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Nucleotide binding leucine-rich repeat (NB-LRR) proteins play an important role in plant and mammalian innate immunity. In

plants, these resistance proteins recognize specific pathogen-derived effector proteins. Recognition subsequently triggers

a rapid and efficient defense response often associated with the hypersensitive response and other poorly understood

processes that suppress the pathogen. To investigate mechanisms associated with the activation of disease resistance

responses, we investigated proteins binding to the potato (Solanum tuberosum) NB-LRR protein Rx that confers extreme

resistance to Potato virus X (PVX) in potato and Nicotiana benthamiana. By affinity purification experiments, we identified

an endogenous N. benthamiana Ran GTPase–Activating Protein2 (RanGAP2) as an Rx-associated protein in vivo. Further

characterization confirmed the specificity of this interaction and showed that the association occurs through their

N-terminal domains. By specific virus-induced gene silencing of RanGAP2 in N. benthamiana carrying Rx, we demonstrated

that this interaction is required for extreme resistance to PVX and suggest that RanGAP2 is part of the Rx signaling complex.

These results implicate RanGAP-mediated cellular mechanisms, including nucleocytoplasmic trafficking, in the activation of

disease resistance.

INTRODUCTION

Plant disease resistance is mediated by a multilayered innate

immune system that shares features with animal innate immunity

(Nurnberger et al., 2004). One of these layers, referred to as

pathogen-associated molecular pattern (PAMP)–triggered im-

munity (PTI), involves the recognition of PAMPs that are con-

served microbial factors and subsequent induction of basal

defenses (Zipfel and Felix, 2005; Jones and Dangl, 2006). A

second layer of defense involves molecular recognition of viru-

lence effectors of the pathogen that might have evolved to

suppress PTI. A class of nucleotide binding leucine-rich repeat

(NB-LRR) resistance (R) proteins has been implicated in this layer

of resistance, which is referred to as effector-triggered immunity

(ETI) (Jones and Dangl, 2006). This type of immunity is also

known as pathogen race–host plant cultivar–specific disease

resistance. ETI seems to be an accelerated and amplified PTI

response (Jones and Dangl, 2006) and is often associated with a

form of programmed cell death referred to as the hypersensitive

response (HR) (Lam et al., 2001).

PTI and ETI have features in common with mammalian innate

immunity, but they are likely to have evolved independently

(Ausubel, 2005). Interestingly NB-LRR proteins, belonging to the

signal transduction ATPases with numerous domains (STAND)

class of P-loop NTPases (Leipe et al., 2004), are involved in both

types of pathway. The C-terminal LRR domain of these proteins

is largely implicated in the recognition of nonself molecules,

which in plants may be mediated either by direct or indirect

sensing of pathogen effectors (Deyoung and Innes, 2006). The

NB domain in R proteins is proposed to act as a nucleotide-

dependent molecular switch that regulates the conformation,

and thereby the signaling potential, of these proteins (Takken

et al., 2006). This hypothesis is largely based on studies of the

nucleotide binding and intramolecular interactions with NB-LRR

proteins (Moffett et al., 2002; Tameling et al., 2002, 2006). In

plants, the N terminus of NB-LRR proteins is similar to a domain

of Toll and Interleukin-1 receptors (TIR) or has a predicted

propensity to form coiled-coil (CC) structures (Pan et al., 2000).

Analysis of R protein deletion mutants suggests that these

domains might be directly involved in the initiation of defense

signaling (Bendahmane et al., 2002; Zhang et al., 2004), and the

correlation between the N-terminal domain and the requirement

of different downstream signaling factors (either EDS1 or NDR1)

(Feys and Parker, 2000) is also consistent with this idea.

We are using the potato (Solanum tuberosum) NB-LRR protein

Rx as a model for the investigation of ETI. Rx confers resistance

to Potato virus X (PVX) by recognition of the viral coat protein (CP)

(Bendahmane et al., 1995, 1999). Rx-mediated resistance is

referred to as extreme resistance (Kohm et al., 1993; Bendahmane

et al., 1999) because it is induced early in the viral infection cycle

and involves the suppression of virus accumulation without an

1 Current address: Laboratory of Phytopathology, Wageningen Univer-
sity, Binnenhaven 5, 6709 PD Wageningen, The Netherlands.
2 To whom correspondence should be addressed. E-mail david.
baulcombe@tsl.ac.uk; fax 44-1603-450011.
The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) is: David C.
Baulcombe (david.baulcombe@tsl.ac.uk).
W Online version contains Web-only data.
OA Open Access articles can be viewed online without a subscription.
www.plantcell.org/cgi/doi/10.1105/tpc.107.050880

The Plant Cell, Vol. 19: 1682–1694, May 2007, www.plantcell.org ª 2007 American Society of Plant Biologists



HR. However, in experimental conditions, such as when the CP is

overexpressed, there is an Rx-dependent HR, and in a previous

report from this laboratory it was proposed that Rx operates

similarly to other NB-LRR proteins that trigger the HR (Bendahmane

et al., 1999). Consistent with that idea, Rx function requires

Hsp90 and SGT1 proteins, which are also required for the

functionality of other NB-LRR proteins (Peart et al., 2002b; Lu

et al., 2003; Azevedo et al., 2006).

Here, we describe a targeted proteomics approach to the

analysis of the molecular mechanism of Rx function in which we

aimed to identify components of the Rx signaling complex. By

affinity purification and mass spectrometry, we identified the

endogenous Nicotiana benthamiana homolog of Arabidopsis

thaliana Ran GTPase–Activating Protein2 (At RANGAP2), here-

after referred to as RanGAP2, as a specific Rx-associated

protein. RanGAP proteins are highly conserved in eukaryotes

and play an important role in the regulation of the activity of the

small GTPase Ran (for Ras-related nuclear protein) that is

essential for the nucleocytoplasmic trafficking of macromole-

cules through the nuclear pores (Meier, 2007). We show that

reduced levels of RanGAP2 result in suppressed Rx-mediated

resistance without influencing responses associated with other

NB-LRR proteins. These findings implicate nucleocytoplasmic

protein trafficking in the activation of Rx-mediated disease

resistance.

RESULTS

Identification of Endogenous RanGAP2 as an

Rx-Associated Protein

To investigate proteins in an Rx complex, we fused full-length Rx

and the CC and LRR domains of Rx (amino acids 1 to 144 and 473

to 937, respectively) to a tandem affinity purification tag com-

prising the calmodulin and streptavidin binding peptides (csBP)

(Figure 1A). Our aim was to purify the full-length Rx protein and

the Rx protein fragments and to identify any associated proteins.

Other Rx constructs used in our experiments included the NB-

LRR (amino acids 139 to 937) and CC-NB (amino acids 1 to 477)

constructs described previously (Figure 1A) (Moffett et al., 2002;

Rairdan and Moffett, 2006). Expression of the fusion proteins for

purification was performed by infiltration of Agrobacterium

tumefaciens cultures into N. benthamiana. The expression con-

structs were in Agrobacterium T-DNA vectors under the control

of the cauliflower mosaic virus (CaMV) 35S promoter.

First, we confirmed that the tagged Rx proteins were functional

by transient coexpression in N. benthamiana leaves with the PVX

CP or by stable transgenic expression. In the transient assay, the

PVX CP induced an HR with the full-length tagged Rx construct,

as well as upon coexpression of the tagged Rx fragments CC with

the NB-LRR and LRR with the CC-NB, whereas b-glucuronidase

(GUS) did not (see Supplemental Figure 1A online). In each

instance, the HR intensity and timing were as with full-length Rx

fused to the hemagglutinin (HA) tag (Bendahmane et al., 2002).

These results are in agreement with a previous report in which it

was shown that separate Rx fragments could complement Rx

function in trans (Moffett et al., 2002). Transgenic N. benthamiana

plants expressing Rx-csBP (controlled by Rx regulatory sequences)

from a single T-DNA integration locus conferred extreme resis-

tance to PVX (see Supplemental Figure 1B online). By transient

coexpression of the tagged Rx fragments in N. benthamiana

and subsequent immunoprecipitation assays, we confirmed that

the Rx intramolecular interactions (Moffett et al., 2002) were

not disturbed by the csBP tag (see Supplemental Figure 1C

online).

We started purification of the tagged Rx-CC and Rx-LRR

proteins by capture with a streptavidin matrix and elution with

D-biotin. The eluted fractions contained proteins migrating as

predicted for the respective tagged proteins. Both fractions also

contained a protein of 55 kD that was subsequently identified as

ribulose-1,5-bisphosphate carboxylase/oxygenase, but other-

wise the profiles were different (Figure 1B). We then analyzed

individual proteins eluted from the streptavidin matrix. These

proteins were subjected to in-gel trypsin digestion and mass

spectrometry, and the mass data were compared with entries in

SwissProt/TrEMBL and a custom Solanaceae database. From

these results, we confirmed that the Rx-LRR-csBP fraction con-

tained two proteins corresponding to the LRR fragment of Rx and

to an HSP60 (Figure 1B; see Supplemental Figure 2A online).

These proteins could not be fully separated with our methods,

and we have not yet investigated the functional significance of a

possible LRR–HSP60 interaction.

The purified Rx-CC-csBP fraction contained an abundant

protein with peptide hits matching the CC domain of Rx (Figure

1B; see Supplemental Figure 2B online), as expected. A second

protein that reproducibly copurified with Rx-CC-csBP in seven

independent experiments yielded peptide fragments matching a

predicted protein from N. benthamiana corresponding to the

partial EST SAL_AGN012xj08f1 (see Supplemental Figure 2C

online). Based on comparison with other protein databases, we

conclude that this Rx-CC–interacting protein is a N. benthamiana

RanGAP protein. N. benthamiana encodes a second RanGAP

(based on the partial EST SAL_UKX120xg13f1), but none of the

peptides in our mass spectrometry data matched this EST.

To further analyze a possible CC–RanGAP interaction, we

used rapid amplification of cDNA ends PCR to isolate full-

length cDNAs corresponding to the two RanGAP homologs in

N. benthamiana. The derived protein sequences have a do-

main structure identical to the two Arabidopsis RanGAPs (At

RANGAP1 and At RANGAP2), with an N-terminal WPP domain

(named after its conserved Trp-Pro-Pro motif), a central LRR do-

main, and a C-terminal acidic tail (Figure 1C) (Rose and Meier, 2001).

Protein similarity analysis indicates that the SAL_AGN012xj08f1

and SAL_UKX120xg13f1 EST sequences correspond to the At

RANGAP2 and At RANGAP1 homologs of N. benthamiana; thus,

they are named RanGAP2 and RanGAP1 (see Supplemental

Figure 3 online). Reanalysis of the mass spectrometry data with

the full-length cDNA sequences revealed peptides matching all

domains of RanGAP2 (Figure 1C; see Supplemental Figure 2C

online), but again, no matches to RanGAP1. From these data, we

infer a specific interaction of Rx-CC with RanGAP2. These two

interacting proteins were similarly abundant in the eluted frac-

tion, and we conclude that all or most of the expressed Rx-CC

domain is in a complex with RanGAP2. The absence of other

proteins that are as abundant as RanGAP2 in this eluted fraction

(Figure 1B) indicates that this interaction is direct.
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The Rx-CC Domain Interacts with the

RanGAP2-WPP Domain

Previous analyses indicated that the Rx-CC domain participates in

intramolecular interactions (Moffett et al., 2002). To determine

whether these interactions influence the binding of Rx-CC to

RanGAP2, we analyzed full-length and deletion constructs of Rx.

These tests revealed that RanGAP2 copurified with full-length Rx

but not with the Rx-NB-LRR fragment (Figure 1D). We next inves-

tigated the specificity of the RanGAP interaction using the CC

domain of Bs2 from pepper (Capsicum annuum) (amino acids 1 to

154), as Bs2 is also functional in N. benthamiana (Tai et al., 1999;

Moffett et al., 2002; Leister et al., 2005). Bs2 is a close homolog of

Rx, and their CC domains share 25% identity (see Supplemental

Figure 4 online). However, RanGAP2 did not copurify with Bs2-CC-

csBP, even though this tagged protein fragment was expressed

abundantly (Figure 1D). The simplest conclusion of these data is that

RanGAP interaction is specific to Rx and close homologs (see

Discussion). However, it remains possible that secondary structural

features of NB-LRR proteins or regions outside the CC domain

might influence a RanGAP2 interaction. In such a situation, RanGAP

interactions might be a more general feature of R protein complexes.

Further characterization with RanGAP2 constructs fused to HA

epitope tags and Rx constructs fused to myc epitope tags (Figure

1A) in coimmunoprecipitation experiments (Figure 2A) confirmed the

predicted interaction of RanGAP2 with Rx-CC, Rx-CC-NB, and full-

length Rx. These tests also confirmed the absence of an interaction

with Rx-NB-LRR and Rx-LRR fragments that lack the CC domain

(Figure 2A). To determine which RanGAP2 domain is involved in the

interaction with Rx, we performed coimmunoprecipitation experi-

ments with a RanGAP2 construct that lacked the N-terminal WPP

domain (RanGAP2-DN-HA; amino acids 107 to 541) and with

RanGAP2-DC-HA (amino acids 1 to 112), which consists of the

WPP domain only. These tests showed that the N-terminal WPP

domain of RanGAP2 is involved in the association with Rx,

because there was an interaction with RanGAP2-DC-HA but not

with RanGAP2-DN-HA (Figures 2A and 2B). There was also no

interaction with RanGAP1 fused to an HA epitope tag (Figure 2C).

RanGAP1 shares 53% identity with RanGAP2 in the WPP domains

(see Supplemental Figure 5 online). We conclude, therefore, that

Figure 1. Copurification of Endogenous N. benthamiana RanGAP2 with

Rx-CC-csBP.

(A) Cartoon of full-length Rx and Rx fragments fused to a csBP or Myc tag.

(B) Concentrated elution fractions of Rx-LRR-csBP and Rx-CC-csBP

purifications on an SDS-PAGE gel stained with Colloidal Coomassie. The

indicated protein bands were cut from the gel for mass spectrometry

analysis. The identified proteins are labeled as corresponding to ribu-

lose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), Rx-CC-csBP,

RanGAP2, Rx-LRR-csBP, and Hsp60 (the last two proteins could not be

fully separated with our methods). The experiment was repeated three

times with similar results. The Rubisco band was a contaminant from the

total leaf extracts in the neighboring lanes (data not shown).

(C) Top, cartoon of domain organization in RanGAP2 and RanGAP1.

Bottom, location of identified peptides from mass spectrometry analysis

in the RanGAP2 sequence.

(D) Affinity-purified Rx-CC-csBP, Bs2-CC-csBP, Rx-csBP, and Rx-NB-

LRR-csBP were analyzed with SDS-PAGE and silver staining. Fusion

proteins and copurified endogenous RanGAP2 are indicated with arrows

at left. The tagged proteins were expressed under the control of the

CaMV 35S promoter in Agrobacterium-infiltrated N. benthamiana leaves

that were used for the purifications in (B) and (D).
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Figure 2. The WPP Domain of RanGAP2 Interacts with the CC Domain of Rx.

The indicated HA and Myc tag fusion proteins were transiently coexpressed in N. benthamiana, and protein extracts were subjected to

coimmunoprecipitation (IP) either with anti-HA (a-HA) or anti-Myc (a-Myc) antibody. Immunoblots (IB) were analyzed with the indicated antibodies.

Nonspecific signals on the blots are indicated with asterisks.



there is a specific interaction between the CC domain of Rx and

the WPP domain of RanGAP2.

Silencing of RanGAP2 Breaks Rx-Mediated Extreme

Resistance to PVX

To investigate the RanGAP2 requirement for Rx-mediated extreme

resistance to PVX, we used virus-induced gene silencing (VIGS)

(Ratcliff et al., 2001; Liu et al., 2002) in N. benthamiana plants

carrying Rx. Virus vector constructs based on Tobacco rattle virus

(TRV) were inoculated to N. benthamiana:Rx4HA plants and an

upper leaf was challenge-inoculated with PVX after 4 weeks. The

initial constructs were TRV:RnGp2 (see Supplemental Figure 6A

online) to silence RanGAP2, TRV:SGT as a positive control that

would silence the SGT1 gene that is required for Rx-mediated

resistance (Peart et al., 2002b), and an empty vector, TRV:00, as a

negative control.

In TRV:00-inoculated plants, the Rx-mediated resistance pre-

vented PVX accumulation and the associated symptoms. The

PVX-inoculated plants remained symptom-free for 8 weeks until

the experiment was stopped (Figures 3A and 3B), and RNA gel

blotting failed to detect a significant level of PVX RNA in the

inoculated leaves at 6 and 8 d after inoculation (DAI) (Figure 3C).

Conversely, in the TRV:SGT-inoculated plants, there was abun-

dant accumulation of PVX RNA (Figure 3C) in the inoculated

leaves, as described previously (Peart et al., 2002b), indicating

that Rx-mediated resistance was lost. In TRV:RnGp2-inoculated

plants, there was incomplete loss of Rx-mediated resistance

manifested as necrotic lesions (Rx-induced HR), which was not

observed in TRV:00- or TRV:SGT-inoculated plants. We refer

to this incomplete loss of Rx-mediated resistance as loss of

Rx-mediated extreme resistance. The lesions in these plants first

appeared in the PVX-inoculated leaves at 7 DAI and continued to

expand (Figure 3A). In the upper noninoculated leaves, the

expanding systemic PVX-induced lesions started to appear at

15 DAI (Figure 3B). Correspondingly, there was a low level of PVX

RNA in the inoculated leaves at 6 and 8 DAI and in the systemically

infected leaves harvested at 49 DAI (Figure 3C). The necrotic

lesion phenotype was reproducible in nine independent experi-

ments involving 50 TRV:RnGp2 plants in total. The local necrotic

lesions were present in 96% of the TRV:RnGp2 plants and the

systemic lesions in 38%. None of the 36 TRV:00 plants exhibited

necrotic lesions. The necrotic lesions in TRV:RnGp2 plants were

only visible after PVX inoculation and never appeared spontane-

ously or after infiltration of Agrobacterium cultures with control,

non-PVX constructs (data not shown).

It is likely that the loss of the Rx-mediated extreme resis-

tance phenotype was due to the silencing of RanGAP2, because

the RanGAP2 RNA was substantially less abundant in the

TRV:RnGp2 plants than in the TRV:00- and TRV:SGT-inoculated

plants (Figure 3D). The probe used for this RNA gel blot analysis

was designed to be specific for RanGAP2 rather than for

RanGAP1 RNA, and its specificity was subsequently confirmed

by RT-PCR (Figure 3E). In additional controls, we ruled out the

possibility that the loss of Rx-mediated extreme resistance was

due to an off-target effect of TRV:RnGp2 through the demonstra-

tion that TRV constructs targeted at other regions of RanGAP2

had a similar phenotype. Thus, there was specific silencing of

RanGAP2 and PVX-induced local and systemic necrotic lesions

in N. benthamiana:Rx4HA inoculated with TRV:RnGp2 (59-L) or

TRV:RnGp2 (59-S) but not in plants inoculated with TRV:RnGp1

(59-S) or TRV:GUS (see Supplemental Figures 6A to 6C online),

which was used as an additional negative control.

We could also rule out the notion that the loss of Rx-mediated

extreme resistance was related to an effect of RanGAP2 silenc-

ing on the PVX-inoculation method, in which Agrobacterium was

used as a vector system for delivery of the viral cDNA. The same

loss of Rx-mediated extreme resistance was evident irrespective

of whether Agrobacterium was used in the inoculation method.

For example, when PVX was inoculated by graft inoculation, as

shown in Figure 3F and Supplemental Figures 6D and 7 online,

the N. benthamiana:Rx4HA scions developed necrotic lesions

from 22 d after grafting if they had been previously infected with

TRV:RnGp2 (Figure 3F), TRV:RnGp2 (59-L), or TRV:RnGp2 (59-S)

(see Supplemental Figure 6D online) but not with TRV:00 (Figure

3F) or TRV:GUS (see Supplemental Figure 6D online).

RanGAP2 Is Required Specifically for Rx-Mediated

Extreme Resistance

In principle, the loss of Rx-mediated extreme resistance in

RanGAP2-silenced plants could result from the loss of a layer of

basal PVX resistance that would otherwise limit the accumulation

of the virus in plants, irrespective of whether they carry Rx. Loss of

such resistance might override Rx-mediated extreme resistance.

However, we were able to rule out this possibility because PVX

RNA accumulation and symptoms in N. benthamiana without Rx

were unaffected by silencing of RanGAP2 with TRV:RnGp2

(Figures 4A to 4C).

It was also possible, in principle, that RanGAP2 could be a

general cofactor of NB-LRR protein resistance mechanisms; to test

this possibility, we investigated the effect of RanGAP2 silencing on

N-mediated resistance to Tobacco mosaic virus (TMV) and Pto/Prf-

mediated resistance to Pseudomonas syringae pv tabaci (AvrPto).

N is a TIR-NB-LRR gene that derives from tobacco (Nicotiana

tabacum) (Whitham et al., 1994), and Pto is a kinase from tomato

(Solanum lycopersicum) that requires the CC-NB-LRR gene Prf

(Martin et al., 1993; Salmeron et al., 1996). Both N and Pto are

functional in N. benthamiana (Peart et al., 2002a, 2002b). For our

experiments, we used a N. benthamiana line that carries both N

and Pto as transgenes (Peart et al., 2002b). To study the effect of

RanGAP2 silencing on Pto/Prf-mediated resistance, these trans-

genic plants were inoculated with TRV:RnGp2, TRV:GUS, or TRV:

SGT, and after 4 weeks one leaf was challenge-inoculated with P.

syringae pv tabaci (AvrPto). Resistance was broken down in TRV:

SGT plants, so that significantly higher amounts of bacteria were

present at days 2 and 3 than in plants infected with the negative

control (TRV:GUS) (Figure 5A), as reported previously (Peart et al.,

2002b). However, the amounts of bacteria found in TRV:RnGp2

plants did not differ from those in TRV:GUS plants, and we con-

clude that Pto/Prf-mediated resistance does not require RanGAP2.

Similarly, the N-mediated resistance against TMV was not af-

fected by silencing of RanGAP2, as TMV-GFP (for green fluorescent

protein) RNA accumulation was the same irrespective of whether
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Figure 3. Silencing of RanGAP2 Breaks Rx-Mediated Extreme Resistance.

PVX-resistant N. benthamiana:Rx4HA plants were inoculated with TRV:00 (empty vector), TRV:RnGp2, or TRV:SGT. Four weeks after inoculation, one

leaf per plant was challenge-inoculated with PVX. Local and systemic necrotic lesions appeared only in TRV:RnGp2 plants.

(A) Top, local PVX-inoculated leaves of different plants were photographed at 16 DAI with PVX. Bottom, blowup of lesions in TRV:RnGp2 plants 4, 5, and

6. Numbers indicate individual plants and correlate to numbers in (C) to (E).

Rx–RanGAP2 Interaction in Resistance 1687



the plants were previously infected with TRV:RnGp2 or TRV:00,

whereas, as reported previously (Peart et al., 2002b), silencing

of SGT1 with TRV:SGT compromised the ability of N to limit

TMV-GFP RNA accumulation (see Supplemental Figures 8A and

8B online) and the development of GFP foci (data not shown).

From these data, we conclude that specific downregulation of

RanGAP2 affects Rx-mediated extreme resistance specifically

rather than R protein–mediated resistance in general.

DISCUSSION

Loss of Rx-Mediated Extreme Resistance Associated

with RanGAP2 Silencing

Here, we describe a physical association in N. benthamiana

between RanGAP2 and the NB-LRR protein Rx that confers

extreme resistance against PVX (Figures 1 and 2). RanGAP

proteins are structurally and functionally highly conserved in

eukaryotes and play an important role in the regulation of the

small GTPase Ran, which is essential for nucleocytoplasmic

trafficking of macromolecules through the nuclear pores. At the

cytoplasmic side of the nuclear pores, RanGAP stimulates the

GTPase activity of Ran and thereby the release of Ran from

import or export receptors (Merkle, 2001; Meier, 2007). Silencing

of RanGAP2 in N. benthamiana carrying Rx enhanced PVX-

induced symptoms and PVX-derived RNA accumulation (Figures

3A to 3C; see Supplemental Figures 6B, 6D, and 7A online), and

we infer that the Rx–RanGAP2 interaction is required for either

the recognition or activation steps of Rx-mediated extreme

resistance. However, the PVX-induced necrotic symptoms as-

sociated with RanGAP2 silencing on Rx genotype plants were

unlike the mild mosaic associated with full susceptibility to this

virus and are similar to the spreading HR associated with partial

loss-of-function R gene mutants (Dinesh-Kumar et al., 2000).

Presumably, the spreading HR occurs when the pathogen ef-

fector is recognized weakly or when the downstream signaling is

inefficient. In this scenario, the resistance mechanism would be

activated too slowly to prevent spread of the pathogen.

Consistent with this interpretation, the accumulation of PVX

RNA in the RanGAP2-silenced Rx genotype plants was sub-

stantially higher than in the unsilenced Rx control but much less

than in fully susceptible wild-type plants or plants silenced for the

Rx cofactor SGT1 (Figures 3C and 4A; see Supplemental Figure

7A online). To explain the partial loss of Rx resistance against

PVX, we propose that there is residual RanGAP2 protein in the

silenced plants that is sufficient to support a reduced level of

resistance. We also considered the possibility that RanGAP1

can interact with Rx in the absence but not in the presence

of RanGAP2. However, a RanGAP1 interaction is not likely, since

Rx-CC-csBP did not interact with RanGAP1-HA in wild-type

plants inoculated with TRV:RnGp2 and in which the levels

of RanGAP2 were reduced (see Supplemental Figure 9A online).

In independent research, potato RanGAP2 associated not only

with Rx but also with the close Rx homologs Rx2 and Gpa2

(Sacco et al., 2007). The Rx2-CC domain is almost identical to

that of Rx (Bendahmane et al., 2000); therefore, it is expected

that the interaction with potato RanGAP2 would also be required

for Rx2-mediated resistance to PVX. Gpa2 also has a CC domain

that is almost identical to that of Rx, but whether this RanGAP2

interaction is also required for Gpa2-mediated resistance to

the potato cyst nematode Globodera pallida (van der Vossen

et al., 2000) is an intriguing question to be answered in the future.

It is striking that the RanGAP2-silencing phenotype is specific

for Rx and not for the NB-LRR resistance proteins N and Pto/Prf

(Figure 5; see Supplemental Figures 8A and 8B online). This

phenotypic specificity is consistent with the high specificity of

the RanGAP2–Rx-CC interaction, as indicated by its failure to

bind the N-terminal domain of NB-LRR protein Bs2 from pepper

(Figure 1D). The phenotype specificity also has clear impli-

cations for our interpretation of the role of RanGAP2 in dis-

ease resistance. Most significantly, it is evidence against the

loss of resistance being a pleiotropic consequence of disrupted

nucleocytoplasmic trafficking. In that situation, the Pto/Prf- and

N-mediated resistance mechanisms would have also been com-

promised in the RanGAP2-silenced plants, because these resis-

tance mechanisms have other molecular features in common

with Rx-mediated resistance. The absence of a disrupted growth

Figure 3. (continued).

(B) Systemically infected leaves of representative TRV:00 and TRV:RnGp2 plants were photographed at the indicated time points after PVX

inoculation.

(C) Lesion formation correlates with higher accumulation of PVX RNAs. Top, RNA gel blot analysis with a PVX CP probe. Local leaves were harvested at

6 and 8 DAI, and systemic (syst.) leaves were harvested at 49 DAI for RNA extraction. Tissue of a noninfected plant (non-inf.; no TRV/PVX inoculation) of

the same age was used as a control. PVX genomic (g) RNA and subgenomic (sg) RNA1 and sgRNA2 are indicated as well as nonspecific signal of the CP

probe to rRNAs (asterisks). Ethidium bromide (EtBr)–stained rRNA was used as a loading control. The lanes of the TRV:SGT samples were cut off the

membrane and used for a separate exposure. The intensity of the signal was adjusted to visualize the separate bands; therefore, the signal intensity of

these lanes cannot be compared with the additional lanes. The signal was at least 2 orders of magnitude higher than in TRV:RnGp2 lanes.

(D) RanGAP2 transcript was reduced in abundance in TRV:RnGp2 plants. Samples, layout, and procedures were as in (C), except that the blot was

hybridized with a RanGAP2-specific probe.

(E) RT-PCR analysis indicates specific silencing of RanGAP2. RT-PCR was performed with primers designed to specifically detect RanGAP2,

RanGAP1, and Actin transcripts.

(F) Young PVX-resistant N. benthamiana:Rx4HA plants were inoculated with TRV:00 (empty vector) or TRV:RnGp2. Four weeks later, the apex of the

plants were grafted on top of root stocks derived from wild-type susceptible N. benthamiana plants systemically infected with PVX. Necrotic lesions

were observed only in scion leaves derived from TRV:RnGp2 plants. Photographs were taken at the indicated time points (indicating days after grafting).
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phenotype is also evidence against the possibility of pleiotropic

effects in RanGAP2-silenced N. benthamiana (data not shown).

Rx Interaction with RanGAP2 and the Guard Hypothesis

To explain the role of RanGAP2 in Rx-mediated resistance

mechanisms, we offer two alternative hypotheses. The first of

these is based on the guard hypothesis of disease resistance

(Jones and Dangl, 2006) and requires that RanGAP2 is a viru-

lence target of the PVX effector protein CP. According to this

hypothesis, the biochemical or cellular properties of RanGAP2

are influenced either by direct binding to the PVX CP or through

indirect effects of the CP. The interaction of Rx with RanGAP2

would thus allow the NB-LRR protein to be a sensor for the

perturbations of RanGAP2 by the effector molecule. In this

scenario, Rx would guard RanGAP2 and the effect of the CP

would explain the initiation of Rx-mediated ETI, resulting in

extreme resistance to PVX. A similar guard mechanism has been

proposed for the Arabidopsis NB-LRR protein HRT that triggers

ETI upon recognition of turnip crinkle virus CP. The CP binds and

thereby blocks the translocation of a putative transcription factor

into the nucleus (Ren et al., 2005).

Figure 4. Silencing of RanGAP2 Does Not Affect PVX Replication and

Movement in Susceptible Plants.

PVX-susceptible N. benthamiana plants, lacking Rx, were inoculated

with TRV:00 and TRV:RnGp2, and 4 weeks later one leaf per plant was

challenge-inoculated with PVX.

(A) No difference in the accumulation of PVX RNAs in PVX-infiltrated

leaves. PVX-infiltrated leaves were harvested at 6 DAI, and extracted

RNA was analyzed by RNA gel blotting with the CP probe. For an

explanation of figure layout and abbreviations, see legend to Figure 3C.

(B) No difference in disease (mosaic) symptoms in systemic tissue. Two

representative TRV:00 and TRV:RnGp2 plants were photographed at

14 DAI.

(C) RT-PCR analysis indicates specific silencing of RanGAP2. Numbers

indicate individual plants and correlate between all panels.

Figure 5. Silencing of RanGAP2 Does Not Affect Pto-Mediated Resis-

tance.

N. benthamiana plants carrying the tomato R gene Pto that are resistant

to P. syringae pv tabaci (AvrPto) were inoculated with the indicated TRV-

silencing constructs. Four weeks after inoculation, resistance to this

pathogen was tested.

(A) No difference in P. syringae pv tabaci (AvrPto) growth between

TRV:GUS (negative control) and TRV:RnGp2 plants. The indicated plants

were infiltrated with P. syringae pv tabaci (AvrPto) in one leaf per plant.

Bacterial growth in these leaves was monitored for 3 d. Each data point

represents the mean 6 SD of six replicate samples.

(B) RT-PCR analysis at 3 DAI with P. syringae pv tabaci (AvrPto) indicates

specific silencing of RanGAP2.
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However, an in planta interaction between RanGAP2 and PVX

CP was not found in pull-down experiments (see Supplemental

Figure 9B online). A further difficulty with this variation of the guard

hypothesis is the implication that the interaction of RanGAP2

and Rx-CC is part of the molecular recognition mechanism of

Rx-mediated resistance (Figures 1 and 2). Previous evidence

implicates the LRR domain rather than the CC in the molecular

recognition process (Farnham and Baulcombe, 2006). The guard

mechanism is not disproved by these data, but on balance, we

find a second hypothesis more attractive, one that, as discussed

below, involves an effect on trafficking of proteins between the

cytoplasm and the nucleus.

Rx Interaction with RanGAP2 and Nucleocytoplasmic

Trafficking of Proteins

Our alternative hypothesis proposes that the interaction of Rx

with RanGAP2 influences the trafficking of resistance-related

proteins through the nuclear pores and implicates the Rx-CC

domain in signaling rather than recognition. RanGAPs exert their

activity at the cytoplasmic side of the nuclear envelope to which

they are targeted in interphase cells (Meier, 2007). In plants, this

targeting is mediated by the plant-specific N-terminal WPP

domain (Rose and Meier, 2001). As the WPP domain is bound

by Rx (Figure 2B), we envision that activation of Rx might

influence RanGAP2 targeting at the nuclear envelope and, con-

sequently, Ran GTPase activation and trafficking of proteins into

the nucleus. Alternatively, the binding of Rx might also directly

affect this activity without changing the subcellular localization of

RanGAP2. This influence could be mediated by the conforma-

tional changes in Rx associated with its activation (Moffett et al.,

2002).

There are several lines of supporting evidence to implicate

nucleocytoplasmic trafficking in plant disease resistance mech-

anisms. For example, the Arabidopsis mos3-1 mutant that

suppresses the constitutive defense phenotype of a mutant

TIR-NB-LRR protein (snc1) (Zhang et al., 2003) is a nucleoporin

Nup96 loss-of-function allele (Zhang and Li, 2005). Besides a

decrease in basal defense, the mos3-1 mutation also leads to

reduced R protein–mediated resistance (Zhang and Li, 2005).

A second snc1-suppressor mutant, mos6, contains a mutation

in an Arabidopsis Importin a (At Impa3) (Palma et al., 2005).

Importin a proteins bind to cargo with a nuclear localization

signal and mediate nuclear import through the Ran-regulated

(including RanGAP) nuclear pore complex (Merkle, 2001; Meier,

2007). These findings, together with our data showing a role of

RanGAP2, prompt the speculation that CP-induced Rx activa-

tion requires nucleocytoplasmic protein trafficking of disease

resistance cofactors. Such cofactors could be proteins like NPR1,

TGA, or bZIP transcription factors and mitogen-activated protein

kinases that are implicated in disease resistance and translocate

to the nucleus upon activation of the defense response (van der

Krol and Chua, 1991; Ligterink et al., 1997; Cheong et al., 2003;

Ahlfors et al., 2004; Dong, 2004; Lee et al., 2004; Pedley and

Martin, 2005; Kaminaka et al., 2006).

Nucleocytoplasmic trafficking could also affect disease resis-

tance if the NB-LRR proteins are nuclear. Strikingly, Rx has been

detected as a nuclear protein (J. Bakker, personal communica-

tion), and there are three other reports of nucleus-localized NB-

LRR proteins. The nuclear localization of the barley (Hordeum

vulgare) CC-NB-LRR protein MLA10, for example, is required for

resistance to a Blumeria graminis f sp hordeii strain carrying the

cognate effector gene AvrA10 (Shen et al., 2007). Another example

involves the atypical Arabidopsis TIR-NB-LRR protein RRS1-R,

which also has a WRKY transcription factor domain. RRS1-R is

located in the nucleus, but only when the interacting cognate

effector protein is coexpressed (Deslandes et al., 2003). In the

third example, the elicitation of N-mediated resistance re-

sponses by the p50 effector protein of TMV requires the nuclear

localization of N (Burch-Smith et al., 2007). Perhaps the nuclear

import of Rx is specifically mediated through physical associa-

tion with RanGAP2. As Rx does not contain a predicted nuclear

localization signal sequence, we envisage that cofactors con-

taining a nuclear localization signal are carriers for the R proteins

(Tzfira et al., 2001) and that the interaction with RanGAP2 might

mediate the loading of Rx onto such a carrier protein at the

nuclear envelope. Another possibility, however, is that RanGAP2

itself functions as the Rx carrier. If nuclear localization of NB-LRR

proteins is a general feature, then with NB-LRR proteins that do

not interact directly with a RanGAP2, like Bs2 (Figure 1D) and

presumably Prf (Figure 5) and N (see Supplemental Figures 8A

and 8B online), there could still be an effect of RanGAP on their

nucleocytoplasmic trafficking. It could be either that other iso-

forms of RanGAP are involved or that their effect is indirect and

mediated via other as yet unidentified factors that interact with

NB-LRR proteins.

At present, the Rx-CC interaction with a RanGAP2 is atypical.

It has only been described for the NB-LRR protein Rx and its

close homologs Rx2 and Gpa2, and RanGAP mutations have not

been identified in loss of disease resistance screens. However,

the discovery of this interaction and its influence on Rx-mediated

extreme resistance to PVX, as described here, both reinforce the

significance of nucleocytoplasmic protein trafficking in disease

resistance. Also, the movement of resistance-related kinases,

transcription factors, and Rx and other NB-LRR proteins into the

nucleus illustrates how nucleocytoplasmic protein trafficking

may have a general significance in the activation of ETI.

METHODS

Plant Material

Wild-type Nicotiana benthamiana, N. benthamiana:Rx4HA (Lu et al.,

2003), N. benthamiana carrying Rx, N, and Pto (Peart et al., 2002b), and

N. benthamiana containing pB1-Rx-csBP (under the control of the Rx

regulatory sequences) were grown in glasshouses under controlled light

and temperature. Wild-type N. benthamiana was transformed with the

pB1-Rx-csBP construct. A line carrying a single T-DNA integration locus

was brought to homozygosity (line 3108-H1) and used for the PVX

resistance assay.

Plasmid Construction

pC/SBPc is a pBIN61 (Bendahmane et al., 2002) vector containing the

sequence of a tandem affinity tag encoding the calmodulin binding peptide
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(KRRWKKNFIAVSAANRFKKISSSGAL) and the streptavidin binding

peptide (MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP) for

C-terminal fusions and the CaMV 35S promoter. Full-length Rx, Rx

fragments, and the Bs2-CC fragment were excised using XbaI and BamHI

from Rx-HA and Bs2-HA fusion constructs containing the CaMV 35S

promoter (Moffett et al., 2002) and ligated into the XbaI/BamHI sites of pC/

SBPc, creating C-terminal in-frame fusions with the csBP tag. Rx-Myc

and Rx-HA constructs are based on the pBIN61 vector containing the

CaMV 35S promoter and are described by Moffett et al. (2002). To create

pB1-Rx-csBP (containing Rx regulatory sequences), full-length Rx fused

to the csBP tag was excised from the described CaMV 35S construct with

XbaI and SacI and used for replacement of the Rx-HA fusion in pB1-Rx-

HA (Bendahmane et al., 2002).

The CP32-csBP construct (SLDB3059) encodes amino acids 32 to 142

of PVXCP4 and was created based on the GFP-CP32-TK construct

(Moffett et al., 2002). CP32 was amplified by PCR from this construct

with oligonucleotides 59-CTAGTCTAGAATGACTATACCAGATGGGGAC-39

and 59-CCATCTTCTCTTCGGGCTGTTGTTTGTTAAC-39, by which a 59

XbaI site (underlined) and a 39 sequence identical to the 59 end of the csBP

tag were introduced. The csBP tag was amplified by PCR from the pC/

SBPc vector with oligonucleotides 59-CAACAGCCCGAAGAGAAGATG-

GAAGAAGAAC-39 and 59-GTACCCCGGGTTAAGGCTCTCTCTGTCC-

TTG-39, introducing a 59 sequence identical to the 39 end of the CP32

fragment and a 39 SmaI site (underlined). The two PCR fragments were

fused by overlap extension PCR, and the fusion was ligated into the XbaI/

SmaI sites of pBIN61. The CP-SBP construct (SLDB3060) encodes the

entire CP of PVXCP4 and was derived from the 35S-TK construct de-

scribed by Bendahmane et al. (2002). CP was amplified by PCR with

oligonucleotides 59-CGGTCTAGAATGACTACACCAGCCAACAC-39 and

59-CTTCTCATCCATTGGTGGGGGTAGTGAAAC-39, introducing a 59

XbaI site (underlined) and a 39 sequence identical to the 59 end of the

SBP encoding part of the csBP tag. The SBP fragment was amplified from

the pC/SBPc vector with oligonucleotides 59-CTACCCCCACCAATGG-

ATGAGAAGACTACTGG-39 and 59-GTACCCCGGGTCAAGGCTCTCTC-

TGTCCTTG-39, introducing a 59 sequence identical to the 39 end of the CP

fragment and a 39 SmaI site (underlined). The two PCR fragments were

fused by overlap extension PCR and ligated into the XbaI/SmaI sites of

pBIN61.

Full-length cDNAs of N. benthamiana RanGAP1 and RanGAP2 were

obtained using the GeneRacer kit (Invitrogen). KOD HIFI DNA polymerase

(Novagen) was used for amplification of the complete RanGAP1 coding

sequences with oligonucleotides wo111 (59-GTCGACATGGATTCTGC-

AGGATTCTCTCTGA-39) and wo112 (59-GGATCCTTCTTCCTGCTTG-

ATATCAAGACCC-39) and of RanGAP2 with oligonucleotides wo076

(59-GTCGACATGGATGCCACAACGCCGAATTC-39) and wo077 (59-GGA-

TCCCTTGACGTCAAGGTTTTTGAGTTTTG-39). The stop codons were

deleted for C-terminal HA epitope fusion, and 59 SalI and 39 BamHI sites

(underlined) were added for cloning into the SalI/BamHI sites of pBIN61-

cHA (SLDB3125). pBIN61-cHA was constructed by replacing the Rx-CC

XbaI/BamHI fragment in pBIN61-Rx-CC-HA (SLDB2502; Moffett et al.,

2002) with a linker based on oligonucleotides wo004 (59-CTAGAGTC-

GACCCTCGAGTG-39) and wo005 (59-GATCCACTCGAGGGTCGACT-39)

to introduce a SalI site (underlined). Ligation of the RanGAP fragments in

this vector resulted in the constructs pBIN61-NbRanGAP2-HA (SLDB3154)

and pBIN61-NbRanGAP1-HA (SLDB3182). For pBIN61-NbRanGAP2-

DN-HA (SLDB3174), a RanGAP2 fragment was amplified by PCR with

oligonucleotides wo090 (59-TGTCGACATGGAGGAAAAGGAGATTTC-

AATCT-39) and wo077, introducing a 59 SalI site (underlined) followed

by a start codon, and a 39 BamHI site, which was subsequently cloned

into the SalI/BamHI sites of pBIN61-cHA. For pBIN61-NbRanGAP2-DC-

HA (SLDB3159), the same acceptor plasmid was used to clone the

amplified RanGAP2 fragment. This fragment was obtained by PCR with

oligonucleotides wo076 (59-GTCGACATGGATGCCACAACGCCGAA-

TTC-39) and wo091 (59-GGATCCTGAAATCTCCTTTTCCTCTGTT-39), in-

troducing a 59 SalI site and a 39 BamHI site (underlined). The RanGAP2

deletions in these constructs correspond to the At RANGAP1DN-GFP

and At RANGAP1DC-GFP deletion constructs described by Rose and

Meier (2001).

For VIGS experiments, DNA fragments of N. benthamiana RanGAP2,

RanGAP1, and GUS (as a negative control) were inserted into the pTRV2

vector (Liu et al., 2002). For TRV:RnGp2 (SLDB3162), a RanGAP2

fragment (587 bp) was amplified by PCR with oligonucleotides wo092

(59-TCGAATTCGGATCCGCCTTGTGTGAAGCACTTGG-39) and wo093

(59-AACTCGAGTCTAGATCGTCATCTTCTCTCACTGG-39), introducing

XbaI and BamHI sites (underlined), and cloned into the XbaI/BamHI sites

of pTRV2. For TRV:RnGp2 (59-L) (SLDB3178), an XbaI fragment from

SLDB3154 (635 bp) corresponding to the 59 part of RanGAP2 was cloned

into the XbaI site of pTRV2. For TRV:RnGp2 (59-S) (SLDB3176) and

TRV:RnGp1 (59-S) (SLDB3177), specific fragments were first amplified by

PCR with oligonucleotides wo033 (59-CGCAAGTACCGCAGTCTATCC-39)

and wo034 (59-AGCAACACGTGCTGCGCCTCG-39) (amplifying 387 bp

of RanGAP2) and wo037 (59-AGGAAATATGGCCTTTTAAGT-39) and wo038

(59-CCTGCAATTTTAGCAGCATCCAC-39) (amplifying 395 bp of RanGAP1),

respectively, and subsequently subcloned into the pGEM T-easy vector

(Promega). The plasmids were incubated first with NcoI, and the site was

blunt-ended using Klenow fragment. Thereafter, digestion with SpeI was

used to excise the RanGAP fragments, which were subsequently cloned

into the XbaI/SmaI sites of pTRV2. For TRV:GUS (SLDB3180), a fragment

of the GUS coding sequence (636 bp) in pBIN61-GUS was amplified by

PCR with oligonucleotides 59-ACGTCCTGTAGAAACCCC-39 and 59-GAC-

TCGAGATCACCATTGGCCACCAC-39 and ligated into the PCR Blunt II

TOPO vector. The fragment was excised with EcoRI and cloned into the

EcoRI site of pTRV2.

Agroinfiltration

Binary plasmids were used in Agrobacterium tumefaciens strain C58C1

carrying the helper plasmid pCH32. Transient expression was performed

as described by Mestre and Baulcombe (2006). Suspensions of Agro-

bacterium carrying Rx or RanGAP constructs were infiltrated at OD600 ¼
0.3. Coexpression was performed by mixing equal volumes of the

suspensions.

Protein Purification

For the protein isolation method and immunoprecipitation assay, proce-

dures were followed as described by Moffett et al. (2002). For purification

of the transiently expressed csBP fusion proteins shown in Figures 1B

and 1D, 8.0 and 2.5 g of tissue were used, respectively, and the extracts

were incubated with 540 and 100 mL bed volumes of Streptavidin

Sepharose High Performance (GE Healthcare). End-over-end protein

capture was performed for 3 h at 48C, and washing was done as in the

immunoprecipitation assays. Elution was performed twice with 2 bed

volumes of wash buffer containing 4 mM D-biotin (Sigma-Aldrich). Elution

fractions were pooled and precipitated with trichloroacetic acid. The

pellets were washed with 100% acetone at �208C and resuspended in

13 SDS-PAGE loading buffer. For Figures 1B and 1D, 40 and 30 mL of

453 and 153 concentrated samples, respectively, were loaded on SDS-

PAGE gels. The gels were subsequently subjected to Colloidal Coomas-

sie or silver staining. For Colloidal Coomassie staining, the gel was

immersed overnight in staining solution (0.07% [w/v] Coomassie Brilliant

Blue G 250, 34% [v/v] methanol, 17% [w/v] ammonium sulfate, and 3%

[v/v] phosphoric acid) and destained in water. Silver staining was performed

according to Blum et al. (1987). The csBP, HA, and Myc tag proteins were

detected by immunoblotting (Moffett et al., 2002) using anti-calmodulin

binding protein epitope tag (Upstate), anti-HA peroxidase (clone 3F10;

Roche), and c-Myc (9E10)HRP (Santa Cruz), respectively. Protein bands

Rx–RanGAP2 Interaction in Resistance 1691



on Colloidal Coomassie–stained gels were excised, reduced with DTT,

alkylated with iodoacetamide, and cleaved with trypsin (Promega). Pu-

rified peptides were analyzed by tandem mass spectrometry (see below).

Mass Spectrometry

Nanoflow liquid chromatography–tandem mass spectrometry analysis

was performed using a LTQ mass spectrometer (Thermo Electron)

employing automated data-dependent acquisition. A nanoflow HPLC

system (Surveyor; Thermo Electron) was used to deliver a flow rate of

;250 nL/min to the mass spectrometer. Chromatographic separation

was accomplished using a precolumn (C18 pepmap100; LC Packings)

connected to a self-packed C18 8-cm analytical column (Picotip 75 mm

i.d., 15-mm tip; New Objective). Peptides were eluted by a gradient of 2 to

50% acetonitrile over 48 min. The mass spectrometer was operated in

positive ion mode with a nanospray source and a capillary temperature

of 2008C. No sheath gas was employed, and the source voltage and

focusing voltages were optimized for the transmission of angiotensin.

Data-dependent analysis consisted of the six most abundant ions in each

cycle: m/z 300 to 2000, minimum signal of 1000, collision energy of 25,

five repeat hits, and 300-s exclusion.

Raw data were processed using BioWorks 3.2 and TurboSEQUEST

(Thermo Electron) and searched against all protein entries in the SwissProt/

TrEMBL database (227,000 sequences). All data were also searched

against a custom Solanaceae EST database derived from plant assembled

transcripts from The Institute for Genomic Research database and sup-

plemented with in-house EST data. RanGAP cDNA sequences were

added to both databases as they were obtained. In all cases, oxidized

Met was included as a variable modification, and peptide hits were fil-

tered by Xcorr and charge state [xc (þ1, 2, 3) 2.0, 2.5, 3.5] and protein hits

by probability (1e-003).

VIGS and Pathogen Assays

VIGS was performed as described by Ratcliff et al. (2001). TRV:00 and

TRV:SGT1 are described by Peart et al. (2002b). TRV:RnGp2, TRV:RnGp2

(59-L), TRV:RnGp2 (59-S), TRV:RnGp1 (59-S), and TRV:GUS are based on

vectors described by Liu et al. (2002) (see above). Four weeks after TRV

inoculation, pathogen assays were performed. For the Rx resistance

tests, TRV-inoculated N. benthamiana:Rx4HA plants were challenge-

inoculated by agroinfiltration in one leaf with an Agrobacterium suspen-

sion (OD600 ¼ 0.005) carrying the binary PVX plasmid pGR106 (Lu et al.,

2003). The same experiment was performed with wild-type N. benthamiana

to test replication and movement in susceptible plants. For the Rx resistance

test using grafting, the apices of TRV-inoculated N. benthamiana:Rx4HA

plants were cut and grafted onto wild-type PVX-infected rootstocks,

which were cut from systemic PVX-infected plants at 7 d after agro-

infiltration with pGR106 in a lower leaf. The grafting procedure was per-

formed as described by Bendahmane et al. (1999). To test N resistance,

TMV-GFP was challenge-inoculated on TRV-inoculated N. benthamiana

plants carrying Rx, N, and Pto by agroinfiltration of an Agrobacterium

suspension (OD600¼ 0.005) carrying the binary TMV-GFP plasmid (Peart

et al., 2002a). In independent experiments, the same plants were used

for the Pto/Prf resistance tests. Infection and growth of Pseudomonas

syringae pv tabaci expressing AvrPto was monitored as described by

Peart et al. (2002a).

RNA Gel Blot Analysis

Total RNA was isolated using Tri reagent (Sigma-Aldrich) according to the

manufacturer’s instructions. RNA was separated on a 1% (w/v) agarose-

formaldehyde gel, transferred to a nylon membrane (Hybond-NX), and

cross-linked with UV illumination. PVX and TMV-GFP RNA were detected

as described by Schwach et al. (2005) and Peart et al. (2002a), respec-

tively.

RT-PCR

cDNA synthesis was performed with 1 mg of total RNA, hexameric

random primers, and the SuperScript II reverse transcriptase kit (Invi-

trogen) according to the manufacturer’s instructions. A negative control

of each RNA sample was made by omitting reverse transcriptase in the

reaction. The reactions were used for the amplification of DNA fragments

within the cDNAs of N. benthamiana RanGAP2, RanGAP1, and Actin by

PCR. RanGAP2 was amplified using 25 cycles with the oligonucleotides

wo033 and wo034, RanGAP1 using 30 cycles with wo037 and wo038,

and Actin using 23 cycles with NbActin-F (59-ATGGCAGATGGAGAGGA-

TATTC-39) and NbActin-R (59-CCTGCCCATCCGGTAGCTCAT-39). Actin

mRNA levels served as internal standards. Alternative primers used to

amplify RanGAP2 and RanGAP1 are shown in Supplemental Figure 6C

online (middle two panels). These RT-PCRs were performed with wo117

(59-GCTCCTTCAGTCTCAAACC-39) and wo118 (59-TTGCTGAGTGCCT-

TACTTAGC-39) and with wo123 (59-CTTTTCTTCTGCTTTGGGTGCC-39)

and wo124 (59-GATTGATAGTACTTTGCTCAAGG-39) using 32 and 30

cycles, respectively.

Accession Numbers

The cDNA sequences of N. benthamiana RanGAP1 and RanGAP2 are

deposited in the GenBank database under accession numbers EF396238

and EF396237, respectively. Arabidopsis Genome Initiative locus iden-

tifier numbers for the Arabidopsis RanGAPs are At3g63130 (RanGAP1)

and At5g19320 (RanGAP2). Accession numbers of additional sequences

can be found in Supplemental Figure 3 online.
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Supplemental Figure 4. Similarity between Rx-CC and Bs2-CC.

Supplemental Figure 5. Similarity between WPP Domains of RanGAP1

and RanGAP2.

Supplemental Figure 6. VIGS with Multiple TRV:RnGp2 Constructs

Suppresses Rx-Mediated Extreme Resistance.

Supplemental Figure 7. Silencing of RanGAP2 Breaks Extreme

Resistance in Grafts.

Supplemental Figure 8. Silencing of RanGAP2 Does Not Affect

N-Mediated Resistance.

Supplemental Figure 9. No Competition of RanGAP1 with RanGAP2

for Rx Binding, and PVX CP Does Not Interact with These RanGAPs.
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