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amylovora-induced hypersensitive cell death in maize leaves
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Abstract Harpin elicits rapid and localized programmed

cell death in plants, also known as the hypersensitive

response (HR). Here we report that HrpN from Erwinia

amylovora led to rapid cell death in maize leaves within

24 h and also induced the expression of systemic acquired

resistance genes, such as ZmPR1 and ZmPR5. Surprisingly,

the results of DAB staining showed that there was no H2O2

accumulation in maize leaves during the HR process, and

semi-quantitative RT-PCR revealed that there was also no

difference in the expression of the ZmRboh genes. These

results suggest that HrpN-induced cell death may be

independent of H2O2 accumulation in maize leaves.

Keywords Cell death � HrpN � Hypersensitive response �
Maize � H2O2 accumulation

Introduction

Plants deploy a variety of active defense responses when

challenged by pathogens or elicitors. One of the active

defense mechanisms is rapid cell death, also known as the

hypersensitive response (HR) (Dangl et al. 1996; Greenberg

and Yao 2004; Lamb and Dixon 1997), which contributes to

pathogen limitation.

It is now apparent that one of the earliest events during

plant HR is a rapid oxidative burst, caused by the release of

reactive oxygen species (ROS) by elicited plant cells (Lamb

and Dixon 1997; Levine et al. 1994). Pharmacological,

molecular, and genetic studies strongly support the idea that

the primary source of ROS is a superoxide (O2
-) generating

membrane-bound NADPH oxidase. Diphenylene iodonium

(DPI), which is an inhibitor of NADPH oxidase, blocks

the fungal elicitor-stimulated oxidative burst in plant cells

(Desikan et al. 1996; Lamb and Dixon 1997).

Harpin protein HrpNEa coding by the hrp gene clusters

secreted by Erwinia amylovora via its type III secretion

system (T3SS) was one of the first bacterial elicitors

characterized as inducing activation of MAPK cascades,

cell death and systemic acquired resistance (SAR) (Desikan

et al. 1999, 2001; Dong et al. 1999; Jang et al. 2006;

Reboutier et al. 2007; Wei et al. 1992). Recently, Sinn et al.

(2008) reported that the C-terminal half of HrpNEa plays a

specific role in its secretion by the T3SS and in its viru-

lence and avirulence activities while the N-terminal half of

the protein was sufficient for cell-free elicitor activity.

Transcription study showed that harpin may be involved in

regulation of cell wall biogenesis, cellular communication

in Arabidopsis (Livaja et al. 2008). Several studies have

suggested the role of salicylic acid (SA) and ethylene-

mediated signaling pathway in harpin-induced plant

growth and defense response (Chuang et al. 2010; Dong

et al. 1999; Liu et al. 2010; Peng et al. 2003; Samuel et al.

2005). Additionally, Methyl jasmonate treatment inhibited

the harpin-induced cell death, H2O2 generation and phen-

ylalanine ammonia-lyase (PAL) gen expression (Andi et al.

2001).

Harpin treatment also leads to H2O2 accumulation dur-

ing HR in Arabidopsis and tobacco. It is now apparent that

this oxidative burst is mediated by an NADPH oxidase-like

enzyme in Arabidopsis and tobacco (Desikan et al. 1996;

Zhang et al. 2009). In several previous studies, DPI
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treatment inhibited harpin-induced H2O2 accumulation

(Ichinose et al. 2001; Xie and Chen 2000). It is also

reported that harpin-induced H2O2 production is also from

the chloroplasts and mitochondria, and H2O2 production by

the mitochondrial electron transfer chain is less than

chloroplastic H2O2 generation in photosynthetic tissues.

However, several papers have previously reported that

mitochondrial H2O2 has more important role rather than

H2O2 generation from NADPH oxidases and H2O2 accu-

mulation in the chloroplasts in harpin-induced cell death in

Arabidopsis and tobacco (Garmier et al. 2007). Further-

more, alternative oxidase (AOX), a mitochondrial super-

oxide production oxidase, activity and transcripts level

have been observed in plant during elicitor-induced cell

death (Simons et al. 1999; Vidal et al. 2007). However, the

relationships between H2O2 production and the cell death

have never been established. A study with inhibitors has

suggested that the accumulation of H2O2 is not necessary

for harpin-induced cell death in tobacco suspension culture

(Ichinose et al. 2001).

To our knowledge, the previous reports of the effect of

HrpN mainly focus on dicotyledons, such as Arabidopsis

and tobacco, there is no study showing the effect of purified

HrpN in monocotyledons. In this study, we aimed to

investigate the effect of purified HrpN on cell death and

H2O2 production in maize leaves. The present data indi-

cates that HrpN induces HR and SAR genes, but does not

lead to H2O2 accumulation in maize leaves.

Materials and methods

Plant material and treatments

Maize seedlings (Zea mays L. cv. Zhengdan 958) were

cultured in Hoagland’s solution (pH 6.0) under hydropon-

ics greenhouse condition at 22/26�C (night/day) with a

photosynthetic active radiation of 200 lmol m-2 s-1 and a

photoperiod of 14/10 h (day/night) for 2 weeks at 3-leaf

stage. Tobacco (Nicotiana tabacum cv. NC 89) plants were

grown for 6 weeks in soil under controlled environmental

condition at a photoperiod of 16/8 h (day/night) at a tem-

perature of 20/25�C (night/day).

HarpinEa protein was a gift from Dr Han-song Dong, and

it was prepared and purified as described (Dong et al.

1999). The first fully expanded leaves of maize, and the

third and fourth fully developed leaves of tobacco at

6-week-old were infiltrated with different concentrations of

HrpN in TE buffer (10 mM Tris, pH 7.5, 0.1 mM EDTA)

using a 1-ml hypodermic syringe without a needle. The

infiltrated zones were either observed for necrosis devel-

opment or harvested using a scalpel and stored at -80�C

for further analysis.

Detection of cell death in maize leaves

using Evans blue staining

Cell death was detected in the leaves by staining with

Evans blue according to the method described by Liu et al.

(2008). Leaves were taken at the indicated times and

soaked in 10 ml of 0.25% Evans blue. They were then

washed briefly in 10 ml of water. Leaves were destained in

boiling 96% ethanol for 10 min. Then the leaves were

transferred to a 60% glycerol solution.

Histochemical detection of H2O2

The H2O2 was visually detected in the plant leaves

using 3,3-diaminobenzidine (DAB) as a substrate.

Briefly, the leaves were infiltrated with HrpN and then

immersed overnight in a 1 mg ml-1 solution of DAB

(pH 3.8). The leaves were then decolorized by boiling in

ethanol (96%) for 10 min. After cooling, the leaves were

extracted at room temperature with 60% glycerol and

photographed.

Determination of H2O2 content in leaf extracts

The content of H2O2 was measured by monitoring the

absorbance at 415 nm of the titanium peroxide complex

following the method described by Jiang and Zhang

(2001).

RNA extraction and semi-quantitative

RT-PCR analysis

Total RNA was isolated from leaves with Trizol reagent

(Invitrogen) according to the manufacturer’s instructions.

Totally, 3 lg of RNA was reverse transcribed into cDNA

by a Revert Aid First Strand cDNA Synthesis Kit

(200 units per reaction; Fermentas) at 42�C for 60 min

followed by heat inactivation at 70�C for 10 min. PCR

amplifications was for pre-denaturation at 94�C for 5 min,

25 cycles of 94�C for 1 min, 55�C for 1 min and 72�C for

1 min, followed by a final extension step at 72�C for

10 min. The cDNA was amplified by PCR using the fol-

lowing primers: ZmRbohA, forward GCTAAAAACGGCG

TGGATA and reverse GGGCAGAAAGACTGAAAAGA

GA; ZmRbohB, forward GGAAGGAGATGCTCGGTCAG

and reverse TTGGTGGTCTGGTTCATTTAGG; ZmPR1,

forward TGGGTGTCCGAGAAGCAGT and reverse

CACAAATCGCCTGCATGGT; ZmPR5, forward ATCTC

GGTCATCGACGGCT and reverse GCACACAAATCCA

GCTACGT; and ZmACTIN, forward ATTCAGGTGATGG

TGTGAGCCACAC and reverse GCCACCGATCCAGA

CACTGTACTTCC. The PCR products were separated in a

1% agarose gel and stained with ethidium bromide. The
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expression level of each sample was estimated based on the

intensity of the band.

SA measurements

HrpN-infiltrated areas were pooled and 0.5 g of tissue was

used for measuring the total SA, as described previously

(Bowling et al. 1994).

Results

HrpN induces cell death in maize leaves

Maize leaves were infiltrated with 25 lg ml-1 HrpN, a

concentration sufficient to cause cell death when infiltrated

into tobacco leaves (Fig. 1a). As shown in Fig. 2a, cell

death of the infiltrated zone appeared about 24 h after

HrpN application, followed by complete drying of the

infiltrated zone at 72 h post-infiltration (pi). This rapid

dehydration event is believed to play an important role in

plant resistance (Dangl et al. 1996; Ren et al. 2002).

To determine whether HrpN-induced cell death in maize

leaves, we used Evans blue staining to detect cell death.

Cell death was first observed at 12 h pi of maize leaves,

leading to complete necrosis at 48 h pi (Fig. 2b). Infiltra-

tion of the leaves with buffer alone did not produce any cell

death symptoms (Fig. 2a, b). Furthermore, concentrations

of HrpN greater than 25 lg ml-1, such as 100, 250 and

500 lg ml-1, did not result in a significant increase in the

cell death of maize leaves (data not shown).

HrpN induces SAR gene expression

In addition to inducing cell death in Arabidopsis and

tobacco, harpin induces expression of PR genes (Peng et al.

2003), which are normally induced during the development

of SAR. Therefore, we assayed the expression of ZmPR1

and ZmPR5 in maize leaves treated with HrpN. The results

showed that these two genes had similar expression profiles

after HrpN treatment (Fig. 3a). As shown in Fig. 3a, the

expression of ZmPR1 and ZmPR5 was very low within 4 h,

and significant increased at 8 h, which was maximized at

12 h and remained high for 48 h after HrpN infiltration.

Salicylic acid plays a central role in plant defense

against pathogens, most prominently as an essential agent

in the establishment of SAR. Previous results suggested

that induction of SAR by harpin in challenged plant cells

requires the participation of SA (Peng et al. 2003; Samuel

et al. 2005). Therefore, we measured the total SA accu-

mulation in maize leaves following infiltration with a HrpN

concentration (25 lg ml-1) that led to cell death over a

period of 24–72 h. The leaves after infiltration displayed a

high level of SA accumulation over a period of 24 h

(Fig. 3b), and the level of SA is also increased after 8 h,

which is sufficient to induce the expression of ZmPR1 and

ZmPR5. These results clearly suggest that HrpN induces

SAR genes and SA accumulation in maize leaves.

Fig. 1 Induction of cell death

and H2O2 by HrpN in tobacco.

a Leaves were infiltrated with

buffer and HrpN (25 lg ml-1),

and the infiltrated areas are

shown at 48 h after buffer

infiltration (Bf) and HrpN

infiltration (N). b Histochemical

detection of H2O2 production

with DAB staining at 4 h after

buffer infiltration (Bf) and HrpN

infiltration (N). Infiltrated leaf

areas are indicated by circles
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HrpN does not induce H2O2 accumulation

in maize leaves

Previous studies have shown that harpin-induced cell death

was accompanied by rapid generation of hydrogen perox-

ide (H2O2), one of the ROS (Desikan et al. 1996; Zhang

et al. 2009). Harpin-induced H2O2 production in leaf

extracts was examined using histochemistry with DAB

staining and spectrophotometry; DAB reacts with H2O2 in

the presence of peroxidases to produce a detectable brown

polymerization product. Treatment with HrpN-induced

significant H2O2 accumulation at 4 h pi of tobacco

leaves (Fig. 1b). Surprisingly, a time-course analysis of

DAB staining showed that treatment with HrpN did not

lead to H2O2 accumulation in the infiltrated zones over a

period of 12 h but that the color mainly appeared in the

major veins of the leaves (Fig. 4a). Spectrophotometry was

used to quantify the content of H2O2 in the maize leaves.

HrpN did not lead to H2O2 accumulation in maize leaves

within 12 h after HrpN treatment (Fig. 4b).

Genetic evidence shows that H2O2 generated by

NADPH oxidase plays important roles in elicitor-

induced HR and that harpin-induced H2O2 accumulation

is inhibited by DPI, an inhibitor of the NADPH oxi-

dase (Desikan et al. 1996). Therefore, we analyzed

the expression of ZmRbohA and ZmRbohB after HrpN

treatment using semi-quantitative RT-PCR. ZmRbohA

was constitutively expressed at a very low level, whereas

ZmRbohB was not induced within 12 h in the presence

of HrpN (Fig. 4c). These results suggest that HrpN does

not induce H2O2 accumulation in maize leaves during

cell death.

Fig. 2 HrpN-induced cell death

in maize. a Leaves were

infiltrated with HrpN

(25 lg ml-1), and the infiltrated

areas are shown at 24 h after

buffer infiltration (Bf) and 24,

48, and 72 h after HrpN

infiltration (N). Infiltrated leaf

areas are indicated by red boxes.

b Leaves were stained with

Evans blue at 24 h after buffer

infiltration (Bf) and 4, 12, 24,

and 48 h after HrpN treatments.

Cell death is indicated by a blue
color (color figure online)
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Discussion

The aim of this study was to determine the disease resis-

tance induced by E. amylovora HrpN in maize. In previous

work, harpin was shown to induce cell death and SAR

genes in Arabidopsis and tobacco (Peng et al. 2003), and

our data confirm that HrpN does induce HR in tobacco

(Fig. 1a). The results of the present study showed that

HrpN not only induced HR, but also induced the expression

of ZmPR1 and ZmPR5 in maize leaves (Figs. 2, 3a), sug-

gesting that HrpN can lead to induced HR and SAR both in

dicotyledons and monocotyledons.

The role of SA in the induction of cell death has been

clearly established by both gain- and loss-of function data

(Raffaele et al. 2006; Samuel et al. 2005). Harpin-induced

cell death does not occur in NahG transgenic Arabidopsis

and tobacco, which do not accumulate SA (Peng et al.

2003; Samuel et al. 2005). Our results showed that SA

accumulation preceded cell death following HrpN infiltra-

tion (Fig. 3b), partially supporting the requirement for SA

in harpin-induced cell death in maize.

Plant cells challenged with HR-inducing pathogens or

elicitors display two peaks of H2O2 generation. The first

rapid but weak transient burst of H2O2 production is not

Fig. 3 Accumulation of PR mRNAs and SA in leaf areas infiltrated

with HrpN. a ZmPR1 and ZmPR5 expression determined by RT-PCR.

Lane 1 buffer 24 h; lane 2 HrpN 1 h; lane 3 HrpN 2 h; lane 4 HrpN

4 h; lane 5 HrpN 8 h; lane 6 HrpN 12 h; lane 7 HrpN 24 h; lane 8
HrpN 48 h. b Leaves were infiltrated with buffer (Bf) and HrpN

(N) for various times and the infiltrated areas were harvested and

analyzed for SA accumulation by HPLC. a Experiments were

repeated at least five times with similar results. b The values are

the means of at least three independent experiments

Fig. 4 H2O2 generation after

HrpN elicitation.

a Histochemical detection of

H2O2 production with DAB

staining. b H2O2 was assayed by

spectrophotometry as described

in ‘‘Materials and methods’’.

c Expression of ZmRbohA and

ZmRbohB in leaf areas

infiltrated with HrpN as

analyzed by RT-PCR. Lane 1
buffer 2 h; lane 2 HrpN 1 h;

lane 3 HrpN 2 h; lane 4 HrpN

4 h; lane 5 HrpN 6 h; lane 6
HrpN 8 h; lane 7 HrpN 12 h. a,

c Experiments were repeated at

least five times with similar

results. b The values are the

means of at least three

independent experiments.

Means denoted by the same
letter did not differ significantly

at P \ 0.05 according to

Duncan’s multiple range test.

Bf buffer; N HrpN; Control 4 h

after 100 mM H2O2 infiltration
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specific to HR. The second increase of H2O2, which occurs

between 3 and 6 h after inoculation, precedes the onset of

HR cell death and is specific for HR-inducing pathogens or

elicitors (Lamb and Dixon 1997). Harpin treatment leads to

H2O2 accumulation in tobacco and Arabidopsis, and our

data also shows that treatment with 25 lg ml-1 HrpN for

4 h leads to H2O2 accumulation in infiltrated areas of

tobacco (Fig. 1b). Intriguingly, a time-course analysis

showed that treatment with HrpN did not lead to H2O2

accumulation in maize leaves or increased expression of

ZmRbohA and ZmRbohB (Fig. 4). In studies by Xie and

Chen (2000) and Ichinose et al. (2001), DPI, an inhibitor

of the oxidative burst, failed to inhibit harpin-induced

hypersensitive cell death. Several papers have previously

reported that the rapid alternation of mitochondrial func-

tion and low levels of ATP play very important roles in

harpin-induced hypersensitive cell death and that H2O2 is

not the direct cause for harpin-induced inhibition of ATP

(Garmier et al. 2007; Krause and Durner 2004; Vidal et al.

2007; Xie and Chen 2000). It is not clear whether low

levels of ATP serve as a signal for the induction of HR cell

death. However, these results indicated that generation of

H2O2 after harpin treatment is not required for cell death

induced by harpin or other elicitors. In addition, Delled-

onne et al. (1998) also reported that H2O2 alone does not

induce cell death in soybean cells, which is in agreement

with our studies in maize (our unpublished data). More-

over, harpin and exogenous H2O2 have different effects on

defense gene expression in Arabidopsis suspension cul-

tures, as harpin led to increased H2O2 generation and

expression of PAL, glutathione S-transferase (GST) and

anthranilate synthase (ASA1) mRNA, and H2O2 only led to

increased PAL and GST mRNA (Desikan et al. 1998).

These results suggest that both H2O2-dependent and H2O2-

independent pathways are involved in HR cell death sig-

naling in plants. Our results indicated that HrpN induces an

H2O2-independent rather than an H2O2-dependent pathway

in HR cell death in maize leaves.

Furthermore, in a previous study, active MAPKKs induce

cell death and ROS production in tobacco and Arabidopsis

(Ren et al. 2002). More recently, it has been reported

that OsMKK4DD-induced cell death without extracellular

ROS production in rice cells, while OsMKK4DD-induced

cell death and ROS production in Nicotiana benthamiana

(Kishi-Kaboshi et al. 2010). This is consistent with our

observation that HrpN induces cell death and H2O2 pro-

duction in tobacco, while HrpN induces cell death without

extracellular H2O2 production in maize leaves. However,

further studies needed to investigate the mechanism of the

different process of HrpN-induced cell death in dicotyledons

and monocotyledons. Taken together, HrpN-induced cell

death in maize leaves may be not the result of the generation

of H2O2.

Acknowledgments We thank to Professor Han-song Dong for

providing HrpN protein. Funding for this research was provided by

the Grants from the Nation Natural Science Foundation of China

(Nos. 30871457, 31071337) and the State Key Basic Research and

Development Plan of China (No. 2009CB118500).

References

Andi S, Taguchi F, Toyoda K, Shiraishi T, Ichinose Y (2001) Effects

of methyl jasmonate on harpin-induced hypersensitive cell death,

generation of hydrogen peroxide and expression of PAL mRNA

in tobacco suspension cultured BY-2 cells. Plant Cell Physiol

42:446–449

Bowling SA, Guo A, Cao H, Gordon AS, Klessig DF, Dong X (1994)

A mutation in Arabidopsis that leads to constitutive expression

of systemic acquired resistance. Plant Cell 6:1845–1857

Chuang HW, Harnrak A, Chen YC, Hsu CM (2010) A harpin-induced

ethylene-responsive factor regulates plant growth and responses

to biotic and abiotic stresses. Biochem Biophys Res Commun

402:414–420

Dangl JL, Dietrich RA, Richberg MH (1996) Death don’t have no

mercy: cell death programs in plant–microbe interactions. Plant

Cell 8:1793–1807

Delledonne M, Xia Y, Dixon RA, Lamb C (1998) Nitric oxide

functions as a signal in plant disease resistance. Nature 394:

585–588

Desikan R, Hancock JT, Coffey MJ, Neill SJ (1996) Generation of

active oxygen in elicited cells of Arabidopsis thaliana is

mediated by a NADPH oxidase-like enzyme. FEBS Lett 382:

213–217

Desikan R, Reynolds A, Hancock JT, Neill SJ (1998) Harpin and

hydrogen peroxide both initiate programmed cell death but have

differential effects on defense gene expression in Arabidopsis
suspension cultures. Biochem J 330:115–120

Desikan R, Clarke A, Atherfold P, Hancock JT, Neill SJ (1999)

Harpin induces mitogen-activated protein kinase activity during

defence responses in Arabidopsis thaliana suspension cultures.

Planta 210:97–103

Desikan R, Hancock JT, Ichimura K, Shinozaki K, Neill SJ (2001)

Harpin induces activation of the Arabidopsis mitogen-activated

protein kinases AtMPK4 and AtMPK6. Plant Physiol 126:

1579–1587

Dong H, Delaney TP, Bauer DW, Beer SV (1999) Harpin induces

disease resistance in Arabidopsis through the systemic acquired

resistance pathway mediated by salicylic acid and the NIM1
gene. Plant J 20:207–215

Garmier M, Priault P, Vidal G, Driscoll S, Djebbar R, Boccara M,

Mathieu C, Foyer CH, De Paepe R (2007) Light and oxygen are

not required for harpin-induced cell death. J Biol Chem

282:37556–37566

Greenberg JT, Yao N (2004) The role and regulation of programmed

cell death in plant–pathogen interactions. Cell Microbiol

6:201–211

Ichinose Y, Andi S, Doi R, Tanaka R, Taguchi F, Sasabe M, Toyoda

K, Shiraishi T, Yamada T (2001) Generation of hydrogen

peroxide is not required for harpin-induced apoptotic cell death

in tobacco BY-2 cell suspension culture. Plant Physiol Biochem

39:771–776

Jang YS, Sohn SI, Wang MH (2006) The hrpN gene of Erwinia
amylovora stimulates tobacco growth and enhances resistance to

Botrytis cinerea. Planta 223:449–456

Jiang M, Zhang J (2001) Effect of abscisic acid on active oxygen

species, antioxidative defence system and oxidative damage in

leaves of maize seedlings. Plant Cell Physiol 42:1265–1273

1278 Plant Cell Rep (2011) 30:1273–1279

123



Kishi-Kaboshi M, Okada K, Kurimoto L, Murakami S, Umezawa T,

Shibuya N, Yamane H, Miyao A, Takatsuji H, Takahashi A,

Hirochika H (2010) A rice fungal MAMP-responsive MAPK

cascade regulates metabolic flow to antimicrobial metabolite

synthesis. Plant J 63:599–612

Krause M, Durner J (2004) Harpin inactivates mitochondria in

Arabidopsis suspension cells. Mol Plant Microbe Interact 17:131–

139

Lamb C, Dixon RA (1997) The oxidative burst in plant disease

resistance. Annu Rev Plant Physiol Plant Mol Biol 48:251–275

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H2O2 from the

oxidative burst orchestrates the plant hypersensitive disease

resistance response. Cell 79:583–593

Liu H, Wang Y, Xu J, Su T, Liu G, Ren D (2008) Ethylene signaling

is required for the acceleration of cell death induced by the

activation of AtMEK5 in Arabidopsis. Cell Res 18:422–432

Liu R, Lu B, Wang X, Zhang C, Zhang S, Qian J, Chen L, Shi H,

Dong H (2010) Thirty-seven transcription factor genes differen-

tially respond to a harpin protein and affect resistance to the

green peach aphid in Arabidopsis. J Biosci 35:435–450

Livaja M, Zeidler D, von Rad U, Durner J (2008) Transcriptional

responses of Arabidopsis thaliana to the bacteria-derived

PAMPs harpin and lipopolysaccharide. Immunobiology 213:161–

171

Peng J, Dong H, Delaney TP, Bonasera JM, Beer SV (2003) Harpin-

elicited hypersensitive cell death and pathogen resistance require

the NDR1 and EDS1 genes. Physiol Mol Plant Pathol 62:317–

326

Raffaele S, Rivas S, Roby D (2006) An essential role for salicylic acid

in AtMYB30-mediated control of the hypersensitive cell death

program in Arabidopsis. FEBS Lett 580:3498–3504

Reboutier D, Frankart C, Briand J, Biligui B, Laroche S, Rona JP,

Barny MA, Bouteau F (2007) The HrpN(ea) harpin from Erwinia

amylovora triggers differential responses on the nonhost Ara-
bidopsis thaliana cells and on the host apple cells. Mol Plant

Microbe Interact 20:94–100

Ren D, Yang H, Zhang S (2002) Cell death mediated by MAPK is

associated with hydrogen peroxide production in Arabidopsis.

J Biol Chem 277:559–565

Samuel MA, Hall H, Krzymowska M, Drzewiecka K, Hennig J, Ellis

BE (2005) SIPK signaling controls multiple components of

harpin-induced cell death in tobacco. Plant J 42:406–416

Simons BH, Millenaar FF, Mulder L, Van Loon LC, Lambers H

(1999) Enhanced expression and activation of the alternative

oxidase during infection of Arabidopsis with Pseudomonas
syringae pv tomato. Plant Physiol 120:529–538

Sinn JP, Oh CS, Jensen PJ, Carpenter SC, Beer SV, McNellis TW

(2008) The C-terminal half of the HrpN virulence protein of the

fire blight pathogen Erwinia amylovora is essential for its

secretion and for its virulence and avirulence activities. Mol

Plant Microbe Interact 21:1387–1397

Vidal G, Ribas-Carbo M, Garmier M, Dubertret G, Rasmusson AG,

Mathieu C, Foyer CH, De Paepe R (2007) Lack of respiratory

chain complex I impairs alternative oxidase engagement and

modulates redox signaling during elicitor-induced cell death in

tobacco. Plant Cell 19:640–655

Wei Z, Laby RJ, Zumoff CH, Bauer DW, He S, Collmer A, Beer SV

(1992) Harpin, elicitor of the hypersensitive response produced

by the plant pathogen Erwinia amylovora. Science 257:85–88

Xie Z, Chen Z (2000) Harpin-induced hypersensitive cell death is

associated with altered mitochondrial functions in tobacco cells.

Mol Plant Microbe Interact 13:183–190

Zhang H, Fang Q, Zhang Z, Wang Y, Zheng X (2009) The role of

respiratory burst oxidase homologues in elicitor-induced stoma-

tal closure and hypersensitive response in Nicotiana benthami-
ana. J Exp Bot 60:3109–3122

Plant Cell Rep (2011) 30:1273–1279 1279

123


	Hydrogen peroxide is not involved in HrpN from Erwinia amylovora-induced hypersensitive cell death in maize leaves
	Abstract
	Introduction
	Materials and methods
	Plant material and treatments
	Detection of cell death in maize leaves using Evans blue staining
	Histochemical detection of H2O2
	Determination of H2O2 content in leaf extracts
	RNA extraction and semi-quantitative RT-PCR analysis
	SA measurements

	Results
	HrpN induces cell death in maize leaves
	HrpN induces SAR gene expression
	HrpN does not induce H2O2 accumulation in maize leaves

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


