the corresponding entry

clones with attL sites. Inserts cloned into the entry clones (pENTR) were

subsequently recombined into the destination vectors via an LR reaction

to create the expression constructs.

Col-0 genomic DNA was used as a template for the amplification of the

RD19 gene (RD19g, a 3527-bp fragment extending 1429 bp before the

start codon and 596 bp after the stop codon). The sense primer (AttB1-

RD19g) used in the amplification was 59-GGGGACAAGTTTGTACAA-

AAAAGCAGGCTCAGGTTTCATCCTTCTTGTA-39, and the antisenseprimer

(AttB2-RD19g) was 59-GGGGACCACTTTGTACAAGAAAGCTGGGTCC-

GAGTTTGAGCCCATATAA-39. pENTR-RD19g was recombined with the

pAM-PAT-GW destination vector to generate the pAM-PAT-RD19g bi-

nary plasmid.

The full-length RD19 cDNA clone was amplified from first-strand

cDNAs synthesized from 1 mg of total RNA (Col-0; 4-week-old plants)

using oligo(dT) primer and SuperScript reverse transcriptase II (Invitro-

gen). The sense primer (AttB1-RD19) used in the amplification was

59-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGATCGTCTTAA-

GCTTTATTTCT-39, and the antisense primer (AttB2-RD19) was 59-GGG-

GACCACTTTGTACAAGAAAGCTGGGTCATGGGCGGTGGTTGAGACG-

GTGGCT-39. The AttB1-RD19-AttB2 PCR product was recombined into

the pDONR 207 vector (Invitrogen) via a BP reaction to produce the

pENTR-RD19 construct. The same procedure was followed for the

generation of pENTR-RDL1 (the sense primer [AttB1-RDL1] was 59-GGG-

GACAAGTTTGTACAAAAAAGCAGGCTTAATGGATTATCATCTTAGGGT-

TTTG-39, and the antisense primer [AttB2-RDL1] was 59-GGGGAC-

CACTTTGTACAAGAAAGCTGGGTCAGAAGTGGTAGCAGCGACGGTG-

GAGAC-39) and pENTR-RDL2 (the sense primer [AttB1-RDL2] was

59-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGATCGTGTGGT-

CTTCTTCTTC-39, and the antisense primer [AttB2-RDL2] was 59-GGG-

GACCACTTTGTACAAGAAAGCTGGGTCCTTGGGTGAGGTATGAACAG-

CAGCAAC-39). pENTR-PopP2 and pENTR-RRS1-R have been previ-

ously described (Deslandes et al., 2003).
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The PopP2-3HA construct was derived from the recombination of the

corresponding pENTR constructs with the pAM-PAT-P35S-GW-3HA

destination vector. CFP- and YFPv-tagged proteins were generated

from recombination of the corresponding pENTR constructs with the

pAM-PAT-P35S-GW-CFP and pAM-PAT-P35S-GW-YFPv destination

vectors, respectively (YFPv for YFPvenus, an enhanced form of the YFP

[Nagai et al., 2002]). The aleurain-CFP construct has been previously

described (Humair et al., 2001).

Transgenic Plants

Transgenic Arabidopsis plants (rd19 RRS1-R line) complemented with

the genomic clone of RD19 (pAM-PAT-RD19g binary vector) were pro-

duced by the floral dipping method according to the protocol described

by Clough and Bent (1998). Primary transformants were selected

on Murashige and Skoog medium supplemented with 5 mgmL21 of

DL-phosphinothricin (Duchefa).

Transient Transfection in Arabidopsis

Particle bombardments were done as previously described (Shirasu

et al., 1999). Ten mature Arabidopsis leaves were transfected 4 h after

detachment with 3 mg of 35S:RD19-YFPv together with 3 mg of 35S-

PopP2-CFP plasmids. Bombardments were done at 900 p.s.i. under

vacuum with a PDS-1000/He particule delivery system (Bio-Rad).

Agroinfiltration

Agrobacterium tumefaciens cells were grown overnight in YEB media

containing appropriate antibiotic selections. Cells were pelleted at 7500

rpm and resuspended in infiltration medium (10 mMMgCl2, 10 mMMES,

and 150 mM acetosyringone) and incubated for 2 h at room temperature.

Resuspended cells were infiltrated into leaves of 4-week-old N. ben-

thamiana plants at an optical density of OD600 = 0.5 with a 1-mL

needleless syringe. For coinfiltration, equal volumes of A. tumefaciens

weremixed prior to infiltration. The infiltrated plants were incubated for 48

h in growth chambers for a 16-h daylength at 208C.

RNA Extraction and Q-RT-PCR Analysis

Material for RNA analysis was ground in liquid nitrogen, and total RNA

was isolated using the Nucleospin RNA plant kit (Macherey-Nagel)

according to the manufacturer’s recommendations. Reverse transcrip-

tion was performed using 1 mg of total RNA and SuperScript reverse

transcriptase II (Invitrogen). Real-time PCR analysis was performed using

the LightCycler FastStart DNA MasterPlus SYBR Green I kit (Roche

Applied Science) according to the manufacturer’s instructions. Each

reaction was performed with 2 mL of a 1:20 (v/v) dilution of the first cDNA

strand, with 0.5mMof each primer in a total reaction volume of 10mL, with

the following conditions: 1 cycle of 9 min at 958C and 45 cycles of 5 s at

958C, 10 s at 658C, and 20 s at 728C. The following primer sets were used:

RD19 (forward, 59-ATTATCCAAGACAACACGGCACTGCTA-39; reverse,

59-CACCTTCCAAAGCTCCAGTG-39), PR-3 (forward, 59-CGCTTGTCC-

TGCTAGAGGTT-39; reverse, 59-GCTCGGTTCACAGTAGTCTGA-39), PR-4

(forward, 59-TTGCTCCACGTGGGATGCTGAT-39; reverse, 59-AGCTC-

ATTGCCACAGTCGACAA-39), and PDF1.2 (forward, 59-TCATGGCTA-

AGTTTGCTTCC-39; reverse, 59-AATACACACGATTTAGCACC-39). Two

housekeeping genes (At1g13320 and At5g09810), whose transcript

levels have been previously demonstrated not to change in susceptible

and resistant genetic backgrounds challenged with the GMI1000 strain,

were both used as internal standards for data normalization (Hu et al.,

2008). To amplify the housekeeping genes, the following primers were

used: At1g13320 (forward, 59-GACCGGAGCCAACTAGGAC-39; reverse,

59-AAAACTTGGTAACTTTTCCAGCA-39) and At5g09810 (forward, 59-GTG-

GTCGTACAACCGGTATT-39; reverse, 59-AAGGATAGCATGAGGAA-

GAGCA-39). PCR amplification specificity was verified by analysis of a

dissociation curve at the end of the PCR cycles of each experiment as

well as by ethidium bromide–stained agarose gel resolution and se-

quencing of the corresponding PCR products.

Protein Gel Blot Analysis

Forty-eight hours after infiltration, five discs (8 mm) of Nicotiana ben-

thamiana leaves expressing proteins of interest were homogenized in

loading buffer. Proteins were transferred to Protran BA85 membranes

(Whatman) and visualized by Ponceau S red staining. YFP-tagged and

HA-tagged proteins were detected using an anti-GFP rabbit polyclonal

antibody (Invitrogen) and an anti-HA rat monoclonal antibody (clone

3F10; Roche), respectively. Goat-anti-rabbit antibody conjugated with

horseradish peroxidase was used as secondary antibody (Santa Cruz).

Fluorescence Microscopy

The CFP and YFP fluorescence in N. benthamiana leaves was analyzed

with a confocal laser scanning microscope (TCS SP2-SE; Leica) using

a363 water immersion objective lens (numerical aperture 1.20; PL APO).

CFP fluorescence was excited with the 458-nm ray line of the argon laser

and recorded in one of the confocal channels in the 465- to 520-nm

emission range. YFP fluorescencewas excited with the 514-nm line ray of

the argon laser and detected in the range between 520 and 575 nm.

Images were acquired in the sequential mode using Leica LCS software

(version 2.61).

FLIM and Data Analysis

Fluorescence lifetime of the donor was experimentally measured in the

presence and absence of the acceptor. FRET efficiency (E) was calcu-

lated by comparing the lifetime of the donor in the presence (tDA) or

abscence (tD) of the acceptor: E = 1 2 (tDA)/(tD). We performed FLIM

measurements using a multiphoton FLIM system coupled to a streak

camera (Krishnan et al., 2003). The light source was a mode-locked Ti:

sapphire laser (Tsunami, model 3941; Spectra-Physics), pumped by a

10-W diode laser (Millennia Pro; Spectra-Physics), delivering ultrafast fem-

tosecond pulses with a fundamental frequency of 80 MHz. A pulsepicker

(model 3980; Spectra-Physics) was used to reduce the repetition rate to 2

MHz. All the experiments reported in this work were performed at l = 820

nm, the optimal wavelength to excite CFP in multiphoton mode while

minimizing the excitation of YFP (Chen and Periasamy, 2004). The power

delivered at the entrance of the FLIM optics was 14 mW. All images were

acquired with a360 oil immersion lens (Plan Apo 1.4 numerical aperture,

IR) mounted on an inverted microscope (Eclipse TE2000E; Nikon) cou-

pled to the FLIM system. The fluorescence emission was directed back

out into the detection unit through a short-pass filter (l < 750 nm). The

FLIM unit was composed of a streak camera (Streakscope C4334;

Hamamatsu Photonics) coupled to a fast and high-sensitivity CCD

camera (model C8800-53C; Hamamatsu) (Krishnan et al., 2003; Biener

et al., 2005). For each nucleus, average fluorescence decay profiles were

plotted and lifetimes were estimated by fitting data with biexponential

function using a nonlinear least squares estimation procedure with Origin

7.5 software (OriginLab).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
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