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Resistance gene–mediated immunity confers protection against pathogen infection in a wide range of plants. A genetic

screen for Arabidopsis thaliana mutants compromised for recognition of turnip crinkle virus previously identified CRT1, a

member of the GHKL ATPase/kinase superfamily. Here, we demonstrate that CRT1 interacts with various resistance

proteins from different structural classes, and this interaction is disrupted when these resistance proteins are activated. The

Arabidopsis mutant crt1-2 crh1-1, which lacks CRT1 and its closest homolog, displayed compromised resistance to

avirulent Pseudomonas syringae and Hyaloperonospora arabidopsidis. Additionally, resistance-associated hypersensitive

cell death was suppressed in Nicotiana benthamiana silenced for expression of CRT1 homolog(s). Thus, CRT1 appears to

be a general factor for resistance gene–mediated immunity. Since elevation of cytosolic calcium triggered by avirulent P.

syringae was compromised in crt1-2 crh1-1 plants, but cell death triggered by Nt MEK2DD was unaffected in CRT1-silenced

N. benthamiana, CRT1 likely functions at an early step in this pathway. Genome-wide transcriptome analysis led to

identification of CRT1-Associated genes, many of which are associated with transport processes, responses to (a)biotic

stress, and the endomembrane system. Confocal microscopy and subcellular fractionation revealed that CRT1 localizes to

endosome-like vesicles, suggesting a key process in resistance protein activation/signaling occurs in this subcellular

compartment.

INTRODUCTION

Plants are constantly challenged by a wide range of potential

pathogens. However, successful pathogenesis leading to dis-

ease is the exception for these would-be pathogens, due to the

multilayered nature of resistance in plants. In addition to pre-

formed physical and chemical barriers, which serve as the first

line of defense, plants recognize compounds containing molec-

ular patterns common and unique to pathogens and other

microbes (known as pathogen/microbe associated molecular

patterns) and induce pathogen-associated molecular pattern-

triggered immunity (PTI). Responses associated with PTI include

increased cytosolic Ca2+ levels and activation of mitogen-acti-

vated protein (MAP) kinase cascades (reviewed in Schwessinger

and Zipfel, 2008). Most highly adapted pathogens, however,

have long overcomePTI by delivering effectors into host plants to

suppress/target various plant defense components (reviewed in

Birch et al., 2008; Block et al., 2008).

In turn, plantsprevent infectionby thesepathogensbyactivating

gene-for-gene resistance, also known as effector-triggered im-

munity (ETI). ETIwas first described genetically as a highly specific

resistance to a small number of pathogens; it involves a gene from

the host plant and a cognate gene from the pathogen (Flor, 1971).

The pathogen component involved in ETI was shown to be a

pathogen-derived effector, previously termed avirulence factor,

and the host counterpart was termed a Resistance (R) protein that

presumably functionsby recognizing thepresenceoractivityof the

pathogen effector(s) (Bent and Mackey, 2007). Contrary to early

anticipation that R proteins would be receptors for pathogen

effectors, very few R proteins, except for tomato (Solanum

lycopersicum) Pto, Arabidopsis thaliana RRS1, rice (Oryza sativa)

Pi-ta, andflax (Linumusitatissimum) L, havebeenshown todirectly

recognize their corresponding effector (Scofield et al., 1996; Tang

et al., 1996; Jia et al., 2000; Deslandes et al., 2003; Dodds et al.,

2006). Instead, a large number of R proteins appear to detect

pathogen effectors indirectly, by sensing perturbations in other

host proteins that are targeted by pathogen-derived effectors;

this is knownas the guard hypothesis (Dangl and Jones, 2001). For

instance, the Arabidopsis R proteins RPM1 and RPS2 guard host
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protein RIN4, which is targeted byPseudomonas syringae effector

proteins AvrRPM1/AvrB and AvrRPT2, respectively, while RPS5

monitors PBS1 (Mackey et al., 2002, 2003; Axtell and Staskawicz,

2003; Shao et al., 2003). Alterations, including phosphorylation

and degradation, of these guarded host proteins lead to constitu-

tive defense responses, including the hypersensitive response

(HR), a form of programmed cell death that helps restrict the

pathogen’s proliferation in host plants. Interestingly, themolecular

changes underlying these ETI-associated responses are generally

similar to those triggered by PTI but are more robust and rapid

(Tao et al., 2003).

A large number of R genes have been identified, and most

encode proteins containing nucleotide binding (NB) and leucine-

rich repeat (LRR) domains (reviewed in Martin et al., 2003). The

NB-LRR group is further divided into two subgroups that contain

either a coiled-coil domain (CC-NB-LRR) or a motif resembling

theDrosophila melanogaster Toll and human interleukin 1 recep-

tor (TIR-NB-LRR) at their N terminus. Several components that

are required for fully functional R protein–mediated resistance

also have been identified, including EDS1 (for enhanced disease

susceptibility 1), NDR1 (for non-race-specific disease resistance

1), RAR1 (for required for Mla12 resistance 1), SGT1 (for sup-

pressor of the G2 allele of skp1), and HSP90 (for heat shock

protein 90). Each of these proteins influences the activity of a

different spectrum of R proteins (reviewed in Bent and Mackey,

2007). For example, EDS1 and NDR1 are mostly required for

resistance mediated by TIR-NB-LRR and CC-NB-LRR, respec-

tively (Aarts et al., 1998). By contrast, RAR1, SGT1, and HSP90

mediate resistance triggered by R proteins belonging to both the

TIR-NBS-LRR and CC-NBS-LRR groups (reviewed in Shirasu

and Schulze-Lefert, 2003; Belkhadir et al., 2004). RAR1, SGT1,

and HSP90 have been shown to physically interact with a wide

range of R proteins, raising the possibility of their involvement in

an R protein complex. Since RAR1 and HSP90 are crucial for the

stability of some R proteins, they are proposed to function as (co)

chaperones (Hubert et al., 2003, 2009; Lu et al., 2003), while

SGT1may be involved in ubiquitin-mediated proteolysis (Azevedo

et al., 2002, 2006). However, despite the growing number of R

protein–associated components, the activation mechanism of R

proteins upon pathogen recognition is still unclear.

The Arabidopsis R protein HRT of the Di-17 ecotype indirectly

recognizes thecoatprotein (CP)of turnipcrinkle virus (TCV;Cooley

et al., 2000; Zhao et al., 2000). The identity of the host protein(s)

targeted by CP was initially proposed to be TCV-interacting

protein (TIP), which is a NAC transcription factor (Ren et al.,

2000, 2005). However, the recent demonstration that TCV resis-

tance is unaltered in TIP-deficientArabidopsis suggests that TIP is

not the guardee protein (Jeong et al., 2008). Through a genetic

screen for mutants with compromised HRT-mediated resistance,

wepreviously identifiedcrt1 (for compromised recognitionof TCV-

CP 1; Kang et al., 2008). CRT1 is an ATPase carrying a GHKL

ATPase motif (Dutta and Inouye, 2000). Interestingly, CRT1 phys-

ically interacts with several R proteins besides HRT, raising the

possibility that CRT1 is a general factor in R gene–mediated

resistance. Consistent with this possibility, cell death triggered by

other R proteins, including ssi4 (Shirano et al., 2002) and RPS2

(Mindrinos et al., 1994), is compromised by the crt1 mutation or

silencing of the CRT1 family members (Kang et al., 2008).

In this study, we used T-DNA insertion mutants of CRT1 and/

or its homolog CRH1 in Arabidopsis and virus-induced gene

silencing (VIGS) of the CRT1 homolog(s) in Nicotiana benthami-

ana to demonstrate that the CRT1 family functions in resistance

mediated by a wide range of R proteins. Note that Arabidopsis

CRT1 homologs have been renamed CRH1-6 instead of CRT1-

H1-6, the nomenclature that was previously used (Kang et al.,

2008). Interestingly, the interaction between CRT1 and various

R proteins appears to be disrupted when the R proteins are in

an active state, caused either by recognition of their corre-

sponding pathogen effector or by R gene overexpression,

which can lead to autonomous activation. These results sug-

gest that the CRT1–R protein interaction is dynamic and may

be associated with R protein activation. Characterization of the

CRT1-associated transcriptome also is presented, and place-

ment of CRT1 in the R gene–mediated signal transduction

pathway is discussed.

RESULTS

CRT1Physically Associateswith aWideRangeofRProteins

and HSP90

CRT1 was previously shown to be required for HRT-mediated

resistance to TCV in Arabidopsis and, based on coimmunopre-

cipitation (co-IP) analysis, to physically associate with HRT and

the R proteins RPS2, Rx, and SSI4 (Kang et al., 2008). Since the

latter result suggested that CRT1 is a general R protein–inter-

acting protein, we tested its ability to interact with six addi-

tional R proteins, RCY1, RPP8, RPP8c, RPM1, and SNC1 from

Arabidopsis and Pto from tomato (Figure 1A). As a first step,

these HA-tagged R proteins were transiently coexpressed with

Myc-tagged CRT1 in N. benthamiana. Overexpression of RCY1

(Figure 2A) and RPM1 induced spontaneous cell death in N.

benthamiana, thereby potentially reducing their expression

levels; this phenomenon was previously observed with RPS2

(Kang et al., 2008). To circumvent this problem, themutant genes

rcy1-3 (Sekine et al., 2006), RPM1DC, and, as a positive control,

RPS2m (R2M4; K188L; Tao et al., 2000) were expressed instead

of their wild-type counterparts. Note that RPS2m and RPM1DC

only accumulated to very low levels (Figure 1A, panel iii, lanes 3

and 7); however, their expression was confirmed when triple the

amount of the same protein extracts used in Figure 1A was used

for immunoblot (IB) analysis with aHA (see Supplemental Figure

1A online). As previously reported, IB analysis with aMyc

revealed a doublet of CRT1, suggesting that this protein is

posttranslationally modified (Figure 1A, panel ii). Co-IP analysis

indicated that all six R proteins, as well as the positive controls

HRT and RPS2m, interact with CRT1 (Figure 1A, panel i). By

contrast, the negative control green fluorescent protein (GFP) did

not exhibit any interaction. While most of the R proteins tested

belong to the CC-NB-LRR class, SNC1 and Pto belong to the

TIR-NB-LRR and cytosolic kinase classes, respectively. Thus,

these results indicate that CRT1 interacts directly or indirectly

with R proteins from at least three different classes.

Since RAR1, SGT1, and HSP90 physically interact with a wide

range of R proteins, we tested whether CRT1 also interacts with
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them. Co-IP analysis revealedmodest interaction betweenCRT1

and HSP90 and little or no interaction with either SGT1 or RAR1

(Figure 1B). Interestingly, the lower band of the CRT1 doublet

exhibited better interaction with HSP90 than the higher, although

the significance of this observation is unknown.

Activated R Proteins Show Little Physical Association

with CRT1

To assess whether an R protein’s activation status affects its

ability to interact with CRT1, we monitored the interaction

between CRT1 and either RCY1, whose overexpression trig-

gered autonomous cell death in N. benthamiana, or rcy1-3 or

rcy1-6, mutated versions of this gene whose overexpression

does not trigger cell death (Figure 2A; Sekine et al., 2006). Co-IP

analysis revealed that CRT1 interacted with rcy1-3 and rcy1-6,

but not with RCY1 (Figure 2B). Combined with our previous

demonstration that CRT1 fails to interact with RPS2, RPM1, or

ssi4, which all trigger autonomous cell death (Kang et al., 2008;

data not shown), this result raised the possibility that CRT1 only

interacts with R proteins in their inactive state. To further assess

this possibility, we monitored CRT1’s ability to interact with HRT

in the presence or absence of HRT’s corresponding effector,

TCV CP (generated by agroinfiltrating the TCV genome under the

cauliflower mosaic virus 35S promoter). As expected, coexpres-

sion of HRT and CP triggered a visible HR at 3 d after infection

(DAI), whereas coexpression with a mutant TCV (mTCV), which

precludes HRT recognition (D4N in CP; Zhao et al., 2000), did not

(Figure 2C). Co-IP analysis revealed that at all time points

examined, including those prior to the appearance of a visible

HR, the HRT–CRT1 interaction was considerably reduced by the

presence of wild-type CP compared with mutant CP (mTCV) or

GFP (Figure 2D, panel i). Some reduction in the HRT–CRT1

interaction can be attributed to decreased levels of HRT in plants

expressing the wild-type CP (Figure 2D, panel iii). However,

comparison of samples taken at 2 DAI, when HRT expression

was comparable in plants expressing GFP, TCV, or mTCV

suggests that co-IP of the lower band of CRT1 was preferentially

reduced (cf. lanes 1, 4, and 7 in panel iii, Figure 2D). This result

suggests that the decline in HRT–CRT1 interaction, particularly

for the lower band of the CRT1 doublet, correlates with activation

of HRT via its corresponding effector, TCV CP.

Interaction of CRT1 with Pto Is Independent of Prf

In tomato, Pto works in conjunction with the CC-NB-LRR R

protein Prf to confer resistance to P. syringae pv tomato (Pst)

carrying AvrPto or AvrPtoB (Martin et al., 1993; Salmeron et al.,

1996; Kim et al., 2002). Interestingly, Pto was recently shown to

physically associate with Prf (Mucyn et al., 2006), raising the

possibility that the Pto–CRT1 interaction occurs indirectly

through the N. benthamiana Prf homolog. To test this possibility,

CRT1 and Pto were transiently expressed in tomato protoplasts

generated from either the mutant RG-prf3, which expresses no

detectable Prf protein (Mucyn et al., 2006) or wild-type plants.

The HRT variant (HRTDLRR), which is devoid of the LRR domain

and was previously shown to interact with CRT1 (Kang et al.,

2008), was used as a positive control. Co-IP analysis indicated

that CRT1 associated with Pto or HRTDLRR in RG-prf-3 as well

as in wild-type protoplasts (Figure 1C), suggesting that the Pto–

CRT1 interaction does not require Prf. CRT1 expressed in tomato

protoplasts migrated as a single band that corresponds to the

lower band of the CRT1 doublet in N. benthamiana (see Supple-

mental Figure 1B online); this result suggests that tomato

Figure 1. CRT1 Interacts with a Wide Range of R Proteins and HSP90.

Soluble extractswere subjected to 12%SDS-PAGE followedby IBanalysis

with the indicatedantibodies or co-IPwithaHA-agarosebeads, followedby

IB.Sizemarkersareshownonthe rightof thepanels inkilodaltons.Foreach,

at least three independent experimentswere performedwith similar results.

Input (ii and iii) and IP (i) proteins were analyzed using IB with aHA (iii) and

aMyc (i and ii). Asterisks indicate the expected sizes of HA-taggedproteins.

(A) Myc-CRT1, HA-tagged R, or HA-tagged GFP genes were transiently

overexpressed in N. benthamiana.

(B) Myc-CRT1, Myc-GFP, GFP-HA, SGT1-HA, RAR1-HA, and HSP90-

HA genes were transiently overexpressed in N. benthamiana.

(C) IB and co-IP analyses were performed using wild-type or prf-3

tomato protoplasts transfected with the indicated genes.
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protoplasts and N. benthamiana plants posttranslationally mod-

ify CRT1 differently.

R Gene–Mediated Resistance to P. syringae and

Hyaloperonospora arabidopsidis Is Compromised

in crt1-2 crh1-1

To further characterize the CRT1 family, Arabidopsis T-DNA

insertion mutants for CRT1 (crt1-2; SAIL_893_B06) or its closest

homologs, CRH1 (crh1-1; SALK_072774) and CRH2 (crh2-1;

SALK_000009), were obtained from the ABRC. The crt1-2 and

crh1-1 mutants largely displayed wild-type morphology (see

Supplemental Figure 2A online). By contrast, the crh2-1mutation

appears to be lethal since about one-quarter of the seeds

from self-pollinated plants heterozygous for this mutation were

aborted (see Supplemental Figure 2B online) and no homozy-

gous crh2-1 lines were recovered in the following generation.

Thus, only crt1-2 and crh1-1 were studied further.

CRT1 family members were previously shown to be function-

ally redundant (Kang et al., 2008); thus, a crt1-2/crh1-1 double

mutant was generated (crt1-2 crh1-1). SinceCRT1 andCRH1 are

tightly linked (T-DNA insertion sites in crt1-2 and crh1-1 are;4

kb apart), we used a previously described approach to select for

meiotic recombinants between T-DNA insertions in the crt1-2

and crh1-1 mutants that contained selectable markers confer-

ring resistance to basta or kanamycin, respectively (Barth and

Jander, 2006). Following identification of meiotic recombinants

carrying both resistance markers, RT-PCR confirmed that the

crt1-2 crh1-1 double knockout (KO) lacked expression of both

genes, while the crt1-2 and crh1-1 single KO mutants displayed

little, if any, expression of CRT1 or CRT1-h1, respectively (see

Supplemental Figure 2C online). Note that crt1-2 and crh1-1 are

likely single insertion mutants as their heterozygous progeny

displayed single gene segregation in the following generation

(x2 < 0.05). In addition, the extremely low frequency of meiotic

recombinants between the T-DNA insertion sites in crt1-2 and

crh1-1 (1 out of >25,000) suggests that insertion of T-DNA in

additional gene(s) is unlikely.

We previously reported that RPS2-mediated HR development

was delayed by partial silencing of CRT1, CRH1, and CRH2,

whereas RPS2-mediated resistance was unaffected (Kang et al.,

2008). Since the unaltered resistance in these plants could have

Figure 2. CRT1 Displays Little Interaction with Activated R Proteins.

(A) RCY1, rcy1-3, rcy1-6, andGFPwere transiently overexpressed for 3 d in N. benthamiana. Infiltrated areas were circled. To better visualize cell death,

the leaf was bleached in ethanol (right panel).

(B) Co-IP was performed on extracts from N. benthamiana leaves in which all the genes in (A) were coexpressed with Myc-CRT1.

(C) HA-HRT and Myc-CRT1 were coexpressed in N. benthamiana together with wild-type TCV, its mutant (mTCV), or GFP-Flag. Photographs were

taken at the indicated days after infiltration (dpi). The right column shows leaves 3 d after infiltration after bleaching with ethanol.

(D) Co-IP was performed with all of the samples shown in (C). Input (ii to v) and IP (i) proteins were analyzed using IB with aHA (iii), aMyc (i and ii), aFlag

(iv), or aCP (v). The arrow indicates the expected size of TCV CP.

In (A) to (D), three independent experiments were performed with similar results.
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been due to inefficient gene silencing, the double and single KO

mutants were monitored for resistance to Pst carrying AvrRpt2

(Pst AvrRpt2). Higher levels of bacterial growth were detected in

the single and double KO mutants compared with wild-type

plants at 2 DAI (Figure 3A); this result suggests that RPS2-

mediated resistance was compromised by the loss ofCRT1 and/

or CRH1. Consistent with this finding, wild-type plants displayed

little to no disease symptoms at 5 DAI, whereas the three KO

mutants developed patchy chlorosis (Figure 3A, bottom panel).

These symptoms, however, were not as severe as those on rps2,

in which the cognate R gene is nonfunctional.

RPM1-mediated resistance against Pst carryingAvrRpm1 (Pst

AvrRpm1) also was assessed, since RPM1 physically associates

with CRT1 (Figure 1A). Comparedwith the wild type, crt1-2 crh1-1

plants supported much more growth of Pst AvrRpm1, and they

exhibited extensive disease symptoms (Figure 3B). These results

argue that RPM1-mediated resistance also is compromised in

the double KO mutant, although it is not fully suppressed since

even greater levels of bacterial growth and disease symptoms

were observed in susceptible rpm1 plants. Resistance in crt1-2,

as indicated by pathogen growth, was only marginally compro-

mised. To assess whether compromised RPM1-mediated resis-

tance in the crt1-2 crh1-1 background was due to RPM1

instability, a transgenic RPM1-Myc–tagged line was generated

in the double KO background. IB analysis with a-Myc showed

that RPM1-Myc accumulation was comparable in crt1-2 crh1-1

and wild-type plants (see Supplemental Figure 3 online).

The interaction betweenCRT1andRPP8, anRprotein identified

in the Arabidopsis ecotype Landsberg erecta that confers resis-

tance to H. arabidopsidis isolate Emco5 (McDowell et al., 1998),

promptedus to testwhether resistance to thisoomycetepathogen

also was altered in the double and single KO plants. It should be

noted that in theColumbia-0 (Col-0) ecotype, resistance to Emco5

is mediated not by the RPP8 homolog, RPP8c, but rather by the

RPP31 locus (McDowell et al., 2005), whose identity is currently

under investigation (J.M.McDowell, personal communication). As

previously reported, plants from the wild-type Landsberg erecta

and Col-0 ecotypes were resistant toH. arabidopsidis Emco5 and

developed few sporangiophores (Figure 3C). By contrast, plants

from the wild-type Wassilewskija ecotype were very susceptible,

with the majority supporting 21 or more sporangiophores per leaf

pair. In comparison to wild-type Col-0, crt1-2 crh1-1 supported

considerably more growth of H. arabidopsidis Emco5, and the

single KO mutants showed an intermediate resistance between

wild-type Col-0 and the double KO mutant (Figure 3C; see

Supplemental Figure 4 online). Together, these results suggest

that the CRT1 family is necessary for full R gene–mediated

resistance to an oomycete as well as a bacterial pathogen.

Silencing of a CRT1 Homolog(s) in N. benthamiana

Compromised Development of Cell Death Triggered by

Pto or RPM1, but Not by a Constitutively Activated MAP

Kinase Kinase

N. benthamiana plants are highly amenable to loss-of-function

studies due to a well-characterized VIGS system (Goodin et al.,

2008). To use VIGS in N. benthamiana, a search for CRT1

homologs was undertaken using the GenBank database and the

Figure 3. The crt1-2 crh1-1 Mutant Shows Compromised R Gene–

Mediated Resistance to Bacterial and Oomycete Pathogens.

(A) and (B) Following infection with 105 colony-forming units (cfu)/mL Pst

carrying AvrRpt2 (A) or AvrRpm1 (B), bacterial growth in 4-week-old wild

type, rps2, rpm1, and the single and double crt1-2 crh1-1 T-DNA

mutants was measured at 0 and 2 DAI; the mean 6 SE (n = 4) is

presented. Three independent experiments were performed with similar

results. Statistical difference from the wild type is indicated;*P < 0.05 (t

test).

(C) Eight days after infection with H. arabidopsidis Emco5, disease levels

were scored in 3-week-old plants from the three wild-type ecotypes and

the mutants by counting the number of sporangiophores on the third pair

of leaves. The percentage in each category was calculated from analysis

of three independent experiments with 42 plants or more for each

genotype. Statistical difference from the wild type (Col-0) in plants with

any sporangiophore(s) is indicated; **P < 0.01 (Fisher’s exact test).
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Solanaceae genomics network. The database search, under a

very stringent E value of e2100 or less, revealed that Arabidopsis

CRT1 (At CRT1) has homologs in several plant species, ranging

from tomato, grape (Vitis vinifera), rice, and maize (Zea mays) to

moss (Figure 4A). Using sequence information from tomato (Sl

CRT1; annotated as Arabidopsis At4g36290 homolog;

At4g36290 is the locus name for At CRT1), CRT1’s homolog

was amplified from N. benthamiana cDNA; it has 70.2% amino

acid identity to At CRT1 and was designated Nb CRT1. A

tobacco rattle virus (TRV)-based vector (Liu et al., 2002a) carry-

ing NbCRT1 (TRV-Nb-CRT1) or, for the negative control, the TRV

vector lacking any target sequence (TRV-EV) was then used to

inoculate N. benthamiana. RT-PCR analysis revealed that CRT1

expression in the TRV-Nb-CRT1–inoculated plants was highly

reduced compared with that in the TRV-EV–inoculated plants

(see Supplemental Figure 5 online).

To examine if CRT1 is involved in Pto-mediated resistance

responses, Pto was expressed together with its corresponding

effector, AvrPto or AvrPtoB1-387, in either TRV-EV– or TRV-Nb-

CRT1–inoculated plants to trigger an HR. Note that the truncated

mutant AvrPtoB1-387 was used because wild-type AvrPtoB

suppresses cell death in N. benthamiana (Abramovitch et al.,

2003). Pto-mediated HR triggered by AvrPto or AvrPtoB1-387 was

compromised in TRV-Nb-CRT1–inoculated plants compared

with the TRV-EV control plants (Figures 4B and 4C), suggesting

that CRT1 is required for full Pto-mediated HR.

Since RPM1-mediated resistance was compromised in Arabi-

dopsis crt1-2 crh1-1, we examined whether cell death triggered

by AvrB, another effector protein for RPM1, was affected in Nb

CRT1–silenced N. benthamiana. Expression of AvrB in N. ben-

thamiana triggers cell death, presumably via an RPM1 homolog

(Schechter et al., 2004). This AvrB-triggered cell death in N.

benthamiana expressing TRV-Nb-CRT1 was partially sup-

pressed in comparison to that exhibited by TRV-EV control

plants (Figures 4B and 4C), arguing that resistance responses

mediated by an RPM1 homolog in N. benthamiana are also

influenced by CRT1.

Whether CRT1 is required for cell death triggered by a signal-

ing component downstream of an R gene was then tested. Nt

MEK2 is the second component of a three-step MAP kinase

cascade, and it is one of the downstream components in Pto-

mediated resistance in N. benthamiana (del Pozo et al., 2004).

The constitutively activemutant of NtMEK2,NtMEK2DD, triggers

spontaneous HR-like cell death (Yang et al., 2001). Interestingly,

comparable levels of cell death triggered by Nt MEK2DD were

observed in TRV-Nb-CRT1– and TRV-EV–inoculated plants (Fig-

ures 4B and 4C). This result suggests that CRT1 functions

upstream of Nt MEK2 in the cell death signaling pathway trig-

gered by Nt MEK2DD.

Cytosolic Ca2+ Influx in Response to Avirulent P. syringae

Was Compromised in crt1-2 crh1-1

Calcium (Ca2+) is a second messenger whose sustained eleva-

tion following pathogen or elicitor treatment has been associated

with the induction of plant defense responses, including activa-

tion of MAP kinases (Grant et al., 2000; Lecourieux et al., 2002).

To assess whether CRT1 family members are required for

Figure 4. Silencing the CRT1 Gene in N. benthamiana Compromised

Cell Death Mediated by Pto or RPM1.

(A) Phylogenetic comparison of non-Arabidopsis CRT1 homologs with E

values of e�100 or less and all the Arabidopsis CRT1 family members (At

CRT1 and At CRH1-6). Phylogenetic analysis was conducted using

MEGA 4.1. Accession numbers for non-Arabidopsis CRT1 homologs are

as follows: Sl CRT1 (tomato; SGN-U349134), St CRT1 (potato; SGN-

U273098), Nb CRT1 (GQ855284), Cc CRT1 (coffee; SGN-U357963), Vv

CRT1 (grape; CAO48278), Os CRT1 (rice; AAK70637), Pp CRT1 (moss;

XP_001762322), and Zm CRT1 (maize; ACG47873).

(B) The CRT1 gene was silenced by TRV-based VIGS in N. benthamiana;

the TRV-empty vector (TRV-EV) was used as a negative control. Five

weeks after infection with TRV-Nb-CRT1 or TRN-EV, cell death elicitors

were transiently overexpressed. Cell death (CD) was scored at 3 DAI

after expression of AvrB or Nt MEK2DD or 4 DAI with Pto and either

AvrPto or AvrPtoB1-387 using the following scoring system: 2 for full CD,

1 for partial CD, and 0 for no CD. In each experiment, two to three leaves

were infiltrated on each of three to four independent silenced plants. The

results shown are representative of three independent experiments; the

mean 6 SE (n = 13) is presented. Statistical difference between TRV-EV

and TRV- Nb-CRT1 is indicated; *P < 0.05 (t test).

(C) Representative photos for each CD elicitor in TRV-EV or TRV- Nb-

CRT1 plants were taken at 3 DAI (4 DAI for Pto).
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resistance-associated increases in cytosolic Ca2+ levels, crt1-2

crh1-1 and wild-type plants were transformed with the Aequorin

gene, which encodes a bioluminescent protein sensitive to Ca2+

(Knight and Knight, 1995). As was previously reported (Grant

et al., 2000), wild-type plants expressing Aequorin exhibited a

sustained elevation of cytosolic Ca2+ that peaked ;2.5 h after

infection with Pst AvrRpm1 (Figure 5A). By contrast, the increase

in cytosolic Ca2+ in Aequorin-expressing crt1-2 crh1-1 plants

inoculated with Pst AvrRpm1 was less vigorous and peaked at

;2 h after infection (Figure 5A). No sustained elevation of Ca2+

levels was detected in Aequorin-expressing wild-type or crt1-2

crh1-1 plants that received a mock inoculation or were infected

with virulent Pst; indeed, their Ca2+ signatures were comparable.

The fold of Ca2+ induction following each treatment was aver-

aged from the second sustained peak and the preceding trough

(Figure 5B). crt1-2 crh1-1 consistently exhibited suppressed

induction of Ca2+ elevation by Pst AvrRpm1 compared with that

in the wild type in four independent experiments (Figure 5B). The

fold of induction for mock was not included as it had no obvious

trough corresponding to those from pathogen treatments. These

data suggest that the CRT1 family functions upstream of Ca2+

accumulation in RPM1-mediated signal transduction.

CRT1 Is Localized in Endosomes Displaying Rapid

Cytosolic Streaming

To gain insights into CRT1 function, its subcellular location was

investigated using transient expression of a GFP-CRT1 fusion

gene in N. benthamiana. Confocal microscopy revealed that

GFP-CRT1 primarily resides within endocytotic vesicle-like

structures of heterogeneous size, also known as endosomes

(Figure 6). The location of GFP-CRT1 was further investigated by

comparing it with red fluorescent protein (Shaner et al., 2004)

tagged markers (Nelson et al., 2007) for mitochondria (yeast

cytochrome oxidase subunit IV), Golgi complexes (soybean

[Glycine max] a-1,2-mannosidase I), or peroxisomes (peroxi-

some targeting sequence 1). GFP-CRT1 generally showed little

overlap with the Golgi and mitochondria markers, although

occasional overlap was observed (Figures 6A and 6B, indicated

by arrows). Interestingly, a modest number of CRT1-containing

vesicles, particularly larger ones, overlap with the peroxisomal

marker, suggesting that a subset of CRT1 localizes to peroxi-

somes (Figures 6C and 6D; panels in [D] are a highermagnification

from an independent experiment). Moreover, GFP-CRT1–

containing endosomes and peroxisomes displayed rapid cyto-

plasmic streaming (see Supplemental Movie 1 online). Note that

peroxisomes showed significantly weaker fluorescence when

they overlapped with GFP-CRT1 (Figures 5C and 5D, indicated

by arrows). This may be due to interference between the two

proteins localized in the same vesicle.

To complement these microscopy studies, the location of

CRT1 was assessed in plasma membrane (PM) and endomem-

brane fractions separated via an aqueous two-phase purification

strategy (Larsson et al., 1987). To this end, crt1-2 crh1-1 plants

containing aMyc-CRT1 transgene were generated; overexpres-

sion ofMyc-CRT1 restored resistance against Pst AvrRpm1 (see

Supplemental Figure 6 online), suggesting that Myc-CRT1 is

functional. Following aqueous two-phase separation of mem-

branes from these plants, IB was performed using aMyc as well

as antibodies for V-ATPase (a marker for the vacuole) and

H+ATPase (a marker for the PM) to monitor purity of the fractions

(Reuveni et al., 2001; Page et al., 2009). Myc-CRT1 was pre-

dominantly detected in the endomembrane fractions of mock-

and Pst-inoculated crt1-2 crh1-1 Myc-CRT1 plants (Figure 7A).

Similar analyses using either wild-type or crt1-2 crh1-1 plants

containing an RPM1-Myc transgene revealed that RPM1-Myc

also was predominantly located in the endomembranes, regard-

less of mock or Pst inoculation (Figure 7B).

Two-step differential centrifugation at 13,000 and 100,000g

was then performed to fractionate organelles/vesicles based on

size and density (Nagahashi and Hiraike, 1982). Consistent with

the heterogeneous size of vesicles carrying CRT1, Myc-CRT1

was enriched in both the 13,000g (p13) and the 100,000g (p100)

pellet fractions (Figure 7C). The vacuolar marker V-ATPase also

was detected in both of these fractions, whereas the PM marker

H+ATPase was primarily detected in the p100 fraction. Interest-

ingly, RPM1-Myc displayed a similar distribution as Myc-CRT1

andV-ATPase, corroborating the possibility that CRT1 andRPM1

reside in endomembranes. In comparison to our results, Boyes

et al. (1998) previously classified RPM1 as a PM protein. They did

note the presence of RPM1 in endosomes following aqueous

Figure 5. RPM1-Dependent Elevation of Cytosolic Calcium Was Com-

promised in crt1-2 crh1-1.

(A) Luminescence was measured in 3-week-old wild type and crt1-2

crh1-1 expressing the Aequorin transgene following treatment with Pst,

Pst AvrRpm1, or buffer only (mock). For infection 108 cfu/mL of Pst or

Pst AvrRpm1 was used. Measurements were integrated every 10 s for

210 min.

(B) Average fold of induction (6SE) was calculated from at least four

independent experiments. *P < 0.05 (t test).
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two-phase separation but discounted it as a technical limitation.

However, using marker antibodies to monitor the efficacy of

the aqueous two-phase purification process, we conclude that

localization of RPM1 in endosomes is legitimate (Figure 7).

Genome-Wide Transcriptome Analyses Revealed Altered

Expression of Several R Gene–Dependent Genes

in crt1-2 crh1-1

R gene–mediated resistance is accompanied by significant

changes in the transcriptome (Tao et al., 2003; Sato et al.,

2006). However, prior analysis of TCV-inoculated crt1 mutant

and wild-type plants failed to uncover any differences in the

expression of a limited set of defense-related genes (Kang et al.,

2008). To extend this study, theATH1GeneChip, which assesses

expression of 23,288 genes, was used to monitor the crt1-2

crh1-1 transcriptome in response to avirulent Pst AvrRpt2 in-

fection. RNAs from wild-type or crt1-2 crh1-1 plants treated for

6 h with either buffer (W_m or M_m, respectively) or Pst AvrRpt2

(W_p or M_p, respectively), as well as untreated wild-type and

crt1-2 crh1-1 plants (W_n or M_n, respectively), were used for

expression analysis. Sixty-five genes that satisfied the following

requirements were selected and designated CRT1 Associated

(CRA) genes (Table 1): (1) statistically significant difference (q

value < 0.05) in relative expression between W_p and M_p, and

(2) statistically significant (q value < 0.05) and relatively large

difference (fourfold change or higher) in relative expression

between (M_p 4 M_m) and (W_p 4 W_m). Fold changes on a

log2 scale based on calculation of W_p4W_mwere negative for

most of the CRA genes (51 out of 65; see column A in Table 1),

suggesting that expression of the CRA genes was mostly sup-

pressed in wild-type plants following infection with Pst AvrRpt2.

Interestingly, this suppression was largely compromised in crt1-2

crh1-1 since the fold changes of these CRAgenes in crt1-2 crh1-1

[column B in Table 1; log2(M_p4M_m)] were bigger than those in

the wild type. This trend is better shown in the column B/A, which

denotes the value of [(M_p 4 M_m) 4 (W_p 4 W_m)] on a log2
scale, termed Dcrt1-2 crh1-1/WT.

Figure 6. GFP-CRT1 Localizes in Endocytic Vesicle-Like Structures.

Confocal microscopy of N. benthamiana leaves transiently overexpressing GFP-CRT1 together with red florescent protein (RFP; mCherry)-tagged

markers for mitochondria ([A]; yeast cytochrome oxidase subunit IV), the Golgi complex ([B]; soybean a-1,2-mannosidase I), or peroxisomes ([C] and

[D]; peroxisome targeting sequence 1; [D] is a higher magnification from an independent experiment). GFP is shown in green, while mCherry is in red

(RFP); merged images of both are shown in yellow. Arrows identify sites where CRT1 and markers overlap. Bars = 20 mm.
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Based on The Arabidopsis Information Resource (TAIR) data-

base annotation, the 65 CRA genes were categorized according

to their known or deduced biological process and cellular loca-

tion. CRA genes were overrepresented in several categories,

based on the expected rate in the total 23,288 genes on the ATH1

chip (Figures 8A and 8B). Since a majority of the CRA genes

displayed differential expression in response to avirulent Pst

(Table 1, column A), these genes are overrepresented in the

category termed “(a)biotic stress related.” CRA genes also were

significantly overrepresented in the categories encompassing

“transport” and “other biological process” (Figure 8A). Statistical

analysis of the cellular component categories revealed that the

CRA genes were significantly overrepresented in the “endo-

membrane system,” “cell wall/extracellular,” “other cellular com-

ponents,” and “other membrane” categories (Figure 8B). Note

that in our categories, the endomembrane system, also known

as endosomes, includes the endoplasmic reticulum, Golgi com-

plex, and vacuole.

To further identify thoseCRA genes whose expression pattern

is altered in response to pathogen infection, rather than due to

mock inoculation or differences between wild-type and crt1-2

crh1-1 plants prior to infection, a heat map was drawn based on

comparisons between the following four combinations: (1) W_m

versus W_n, (2) M_m versus M_n, (3) W_m versus M_m, and (4)

W_n versus M_n (see Supplemental Figure 7 online). Analysis of

gene expression in mock versus untreated wild-type and crt1-2

crh1-1 plants (1 and 2) revealed that a significant number of CRA

genes respond to mock treatment. In addition, someCRA genes

showed differences betweenwild-type versusmutant plants that

received either a mock inoculation or no treatment (3 and 4),

suggesting preexisting differences in their expression levels. To

focus on geneswhose expression differences betweenwild-type

and crt1-2 crh1-1 plants were associated with R gene–mediated

defense, we selected 14 CRA genes that exhibited twofold or

less difference in expression levels in all four comparisons (1 to 4;

see Supplemental Table 1 online). Note that all of the raw

numbers for Table 1 and Supplemental Figure 7 online are

shown in Supplemental Table 1 online.

The influence of the CRT1 family on R gene–mediated re-

sponses was then assessed by monitoring the expression of

these 14 CRA genes using real-time quantitative RT-PCR (qRT-

PCR) analysis in wild-type and crt1-2 crh1-1 plants; for compar-

ison, the susceptible rps2 also was included (left half of the

panels in Figure 9; see Supplemental Figure 8 online). This

analysis revealed that all 14 CRA genes displayed the same

trends as observed in the ATH1 GeneChip analysis (cf. left half of

the panels in Figure 9 and Supplemental Figure 8 online with

Supplemental Table 1 online). Furthermore, this analysis re-

vealed that the expression of seven of these 14 genes differed

between the wild type and the crt1-2 crh1-1 and rps2 mutants

following Pst AvrRpt2 infection (left half of the panels in Figure 9).

For instance, the expression of CRA1, 2, and 3 was significantly

induced in wild-type plants following Pst AvrRpt2 infection, but

this induction was largely missing in rps2 plants and was signif-

icantly compromised in crt1-2 crh1-1 plants (left half of the

panels in Figures 9A to 9C). By contrast, the expression of

CRA4-7 was suppressed in wild-type plants following Pst

AvrRpt2 infection, but this suppression was largely compro-

mised in crt1-2 crh1-1 and rps2 plants (left half of the panels

in Figures 9D to 9G).

To assess expression of the CRA genes mediated by another

R gene, the same 14 CRA genes were analyzed in wild-type,

crt1-2 crh1-1, and rpm1 plants in response to inoculation by Pst

Figure 7. RPM1 and CRT1 Are Predominantly Localized to Endosomes.

(A) and (B) Aqueous two-phase separation of membranes prepared from

transgenic Arabidopsis expressing Myc-CRT1 (A) or RPM1-Myc (B).

Plasma membrane (p) and endomembrane (e) fractions were subjected

to 6% SDS-PAGE (12% for aV-ATPase) followed by IB with the indicated

antibodies; 106 cfu/mL of Pst AvrRpm1 or Pst AvrRpt2 was infected

for 12 h.

(C) Two-step differential centrifugation of leaf extracts prepared from

Arabidopsis Myc-CRT1 or RPM1-Myc transgenic plants followed by IB

using the indicated antibodies, as described in (A). The extracts were

centrifuged at 500g to remove any debris; the 500g supernatant was then

sequentially centrifuged at 13,000g and 100,000g to generate low- (p13)

and high-speed (p100) pellet fractions and the remaining supernatant

(s100) fraction.

(A) to (C) At least three independent experiments were performed with

similar results.
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Table 1. CRA Genes Identified in the ATH1 Chip Experiments

Locus Annotation B/A A B

At4g16590 CSLA1 (cellulose synthase-like A1) 4.46 �5.16 �0.70

At4g21680 Proton-dependent oligopeptide transport family protein 4.43 0.24 4.67

At5g24420 Glucosamine/galactosamine-6-phosphate isomerase-related 3.43 �2.40 1.03

At1g73480 a/b-Fold hydrolase 3.15 0.81 3.96

At5g62360 Invertase/pectin methylesterase inhibitor family protein 3.05 �4.66 �1.61

At1g20450 ERD10/LTI45 (early responsive to dehydration 10) 2.81 �2.78 0.03

At3g54820 PIP2;5 (plasma membrane intrinsic protein 2;5) 2.76 �3.89 �1.13

At5g24770; At5g24780 VSP2 (vegetative storage protein 2); VSP1 2.75 �3.70 �0.95

At3g45060 NRT2.6 (high affinity nitrate transporter 2.6) 2.69 �0.74 1.95

At3g04010 Glycosyl hydrolase family 17 protein 2.68 �0.48 2.20

At5g39580 Putative peroxidase 2.65 0.20 2.85

At5g52320 CYP96A4 2.54 �4.07 �1.52

At4g15210 b-Amylase 5 2.52 �2.85 �0.33

At4g01080 Unknown protein 2.51 �5.24 �2.73

At1g16850 Unknown protein 2.49 �2.94 �0.44

At4g35060 Heavy metal–associated domain-containing protein 2.48 �2.38 0.10

At5g40540 Putative protein kinase 2.47 �0.66 1.81

At1g04040 Acid phosphatase class B family protein 2.47 �4.22 �1.76

At1g04220 Putative b-ketoacyl-CoA synthase 2.44 �3.91 �1.47

At5g52310 COR78 (cold regulated 78) 2.42 �2.32 0.11

At3g12700 Aspartyl protease family protein 2.42 �1.41 1.01

At1g02400 GA2OX6/DTA1 (gibberellin 2-oxidase 6) 2.39 1.15 3.53

At2g22170 (CRA5) Lipid-associated family protein 2.38 �3.66 �1.28

At5g13930 CHS (chalcone synthase) 2.35 �4.82 �2.48

At3g50970 LTI30 (low temperature induced 30) 2.34 �1.51 0.84

At2g30540 Glutaredoxin family protein; PAO2 (polyamine oxidase 2) 2.34 �1.78 0.56

At3g11480 BSMT1; S-adenosylmethionine-dependent methyltransferase 2.32 �1.88 0.44

At4g36360 BGAL3 (b-galactosidase 3) 2.31 �3.77 �1.46

At3g06035 Uncharacterized GPI-anchored protein 2.29 �3.60 �1.31

At3g05640 Putative protein phosphatase 2C 2.28 �2.62 �0.34

At1g66760 MATE efflux family protein 2.26 �0.78 1.48

At1g26770 EXPA10 (expansin A10) 2.26 �2.61 �0.35

At1g05680 UDP-glucoronosyl/UDP-glucosyl transferase family protein 2.23 �0.78 1.45

At2g42530 (CRA12) COR15B 2.22 �2.48 �0.26

At2g36870 (CRA6) Xyloglucan:xyloglucosyl transferase, putative 2.22 �4.44 �2.22

At5g37300 Unknown protein 2.21 �3.61 �1.40

At5g47240 NUDT8 (Nudix hydrolase homolog 8) 2.21 �2.67 �0.46

At1g20440 COR47 (cold regulated 47) 2.21 �2.07 0.13

At5g01340 Mitochondrial substrate carrier family protein 2.21 �0.08 2.12

At3g14395 Unknown protein 2.17 �6.00 �3.84

At1g55260 (CRA4) Lipid binding 2.17 �4.56 �2.39

At4g04840 Met sulfoxide reductase domain-containing protein 2.16 �3.07 �0.92

At3g48460 GDSL-motif lipase/hydrolase family protein 2.13 �3.27 �1.14

At5g54300 Unknown protein 2.09 �2.88 �0.79

At5g61810 (CRA7) Mitochondrial substrate carrier family protein 2.08 �2.97 �0.88

At1g52030; At1g52040 MBP2 (myrosinase binding protein 2); MBP1 2.08 �1.58 0.50

At3g57010 Strictosidine synthase family protein 2.07 �2.18 �0.12

At3g23920 (CRA13) b-Amylase 1 2.05 �2.04 0.01

At4g29020 Gly-rich protein 2.05 �1.67 0.38

At3g54400 (CRA14) Aspartyl protease family protein 2.02 �3.57 �1.54

At2g43018 (CRA8); At2g43020 (CRA9) CPuORF17 (conserved peptide upstream open reading frame 17) 2.02 �1.35 0.68

At2g36590 ProT3 (Pro transporter 3) 2.02 �2.92 �0.90

At1g26390 (CRA1) FAD binding domain-containing protein �2.00 5.73 3.72

At2g45510 (CRA11); At2g44890 (CRA10) CYP704A2; CYP704A1 �2.03 0.62 �1.42

At1g49470 (CRA3) Unknown protein �2.09 1.28 �0.81

At2g04070 (CRA2) MATE efflux family protein �2.11 5.18 3.06

At3g49340 Cys proteinase, putative �2.34 0.09 �2.25

At3g61210 Embryo-abundant protein-related �2.35 0.22 �2.14

(Continued)
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AvrRpm1 (right half of the panels in Figure 9; see Supplemental

Figure 8 online). Similar to the RPS2-mediated responses shown

above, expression of CRA1-3 was induced and CRA4-7 was

suppressed in Pst AvrRpm1–inoculated wild-type plants, sug-

gesting that expression patterns of CRA1-7 mediated by RPM1

and RPS2 are comparable. In comparison, the RPM1-mediated

induction/suppression of thesegeneswas compromised incrt1-2

crh1-1 to various degrees (right half of the panels in Figure 9).

Together, these results suggest that full R gene–dependent

induction/suppression of the CRA1-7 genes in response to Pst

AvrRpt2 or Pst AvrRpm1 requires the CRT1 family.

DISCUSSION

Here, we show that CRT1 is involved in R gene–mediated

resistance to bacterial and oomycete pathogens, in addition to

its previously reported role in resistance to TCV (Kang et al.,

2008). Consistent with this finding, CRT1 interacts with a wide

range of R proteins, including those from the two major groups,

CC-NB-LRR and TIR-NB-LRR. CRT1’s role in R gene–mediated

resistance does not appear to be limited to Arabidopsis, since

VIGS of an N. benthamiana CRT1 homolog(s) compromised HR

mediated by Pto and RPM1. Furthermore, CRT1 homologs have

Figure 8. Degree of Representation of CRA Genes in the Biological Process and Cellular Component Categories Based on Annotation in the TAIR

Database.

Biological process (A); cellular component (B) categories. The degree of representation in percentage was calculated relative to the representation of all

the genes on the Affymetrix ATH1 array with 100 indicating that there is no over- or underrepresentation. Statistical significance was determined using a

one-sample x2 test: *P < 0.05; **P < 0.01.

Table 1. (continued).

Locus Annotation B/A A B

At4g25100 FSD1 (FE superoxide dismutase 1), iron superoxide dismutase �2.56 1.47 �1.09

At4g14020 Rapid alkalinization factor (RALF) family protein �2.73 1.37 �1.36

At1g76960 Unknown protein �3.03 2.49 �0.54

Relative RNA expression value is designated as W_m for the wild type and M_m for crt1-2 crh1-1 with mock, as W_p for the wild type and M_p for the

mutant with Pst AvrRpt2, and as W_n for the wild type and M_n for the mutant that received no treatment. Fold changes on a log2 scale are presented

based on calculation of W_p 4 W_m (column A), M_p 4 M_m (column B), and (M_p 4 M_m) 4 (W_p 4 W_m) (column B/A). Genes displaying a

significantly different expression values (q < 0.05) between W_p and M_p and between W_p 4 W_m and M_p 4 M_m (q < 0.05; fourfold change or

higher when higher value was divided by lower value) were selected. Rows with multiple loci indicate that the probe analyzes RNA from indicated loci.

Genes selected for qRT-PCR and positive numeric values are highlighted in bold.
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been identified in all plant species whose genomes have been

sequenced. Since pathogen-induced Ca2+ elevation was com-

promised in crt1-2 crh1-1 plants, whereas the HR triggered by Nt

MEK2DD was unaffected in CRT1-silenced N. benthamiana,

CRT1 appears to function at a very early step in the defense

signaling pathway(s).

CRT1 was previously shown to belong to the GHKL ATPase/

Kinase superfamily (Kang et al., 2008). One of the founding

members of this superfamily is HSP90, a well-known chaperone

that interacts with R proteins. Although CRT1 and HSP90 share

homology limited to the ATPase domain, CRT1may function as a

cochaperone with HSP90. Consistent with this possibility, CRT1

physically associated with HSP90 in the co-IP assay (Figure 1B).

However, CRT1 did not associate with the HSP90-interacting

proteins RAR1 and SGT1 (Figure 1B). Further suggesting that

CRT1 is not a component of an HSP90-RAR1-SGT1-R protein

complex is the observation that HSP90 and RAR1 are primarily

localized in the cytosol and nucleus (Pratt and Toft, 2003; Wang

et al., 2008), whereas CRT1 resides in endosomes (Figures 6 and

7). In addition, loss of functional HSP90, RAR1, or SGT1 leads to

Figure 9. Expression of CRA Genes after Infection by Pst AvrRpt2 or Pst AvrRpm1.

Real-time qRT-PCR was performed on RNA from 4-week-old wild-type, crt1-2 crh1-1, rps2, or rpm1 plants. Leaves that were infected with 106 cfu/mL

of Pst AvrRpt2 or Pst AvrRpm1 (p) or mock (m) were harvested at 6 h after infection; untreated control leaves were harvested at 0 DAI (0). The y axis

shows relative expression levels of the indicated gene compared with the TIP41-like gene (Czechowski et al., 2005). The mean 6 SE (n = 4 for Pst

AvrRpt2 and n = 6 for Pst AvrRpm1) is presented. Statistical difference between the wild type and crt1-2 crh1-1 infected with Pst AvrRpt2 or Pst

AvrRpm1 is indicated; *P < 0.05; **P < 0.01 (t test).
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significantly lower R protein accumulation (Holt et al., 2005;

Azevedo et al., 2006; Hubert et al., 2009), but little change was

observed in the stability of RPM1 in crt1-2 crh1-1 plants (see

Supplemental Figure 3 online).

Based on co-IP analysis, CRT1 appears to interact only with R

proteins in their inactive state; indeed, CRT1 failed to interact

with any of the autoactivated R proteins tested, including ssi4,

RPM1, RPS2, and RCY1. This finding, combined with the dem-

onstration that plants exhibiting reduced expression of functional

CRT1 family members are compromised for disease resistance

or HR formation, suggests that CRT1 is involved in activating R

proteins. Two mechanisms (that are not mutually exclusive)

could be invoked to explain this putative function of CRT1. In

the first, CRT1 may be required for formation of an activation-

competent R protein complex (Figure 10A). R proteins interact

with multiple proteins prior to activation, including guardee

(which may actually be a decoy or recognition factor in some

cases; van der Hoorn and Kamoun, 2008; Collier and Moffett,

2009), and (co)chaperones such as HSP90 and RAR1. Thus,

CRT1 might function as a scaffold protein that helps gather all of

the necessary components for forming an activation-competent

R protein complex. However, a yeast two-hybrid screen search-

ing for CRT1-interacting proteins did not identify any known host

guardee proteins (H.-G. Kang and D.F. Klessig, unpublished

data), arguing against this possibility. This result is not definitive,

given the large number of scaffold proteins crucial in animal

immune responses (Shaw and Filbert, 2009) and the possibility

that a scaffold protein need not interact directly with a guardee,

which would preclude its identification in a yeast two-hybrid

screen.

Alternatively, CRT1 may play a role in R protein activation

(Figure 10B). Changes in inter- and intramolecular interactions

have been reported in several R proteins following activation

(Bent and Mackey, 2007; Rairdan and Moffett, 2007; Rairdan

et al., 2008). The NB domain and its neighboring domain, ARC

(APAF-1, R protein, and CED-4), of R proteins (termed the NB-

ARC domain) have ATPase activity and likely function as part of a

switch for conformational changes that lead to activation (Ta-

meling et al., 2002, 2006; Leipe et al., 2004). Indeed, several

autoactive R proteins carry mutations in the NB-ARC domain

(Bendahmane et al., 2002; Shirano et al., 2002; Tameling et al.,

2006). Moreover, the NACHT domain of animal NLR proteins,

which is the counterpart of the NB-ARC unit, is responsible for

ATP-dependent oligomerization leading to apoptosis (reviewed

in Martinon et al., 2009). In this context, it is intriguing that, unlike

other factors, CRT1 interacts with the NB-ARC domain of an R

protein in planta (Kang et al., 2008). Thus, it is tempting to

speculate that CRT1’s ATPase activity is involved in (i) converting

the inactive R protein to its activation-competent form, (ii)

converting the activation-competent R protein to its active form

once an activation cue is present, and/or (iii) mediating trans-

mission of the activation signal to a downstream component(s)

(Figure 10B). Consistent with this model, the crt1 mutant, which

encodes a prematurely truncated protein lacking the ATPase

domain, was originally identified in our genetic screen by the loss

of HRT-mediated cell death; crt1 plants also display reduced

resistance to TCV infection (Kang et al., 2008). Interestingly,

several truncated CRT1 mutants lacking the ATPase domain

display dominant-negative suppression of cell death triggered by

the autoactivated ssi4 R proteins (Kang et al., 2008). Since ssi4

contains a mutation that shifts it to a constitutively active state,

this result suggests that R protein activation is a multistep

process that requires other modifications to occur prior to, or

in conjunction with, the ATPase function of CRT1. Given that the

guardee proteins (alternatively designated recognition factors or

bait proteins) and the Arc2 subdomain of R proteins likely have

multiple functions in modulating R protein activity (Collier and

Moffett, 2009), it would not be surprising if CRT1 also served

multiple functions in R protein activation.

The endomembrane system, which is essential for trafficking

proteins, metabolites, and other molecules, generally comprises

the endoplasmic reticulum, the Golgi complex, vacuoles, and

endosomes (Surpin and Raikhel, 2004). Growing evidence indi-

cates that metabolite transport is an essential part of plant

defense responses, including deposition of lignin and callose at

the site of pathogen challenge (Field et al., 2006). Moreover, two

SNARE proteins, which are implicated in vesicle trafficking, play

roles in basal and nonhost resistance in Arabidopsis and barley

(Hordeum vulgare; PEN1 and ROR2, respectively; Collins et al.,

2003). Syp132, another SNARE protein, contributes not only to

basal resistance but also to R gene–mediated resistance (Kalde

et al., 2007), suggesting broad participation of the trafficking

system in plant defense. Since CRT1 is an endosome-localized

protein, it may regulate resistance by playing a role in this

trafficking-related defense. Indeed, endomembrane system-

related genes are significantly overrepresented in the CRA

genes identified from the ATH1 chip analyses, as are genes

from the “transport” category (Figure 8). For example, CRA2 is a

MATE transporter, which was previously identified as Arabidop-

sis DTX1 (detoxification 1) and shown to complement an Esch-

erichia coli mutant defective in multidrug resistance (Li et al.,

2002). Its expression was highly induced in wild-type plants by

RPS2-dependent recognition of Pst AvrRpt2 (Figure 9B) but was

compromised in crt1-2 crh1-1. EDS5, an essential component of

salicylic acid–dependent signaling, also belongs to this MATE

transporter family. EDS5 was also rapidly and highly induced by

Pst AvrRpt2 (Nawrath et al., 2002). EDS5 expression, however,

was not altered in crt1-2 crh1-1 (26-fold induction by Pst

AvrRpt2 over mock in both the wild type and crt1-2 crh1-1),

suggesting that these two MATE transporters likely function

independently.

Recent developments provide some clues as to what types of

metabolites might be involved in the resistance-associated traf-

ficking inwhichCRT1appears toparticipate.Basedonmicroarray

analysis, NPR1, a crucial regulator of salicylic acid–mediated

resistance, controls the expression of protein secretory pathway

genes involved in the secretion of pathogenesis-related proteins

(Wang et al., 2005). PEN2, which is localized to mobile endo-

somes, is involved inmetabolizing aglucosinolate to abreakdown

product that is a crucial signaling molecule for a broad spectrum

of defense responses (Bednarek et al., 2009; Clay et al., 2009). In

addition, R proteins, including MLA and N, are differentially

localized upon activation (Burch-Smith et al., 2007; Shen et al.,

2007). Some R proteins, including RPP1A (Weaver et al., 2006),

RPS4 (Weaver et al., 2006; Wirthmueller et al., 2007), and RPM1

(Figure 7B), have been localized to endosomes. Interestingly, the
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animal PAMP receptors, TLR9 and TLR4, which play important

roles in modulating innate and adaptive immunity, require local-

ization to endosomes for their functions (Honda et al., 2005;

Husebye et al., 2006). Based on the many similarities between

innate immunity in animals and plants, we suggest that a popu-

lation of plant R proteins resides in endosomes where, following

pathogen attack, CRT1 performs a critical function required for

their activation as proposed in Figure 10. Once activated, R

proteins may relocate to other subcellular compartments with the

concomitant disruption of CRT1–R protein interaction.

In summary, CRT1 physically associates with a wide range of

R proteins (and with the chaperone HSP90), and it is required

for full resistance to the viral, bacterial, and oomycete patho-

gens recognized by these R proteins. Strikingly, activation of

these R proteins appears to disrupt the CRT1–R protein inter-

action. Together, these results, along with the requirement of

CRT1 for increases in cytosolic Ca2+ levels and the ability of

CRT1-silenced N. benthamiana to develop Nt MEK2DD–

induced cell death, argue that CRT1 plays a crucial role early

inR gene–mediated defense signaling. The endosomal location

Figure 10. Model of CRT1’s Putative Function(s) in R Protein–Mediated Defense Signaling.

(A) CRT1 may functions as a scaffold protein that helps gather all of the necessary components for forming an activation-competent R protein

(represented as a red hexagon) complex, including guardee and cochaperones (HSP90, RAR1, and SGT1). Subsequent interaction with pathogen-

derived avirulent factor (AVR) would trigger downstream signaling.

(B) CRT1 might play an active role in three potential energy-dependent processes using its ATPase activity to either (i) convert the inactive R protein to

its activation-competent form, (ii) convert the activation-competent R protein to its active form once an activation cue (e.g., AVR) is present, or (iii)

mediate transmission of the activation signal to a downstream component(s).
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of CRT1 and RPM1, as well as the large number of CRA genes

associated with the endomembrane system, further suggest

that this subcellular compartment is crucial for plant defense

responses.

METHODS

DNA Constructs and Phylogenetic Analysis

Plant overexpression constructs for Myc-CRT1, GFP-HA, HRT-HA,

HRTDLRR-HA, RPS2m-HA (Kang et al., 2008), GFP-Flag, TCV, mTCV

(Bhattacharjee et al., 2009), Pto,AvrPto,AvrPtoB1-387 (Abramovitch et al.,

2006), and AvrB (Ong and Innes, 2006) were described previously. RCY1-

HA, rcy1-3-HA, rcy1-6-HA RPP8-HA, RPP8c-HA, RPM1DC-HA (1 to 734

amino acids), SNC1-HA, Pto-HA, GFP-CRT1, Nt MEK2DD (Yang et al.,

2001), and Aequorin were cloned into XhoI and SpeI sites of pER8 (Zuo

et al., 2000) for overexpression in plants. Note that Aequorin was PCR

amplified from pMAQ carrying the Aequorin gene from Aequorea victoria

(Knight et al., 1991). Nb HSP90 (GQ845021), Nt Rar1 (Liu et al., 2002b),

and Nb SGT1 (Leister et al., 2005) were cloned into BamHI and XbaI sites

of pBin61 carrying HA tag in 39 end (Sacco et al., 2007) for overexpression

in plants. For protoplast transfection, GFP-HA, Myc-CRT1, HRTDLRR (1

to 513 amino acids)-HA, and Pto-HAwere cloned into pJD301 (Anderson

et al., 2006). For VIGS, Nb CRT1 (GQ855284) amplified from N. ben-

thamiana cDNAwas cloned into the pTRV2 vector for TRV-based VIGS in

N. benthamiana, as described (Liu et al., 2002a). All the primers used in

RT-PCR are listed in Supplemental Table 2 online. Multiple sequence

alignments were produced using ClustalW (with default parameters in

MEGA4.1) and are provided in Supplemental Data Set 1 online. Phylo-

genetic analysis was performed using MEGA 4.1 with the UPGMA

method (Tamura et al., 2007). The tree is drawn to scale and midpoint

rooted, with branch lengths in the same units as those of the evolutionary

distances used to infer the phylogenetic tree. Bootstrap values calculated

from 2000 replicates are shown.

Tomato Protoplast Transfection, VIGS, Agrobacterium

tumefaciens–Mediated Transient Expression in Nicotiana

benthamiana, and Generation of Transgenic Arabidopsis

Protoplasts prepared from 4-week-old tomato (Solanum lycopersicum)

prf3 or its wild-type Rio Grande parent were transfected as described

(Xiao et al., 2007). VIGS in N. benthamiana and a cell death assay were

performed as described (del Pozo et al., 2004). Agrobacterium-mediated

transient expression in N. benthamiana was performed as described

(Kang et al., 2008). Estradiol-inducible pER8-Myc-CRT1 were trans-

formed into A. tumefaciens strain GV3101 carrying the plasmid MP90.

The crt1-2 crh1-1 mutant was then used as recipient for Agrobacterium-

mediated transformation (Bechtold et al., 1993).

Co-IP and IB Analyses

Co-IP and IB were performed as described (Kang et al., 2008). Equal

loading of proteins was checked by staining the polyvinylidene fluoride

membrane (Millipore) with Coomassie Brilliant Blue to visualize the large

subunit of RuBPCase. aH+ATPase and aV-ATPase marker antibodies

were purchased from Agrisera.

Two-Step Differential Centrifugation and Aqueous

Two-Phase Separation

Two-step differential centrifugation and extraction of Arabidopsis thaliana

membraneswereperformedasdescribed (Darsowet al., 1997;Wirthmueller

et al., 2007), with the following modifications:;2 g of Arabidopsis leaves

were homogenized in 10 mL of the described buffer at 48C without a

freeze-thaw using a T10 Ultra-Turrax homogenizer (IKA).

Pathogen Infection, Generation of Transgenic Arabidopsis,

Measurement of [Ca2+] by Aequorin Luminometry, Confocal

Microscope Imaging, and Trypan Blue Staining

Infection with Pst (Kang et al., 2008) or Hyaloperonospora arabidopsidis

(Menke et al., 2004) was performed as described. Arabidopsis transfor-

mation was performed as described (Kang et al., 2008). Measurement of

[Ca2+] by Aequorin luminometrywas performed as described (Grant et al.,

2000) with the following alterations: 3 d before themeasurement, 3-week-

oldArabidopsiswas treatedwith 30mMestradiol to induceAequorin gene

expression. Upon Pst or mock infection, luminescence counts were

integrated every 10 s over a 210-min period on a luminometer (9200-102;

Turner Biosystems).

Confocal images were collected on a Leica TCS-SP5 confocal micro-

scope. GFP was excited with an argon laser (488 nm), and emitted light

was collected between 500 and 520 nm. mCherry was excited with a

HeNe laser (594 nm), and emitted light was collected from 600 to 620 nm.

Sequential scanning was used to avoid bleed-through. Images were

processed using Leica LAS-AF software (version 1.8.2). Trypan blue

staining was performed as described (Bowling et al., 1994).

RNA Extraction, RT-PCR, and Microarray Experiments

RNA extraction was performed using the RNeasy plant mini kit (Qiagen).

cDNA was generated by the SuperScript III kit (Invitrogen). RT-PCR was

performed as described (Kang et al., 2008) except that SYBR green

staining solution (Sigma-Aldrich) was used for DNA visualization. Real-

time qRT-PCR was performed using SYBR Green qPCR mix as sug-

gested by the manufacturer (Invitrogen) with the primers listed in

Supplemental Table 2 online on an ABI PRISM 7900HT. Each of two bio-

logical replicateswas analyzed in duplicate. Relative expression level was

calculated from the difference between threshold cycle (Ct) values of

reference and target genes (Schmittgen and Livak, 2008). The reference

gene is TIP41-like (AT4G34270; Czechowski et al., 2005).

Affymetrix ATH1 microarrays were used for transcriptome analyses

(Redman et al., 2004). Transcriptome analyses included the wild type and

crt1-2 crh1-1, involving three biological repeats. The data are available

from Array-Express. Labeling, hybridization to arrays, and scanning were

performed at the Cornell Microarray Facility (Ithaca, NY) as described

(Han et al., 2007). ATH1 data generated in this work were normalized

using RMA Expression (Irizarry et al., 2003).

Microarray Data Preprocessing

Samples from mock- and Pst AvrRpt2-treated plants (W_m, M_m, W_p,

and M_p) and the mock-treated samples and no treatment plants (W_m,

M_m, W_n and M_n) were processed separately due to the experimental

design. The raw microarray data (CEL files) were preprocessed using GC-

RMA (Wu et al., 2004) after quality control using the affyPLM package from

Bioconductor (http://www.bioconductor.org/). GC-RMA gives a bimodal

distribution of log2 expression values. The values corresponding to the

lower peak represent values that are mostly noise. Gene probes satisfying

eitherof the followingcriteriawereconsidered tohavea truesignalandwere

used for subsequent analyses: signal intensity in any sample is higher than

8 or signal intensities of all samples are above their valley values. The valley

values were defined as follows: data from each array were equispaced 50

times (a class interval is 0.2 log2) to determine a class with the least

frequency. A mean of the least frequent class interval was used as a valley

value. Annotation of probes to Arabidopsis Genome Initiative loci was

performed using affy_ATH1_array_elements-2008-5-29.txt in the TAIR

database.

932 The Plant Cell



Microarray Data and Statistical Analysis

Selected probe sets were fitted to a linear model:

Sijkl ¼ Pi :Gj :Tk þ Rl þ «ijkl

where S is log2 signal intensity; P, G, T, and R are probe set,

genotype, treatment, and replicate effects; « is residual. P:G:T is an

interaction term. For the no pathogen treatment data set, no treatment

(0 h) and mock inoculation were considered different treatments. The

empirical Bayes method was used for variance shrinkage. The P values

were corrected for multiple tests to obtain the q-values as described

(Benjamini and Hochberg, 1995). The above procedure was performed

using R and limma packages in Bioconductor. To evaluate enrichment

in the Gene Ontology categories, known or deduced functions of the 65

CRA genes were annotated with TAIR9 as of June 2009. A one-sample

x2 test was performed for each term using the chisq.test function with

10,000 Monte Carlo simulation replicates in R (http://www.R-project.

org) to statistically evaluate significance of the enrichment. GO cate-

gories with P values < 0.05 in one-sided tests were considered

significant.

Accession Numbers

Sequence information in this study can be found in GenBank or Sol

Genomic Network (SGN) databases under the following accession num-

bers: Sl CRT1 (SGN-U349134), St CRT1 (SGN-U273098), Nb CRT1

(GQ855284), Cc CRT1 (SGN-U357963), Vv CRT1 (CAO48278), Os CRT1

(AAK70637), Pp CRT1 (XP_001762322), Zm CRT1 (ACG47873), Nb

HSP90 (GQ845021), Nt RAR1 (AF480487; Liu et al., 2002b), and Nb

SGT1 (AY899199; Leister et al., 2005). Germplasm identification numbers

for the seeds in this study can be found in TAIR as follows: crt1-2

(SAIL_893_B06), crh1-1 (SALK_072774), and crh2-1 (SALK_000009).

Microarray data in this study have been deposited in the Array-Express

database with the accession number NASCARRAYS-527.
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