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SUMMARY

Plants are highly capable of recognizing and defending themselves against invading microbes. Adapted

plant pathogens secrete effector molecules to suppress the host’s immune system. These molecules may

be recognized by host-encoded resistance proteins, which then trigger defense in the form of the hypersen-

sitive response (HR) leading to programmed cell death of the host tissue at the infection site. The three pro-

teins PEN1, PEN2 and PEN3 have been found to act as central components in cell wall-based defense

against the non-adapted powdery mildew Blumeria graminis fsp. hordei (Bgh). We found that loss of func-

tion mutations in any of the three PEN genes cause decreased hypersensitive cell death triggered by recog-

nition of effectors from oomycete and bacterial pathogens in Arabidopsis. There were considerable additive

effects of the mutations. The HR induced by recognition of AvrRpm1 was almost completely abolished in

the pen2 pen3 and pen1 pen3 double mutants and the loss of cell death could be linked to indole glucosino-

late breakdown products. However, the loss of the HR in pen double mutants did not affect the plants’ abil-

ity to restrict bacterial growth, whereas resistance to avirulent isolates of the oomycete Hyaloperonospora

arabidopsidis was strongly compromised. In contrast, the double and triple mutants demonstrated varying

degrees of run-away cell death in response to Bgh. Taken together, our results indicate that the three genes

PEN1, PEN2 and PEN3 extend in functionality beyond their previously recognized functions in cell wall-

based defense against non-host pathogens.

Keywords: hypersensitive response, programmed cell death, penetration resistance genes, defense no

death, indole glucosinolates, Arabidopsis thaliana, Pseudomonas syringae, Hyaloperonospora arabidopsidis.

INTRODUCTION

In the absence of mobile and specialized immune cells,

such as are present in mammals, plants rely on the innate

immunity of all living cells. Recognition of pathogens takes

place at two conceptually different levels (Dodds and Rath-

jen, 2010). The first is the detection of conserved microbial

molecular cues, microbe-associated molecular patterns

(MAMPs). Recognition of these is mediated by plasma

membrane localized receptors and triggers intracellular

signaling comprising ion fluxes across the plasma mem-

brane, mitogen-activated protein kinase signaling cas-

cades, an oxidative burst and induction of phospholipases.

This results in defense responses such as a strengthened

cell wall, synthesis of phytoalexins and preparation of the

plant cell for attack (Pitzschke et al., 2009; Ronald and Beu-

tler, 2010). This so-called MAMP-triggered immunity (MTI)

is sufficient to stop many non-adapted pathogens from

successfully colonizing the plant and causing disease.

Pathogens circumvent and repress MTI by the produc-

tion of effector proteins which interfere with plant defense

signaling (Bent and Mackey, 2007; Deslandes and Rivas,

2012). In turn, plants have evolved cognate resistance (R)

proteins which sense the activity of the effectors and

induce a strong defense response, referred to as effector-

triggered immunity (ETI). The latter is characterized by a

hypersensitive response (HR), often culminating in pro-

grammed cell death of the host tissue. Successful ETI is
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also linked to the establishment of heightened resistance

in distal parts of the plant, termed systemic acquired resis-

tance. While the HR as a whole efficiently stops the patho-

gen, the actual function of cell death in restricting

pathogen growth has been questioned (Mur et al., 2008).

Several studies point to somewhat varying roles of cell

death in the HR (Clough et al., 2000; Jurkowski et al., 2004;

Hofius et al., 2009; Coll et al., 2010; Hackenberg et al.,

2013). The known plant R-proteins are divided into two

classes, TIR-NB-LRR and CC-NB-LRR. These appear to dif-

fer in their requirements for downstream signaling compo-

nents (Bent and Mackey, 2007). Cell death following

effector recognition has been linked to activation of meta-

caspases (Coll et al., 2010), components of the autophagic

system (Hofius et al., 2009) and fusion events between the

vacuole and plasma membrane (Hatsugai et al., 2009) and

catalase activity (Hackenberg et al., 2013).

Many obligate biotrophic fungi, such as the powdery mil-

dews, produce specialized structures that penetrate the

plant cell wall to form a feeding structure (haustorium) in

close association with the plant plasma membrane. The

non-adapted mildews are often resisted at the level of cell

wall penetration as the epidermal cell reinforces the cell wall

and secretes antifungal compounds to stop the penetration

attempt (Huckelhoven and Panstruga, 2011). In the model

system of Arabidopsis thaliana (hereafter Arabidopsis) and

the non-adapted mildew Blumeria graminis sp. hordei

(Bgh), pathogen growth is restricted at the cell wall level

and 80–90% of fungal penetration attempts fail. In the few

instances when penetration is successful the epidermal cells

undergo programmed cell death and the infection is

stopped. Two major pathways for the cell wall-based

defense against mildews are recognized (Huckelhoven and

Panstruga, 2011). Both pathways are most likely triggered

by recognition of MAMPs. The PEN1 pathway is linked to

secretory membrane traffic. The PEN1 syntaxin interacts

with VAMP721/722 and SNAP33, together with an ADP

ribosylation factor (ARF) GTPase and the corresponding

GTP exchange factor GNOM, to mediate secretion of exo-

somes to form the papilla (Nielsen and Thordal-Christensen,

2013). Loss of PEN1 function leads to almost 90% penetra-

tion success of Bgh spores (Collins et al., 2003). The PEN2/

PEN3 pathway is linked to metabolism and transport of tryp-

tophan-derived secondary metabolites. PEN2 encodes a

peroxisome-localized myrosinase involved in hydrolyzing

indole glucosinolates (Lipka et al., 2005) and PEN3 encodes

a plasma membrane-localized ABC transporter (Stein et al.,

2006). The current model predicts that PEN2 produces an

active compound which is excreted into the apoplast by

PEN3 to stop fungal ingress (Bednarek et al., 2009).

All three PEN proteins have been ascribed additional

roles other than that of cell wall-based defense. For

instance, PEN1 was shown to be involved in recycling of

K+ channels during stomatal closure (Eisenach et al., 2012),

PEN2 in oomycete defense (Schlaeppi and Mauch, 2010)

and PEN3 in heavy metal transport (Kim et al., 2007). The

PEN2 and PEN3 proteins are also involved in MAMP-trig-

gered deposition of callose in response to the bacterial

MAMP flagellin (Clay et al., 2009). In addition, loss of PEN1

and PEN3 is linked to an induction of salicylic acid (SA)-

dependent resistance to adapted pathogens (Kobae et al.,

2006; Stein et al., 2006; Zhang et al., 2007, 2008). Further-

more, the cell wall-based defenses as such are suppressed

by bacterial effectors (Hauck et al., 2003).

In this study, we show that loss of PEN1, PEN2 and

PEN3 causes a weakened HR response following activation

of both CC-NB-LRR and TIR-NB-LRR R-proteins as well

as unregulated cell death in response to a non-adapted

powdery mildew.

RESULTS

Loss of PEN1, PEN2 or PEN3 results in attenuated

hypersensitive cell death after recognition of the

Pseudomonas syringae effectors AvrRpm1 and AvrRps4

As several previous studies point to possible functions of

the PEN proteins other than in cell wall-based defense

against fungi, we investigated in closer detail the transcrip-

tional behavior of PEN1, PEN2 and PEN3 in the context of

pathogen response. Expression data for PEN1, PEN2 and

PEN3 were retrieved from all 504 available arrays annotated

as ‘biotic stress’ using Genevestigator (Hruz et al., 2008).

Experiments were filtered for statistically significant

(P < 0.05) up- or downregulation of PEN1, PEN2 or PEN3

and grouped with regard to experimental setup (Figure S1

in Supporting Information). As expected, all three PEN

genes were upregulated in response to non-adapted

powdery mildews. In addition, recognition of Pseudomo-

nas syringae pv. tomato (Pst) effectors also caused tran-

scriptional activation of all three PEN genes. Induction

following AvrRps4 recognition was dependent on EDS1, as

expected for a TIR-NB-LRR class R-protein (Bartsch et al.,

2006). Taken together, this suggests that the PEN genes

might play a role in ETI in addition to cell wall-based

defenses. Thus, we infiltrated leaves from the pen single

mutants with Pst DC3000 expressing the effectors AvrRpm1

or AvrRps4 and measured the HR-related cell death as

release of cellular electrolytes (Mackey et al., 2002). The

non responsive mutants eds1 (Falk et al., 1999) and rpm1

(Grant et al., 1995) were used as controls for AvrRps4 and

AvrRpm1, respectively. All three mutant lines demonstrated

significantly decreased electrolyte leakage compared with

the wild type in response to AvrRpm1 and AvrRps4

(P < 0.05, Figure 1). The pen2 and pen3 mutants exhibited

the largest difference compared with the wild type in

response to both AvrRpm1 and AvrRps4. In pen2 and pen3,

the maximum release of electrolytes was reduced by

about 50% compared with the wild type (Figure 1, Table 1).
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Independent T-DNA insertion lines in PEN1, PEN2 and

PEN3 exhibited very similar phenotypes to those of the

point mutants (Figure S2). Thus, loss of any of the three

PEN proteins appears to lead to attenuated HR-induced cell

death mediated through the CC-NB-LRR protein RPM1 and

the TIR-NB-LRR protein RPS4.

As the next step, all three pen mutant lines were crossed

together to generate the three possible double mutant

combinations and the triple mutant. Often, the triple and

double pen1 pen3 mutants developed chlorosis in their

leaves and showed growth retardation compared with the

wild type at later developmental stages (Figure S3a). The

phenotype was not always consistent as it seemed to vary

between growth cabinets, but generally presented itself

at an older age. In general, the triple mutant of older

plants (7–8 weeks’ cultivation under short-day conditions)

displayed a stunted growth phenotype and chlorosis, start-

ing at the tips of older leaves. As both the pen1 and pen3

mutations have been linked to accumulation of SA (Stein

et al., 2006; Zhang et al., 2007), resulting in induction of

basal resistance and PR gene expression, we quantified

the level of free SA in all the mutant lines used for HR

analysis (Figure S3b). Compared with the wild type, only

the double pen1pen2 mutant displayed a significant

(P < 0.05) increase at 5 weeks in free SA level. None of the

single mutants displayed a significantly increased SA level

compared with the wild type.

Cell death triggered by recognition of AvrRpm1 and

AvrRps4 in the double and triple mutant lines was also

tested by quantification of electrolyte leakage (Figure 2).

The phenotype of both pen1 and pen2 in response to

AvrRpm1 (Figure 2a) and AvrRps4 (Figure 2b) was

enhanced by addition of the pen3 mutation. Ion leakage

measured from the triple mutant and the two double

mutants pen1 pen3 and pen2 pen3 was reduced by about

80% compared with the wild type in response to AvrRpm1.

The same mutant lines were as unresponsive to AvrRps4

as the eds1 mutant. The ion leakage phenotypes were sup-

ported by scoring the visible collapse of leaves attached to

the plant after infiltration with Pst (Table 1).

Next, the single, double and triple pen mutants were

assayed for their ability to restrict bacterial growth. Leaves

were infiltrated with Pst expressing AvrRpm1 or AvrRps4

and the bacterial growth was quantified after 3 days

(Figure 3a,b). There was no detectable loss of resistance in

any of the tested mutants against the two different Pst

strains. In fact, it appeared that, if anything, some of the

double mutations conferred a little more resistance to avir-

ulent Pst than the Col-0 wild type. The growth of virulent

Pst (DC3000) was also assayed on the series of mutant

lines (Figure 3c). None of the mutants displayed increased

susceptibility against virulent Pst. On the contrary, mutant

combinations including pen3 conferred slightly increased

resistance to the bacterium.

Indole glucosinolate breakdown products contribute to

the hypersensitive cell death triggered by Pst effectors

PEN2 encodes a b-thioglucoside hydrolase which cleaves

precursor glucosinolates into unstable aglycones (Bedn-

arek et al., 2009). Glucosinolates are linked mainly to

defense against insects in cruciferous plants (Hopkins

et al., 2009). In addition, many recent reports indicate that

this class of compounds plays a role in defense against

microbial pathogens (Tierens et al., 2001; Fan et al., 2011;

Bednarek, 2012; Hiruma et al., 2013). The enzymes

CYP79B2 and CYP79B3 convert tryptophan into indol-3-yl-

acetaldoxime (I3A). The latter is a precursor to auxin, cam-

alexin and indolic glucosinolates such as indole-3-methyl-

glucosinolate (I3G) and 4-methoxyindol-3-ylmethylgluco-

sinolate (4MI3G) via CYP81F2-dependent methoxylation of

(a)

(b)

Figure 1. Loss of function mutations in PEN1, PEN2 and PEN3 result in

decreased cell death induced by recognition of AvrRpm1 and AvrRps4.

Leaf disks were prepared from the indicated Arabidopsis lines and infil-

trated with Pseudomonas syringae pv. tomato expressing AvrRpm1 (a) or

AvrRps4 (b). The disks were incubated in water and the conductivity of the

bathing solution was measured at the time points indicated. The mean and

standard deviation of six replicates are shown. Letters A–D on the right indi-

cate experimental groups with significant differences (P < 0.05, ANOVA with

Tukey’s post-hoc test). The experiments were repeated three times with

similar results.
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indole-3-methyl-glucosinolate (I3G). Several mutants in the

indole glucosinolate biosynthetic network (Bones and Ros-

siter, 1996) (Figure S4) have been assayed for loss of cell

death following recognition of AvrRpm1 (Figure 4a). The

cyp79b2 cyp79b3 double mutant (Zhao et al., 2002) as well

as the ugt74B1 single mutant (Grubb et al., 2004) displayed

significantly reduced HR following inoculation with Pst

expressing AvrRpm1 (P < 0.05). The reduction in ion leak-

age of the double cyp79B2 cyp79B3 mutant compared with

the wild type was very similar to that of the pen2 mutant

(Figure S5). The CYP71B15 (PAD3) loss of function mutant

pad3-1 (Glazebrook and Ausubel, 1994) and the T-DNA

insertion mutant of the CYP81F2 (Clay et al., 2009) gene

demonstrated no significant difference in cell death com-

pared with the wild type after infiltration with Pst express-

ing AvrRpm1.

To test if the breakdown product of indole-3-glucosino-

late, indole-3-acetonitrile, could induce cell death, leaf

disks were infiltrated with indole-3-acetonitrile or butyro-

nitrile suspended in water at 100–400 lM and ion leakage

measured over a period of 72 h (Figure 4b). Both concen-

trations of indole-3-acetonitrile induced significant ion

leakage over a period of 24–72 h, whereas the aliphatic

nitrile butyronitrile did not induce any ion leakage exceed-

ing mock treatment.

Combination of the pen1 mutation with pen2 or pen3

causes spread of cell death following inoculation with the

non-host powdery mildew Bgh

The pen mutants were originally isolated in forward

genetic screens for mutants displaying loss of pre-penetra-

tion defense against Bgh (Collins et al., 2003; Lipka et al.,

2005; Stein et al., 2006) and successfully penetrating Bgh

spores are generally resisted by HR-like cell death of the

epidermal cell. To assess the impact of the different pen-

mutant combinations on Bgh development at the plant epi-

(a)

(b)

Figure 2. Additive effects on loss of hypersensitive response-related cell

death of the pen mutations.

Leaf disks were prepared from the indicated Arabidopsis lines and infil-

trated with Pseudomonas syringae pv. tomato expressing AvrRpm1 (a) or

AvrRps4 (b). The disks were incubated in water and the conductivity of the

bathing solution was measured at the time points indicated. The mean and

standard deviation of six replicates are shown. Letters A–D on the right indi-

cate experimental groups with significant differences (P < 0.05, ANOVA with

Tukey’s post-hoc test). The experiments were repeated twice with similar

results.

Table 1 Summarized phenotypes for ion leakage and collapse assays. Ion leakages are shown as mean percentage of Col-0 (WT) and stan-

dard deviation of six replicates for the 7 and 12 h post-inoculation (hpi) time point shown in Figures 1 and 2. Fifteen leaves from three sepa-

rate plants were analyzed for tissue collapse at at 7 hpi for AvrRpm1 and 12 hpi for AvrRps4

Line

Ion leakage (% of WT) Collapse (collapsed/total infiltrated leaves)

AvrRpm1 (7 hpi) AvrRps4 (12 hpi) AvrRpm1 (7 hpi) AvrRps4 (12 hpi)

Col-0 WT 100 100 14/15 9/15

rpm1-3 17 ! 6 n.d. 0/15 n.d.

eds1 n.d. 33 ! 3 n.d. 0/15

pen1 80 ! 4 79 ! 13 10/15 7/15

pen2 59 ! 6 67 ! 5 8/15 3/15

pen3 57 ! 6 62 ! 3 4/15 6/15

pen1 pen2 56 ! 8 48 ! 7 6/15 3/15

pen1 pen3 31 ! 2 27 ! 2 1/15 0/15

pen2 pen3 33 ! 2 23 ! 2 2/15 0/15

pen1 pen2 pen3 34 ! 2 33 ! 9 2/15 0/15

n.d., not determined.
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dermis, all the pen mutants were inoculated with Bgh and

the pre- and post-penetration (Figure 5c) defense was

scored at 72 h post-inoculation. The penetration and sub-

sequent epidermal cell death rate was, as expected, very

high for the combination mutants containing pen1 and

moderate for combinations containing pen2 or pen3 (Lipka

et al., 2005). The double mutants and the triple mutant dis-

played a striking cell death phenotype upon inoculation

(a)

(b)

(c)

Figure 3. Loss of hypersensitive response-related cell death in the pen

mutants does not compromise defense against avirulent Pseudomonas sy-

ringae pv. tomato (Pst).

Leaves of the indicated line were infiltrated with Pst expressing AvrRpm1

(a), AvrRps4 (b) or the virulent DC3000 strain (c). At the indicated time

points leaf disks were punched out and the number of colony forming units

(CFU) per leaf area determined after serial dilution and cultivation on selec-

tive media. The mean and standard deviation of three replicates for day 0

and four replicates for day 3 are shown. The asterisk (*) indicates significant

difference from Col-0 (P < 0.05, ANOVA with Tukey’s post-hoc test). The

experiments were repeated twice with similar results. dpi, days post-inocu-

lation.

(a)

(b)

Figure 4. Indolic glucosinolates and their breakdown products are involved

in cell death response to the bacterial effector AvrRpm1.

(a) Leaf disks from the indicated mutant lines were infiltrated with Pseudo-

monas syringae pv. tomato DC3000 expressing AvrRpm1, the disks were

incubated in water and the amount of electrolytes lost from the leaf tissue

was quantified by measurement of the conductivity of the bathing solution

at the indicated time points. The average and standard deviation of six repli-

cates are shown. The letters A–C on the right indicate experimental groups

with significant differences (P < 0.05, ANOVA with Tukey’s post-hoc test).

(b) Leaf disks were infiltrated with various concentrations of indole-3-aceto-

nitrile (I3A) or butyronitrile and the conductivity of the bathing solution was

measured at indicated times. The average and standard deviation of three

replicates are shown. The asterisk (*) indicates significant difference from

mock infiltration at the corresponding time point (P < 0.05, ANOVA with Tu-

key’s post-hoc test). Both experiments were repeated twice with similar

results. hpi, hours post-infiltration.
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with Bgh (Figure 5a,b): about 30% of the interaction events

resulted in cell death spreading into the mesophyll. There

was a significant shift towards more of the spreading cell

death events in the double and the triple mutants than

were observed in the single mutants. It should be noted

that virtually no growth of secondary hyphae of Bgh could

be observed on any of the tested mutant lines. Thus, all

the tested lines displayed complete resistance against Bgh.

Loss of function mutations in PEN1, PEN2 and PEN3 cause

decreased effector triggered resistance to

Hyaloperonospora arabidopsidis

To evaluate if the PEN proteins are involved in other R-pro-

tein-mediated defense responses besides those triggered

by RPM1 and RPS4, we used the oomycete Hyaloperonos-

pora arabidopsidis (Hpa) which causes downy mildew. The

Arabidopsis wild type Col-0 is resistant against several iso-

lates of Hpa through avirulence (Avr)-R gene interactions

(Holub, 2007). Inoculation with Hpa is also one of the treat-

ments that causes transcriptional activation of the PEN

genes (Figure S1). The Cala2 isolate of Hpa produces the

effector ATR2, which is recognized by the two TIR-NB-LRR

R-proteins RPP2A and RPP2B in Arabidopsis and triggers

an EDS1-dependent defense response (Sinapidou et al.,

2004). We categorized the interactions at the microscopic

level as rapid localized cell death, spreading cell death,

trailing necrosis and no cell death with free hyphal

growth (Figure 6a–d). Inoculation of the Col-0 wild type

with Hpa-Cala2 resulted in rapid host cell death at almost

all interaction sites and no further spread of the pathogen.

In contrast, the pen3 mutant displayed a significantly

higher proportion of interaction sites with extensive trail-

ing necrosis and about 30% of the sites displayed hyphae

outgrowing the cell death. The pen1 and pen2 single

mutants displayed no phenotypic alterations compared

with the wild type. The pen1 pen2 double mutant, on the

other hand, displayed clearly increased trailing necrosis

compared with the wild type. Surprisingly, the pen1 pen3

double mutant had a less severe phenotype than the pen3

single mutant. The pen2 pen3 double mutant and the triple

mutant had similar phenotypes to pen3 (Fig. 6e).

Since the pen mutations clearly affected the HR induced

by recognition of Cala2, we also investigated the sporula-

tion of a Hpa-Cala2 isolate on these different mutants. The

Cala2 isolate is in general unable to sporulate on wild-type

Col-0 plants (Sinapidou et al., 2004). We obtained similar

results with the Col-0 wild type throughout our experi-

ments (Figure 6f). Some pen3 mutant plants displayed an

increase in sporulation compared with the wild type, but

this was too variable between individual plants to be statis-

tically significant. However, the pen1 pen2 and triple

mutants supported substantially more sporulation than the

wild type, whereas the pen2 pen3 and pen1 pen3 mutants

were similar in this respect to the pen3 single mutant.

Finally, the triple mutant also displayed a chlorotic pheno-

type after inoculation with Hpa-Cala2 (Figure 6g).

DISCUSSION

Cell wall-based defense to non-adapted powdery mildews

is most likely dependent on MAMP-triggered immunity

and two major pathways are implicated in this defense,

one defined by PEN1 and the other by PEN2 and PEN3

(Huckelhoven and Panstruga, 2011). The latter pathway

entails the production and likely secretion of reactive

indole compounds into the apoplast (Bednarek, 2012). The

PEN1 pathway is dependent on membrane fusion and

transcytosis events, but it is not well understood how

these actually contribute to stopping the fungus in the

apoplast (Nielsen and Thordal-Christensen, 2013). While

the three PEN genes are major players in cell wall-based

defense against non-adapted fungi, their functionality

clearly extends beyond this. Data from multiple array

experiments demonstrate transcriptional activation of all

three PEN genes in response to various biotic stresses,

(a)

(c)

(b)

Figure 5. Combination of pen mutations causes runaway cell death during

defense against the non-host powdery mildew Blumeria graminis fsp.

hordei (Bgh).

The indicated lines were inoculated with Bgh spores and stained with try-

pan blue at 3 days post-inoculation. Resistance, epidermal cell death (a)

and large mesophyll cell death lesions (b) were counted (c). Average and

standard deviations of a total of 50 interactions in three leaves counted

from three separate plants of each genotype is shown. Scale bars indicate

0.1 mm. The letters A–C indicate experimental groups with significant dif-

ferences (P < 0.05, ANOVA with Tukey’s post-hoc test). The experiment was

repeated twice with similar results.
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including both Pst and Hpa. Cell death in response to

recognition of AvrRpm1 and AvrRps4 secreted by Pst, as

measured by ion leakage or macroscopic signs of leaf col-

lapse, was strongly affected in pen1 pen3 and pen2 pen3

double mutants. In fact, the phenotype of these mutants

was reminiscent of the non-responding rpm1 and eds1

mutants for AvrRpm1 and AvrRps4, respectively. This

result is in contrast with a previous study which reports

increased HR in the pen3 mutant towards P. syringae

expressing AvrRpt2 (Kobae et al., 2006). However, the cell

death triggered by recognition of AvrRpt2 differs signifi-

cantly from that triggered by AvrRps4 or AvrRpm1 with

regard to downstream components (Hofius et al., 2009).

Thus requirement for or involvement of the PEN genes

appears to vary between different effector R-protein pairs.

The actual ability to restrict the bacteria from proliferat-

ing in the tissue was not measurably decreased in any of

the tested mutant lines. Thus, the pen double mutants con-

fer something akin to a ‘defense no death’ phenotype as

has also been reported by other studies (Clough et al.,

2000; Jurkowski et al., 2004; Hofius et al., 2009; Coll et al.,

2010; Hackenberg et al., 2013). There are two previous con-

trasting reports on the resistance phenotype of the pen3

mutant toward virulent Pst DC3000 (Kobae et al., 2006; Xin

et al., 2013). One of these show a loss of resistance (Xin

et al., 2013) and the other, like this study, shows increased

resistance in pen3 (Kobae et al., 2006). However, the differ-

ent methods of inoculation used might explain the differ-

ence. In this study and in the study by Kobae et al. (2006)

syringe infiltration was used, whereas Xin et al. (2013)

used dipping inoculation. There might thus be quite a

large difference in outcome depending on whether or not

large amounts of inoculum directly reach the intercellular

space in the mesophyll. Additionally, a PEN3–GUS fusion

construct was shown to be highly expressed in the guard

cells of Arabidopsis leaves, suggesting that PEN3 could

play a role in resistance prior to bacterial entry into the

mesophyll (Kobae et al., 2006).

The connection between the swift cell death conferred

by recognition of bacterial effectors and an actual ability to

restrict the growth of the bacteria thus appears rather

weak. It is well established that the HR triggered by bacte-

rial effectors is characterized by a high degree of redun-

dancy (Tsuda et al., 2009) and cannot be considered a

(a) (b)

(c)

(e)

(f)

(g)

(d)

Figure 6. The pen mutations confer reduced cell death and reduced resis-

tance against the avirulent Hyaloperonospora arabidopsidis (Hpa) isolate

Cala2.

Seedlings of the indicated lines were inoculated with Hpa isolate Cala2 and

stained with trypan blue after 3 days and the interaction sites were scored

as rapid cell death (a), more diffusely spread cell death (b), trailing necrosis

(c) or free hyphae outgrowing the cell death (d). Scale bars indicate

0.1 mm. The percentage of each category is presented as the average and

standard deviation of three biological replicates (e). The number of sporo-

phores were counted at 7 days post-inoculation (f). The average and stan-

dard deviation of three replicates are shown. The letters A–D indicate

experimental groups with significant differences (P < 0.05, ANOVA with

Tukey’s post-hoc test). (g) Chlorosis (white arrows) of infected pen triple

mutant plants upon infection by Hpa, including a close-up picture of chloro-

sis. The experiment was repeated twice with similar results.
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straight pathway from recognition towards cell death.

Thus, it may not be surprising that pathways, other than

those culminating in cell death, might be sufficient to

restrict the bacterial growth. We would also argue that this

could be partly explained by the hemibiotrophic lifestyle of

Pst, which multiplies in the apoplast, and thus may not be

as severely affected by plant cell death. In accordance with

this line of reasoning, an obligate biotroph such as Hpa

might be more affected by host cell death. This seems to

hold true for the Hpa isolate Cala2. In this case, the pen

mutants, evidently affected in induction of cell death, also

supported a large increase in sporulation and growth of

the oomycete compared with the wild type. Clearly, loss of

the PEN genes affects not only penetration resistance

against non-adapted powdery mildew but also HR induced

after recognition of pathogenic effectors.

How might these very strong effects on the HR caused

by the loss of the different PEN genes be explained mecha-

nistically? In theory, the attenuated HR might be explained

by two non-mutually exclusive scenarios. Firstly, the PEN

proteins might be directly involved in the signal transduc-

tion pathway or the execution of the cell death triggered

by recognition of pathogenic effectors. Secondly, the PEN

proteins may not be directly involved in the defense path-

way, but their loss causes secondary effects that attenuate

defense triggered by recognition of pathogenic effectors.

We cannot completely distinguish between these scenarios

from the genetic data presented here alone. We would,

however, argue that the available data point to a direct

involvement of the PEN2 and PEN3 proteins in the HR,

whereas the role of PEN1 is more difficult to explain. The

most straightforward secondary effect would be the previ-

ously reported induction of SA-dependent signaling in the

pen1 and pen3 mutants (Stein et al., 2006; Zhang et al.,

2007). However, we could not detect any substantial

increase of free SA in the mutants cultivated under our

conditions. Thus, induction of SA signaling does not seem

to be a great contributor to the HR phenotype observed.

The actual mechanisms leading from activation of R-pro-

teins to the execution of HR-related cell death in plants is

still quite poorly understood, although several different sec-

ond messengers and pathways are implied (Mur et al.,

2008). Therefore it is not easy to envision exactly how the

PEN proteins would fit in mechanistically. The results from

the experiments with both avirulent Pst and Hpa suggest

that if PEN2 and PEN3 are directly involved in the HR they

are not linked to each other in the same way as in cell wall-

based resistance against non-adapted powdery mildew.

PEN2 is a myrosinase which cleaves precursor glucosino-

lates into reactive compounds. It is thought that these are

then exported to the apoplast through PEN3. We found that

mutants lacking indole-3-methyl-glucosinolates also had an

attenuated cell death response. In addition, infiltration with

pure indole-3-acetonitrile caused cell death. These factors

taken together suggest a direct link from indole-glucosino-

lates through cleavage by PEN2 to cell death. Since pad3-1

and cyp81F2 mutants lacked a discernible HR phenotype,

we can conclude that camalexin and 4MI3G are probably

not involved in triggering HR-related cell death, although

4MI3G has been implicated in other defense responses trig-

gered by MAMP recognition (Clay et al., 2009).

The loss of HR is counterintuitive to the previous reports

on phenotypes with increased resistance against virulent

pathogens in the pen1 (Zhang et al., 2008) and pen3

(Kobae et al., 2006; Stein et al., 2006) mutants. On the other

hand, we could also measure an increased resistance

caused by the pen3 mutation to virulent Pst and the double

and triple pen mutants displayed runaway cell death in

response to Bgh. The latter appears similar to that

observed in the pen1 syp122 double mutant (Zhang et al.,

2007). Importantly, none of the tested lines supported any

secondary post-invasive growth of Bgh. The cell death trig-

gered upon successful fungal penetration of the epidermal

cell wall by Bgh is much less well studied than the HR

induced by recognition of the Avr proteins that was studied

using Hpa and Pst. It is known that the post-penetration cell

death induced in defense against Bgh depends strongly on

EDS1 and its interaction partners SAG101 and PAD4 (Lipka

et al., 2005), but the exact mechanism for the triggering of

post-penetration cell death by Bgh is not well understood.

Thus, clearly, the loss of PEN genes results in strikingly

different effects on responses to different pathogens and

different effectors in Arabidopsis. There were several inter-

esting genetic interactions between the pen mutations in

the two different pathosystems. The pen3 mutation con-

ferred the greatest single mutant phenotype to avirulent

Hpa Cala2 and also a similar loss of HR upon recognition

of avirulent Pst as the pen2 mutation did. In contrast, the

HR phenotype against Hpa Cala2 caused by the pen3 muta-

tion was suppressed by the pen1 mutation. Again, surpris-

ingly, the pen1 and the pen2 mutations together increased

susceptibility to the Cala2 isolate of Hpa. Thus, whereas

loss of PEN2 and PEN3 always seems to decrease HR and

increase susceptibility, the loss of PEN1 has somewhat dif-

ferent effects on the outcome of the HR triggered by differ-

ent effectors.

PEN3 was recently shown to accumulate in the plasma

membrane upon infection with Pst and flg22 recognition

(Underwood and Somerville, 2013; Xin et al., 2013). PEN3

is also phosphorylated in response to flg22 (Benschop

et al., 2007). Taken together, this adds to our notion that

PEN3 is involved in the HR. The additive effect of the pen2

mutation in the pen3 background on HR cell death would

be consistent with a broader role for PEN3 than just trans-

porting the tryptophan-derived indole compounds pro-

duced by PEN2 from glucosinolate precursors. It was

recently shown that coronatine, a jasmonic acid–isoleucine

mimic produced by Pst, reduces the transcription of MYB51
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and thereby suppresses accumulation of 4MI3G and 1MI3G

(Millet et al., 2010; Geng et al., 2012). Thus, a virulent path-

ogen apparently targets the very same system we found to

be implicated in the HR and previously linked to MTI. Fur-

thermore, given that the pen3 mutation also has an addi-

tive effect in both pen1 and pen2 mutant backgrounds with

regards to ion leakage, we reason that at least two parallel

pathways could contribute to cell death during the HR

response to the Pst effectors AvrRpm1 and AvrRps4. It is

also possible that the effect of the pen3 mutation in Hpa

resistance is not only linked to cell death but possibly also

to a reduction in the release of antimicrobial compounds

into the apoplast and thus accumulation within the cells.

The contribution of PEN1 to the HR is more difficult to

explain mechanistically and it is well known that loss of

PEN1 has indirect effects in terms of increased SA content

and thereby increased resistance to adapted powdery mil-

dew (Zhang et al., 2007). Membrane trafficking and fusion

events have been linked to HR induced by effector recogni-

tion, for example fusion of the vacuolar membrane with the

plasma membrane (Hatsugai et al., 2009; Teh and Hofius,

2014). In addition, PEN1 is phosphorylated in response to

recognition of flg22 (Benschop et al., 2007) and the ortholog

of PEN1 in tobacco has been shown to be targeted by bacte-

rial effectors (Heese et al., 2005). PEN1 is also involved in K+

channel transport (Eisenach et al., 2012). A partial explana-

tion for the reduced electrolyte leakage following AvrRpm1

recognition in pen1 mutants could simply be that fewer

membrane-bound ion channels are present at the plasma

membrane and one of the major ions leaked from plant

cells undergoing HR is K+ (Atkinson et al., 1985; Demidchik

et al., 2014). This would, however, not explain the combina-

tory effect of losing PEN1 and PEN3 on Hpa sporulation.

To conclude, we suggest an extension of the role of

PEN1, PEN2 and PEN3 in Arabidopsis defenses against

adapted and non-adapted pathogens. We provide evidence

for the involvement of the PEN proteins in both CC-NB-

LRR- and TIR-NB-LRR-mediated ETI for Pst and TIR-NB-

LRR-mediated ETI for Hpa. Our results indicate that break-

down products of indole glucosinolates are directly

involved in the pathogen-induced cell death. This broadens

the role of these compounds from previously known roles

in insect resistance and MTI to ETI as well. Further studies

are required for a better understanding of the molecular

details of the involvement of the three PEN proteins and

the indole compounds in the HR. Finally, the effector-trig-

gered resistance of Arabidopsis to Pst is clearly not depen-

dent on swift host cell death associated with the HR.

EXPERIMENTAL PROCEDURES

Growth conditions and plant material

Arabidopsis plants were cultivated in 8-h light (22°C, 90–115 lE)/

16-h dark cycles (18°C) in 5 cm 9 5 cm pots on perlite mixed

soil (S-jord, Hasselfors Garden, http://www.hasselforsgarden.se/)

supplemented with plant nutrient (‘Blomstra’, Cederoth Interna-

tional, http://www.cederroth.com/en/). Unless stated otherwise,

green leaf tissue from 6 to 7-week-old plants was used for path-

ogen inoculation. The Arabidopsis mutant lines used in this

study are listed in Table S1. Double and triple pen mutants

were constructed by crossing the single mutants and screening

the subsequent F2 and in some cases F3 generations using the

PCR markers in Table S2. The DNA was extracted as described

by Edwards et al. (1991). In short, leaf material was heated

(96°C) in DNA extraction buffer [0.2 M 2-amino-2-(hydroxymeth-

yl)-1,3-propanediol (TRIS)-HCl pH 7.5, 0.25 M NaCl, 25 mM EDTA

and SDS 0.5%], precipitated in 2-propanol, washed in 70% etha-

nol and dissolved in TE-buffer (pH 7.5). The PCR reactions were

performed in a thermal cycler; 3 min initial denaturation at 96°C

followed by 40 cycles of 96°C for 15 sec, 55°C for 30 sec and

68°C for 1 min and a final extension at 68°C for 10 min using

Platinum Taq polymerase (Clontech Laboratories, http://

www.clontech.com/) according to the manufacturer’s instruc-

tions. The PCR products were digested overnight and separated

on 3–4% agarose gels. The T-DNA-insertion mutants for PEN

genes were obtained from the Nottingham Arabidopsis Stock

Centre and genotyped by PCR using the primers listed in Table

S2.

Pathogen inoculation and other assays

Conductivity measurements were performed on vacuum-infil-

trated leaf disks as described in (Mackey et al., 2002). In short,

leaf disks (7 mm diameter) were punched out and vacuum infil-

trated with bacterial suspension prepared from overnight culture

of bacteria on Kings Broth (KB)–Agar F (BioLife, Milano, Italy,

www.biolifeit.com) supplemented with 50 lg ml"1 rifampicin and

kanamycin, OD600 0.01 or 0.1 for DC3000:AvrRpm1 and DC3000:

AvrRps4. The disks were rinsed with water and placed in 10 ml

of deionized water. The conductivity of the bathing solution was

measured at the indicated time points. All ion leakage experi-

ments were performed at least three times for AvrRpm1 and

twice for AvrRps4 with similar results. Ion leakage following infil-

tration with nitriles was measured similarly. Nitrile stock solu-

tions in methanol (6.4 mM) were diluted in deionized water.

Water solutions were infiltrated into the abaxial side of leaves

using a syringe, disks were punched out (five per replicate in

three replicates), rinsed (30 min), placed in deionized water and

the conductivity of the bathing solution was measured at indi-

cated time points. Hpa isolates were prepared for inoculum and

assessment of cell death and sporulation as described in Tor

et al. (2002) and Bgh inoculations were as described Pinosa et al.

(2013). Cell death, oomycete and fungal hyphae were visualized

by trypan blue staining as described in Koch and Slusarenko

(1990). Bacterial viability assays using Pst were performed as in

Morel and Dangl (1999). In short, the abaxial sides of plant leaves

were infiltrated with bacterial suspension from overnight plating

of bacteria OD600 0.00002 for DC3000 and DC3000:AvrRpm1 and

OD600 0.0001 for DC3000:AvrRps4. Three replicates with four leaf

disks, each from separate leaves, were used for day 0 and four

replicates for day 3. Leaf disks were homogenized for 4 sec in

100 ll MgCl2 using an electric drill with an Eppendorf pestle as

the drill bit. Samples were quick spun to pellet cell debris and

the supernatant was serially diluted in 1/10 increments, once for

day zero and five times for day three. All dilutions were plated

on KB-media supplemented with 50 lg ml"1 rifampicin and kana-

mycin in two technical replicates. Samples were counted 2 days

after plating. All presented experiments were repeated at least

twice with similar results.
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Salicylic acid quantification

Leaf disks were punched out from leaves in three independent

biological replicates and were submerged in hot 2-propanol for

5 min and a known amount of deuterated SA was added. After

drying under nitrogen, the disks were extracted in methanol and

the SA quantified by LC-MS/MS as described in Pan et al. (2010)

using an Agilent 1260 HPLC system coupled to an Agilent 6410 tri-

ple quadrupole mass spectrometer (http://www.agilent.com/).

Statistical analysis

Quantitative data were subjected to one-way ANOVA analysis with a

subsequent Tukey’s post-hoc test using GRAPHPAD PRISM 6 (Graph-

Pad Software, Inc., http://www.graphpad.com/) with significance

accepted at P < 0.05. Data presented are either denoted with an

asterisk for significant difference compared with the wild type or

mock treatment or alternatively assigned a group letter A–D where

there are significant differences between groups but not within

groups.
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