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SUMMARY

Using a proteomics approach, a PP2C-type phosphatase (renamed PIA1, for PP2C induced by AvrRpm1) was

identified that accumulates following infection by Pseudomonas syringae expressing the type III effector

AvrRpm1, and subsequent activation of the corresponding plant NB-LRR disease resistance protein RPM1. No

accumulation of PIA1 protein was seen following infection with P. syringae expressing AvrB, another type III

effector that also activates RPM1, although PIA transcripts were observed. Accordingly, mutation of PIA1

resulted in enhanced RPM1 function in response to P. syringae pathover tomato (Pto) DC3000 (avrRpm1) but

not to Pto DC3000 (avrB). Thus, PIA1 is a protein marker that distinguishes AvrRpm1- and AvrB-dependent

activation of RPM1. AvrRpm1-induced expression of the pathogenesis-related genes PR1, PR2 and PR3, and

salicylic acid accumulation were reduced in two pia1 mutants. By contrast, expression of other defense-related

genes, including PR5 and PDF1.2 (plant defensin), was elevated in unchallenged pia1 mutants. Hence, PIA1 is

required for AvrRpm1-induced responses, and confers dual (both positive and negative) regulation of defense

gene expression.
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INTRODUCTION

The first step in immunity is the recognition of pathogen-

associated molecular patterns (PAMPs), which results in

PAMP-triggered immunity (PTI) (Boller and Felix, 2009).

During evolution, pathogens have acquired PTI-interfering

effector proteins to render certain plant species susceptible.

In turn, plants evolve disease resistance proteins that rec-

ognize the presence of individual effectors, resulting in

effector-triggered immunity (ETI) (Chisholm et al., 2006;

Grant et al., 2006; Jones and Dangl, 2006). In contrast to PTI,

ETI is usually specific to one effector, and conforms to the

‘gene-for-gene’ interaction model postulated by Flor (1971).

Natural selection subsequently drives pathogens to avoid

ETI by diversifying the recognized effectors or by acquiring

new effectors to suppress ETI and permit infection. Plants

may then acquire new resistance proteins to counteract new

effectors. This alternation in resistance status constitutes

the ‘zigzag’ model proposed by Jones and Dangl (2006) to

describe the plant–pathogen ‘arms race’ that propels the

survival of either the plant or the pathogen.

The ‘gene-for-gene’ model is characterized by genetic

interaction between pathogen avr (avirulence) gene loci and

alleles of the corresponding plant disease resistance (R)

locus (Van der Biezen and Jones, 1998; Dangl and Jones,

2001). This is often manifested in programmed cell death

(the hypersensitive response, HR) to halt pathogen growth,

and is thus a very effective defense response (Hammond-

Kosack and Jones, 1996; McDowell and Woffenden, 2003).

Direct R–Avr interactions have been demonstrated for the

flax L resistance protein and AvrL of flax rust fungus (Dodds

et al., 2006), rice Pi-ta and Avr-Pita of Magnaporthe grisea
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(Jia et al., 2000), and Arabidopsis RSS1-R and Pop2 of

Ralstonia solanacearum (Deslandes et al., 2003). For many

other R–Avr pairs, no physical interaction has been shown.

As an alternative, the ‘guard hypothesis’, in which plant R

proteins recognize Avr proteins through their action on host

targets, has been proposed (Van der Biezen and Jones,

1998). RPM1-interacting protein 4 (RIN4) is an example of a

host target protein whose the modification by Avr proteins

is ‘guarded’ by R proteins. Two effectors of Pseudomonas

syringae, AvrRpm1 and AvrB, can stimulate phosphoryla-

tion of RIN4, which is thought to then be perceived by RPM1,

the cognate R protein for AvrRpm1 and AvrB. Another

P. syringae effector, AvrRpt2, also targets RIN4, causes its

disappearance through protease activity, and activates the

defense response conferred by RPS2 (Mackey et al., 2002,

2003). In the absence of RPM1 and RPS2, AvrRpm1 and

AvrRpt2 manipulate RIN4 in order to suppress PTI and

promote virulence of the corresponding P. syringae strains

in these plants (Belkhadir et al., 2004; Kim et al., 2005a,b).

However, it is not known how such target modifications

benefit pathogen virulence.

Despite substantial progress in understanding NB-LRR-

mediated disease resistance, downstream defense signaling

pathways have not been defined. A frequent event in signal

transduction pathways is reversible protein phosphoryla-

tion, which provides a mechanism to regulate protein

conformation, activity, localization and stability (Hunter,

1995). In addition to kinases, protein phosphatases are

emerging as regulators of defense responses in plants.

AP2C1, an Arabidopsis PP2C phosphatase, negatively reg-

ulates the mitogen-activated protein kinases MPK4 and

MPK6, as well as resistance to necrotrophic pathogens,

whereas WIN2, a PP2C that interacts with the bacterial

HopW1-1 effector, is required for resistance against virulent

P. syringae (Schweighofer et al., 2007; Lee et al., 2008). In

the AvrRpm1–RPM1 system, phosphorylation of signaling

components, such as RIN4, has been shown, but the kinases

and phosphatases involved are not known.

In a proteomics-based study, a PP2C accumulating during

the AvrRpm1–RPM1 interaction was identified (Widjaja

et al., 2009). We show here that this specific PP2C accumu-

lation is induced by AvrRpm1, but not AvrB. Loss of this

PP2C increased RPM1 function, affected the expression of

subsets of PR (pathogenesis-related) and stress-related

genes, and resulted in lower salicylic acid (SA) accumulation

after bacterial infection.

RESULTS

To identify potential components of the AvrRpm1–RPM1

signaling pathway, proteins that are differentially regulated

during this interaction were analyzed by two-dimensional

electrophoresis in transgenic Arabidopsis lines conditionally

expressing avrRpm1 (Widjaja et al., 2009). MALDI-TOF mass

spectrometry identified one of these up-regulated proteins,

with sequence coverage of approximately 62% (Figure S1),

as a PP2C encoded by At2g20630 (which we renamed as

PIA1, PP2C induced by AvrRpm1). The AvrRpm1-induced

PIA1 accumulation is rather low – it is not detectable in total

or microsomal protein extracts prior to fractionation steps

that deplete abundant proteins (e.g. Rubisco) and its visu-

alization required silver staining (Widjaja et al., 2009). The

rapid accumulation of this phosphatase (i.e. 1 h after av-

rRpm1 expression is detectable) suggests potential role(s)

for PIA1 in early RPM1-mediated signaling.

PIA1 up-regulation is specific for the AvrRpm1–RPM1

interaction

Kim et al. (2009) showed that residual defense activation

occurs in rpm1-3 plants through weak ‘off target’ activation

of another NB-LRR protein, RPS2, by AvrRpm1. However,

PIA1 up-regulation is strictly RPM1-dependent as it is only

observed in RPM1, and not in rpm1-3, lines (Figure 1a,b).

PIA1 accumulation observed in the transgenic DEX-

inducible avrRpm1 system (Figure 1) can be reiterated by

infiltration of wild-type Arabidopsis thaliana (Col-0) with

Pto DC3000 (avrRpm1), which expresses and naturally

delivers AvrRpm1 into plant cells during infection (Fig-

ure 2a). To analyze whether PIA1 accumulation is induced

by other bacterial effectors, Arabidopsis Col-0 plants were

infiltrated with Pto DC3000 (avrB), which also activates

RPM1-mediated disease resistance (Mackey et al., 2002), or

Pto DC3000 (avrRpt2), which activates RPS2-mediated

(a)

(b)

Figure 1. PP2C up-regulation after dexamethasone treatment in the RPM1

line, but not the rpm1-3 line.

Panels of selected regions of two-dimensional electrophoresis gels showing

the PP2C spot (indicated by arrows) before and after dexamethasone

treatment (2 hpi) in Rubisco-depleted total protein (a) and Rubisco-depleted

microsomal protein (b) fractions. The peptide mass-fingerprinting-based

identification of the PP2C spot (renamed PIA1) is shown in Figure S1.
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disease resistance (Mackey et al., 2003). Pto DC3000, Pto

DC3000 (hrpA-) and flg22 were included to compare the

PIA1 response to the whole arsenal of type III effectors, a

type III secretion system mutant or a PAMP, respectively.

Two-dimensional electrophoresis analysis showed that,

among this set of stimuli, PIA1 was up-regulated exclu-

sively by infiltration of bacteria with avrRpm1 (Figure 2a).

The PIA1 protein spot could be clearly seen 2 h after

treatment and at a lower level after 6 h (Figure 2a,b).

Surprisingly, no up-regulation of PIA1 was seen following

inoculation with Pto DC3000 (avrB) (Figure 2a), although

PIA1 transcripts did accumulate after infiltration with both

avrB- or avrRpm1-expressing strains (see Figure 5). Hence,

of the two bacterial effectors that are known to activate

RPM1, PIA1 protein accumulation appears to be specific to

AvrRpm1, and this is probably regulated at the post-

transcriptional level.

At2g20630 T-DNA insertion mutants do not express PIA1

To investigate the role of PIA1 in RPM1-mediated defense

responses, two SALK T-DNA insertion lines for At2g20630

were isolated, and the positions of the T-DNA inserts were

determined by DNA sequencing. The insert is located in the

second exon of At2g20630 in the first line (N519305), and at

the border between the third exon and the adjacent intron of

At2g20630 in the second line (N605978) (Figure 3a). Neither

mutant showed accumulation of either PIA1 mRNA (Fig-

ure 3b) or PIA1 protein (Figure 3c) after infiltration with Pto

DC3000 (avrRpm1). Thus, the two pia1 lines are null

mutants, and are designated hereafter as pia1-1 and pia1-2,

respectively (Figure 3c).

The pia1 mutants show enhanced disease resistance

against Pto DC3000 (avrRpm1), but not against Pto DC3000

(avrB) or Pto DC3000

Thepia1mutantsdonotexhibitanyobviousphenotypeunder

normal growthconditions.TocheckwhetherPIA1altersother

defense responses, such as the HR or ROS accumulation, Col-

0 and the pia1 mutants were infiltrated with Pto DC3000 (av-

rRpm1) and, after 7 h, subjected to trypan blue (Peterhänsel

et al., 1997) and 3,3-diaminobenzidine (DAB) (Thordal-Chris-

tensen et al., 1997) staining to indicate cell death and H2O2

accumulation, respectively. No distinction could be made

between Col-0 and the pia1 lines, suggesting that neither

the HR nor ROS accumulation are considerably affected by

(a)

(b)

Figure 2. Only Pto DC3000 (avrRpm1) infiltration led to PIA1 accumulation.

(a) Selected regions from two-dimensional electrophoresis gels showing PIA1

(indicated by arrows) before (UT, untreated) and 2 h after infiltration with

MgCl2, flg22 (10 lM), a type III secretion system mutant (hrpA-), virulent Pto

strain (DC3000), or various avirulent strains expressing the indicated avr

genes at 108 cfu ml)1.

(b) Time course of PIA1 accumulation after Pto DC3000 (avrRpm1) infiltration.

(a)

(b)

(c)

Figure 3. Two Arabidopsis PIA1 mutants (N519305 and N605978) do not

express PIA1 mRNA and protein (after Pto DC3000 (avrRpm1) infiltration,

2 hpi).

(a) Schematic diagram showing the PIA1 gene (exon–intron) structure and

PIA1 protein motifs. The positions of the T-DNA insertion are indicated by

triangles.

(b) PIA1 mRNAs were absent in the two mutants (as determined by RT-PCR).

(c) No PIA1 protein accumulated at the expected position (as determined by

two-dimensional electrophoresis) in the two mutants compared to Col-0.
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the loss of PIA1 (Figure S2). Lower-dose bacterial inoculation

toevokeweaker reactions fordetectingsubtlephenotypesdid

not result in any obvious difference (data not shown).

As impairment of pathogen colonization is not always

achieved through development of an HR (Hammond-Kosack

and Jones, 1996), bacterial growth was analyzed. Growth of

the virulent strain Pto DC3000 and the avirulent strain Pto

DC3000 (avrB) did not differ between Col-0 and the pia1

mutants (Figure 4a,c). By contrast, growth of Pto DC3000

(avrRpm1), which normally proliferates poorly in Col-0 due

to activation of RPM1-dependent disease resistance, was

reduced approximately fivefold in the pia1 mutants com-

pared to Col-0 at 2 and 4 days after inoculation (Figure 4b).

Although the difference in bacterial growth is modest, it is

reproducible (in five repetitions), and indicates that loss of

PIA1 enhanced the response to avirulent Pto DC3000

(avrRpm1) but not avirulent Pto DC3000 (avrB).

PIA1 regulates the expression of several RPM1-responsive,

pathogenesis- and stress-related genes

The observation that the loss of PIA1 did not affect HR for-

mation, but further increased resistance against avirulent

Pto DC3000 (avrRpm1), suggests that PIA1 affects AvrRpm1-

dependent activation of RPM1 specifically. To test this

hypothesis, expression of three marker genes for RPM1-

mediated responses [RPM1-induced protein kinase (RIPK;

At2g05940), a matrix metalloprotease (MMP2; At1g70170)

and a gene encoding a protein of unknown function but

predicted to localize to the chloroplast (TonB; At2g32190)]

(de Torres et al., 2003) was analyzed by semi-quantitative

RT-PCR. After Pto DC3000 (avrRpm1) treatment, there were

(a)

(b)

(c)

Figure 4. Loss of PIA1 did not change the susceptibility to the virulent Pto

DC3000 strain or avirulent strain Pto DC3000 (avrB) (a,c), but increased

resistance to the avirulent strain, Pto DC3000 (avrRpm1) (b).

Plants were syringe-infiltrated with bacteria resuspended at 105 cfu ml)1, and

bacterial growth was monitored. Data are means � SE for 18 plants (DC3000)

or 28 plants (DC3000 (avrRpm1)). The P values for the t test analysis,

compared to the corresponding Col-0 plants, are indicated above each

column. The experiment was repeated four times for Pto DC3000, twice for Pto

DC3000 (avrB) and five times for Pto DC3000 (avrRpm1), with similar results.

Figure 5. Loss of PIA1 changed the expression pattern of several defense- and

stress-related marker genes before and after infiltration with Pto DC3000

(avrRpm1) or Pto DC3000 (avrB).

The transcript levels were monitored by semi-quantitative RT-PCR, with EF1a
and actin as constitutive controls. The experiment was repeated twice with

similar results. Abbreviations: RIPK, RPM1-induced protein kinase; TonB,

putative chloroplast protein; MMP2, matrix metalloprotease; ACS6, ACC

synthase; PR, pathogenesis-related; PDF1.2, plant defensin; VSP2, vegetative

storage protein.
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enhanced MMP2 transcript levels in the pia1 mutants

compared to Col-0, but RIPK and TonB were not affected

(Figure 5). By contrast, expression of the PR genes PR1/2/3

and of plant defensin (PDF1.2) was slightly reduced or

delayed in the pia1 mutants compared to Col-0 (Figure 5).

Many of the PR genes tested above are controlled by SA

(Dong, 1998). To evaluate the contribution of other major

defense-related hormonal pathways, we checked expression

of marker genes for jasmonic acid (JA) signaling (VSP2)

and ethylene (ET) biosynthesis. The basal levels of ACS6

(1-aminocyclopropane-1-carboxylic acid (ACC) synthase-6)

were higher in the pia1 mutants, but the pathogen-induced

expression of VSP2 and ACS6 in the pia1 mutants was

similar to Col-0 (Figure 5).

When compared to housekeeping genes such as EF1a, in

addition to ACS6 already mentioned above, higher expres-

sion of PR5, PDF1.2 and, to a lesser extent RIPK and TonB,

was seen in the pia1 mutants prior to infection (Figure 5, left

panel). Together, these results suggest that PIA1 is required

to suppress the expression of subsets of genes (PR5, PDF1.2,

ACS6, RIPK and TonB) prior to infection, and it is required

for full expression of PR1, PR2 and PR3 during the

RPM1-mediated response.

In agreement with the apparent lack of a role for PIA1 in

defense against Pto DC3000 (avrB) (Figure 4c), expression

patterns after infiltration with Pto DC3000 (avrB) were

generally similar between Col-0 and pia1 mutants (Figure 5,

right panel). Thus, PIA1 is required for some of the

AvrRpm1-induced, but not AvrB-induced, RPM1 responses.

Analysis of defense-related phytohormones in pia1

SA, JA and ET levels were determined to evaluate their

possible role in signaling in pia1 mutants. Although JA

levels were slightly lower in one of the pia1 mutants com-

pared to Col-0 at 6 hours post inoculation (hpi), there was no

significant difference in levels of its precursor, 12-oxo-phy-

todienoic acid (OPDA), between the lines before or after

infiltration with Pto DC3000 (avrRpm1) (Figure 6a,b). In

particular, no difference in basal JA levels was observed.

ET levels were similar in Col-0 and the pia1 mutants under

untreated conditions, as well as upon infiltration with Pto

DC3000 (avrRpm1) (Figure 7). As the ET levels after MgCl2
infiltration (wounding control) were much lower compared

to those after bacterial infiltration, the wounding effect

during infiltration is negligible. However, the ET levels in the

pia1 mutants appear to be lower compared to Col-0 after

MgCl2 treatment, and this difference was significant for

both mutants (Student’s t test: P < 0.05 for line pia1-1 and

P < 0.01 for line pia1-2). Thus, PIA1 may affect wound-

induced ET accumulation but is not essential in controlling

ET levels during interaction with Pto DC3000 (avrRpm1).

The levels of free SA, SA glycoside (SAG) and total SA

in the pia1 mutants were generally lower compared to those

in Col-0 (Figure 8a–c), but statistically significant differences

were only found at later time points, such as 6 hpi (Figure 8)

or later (data not shown). Thus, PIA1 is required for

AvrRpm1-induced SA accumulation.

(a)

(b)

Figure 6. JA (a) and OPDA (b) levels in the pia1 mutants were generally not

different from those in Col-0 after Pto DC3000 (avrRpm1) infiltration.

Although the level of JA was lower at 6 hpi for line pia1-1, there was no

consistent reduction in either pia1 mutant. The numbers above the columns

are the t test P values compared to Col-0 as reference. Data are the means of

three biological replicates � SE.

Figure 7. ET levels in the pia1 mutants and Col-0 were similar at baseline and

after Pto DC3000 (avrRpm1) infiltration, but lower after MgCl2 treatment.

The amount of ET accumulating for 6 h after treatment was measured. The

values are the means � SE of 5–7 plants, and the numbers above the columns

are the t test P values. Four leaves per plant were sampled, and the

experiment was repeated twice.
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PIA1 does not regulate phosphorylation of RIN4 and

AtREM1.2

PIA1 negatively regulates disease resistance against Pto

DC3000 (avrRpm1) (Figure 4), and may be assumed to

regulate early phosphorylation events that occur during

AvrRpm1-induced signaling. Two membrane-associated

proteins are known to be rapidly phosphorylated in re-

sponse to AvrRpm1-dependent activation of RPM1, namely

RIN4 (Mackey et al., 2002) and Remorin (AtREM1.2), a

putative lipid raft component (Widjaja et al., 2009). Phos-

phorylated RIN4 can be detected as a transient mobility shift

on one-dimensional SDS–PAGE with immunodetection

(Mackey et al., 2002) after Pto DC3000 (avrRpm1) infection

(Figure 9a). The phosphorylation pattern was not altered in

the pia1 mutants. Visualization of AtREM1.2 phosphoryla-

tion required two-dimensional electrophoresis analysis

(Widjaja et al., 2009). AtREM1.2 phosphorylation on two-

dimensional electrophoresis was observed in both wild-type

and the pia1 mutants (Figure 9b). Hence, phosphorylation of

RIN4 and AtREM1.2 is either not regulated by PIA1, or,

alternatively, there are other PP2Cs that can redundantly

control the phosphorylation status.

DISCUSSION

The Arabidopsis PP2C family consists of 76 genes that are

clustered into ten groups based on amino acid sequence

homology (Schweighofer et al., 2004). Biological functions

have been assigned only to a few PP2Cs, such as those

(a)

(b)

(c)

Figure 8. SA, SAG and total SA levels in the pia1 mutants were significantly

reduced compared to Col-0.

Plants were infiltrated with Pto DC3000 (avrRpm1) re-suspended at

108 cfu ml)1, and the levels of SA (a), SAG (b) and total SA (c) in infiltrated

leaves were measured at 0, 2 and 6 hpi. The data shows the means � SE,

based on three biological replicates. Numbers above the columns are the

t test P values.

(a)

(b)

Figure 9. RIN4 and AtREM1.2 phosphorylation was not affected by the loss of

PIA1.

Plants were infiltrated with Pto DC3000 (avrRpm1) re-suspended at

108 cfu ml)1.

(a) RIN4 was immunodetected after one-dimensional elelctrophoretic sepa-

ration and Western blotting, with phosphorylation detected as a mobility shift

(white arrowheads).

(b) AtREM1.2 isoforms were visualized by silver-staining after two-dimen-

sional electrophoresis. Selected regions of the two-dimensional electropho-

resis panels are shown, with the position of the major form of phosphorylated

AtREM1.2 (showing a shift towards acidic pI) indicated by arrows.
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associated with abscisic acid (ABA) perception and signaling

(Ma et al., 2009; Park et al., 2009), or the homolog of MP2C, an

alfalfa (Medicago sativa) PP2C that regulates MAPK signaling

(Schweighofer et al., 2004). The PP2C identified in this work,

PIA1, is rapidly up-regulated during AvrRpm1-dependent

RPM1 activation, and has not been described previously. Re-

cently, another member in the same PP2C group, At4g31750,

was identified as a HopW1-1-interacting protein (Lee et al.,

2008), highlighting the possibility of bacterial effectors tar-

geting certain PP2Cs in order to curb defense responses.

PIA1 negatively regulates disease resistance

mediated by RPM1

Reducing phosphatase levels by silencing PP2Ac has been

shown to increase resistance to virulent P. syringae pv.

tabaci (He et al., 2004), and increasing the levels of AP2C1,

an Arabidopsis MAPK-interacting PP2C, compromised

immunity against the necrotrophic pathogen, Botrytis cine-

rea (Schweighofer et al., 2007). Resistance to B. cinerea was

not affected in the pia1 mutants (data not shown). Thus, PIA1

acts differently from AP2C1-type PP2Cs. Loss of PIA1 led to

a small but reproducible enhanced resistance against

avirulent Pto DC3000 (avrRpm1) (Figure 4). This marginal

difference is probably due to enhancement of the existing

RPM1-mediated responses as no general enhanced resis-

tance phenotype was observed.

The mode of action for the enhanced RPM1 function in

pia1 mutants against Pto DC3000 (avrRpm1) is currently

unknown, but is apparently independent of HR, ROS

(Figure S2) or ET/JA accumulation (Figures 6 and 7). The

decreased SA accumulation in the pia1 mutants is not

concordant with the enhanced resistance. Additionally, it is

also likely that PIA1 acts independently or downstream of

proteins that are known to be phosphorylated following

delivery of AvrRPm1 to cells expressing RPM1, such as RIN4

or Remorin (AtREM1.2) (Figure 9).

Of the three genes tested that are considered to be RPM1-

regulated markers (de Torres et al., 2003), expression of

MMP2 was slightly stronger in the pia1 mutants after

challenge with Pto DC3000 (avrRpm1) but not Pto DC3000

(avrB). This expression pattern correlated with enhanced

resistance against Pto DC3000 (avrRpm1), although it is

unclear whether MMP2 contributes to the AvrRpm1-depen-

dent RPM1 response. In this context, a soybean pathogen-

responsive matrix metalloprotease, GmMMP2, is thought to

digest and release microbial cell wall elicitors that enhance

plant defense activation, and recombinant GmMMP2 can

inhibit the growth of P. syringae pv. glycinea and Phytoph-

thora sojae (Liu et al., 2001).

PIA1 regulates pathogenesis- and stress-related gene

expression

In addition to MMP2, other defense genes are also mis-

regulated in pia1 mutants during RPM1-mediated disease

resistance. These can be placed in several categories. In

group I, expression of PR1 and PR2, which are SA-inducible

(Uknes et al., 1992), is reduced in the pia1 mutants after

infiltration with Pto DC3000 (avrRpm1), probably corre-

sponding to decreased SA levels in pia1 mutants. In group II,

expression of the JA/ET-regulated PR3 gene (Van Loon and

Van Strien, 1999) is suppressed, like the SA-regulated PR

genes, but there is no correlation with JA, OPDA or ET levels,

which are not altered in the pia1 mutants. In group III, several

genes (PR5, PDF1.2, ACS6, RIPK and TonB) have elevated

basal expression in pia1 mutants prior to bacterial infection,

but this is insufficient to establish an enhanced disease

resistance phenotype. Two of these, PDF1.2 and PR5, can be

further categorised as a sub-group, where their expression

are normally activated after bacterial infection in wild-type

plants but are repressed (i.e. lower than in the un-inoculated

tissues) after bacterial infection in the mutants. This sug-

gests that PIA1 suppresses their expression under non-

challenged conditions, but switches to positive regulation

during the RPM1-mediated defense response. Taken alto-

gether, PIA1 appears to have dual roles in controlling sub-

classes of PR gene expression.

In an attempt to determine whether PIA1 controls the

expression of these stress-related genes through hormonal

control, we measured JA, ET and SA levels. With the

exception of group I genes (SA-regulated genes), there

was no correlation between PR gene expression and

hormone levels. For PDF1.2 expression (group III), both JA

and ET signaling are required simultaneously (Penninckx

et al., 1998). One may speculate that the constitutive

expression of PDF1.2 in the pia1 mutants is regulated

through ET rather than JA, as the JA-regulated VSP2

expression in pia1 is unaffected. However, this is not

accompanied by elevated ET levels (Figure 7). Thus, in

addition to altering homeostasis of certain phytohormones,

PIA1 probably regulates defense gene expression through

phosphorylation-related signaling.

Raz and Fluhr (1993) showed that application of phospha-

tase inhibitors led to expression of PR1, PRB-1b, PR2 and PR3

in tobacco (Nicotiana tabacum). By contrast, kinase inhibitors

induced PR1 gene expression, which is suppressed in NahG

tobacco plants that cannot accumulate SA, thus suggesting a

phosphorylation event upstream of SA (Conrath et al., 1997).

Although extrapolated from different plant systems, the first

finding is in agreement with the current results indicating that

expression of some defense genes (group III) is induced

when a phosphatase such as PIA1 is missing, while the

second finding reflects the PIA1 regulation of SA levels in the

pia1 mutants and the correlation.

PIA1 regulates an AvrB-independent pathway in the

RPM1-mediated defense response

PIA1 was up-regulated by AvrRpm1 but not by AvrB at the

post-transcriptional level (Figures 2 and 5). Both effectors are
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often considered to act similarly in RPM1-mediated disease

resistance. However, the P. syringae pv. maculicola strain,

Pma M6CDE (avrRpm1), but not the corresponding Pma

M6CDE (avrB) strain, grew 10-fold more than Pma M6CDE

(vector) in rpm1 plants. This suggests an RPM1-independent

pathway that is responsive to AvrB but not to AvrRpm1

(Belkhadir et al., 2004). Recently, Eitas et al. (2008) identified

TAO1, a TIR-NB-LRR protein that contributes to full disease

resistance against Pto DC3000 (avrB), but not to Pto DC3000

(avrRpm1). TAO1 is required for AvrB-induced chlorosis in

rpm1 plants, and its activation resulted in PR1 expression. In

this study, the up-regulation of PIA1 by AvrRpm1, but not

AvrB, serves as additional evidence for the existence of sep-

arate signaling pathways activated by AvrB and AvrRpm1.

The challenge of finding PIA1 targets

Due to its rapid appearance, we speculated that PIA1 might

be involved in early signaling, and showed that it controls

defense responses to AvrRpm1. Although also detectable in

microsomal preparations (Figure 1b), PIA1 does not possess

membrane-targeting motifs, so it is not certain whether

it is truly membrane-localized or membrane-associated.

Accordingly, loss of PIA1 did not influence phosphorylation

of two membrane-associated proteins, RIN4 or Remorin

(Figure 9), that are associated with RPM1 function. PIA1

lacks putative MAPK interaction motifs and is unlikely to

regulate MAPK activation. In a pilot experiment to identify

PIA1 targets by two-dimensional electrophoresis, only three

potential, probably indirect, candidates (including ATPB, the

b-subunit of ATP synthase) with low spot intensities were

found (see legends to Figures S3 and S4). Thus, a future

challenge will be to identify PIA1 targets that affect the

defense signaling reported here.

EXPERIMENTAL PROCEDURES

Plant material, growth and treatment

Arabidopsis thaliana plants were grown under short-day conditions.
The transgenic Arabidopsis lines used here expressed avrRpm1
under the control of a dexamethasone-responsive promoter in an
RPM1 (Mackey et al., 2002) or rpm1-3 background (Grant et al.,
1995). To induce avrRpm1 expression, 4-week-old plants were
sprayed with 20 lM dexamethasone containing 0.0075% Silwet L-77
(Surfactant). The T-DNA insertion alleles of pia1 were isolated from
the SALK collection using standard protocols (http://signal.salk.edu).

Pto DC3000, Pto DC3000 (hrpA-) (Roine et al., 1997), Pto DC3000
(avrRpt2), Pto DC3000 (avrB) and Pto DC3000 (avrRpm1) (Bisgrove
et al., 1994; Grant et al., 1995) were grown in LB medium with the
appropriate antibiotics.

For bacterial growth assays, bacteria were re-suspended to
105 cfu ml)1 in 10 mM MgCl2. Four-week-old plants were syringe-
infiltrated, and the number of colony-forming-units was determined
at 1 h (taken as day 0), 2 and 4 days after infiltration. Leaf discs from
two independent plants were homogenized in 1 ml of sterile water
using a Precellys bead beater (Bertin Technologies, http://www.
precellys.fr). Serial dilutions were used to determine the number of
the bacteria.

For all other experiments (PIA1 and AtREM1.2 induction, RIN4
phosphorylation, HR and oxidative burst assays, RT-PCR analysis,
and JA/OPDA, ET and SA measurements), bacteria were infiltrated
at 108 cfu ml)1 in 10 mM MgCl2. flg22 (Felix et al., 1999) was
infiltrated at 10 lM.

Protein analysis

Total protein, microsomal protein, Rubisco-depleted total protein
and Rubisco-depleted microsomal protein preparations, two-
dimensional PAGE, image analysis and protein identification were
performed as described by Widjaja et al. (2009).

For Western blot analysis, total protein extracts were prepared by
grinding leaf material (100 mg) in 200 ll of extraction buffer
containing 20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS, 5 mM DTT and plant protease inhibitor
cocktails. Insoluble debris was removed by centrifugation at
20 000 g for 10 min at 4�C. Protein concentration was determined
using a 2D Quant Kit (GE Healthcare, http://www.gelifesciences.
com) according to the manufacturer’s instructions. Total protein
(30 lg) was separated by 12% SDS–PAGE gel and transferred to a
nitrocellulose membrane (Hybond-ECL; Amersham Biosciences,
http://www5.amershambiosciences.com/). The blot was incubated
in TBST (140 mM NaCl, 0.1% Tween-20, 20 mM Tris/HCl pH 7.6)
containing 5% skimmed milk at 4�C overnight. The blots were
incubated for 1 h at room temperature with anti-RIN4 at a dilution
of 1:5000 (Mackey et al., 2002) and subsequently with anti-rabbit
HRP at a dilution of 1:5000 (Pierce Biotechnology, http:www.pierce
net.com) with washing in TBST between incubations and after the
secondary antibody step. The blot was developed using ECL Plus
(GE Healthcare).

RT-PCR analysis

Total RNA from leaves was isolated using the Trizol method, and
reverse transcription was performed as described for the Fermen-
tas First Strand cDNA Synthesis Kit (Fermentas, http://www.
fermentas.com). PCR was performed with 10% of the cDNA prod-
ucts using the primer combinations and conditions detailed in the
Table S1.

Staining

The method used for trypan blue staining was modified from that
described by Peterhänsel et al. (1997). Leaves were boiled in trypan
blue solution (0.033% trypan blue, 8% lactate, 8% glycerol, 8%
phenol, 8% water, 67% ethanol) until the green color disappeared.
After boiling, the leaves were washed with water, and transferred to
saturated chloral hydrate solution (2.5 g chloral hydrate in 1 ml of
water) to remove non-specific staining.

The method used for DAB staining was modified from that
described by Thordal-Christensen et al. (1997). Leaves were incu-
bated in freshly prepared DAB solution (3,3¢-diaminobenzidine,
1 mg ml)1, pH 3.8, adjusted with HCl) for 2 h, and then boiled with
ethanol to remove the chlorophyll. Further destaining with chloral
hydrate was performed as described above.

Hormone analysis

JA and OPDA. Ground leaf material (0.5 g) was extracted with 10 ml
of methanol containing 100 ng of deuterated JA and OPDA each, as
internal standards. Purification and separation by HPLC and quan-
tification by GC-MS were performed as described previously
(Stenzel et al., 2003).

SA. Ground leaf material (0.5 g) was assayed for SA and glucose-
conjugated SA (SAG) content as described previously (Halim et al.,
2007).
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ET. ET emissions were measured using a photo-acoustic spec-
trometer (INVIVO GmbH, http://www.invivo-gmbh.de) as described
previously (von Dahl et al., 2007). Leaves of Arabidopsis were
treated as indicated and removed. Excised leaves were transferred
to 250 ml cuvettes, and ET was allowed to accumulate in the
headspace for 6 h.
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ments used to obtain the bacterial growth curves for Pto DC3000
(avrB), and David Mackey (Department of Horticulture and Crop
Science, Ohio State University, Columbus, OH) for the anti-RIN4
antisera. I.W. thanks Vincentius A. Halim for fruitful discussions and
support throughout the research. Work in the D.S./J.L. laboratory is
supported by the Bundesministerium für Bildung und Forschung
(BMBF) program Genomanalyse im biologischen System Pflanze
(GABI) Arabidopsis Verbund III (grant number 0312277I), Deutsche
Forschungsgemeinschaft programs SFB648 and SPP1212, and the
J.L.D. lab is supported by a National Science Foundation Arabid-
opsis 2010 grant (IOS-0929410).

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:
Figure S1. Peptide mass fingerprint identification of the PP2C
At2g20630 by MALDI-TOF MS.
Figure S2. HR and ROS formation in Col-0 and the pia1 mutants after
Pto DC3000 (avrRpm1) infiltration.
Figure S3. Screening for putative PIA1 targets by two-dimen-
sional electrophoresis-based proteomics analysis of the pia1
mutants.
Figure S4. LC-MS/MS identification of ATPB.
Table S1. Primer combinations for gene expression analysis using
RT-PCR.
Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

REFERENCES

Belkhadir, Y., Nimchuk, Z., Hubert, D.A., Mackey, D. and Dangl, J.L. (2004)

Arabidopsis RIN4 negatively regulates disease resistance mediated by

RPS2 and RPM1 downstream or independent of the NDR1 signal modulator

and is not required for the virulence functions of bacterial type III effectors

AvrRpt2 or AvrRpm1. Plant Cell, 16, 2822–2835.

Bisgrove, S.R., Simonich, M.T., Smith, N.M., Sattler, A. and Innes, R.W. (1994)

A disease resistance gene in Arabidopsis with specificity for two different

pathogen avirulence genes. Plant Cell, 6, 927–933.

Boller, T. and Felix, G. (2009) A renaissance of elicitors: perception of microbe-

associated molecular patterns and danger signals by pattern-recognition

receptors. Annu. Rev. Plant Biol. 60, 379–406.

Chisholm, S.T., Coaker, G., Day, B. and Staskawicz, B.J. (2006) Host–microbe

interactions: shaping the evolution of the plant immune response. Cell,

124, 803–814.

Conrath, U., Silva, H. and Klessig, D.F. (1997) Protein dephosphorylation

mediates salicylic acid-induced expression of PR-1 genes in tobacco. Plant

J. 11, 747–757.

von Dahl, C.C., Winz, R.A., Halitschke, R., Kuhnemann, F., Gase, K. and

Baldwin, I.T. (2007) Tuning the herbivore-induced ethylene burst: the role

of transcript accumulation and ethylene perception in Nicotiana attenuata.

Plant J. 51, 293–307.

Dangl, J.L. and Jones, J.D. (2001) Plant pathogens and integrated defence

responses to infection. Nature, 411, 826–833.

Deslandes, L., Olivier, J., Peeters, N., Feng, D.X., Khounlotham, M., Boucher,

C., Somssich, I., Genin, S. and Marco, Y. (2003) Physical interaction be-

tween RRS1-R, a protein conferring resistance to bacterial wilt, and PopP2,

a type III effector targeted to the plant nucleus. Proc. Natl Acad. Sci. USA,

100, 8024–8029.

Dodds, P.N., Lawrence, G.J., Catanzariti, A.M., Teh, T., Wang, C.I., Ayliffe,

M.A., Kobe, B. and Ellis, J.G. (2006) Direct protein interaction underlies

gene-for-gene specificity and coevolution of the flax resistance genes

and flax rust avirulence genes. Proc. Natl Acad. Sci. USA, 103, 8888–

8893.

Dong, X. (1998) SA, JA, ethylene, and disease resistance in plants. Curr. Opin.

Plant Biol. 1, 316–323.

Eitas, T.K., Nimchuk, Z.L. and Dangl, J.L. (2008) Arabidopsis TAO1 is a TIR-NB-

LRR protein that contributes to disease resistance induced by the

Pseudomonas syringae effector AvrB. Proc. Natl Acad. Sci. USA, 105, 6475–

6480.

Felix, G., Duran, J.D., Volko, S. and Boller, T. (1999) Plants have a sensitive

perception system for the most conserved domain of bacterial flagellin.

Plant J. 18, 265–276.

Flor, H.H. (1971) Current status of the gene-for-gene concept. Annu. Rev.

Phytopathol. 9, 275–296.

Grant, M.R., Godiard, L., Straube, E., Ashfield, T., Lewald, J., Sattler, A.,

Innes, R.W. and Dangl, J.L. (1995) Structure of the Arabidopsis RPM1

gene enabling dual specificity disease resistance. Science, 269, 843–

846.

Grant, S.R., Fisher, E.J., Chang, J.H., Mole, B.M. and Dangl, J.L. (2006) Sub-

terfuge and manipulation: type III effector proteins of phytopathogenic

bacteria. Annu. Rev. Microbiol. 60, 425–449.

Halim, V.A., Eschen-Lippold, L., Altmann, S., Birschwilks, M., Scheel, D. and

Rosahl, S. (2007) Salicylic acid is important for basal defense of Solanum

tuberosum against Phytophthora infestans. Mol. Plant Microbe Interact. 20,

1346–1352.

Hammond-Kosack, K.E. and Jones, J.D. (1996) Resistance gene-dependent

plant defense responses. Plant Cell, 8, 1773–1791.

He, X., Anderson, J.C., del Pozo, O., Gu, Y.Q., Tang, X. and Martin, G.B. (2004)

Silencing of subfamily I of protein phosphatase 2A catalytic subunits re-

sults in activation of plant defense responses and localized cell death. Plant

J. 38, 563–577.

Hunter, T. (1995) Protein kinases and phosphatases: the yin and yang of

protein phosphorylation and signaling. Cell, 80, 225–236.

Jia, Y., McAdams, S.A., Bryan, G.T., Hershey, H.P. and Valent, B. (2000) Direct

interaction of resistance gene and avirulence gene products confers rice

blast resistance. EMBO J. 19, 4004–4014.

Jones, J.D. and Dangl, J.L. (2006) The plant immune system. Nature, 444, 323–

329.

Kim, H.S., Desveaux, D., Singer, A.U., Patel, P., Sondek, J. and Dangl, J.L.

(2005a) The Pseudomonas syringae effector AvrRpt2 cleaves its C-termi-

nally acylated target, RIN4, from Arabidopsis membranes to block RPM1

activation. Proc. Natl Acad. Sci. USA, 102, 6496–6501.

Kim, M.G., da Cunha, L., McFall, A.J., Belkhadir, Y., DebRoy, S., Dangl, J.L.

and Mackey, D. (2005b) Two Pseudomonas syringae type III effectors

inhibit RIN4-regulated basal defense in Arabidopsis. Cell, 121, 749–759.

Kim, M.G., Geng, X., Lee, S.Y. and Mackey, D. (2009) The Pseudomonas

syringae type III effector AvrRpm1 induces significant defenses by acti-

vating the Arabidopsis nucleotide-binding leucine-rich repeat protein

RPS2. Plant J. 57, 645–653.

Lee, M.W., Jelenska, J. and Greenberg, J.T. (2008) Arabidopsis proteins

important for modulating defense responses to Pseudomonas syringae

that secrete HopW1-1. Plant J. 54, 452–465.

Liu, Y., Dammann, C. and Bhattacharyya, M.K. (2001) The matrix metallo-

proteinase gene GmMMP2 is activated in response to pathogenic infec-

tions in soybean. Plant Physiol. 127, 1788–1797.

Ma, Y., Szostkiewicz, I., Korte, A., Moes, D., Yang, Y., Christmann, A. and Grill,

E. (2009) Regulators of PP2C phosphatase activity function as abscisic acid

sensors. Science, 324, 1064–1068.

Mackey, D., Holt, B.F. 3rd, Wiig, A. and Dangl, J.L. (2002) RIN4 interacts with

Pseudomonas syringae type III effector molecules and is required for

RPM1-mediated resistance in Arabidopsis. Cell, 108, 743–754.

Mackey, D., Belkhadir, Y., Alonso, J.M., Ecker, J.R. and Dangl, J.L. (2003)

Arabidopsis RIN4 is a target of the type III virulence effector AvrRpt2 and

modulates RPS2-mediated resistance. Cell, 112, 379–389.

An AvrRpm1-responsive PP2C regulates defense 9

ª 2009 The Authors
Journal compilation ª 2009 Blackwell Publishing Ltd, The Plant Journal, (2009), doi: 10.1111/j.1365-313X.2009.04047.x



McDowell, J.M. and Woffenden, B.J. (2003) Plant disease resistance genes:

recent insights and potential applications. Trends Biotechnol. 21, 178–183.

Park, S.Y., Fung, P., Nishimura, N. et al. (2009) Abscisic acid inhibits type 2C

protein phosphatases via the PYR/PYL family of START proteins. Science,

324, 1068–1071.

Penninckx, I.A., Thomma, B.P., Buchala, A., Metraux, J.P. and Broekaert, W.F.

(1998) Concomitant activation of jasmonate and ethylene response path-

ways is required for induction of a plant defensin gene in Arabidopsis.

Plant Cell, 10, 2103–2113.

Peterhänsel, C., Freialdenhoven, A., Kurth, J., Kolsch, R. and Schulze-Lefert,

P. (1997) Interaction analyses of genes required for resistance responses to

powdery mildew in barley reveal distinct pathways leading to leaf cell

death. Plant Cell, 9, 1397–1409.

Raz, V. and Fluhr, R. (1993) Ethylene signal is transduced via protein phos-

phorylation events in plants. Plant Cell, 5, 523–530.

Roine, E., Wei, W., Yuan, J., Nurmiaho-Lassila, E.L., Kalkkinen, N.,

Romantschuk, M. and He, S.Y. (1997) Hrp pilus: an hrp-dependent bacterial

surface appendage produced by Pseudomonas syringae pv. tomato

DC3000. Proc. Natl Acad. Sci. USA, 94, 3459–3464.

Schweighofer, A., Hirt, H. and Meskiene, I. (2004) Plant PP2C phosphatases:

emerging functions in stress signaling. Trends Plant Sci. 9, 236–243.

Schweighofer, A., Kazanaviciute, V., Scheikl, E. et al. (2007) The PP2C-type

phosphatase AP2C1, which negatively regulates MPK4 and MPK6, modu-

lates innate immunity, jasmonic acid, and ethylene levels in Arabidopsis.

Plant Cell, 19, 2213–2224.

Stenzel, I., Hause, B., Miersch, O., Kurz, T., Maucher, H., Weichert, H., Ziegler,

J., Feussner, I. and Wasternack, C. (2003) Jasmonate biosynthesis and the

allene oxide cyclase family of Arabidopsis thaliana. Plant Mol. Biol. 51, 895–

911.

Thordal-Christensen, H., Zhang, Z.G., Wei, Y.D. and Collinge, D.B. (1997)

Subcellular localization of H2O2 in plants. H2O2 accumulation in papillae

and hypersensitive response during the barley–powdery mildew interac-

tion. Plant J. 11, 1187–1194.

de Torres, M., Sanchez, P., Fernandez-Delmond, I. and Grant, M. (2003)

Expression profiling of the host response to bacterial infection: the tran-

sition from basal to induced defence responses in RPM1-mediated resis-

tance. Plant J. 33, 665–676.

Uknes, S., Mauch-Mani, B., Moyer, M., Potter, S., Williams, S., Dincher, S.,

Chandler, D., Slusarenko, A., Ward, E. and Ryals, J. (1992) Acquired resis-

tance in Arabidopsis. Plant Cell, 4, 645–656.

Van der Biezen, E.A. and Jones, J.D. (1998) Plant disease-resistance proteins

and the gene-for-gene concept. Trends Biochem. Sci. 23, 454–456.

Van Loon, L.C. and Van Strien, E.A. (1999) The families of pathogenesis-

related proteins, their activities, and comparative analysis of PR-1 type

proteins. Physiol. Mol. Plant Pathol. 55, 85–97.

Widjaja, I., Naumann, K., Roth, U., Wolf, N., Mackey, D., Dangl, J.L., Scheel, D.

and Lee, J. (2009) Combining subproteome enrichment and Rubisco

depletion enables identification of low abundance proteins differentially

regulated during plant defense. Proteomics, 9, 138–147.

10 Ivy Widjaja et al.

ª 2009 The Authors
Journal compilation ª 2009 Blackwell Publishing Ltd, The Plant Journal, (2009), doi: 10.1111/j.1365-313X.2009.04047.x


