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Chapter 1 

General Introduction 
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Plants are often exploited as a source of food and shelter by a variety of parasites 

including viruses, bacteria, fungi, nematodes, insects and even other plants. Plants lack 

a circulating adaptive immune system to protect themselves against pathogens. 

However, they have developed remarkable strategies to adapt to environmental changes 

by using a range of constitutive or inducible biochemical and molecular mechanisms. 

They exhibit both long- and short-term defense responses to immediate challenges such 

as pathogen attacks. Nevertheless, a synergic effect of many stresses represents the 

primary cause of crop loss. The estimated loss caused by pathogens is typically around 

10 to 20% (Boyer 1982). The appropriate response of plant emerges from the perception 

of an extracellular signal and its transduction between and within plant cells. 

Specificity of the interactions between plants and pathogens is still an 

incomprehensible phenomenon with a complicated hierarchy of biological organization. 

Elucidation of this phenomenon represents an important task of contemporary plant 

pathology (Scheel 1998; Nimchuk et a1. 2001). 

In response to pathogen attack, plants have developed complex signaling and 

defense mechanisms to protect themselves. One of the most efficient and immediate 

resistance reactions is the hypersensitive response (HR) , which involves programmed 

cell death (PCD), production of reactive oxygen species (ROS), synthesis of antimicrobial 

compounds at the site of infection, and ultimately leads to pathogen resistance (Dangl 

and Jones 2001). Although the mechanisms ofHR-related PCD are far less clear, several 

morphological and biochemical similarities between PCD in animals and plants have 

been described in different experimental systems. 

Animal PCD, or apoptosis, is exquisite mechanisms controlling cell proliferation, 

generation of developmental patterns, and defense of animals against viral pathogens 

and environmental insults (Ellis and Horvitz 1986; Lakshmi et al. 1992; Raff 1992; 

Schwartzman and Cidlowski 1993). Apoptosis is one of the most widely studied forms of 

PCD that displays a distinct set of physiological and morphological features (Martin et 

a!. 1994). Morphological hallmarks of apoptosis include the condensation of chromatin 

at the nuclear periphery and the condensation and vacuolization of the cytoplasm. 

These changes are followed by breakdown of the nucleus and fragmentation of the cell 

to form apoptotic bodies (Wyllie et a!. 1984; Schwartzman and Cidlowski 1993). Among 

the many biochemical changes commonly found in cells undergoing apoptosis is the 

systematic fragmentation and degradation of nuclear DNA (Bortner et a1. 1995). Large 

fragments of 300 and/or 50 kb are first produced by endonucleolytic degradation of 

nuclear DNA (Oberhammer et a1. 1993; Walker et a1. 1993). These are further degraded 
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by cleavage at linker DNA sites between nucleosomes resulting in DNA fragments that 

are multimers of about 180 bp (Wyllie et al. 1984>. Degradation of nuclear DNA during 

apoptosis is coordinated with activation of specific endonucleases that are thought to 

mediate chromatin cleavage (Enari et al. 1998). 

Recent evidence is emerging that mitochondria participate in the central control or 

executioner phase of the cell death cascade (Wang 2001; Orrenius 2004; Bras 2005). It is 

thought that proteins normally restricted to the mitochondrial intermembrane space, 

including cytochrome C, apoptosis-inducing factor CAlF), SMACIDIABLO, lAP and 

endonuclease G, are released to the cytosol where they initiate the apoptotic cascade (Li 

et al. 1997; Zou et al. 1997; Arnoult et al. 2003; Du et al. 2000; Verhagen et al. 2000). 

The molecular mechanism responsible for the translocation of cytochrome c from 

mitochondria to cytosol during apoptosis is unknown. One proposal is that protein 

release requires rupture of the outer mitochondrial membrane and that this is a 

consequence of the onset of the mitochondrial permeability transition (MPT) (Petronilli 

et al. 2001; Halestrap et al. 2002). Onset of the MPT, which is an inner membrane 

process, would depolarize the inner membrane (Halestrap et al. 2002). Thus, the MPT 

hypothesis implies a direct temporal relationship between mitochondrial depolarization 

and cytochrome c release. 

It has been shown in mammalian systems that mitochondria can playa role in the 

induction of PCD by the release of intermembrane space components into the cytosol, 

including cytochrome c, a key component of the electron transport chain (Liu et al. 1996). 

The mechanism by which the release of cytochrome c occurs has yet to be established 

unequivocally, but it seems to be regulated by anti-apoptotic and pro-apoptotic proteins 

of the BcI-2 family (Green and Reed 1998). Once in the cytosoL cytochrome c activates a 

proteolytic cascade mediated by caspases (cysteinylaspartate proteases), leading to the 

oligonucleosomal cleavage of DNA (Enari et al. 1998) and the organized breakdown of 

the cell. 

In plants, PCD is thought to be activated during the course of several differentiation 

pathways and in response to attack by certain pathogens (Chasan 1994; Dangl et al. 

1996; Ryerson and Heath 1996; Wang et al. 1996; Beers 1997; Pennel and Lamb 1997). 

Activation of cell death, following the recognition of invading pathogens, results in the 

formation of a zone of dead cells localized around the site of infection. Killing of cells at 

and around the site of infection, also called a HR lesion, is thought to participate in 

preventing systemic proliferation of some pathogens. Several lines of evidence suggest 

that death of plant cells during the HR results from the activation of a peD pathway. 

This evidence stems from studies that demonstrate the activation of HR cell death by 
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certain elicitors in the absence of a pathogen (Levine et al. 1994; Jabs et al. 1997), by 

expression of different foreign genes (Mittler and Lam, 1996), and as a result of 

mutations in certain genes which are thought to be involved in the cell death pathway 

(Lorrain et al. 2003). In addition, cell death that occurs during the HR was shown to 

require active plant metabolism and to depend on the activity of the host transcription 

and translation machinery (He et al. 1993; Coaker et al. 2005). Therefore, cell death 

that occurs during the HR is not directly caused by the invading pathogen but rather 

results from the activation of a plant-encoded pathway for PCD. 

Oat plants display a characteristic PCD similar to apoptosis in animal cells in 

response to pathogens, elicitors and host-specific toxin, victorin (Navarre and Wolpert 

1999; Tada et al. 2001; Yao et al. 2001, 2003), Victorin is a well known host-selective 

peptide toxin that is an essential molecule for the pathogenicity of CochlioboJus 

victoriae on oat plants carrying the dominant Vb gene for toxin sensitivity (Luke et al 

1966; Mayama et al. 1995; Wolpert et al. 1985). All dominant Vb genotypes are both 

sensitive to victorin and susceptible to the pathogen, and all homozygous recessive 

genotypes (vb vb) are toxin-insensitive and resistant. Thus, Victoria blight occurs only 

when a victorin-producing isolate of C. victoriae encounters an oat plant carrying a 

dominant allele at the Vb locus. The toxin can also elicit HR-like responses such as 

callose deposition (Walton and Earle 1985), the respiratory burst (Romanko 1959), lipid 

peroxidation (Navarre and Wolpert 1999), ethylene evolution (Shain and Wheeler 1975), 

extracellular alkalinization (Ullrich and Novacky 1991), phytoalexin synthesis 

(Mayama et al 1986), expression of defense-related proteins (Yang et al. 2004), ROS 

production (Yao et al. 2002) and PCD (Navarre and Wolpert 1999; Tada et al. 2001; Yao 

et al. 2001). Above genetic and physiological studies support the perception that victorin 

functions as an elicitor to induce components of a resistance response similar to those 

induced by avirulence factors. Victorin-induced PCD displays coordinated biochemical 

alternations, including DNA laddering which is a hallmark of apoptosis (Navarre and 

Wolpert 1999; Tada et al. 2001). This DNA laddering is associated with oxidative stress 

and Ca2+ influx, and tightly linked with the activation of a 28 kDa nuclease which is 

mediated by de novo synthesis and/or cysteine protease activity (Tada et al. 2001; Yao et 

al. 2002; Kusaka et al. 2004). Moreover, histological and cytological evidence on the 

timing and localization of apoptotic cells in treated leaf segments was obtained by 

observing DNA strand breaks with both light and electron microscopy using TUNEL 

techniques (Yao et al. 2001). Previously, victorin has shown to bind specifically two 

proteins (p- and H-proteins) of glycine decarboxylase (GDC, a multi-enzyme complex 

located in the mitochondrial matrix) and inhibit GDC (Navarre and Wolpert 1995) 
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which is most active in photosynthetic plant tissues and is important in the 

photorespiratory cycle (Douce and Neuburger 1999). Recent studies demonstrated that 

oat mitochondria cause M1?'l'-like pore formation in vitro (Curtis and Wolpert 2002). 

These lead us to hypothesize that victorin-induced cell death resembles apoptosis not 

only in the biochemical and morphological resultants, but also in the induction pathway 

of PCD. 'Ib clarify the induction mechanisms of PCD induced by victorin might be very 

important to realize the HR based plant-pathogen interaction. 

The main goal of the work described in this thesis was to unravel the physiological 

and molecular basis of PCD in relation to disease resistance. In the past few years, the 

analysis of victorin-induced PCD as a model system has provided many new 

characteristics of plant PCD in plant-pathogen interactions, especially in the 

biochemical and morphological changes during the execution phase of PCD pathway. 

Here, we reveal the upstream events of PCD induced by victorin until apoptotic changes 

emerge. In chapter 2, the physiological characterization of victorin-induced ROS 

production is described. Victorin triggers two phases of intracellular ROS production in 

victorin-sensitive oat mesophyll cells. The initial production of ROS is restricted at 

mitochondria and not accompanied with cellular oxidative damage. Later production of 

ROS is dispersed into cells concomitant with lipid peroxidation, chloroplast dysfunction 

and cell death. These implicate multiple roles of ROS in the timing and localization 

during PCD signaling pathway. In chapter 3, the role of mitochondria in 

victorin-induced PCD is investigated. Mitochondrial membrane alternation is an early 

phenomenon in the animal apoptosis signaling cascade, linked with the downstream 

proteolytic events. However, in oat plants, mitochondrial depolarization is the later 

event accompanied with cellular disruption. Proteolytic cascades is preceded by the 

mitochondrial depolarization and followed by the early mitochondrial ROS production. 

These data suggest the different involvement of mitochondrial dysfunction in PCD 

between animals and plants. In chapter 4, using visualized victorin, it's mode of action 

during victorin-induced cell death is monitored. Interestingly, binding of victorin to 

mitochondria is only the phenomenon caused by the plasma membrane and cellular 

dysfunctions. At the PCD induction phase, victorin exists outside the protoplasts, 

indicating plasma membrane is the first contact site of victorino Victorin-induced cell 

death may be involved in the indirect inhibition of GDC and mitochondrial respiratory 

chain. 

5 



Chapter 2 

Two Phases of Intracellular Reactive Oxygen Species 

Production during Victorin-Induced Cell Death in Oats. 
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Introduction 

Reactive oxygen species (ROS) are thought to participate in normal cellular 

metabolism and various stress responses. In plant cells, ROS have shown to be 

generated by stresses such as UV irradiation, high light, wounding, heat, chilling, plant 

hormones, and pathogens (Breusegem et al. 2001; Mittler 2002; Neill et al. 2002). A 

higher concentration of intracellular ROS has been shown to create cytotoxic conditions 

including oxidative damage to lipid, protein and nucleic acids. Thus, excessive 

production of ROS may cause the disruption of cellular functions, finally leading to cell 

death (Halliwell and Gutteridge 1984). On the other hand, ROS also are likely to be 

involved in the signaling networks that control growth, development and stress 

response (Dalton et al. 1999). Therefore, ROS are believed to exert a dual function by 

their biochemical identities and the intracellular locations at which they were 

generated. 

Programmed cell death (PCD), an active form of cell death, can be triggered during 

development and cellular responses to stress within multicellular organisms. In plants, 

there are many examples of PCD occurring as part of development, abiotic stress or 

pathogen interaction (Chasan 1994; Dangl et al. 1996; Ryerson and Heath 1996; Wang 

et al. 1996; Beers 1997; Pennel and Lamb 1997). The hypersensitive response (HR) is a 

rapid, localized PCD that occurs at sites of infection by a virulent pathogen and acts to 

restrict the growth of pathogen to the initial infection sites (Greenberg 1997; Heath 

2000). PCD that occurs during the HR is accompanied by oxidative stresses, such as 

production of ROS and lipid peroxidation (Rusterucci et al. 1996; Heath 2000; Gobel et 

al. 2003). Although the precise mechanisms and regulation ofPCD remain to be defined, 

recent studies have indicated that ROS might be important mediators of PCD during 

the HR (Delle donne et al. 2001; Ren et al. 2002; Yoshioka et al. 2003) and may function 

as part of a signal transduction pathway leading to the coordinated induction of 

defense-related genes and systemic acquired resistance in the uninfected tissues 

<Vandenabeele et al. 2003; Alvarez et al. 1998). 

Victorin is a host-specific toxin produced by Cochliobolus victoriae (Meehan and 

Murphy 1946; Scheffer and Livingston 1984) and is essential for the pathogenicity of 

the fungus on oat plants carrying the dominant Y1J gene for toxin sensitivity (Luke et al 

1966; Wolpert et al. 1985; Mayama et al., 1995). Recently, victorin has been shown to 

elicit PCD in victorin-sensitive oat lines (Navarre et al. 1999; Tada et al. 2001; Yao et al. 

2001). Interestingly, victorin-induced PCD shares some features with apoptosis in 
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animal cells including DNA laddering, chromatin condensation and activation of 

nucleases. In our previous studies, victorin caused a mitochondrial oxidative burst 

during the apoptotic response in oat plants (Yao et al. 2002). Here we show that, in 

victorin-induced cell death process, different phases of intracellular ROS production 

occur; the initial increase of ROS production is observed in mitochondria and may be 

involved in the cell death induction process. When produced later, ROS is dispersed into 

the entire cellular space and accompanied with oxidative damage and cell death. 

Materials and methods 

Plant and materials 

Seeds of victorin-sensitive oat (Avena sativa L.) line Iowa X469 and insensitive line 

Iowa X424 were soaked in water at 20°C for 1 day in dark and grown in vermiculite in a 

growth chamber under a 16h photoperiod at 20°C, as described previously (Mayama et 

al. 1986). Seven-day-old primary leaves were used for victorin treatments. The 

host-specific toxin victorin C was provided by T. J. Wolpert (Oregon State University, 

U.S.A). Fluorescein diacetate (FDA), 2,7-dichlorofluorescein diacetate (DCF) and 

Mitotracker Red were purchased from Molecular Probes (Eugene, OR, USA), and other 

chemicals were purchased from Sigma(St. Lonis, MO, USA). 

Leaf treatments 

The lower epidermis of primary leaves was peeled off, and the remainder of the leaf 

was floated on solutions with or without victorin such that the peeled side was in 

contact with the solution. 

Cell viability 

Mter treatment with or without victorin, oat leaf segments were incubated with 

0.01 % FDA for 5 min at 20°C. FDA was excited at 495 nm and detected using NIBA 

filter (Bais et al. 2003). At least 300 cells were counted in each of four replicates. 

Fluorescence microscopy 

A Nikon TE300 inverted microscope was used for fluorescence microscopy. Light was 
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provided by a xenon lamp, and images were captured by a intensified-CCD camera 

(MicroMAX; Princeton Instruments, Trenton, NJ) using Metamorph software 

(Universal Imaging Corp., West Chester, PA). Filter cubes were changed manually. The 

excitation filter was controlled by a Lambda 10-2 optical filter changer (Sutter 

Instrument Co., Novato, cA). All microscopic observation was done in the dark at 20°C. 

Fluorescence intensities of DCF and chlorophyll autofluorescence were quantified with 

Metamorph software. Values for fluorescence are the result of subtracting background 

fluorescence (measured in the absence of fluorescent probes) from the values obtained in 

each image based on an arbitrary scale (0-4095). 

Intracellular ROS were measured using DCF. This dye is nonfluorescent in reduced 

form and readily permeates the membrane. Once into the cell, nonspecific esterases 

cleave its acetate groups, and the dye becomes membrane impermeable, becoming 

trapped inside the cell and cellular compartments. DCF is converted to the fluorescent 

form when oxidized by hydrogen peroxide, hydroxyl radicals, and various free radical 

products that are downstream from hydrogen peroxide. Th determine intracellular ROS, 

after exposure to experimental treatments, leaf segments were washed with distilled 

water, incubated for 30 min in the presence of 5 pM dye and excited at 488 nm. 

Fluorescence images were detected using NIBA filter. 

To confirm the mitochondrial localization of DCF fluorescence, leaf segments were 

co-incubated with 5 pM DCF and MitoTracker Red, a dye that is specifically taken up by 

metabolically active mitochondria (Maxwell et al. 1999). The two dyes were checked to 

have no spectral overlap at the settings used MitoTracker Red was excited at 550 nm 

and fluorescence images were detected using WIG filter. 

Chlorophyll autofluorescence was exited at 488 nm, and emitted fluorescence was 

detected through a WIG filter. 

Lipid peroxidation 

The level of lipid peroxidation was monitored with the spectrophotometric 

determination of malondialdehyde using thiobarbituric acid (TBA) according to Dhindsa 

et a1. (1981). After treatment with or without victorin, experimental solutions were 

mixed with 0.1% trichloroacetic acid (TCA) and centrifugated at 10,000g for 20 min. A 

600-pI sample of the crude extract was mixed with 2.4 ml of 20% TCA containing 0.5% 

TBA, heated at 95°C for 30 min and cooled on ice for 5 min. After centrifugation at 

10,000g for 10 min, the absorbance of the supernatant was determined at 532 nm. The 

value of nonspecific dissipation was measured at 600 nm and subtracted. 
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APX activity 

APX activity assay was done according to the method of Nakano and Asada (1981). 

Oat leaves were ground in liquid nitrogen to a fine powder and were homogenized with 

100 mM sodium phosphate (pH 7.4) containing 1 mM EDTA and 5 mM ascorbate. The 

homogenates were centrifuged at 10,000g for 20 min at 4°C. The soluble protein extracts 

were added to a 1-m! reaction mixture of 100 mM sodium phosphate (pH 7.4),0.5 mM 

ascorbate, and 0.2 mM H202, and the decrease in A290 for the first 3 min of the reaction 

was used to calculate APX activity. Protein contents were determined by Bradford assay 

(1976) with BSA as a standard. 

Results 

Using FDA as a vital dye, we examined the effect of victorin on the viability of 

victorin-sensitive and -insensitive oat mesophyll cells. When oat leaves were treated 

with victorin, cell death was induced in victorin-sensitive Iowa X469 mesophyll cells in 

a dose-dependent manner (Fig. 1A). In the presence of 1 ng/mL victorin, cell death was 

initiated at 3 h of treatment, and almost all cells were dead after 5 h. By contrast, 5 

ng/mL victorin had no effect on victorin-insensitive Iowa X424 mesophyll cells after 5 h 

(Fig. 1B) and 24 h (data not shown>. 

ROS are thought to be involved in many forms of programmed cell death in animal 

and plant cells (Levine et al. 1994; Suzuki et a1. 1997). Although treatment of victorin 

leads to ROS production in victorin-sensitive oat mesophyll cells (Yao et al. 2002), the 

effects of ROS production on cellular components are not fully understood. Furthermore, 

it is difficult to quantify the level of intracellular ROS based on the CeCla method. Thus, 

using the fluorescent probe DCF, we performed a time-course experiment on 

intracellular ROS levels. After different durations of treatments, leaf segments were 

incubated with DCF for 30 min and then subjected to fluorescent microscopic analysis. 

Treatment of 1 ng/mL victorin to mesophyll cells resulted in an increase in DCF 

fluorescence by 30 min after treatment in victorin-sensitive Iowa X469 mesophyll cells 

(Fig. 2A>. Because ROS are specifically monitored with this fluorescent probe, these 

results indicate that an early burst of ROS was induced by victorin in Iowa X469 cells. 

Compared with water-treated control cells, cells treated with victorin had higher DCF 

fluorescence intensity up to 4 h (Fig. 2A>, indicating that intracellular ROS might be 

constitutively produced. From 30 min to 3 h after treatment, DCF fluorescence signals 
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appeared to be localized in cellular compartments (Fig. 2B). In an attempt to identify 

the source of these DCF fluorescence signals at these time points, mesophyll cells 

treated for 2 h with victorin were double-stained with DCF and MitoTracker Red, an 

indicator that specifically labels active mitochondria. In Fig. 2C, simultaneously 

acquired DCF (greem and MitoTracker (red) images of mesophyll cells were shown. The 

green DCF fluorescence signals exactly matched that of the red MitoTracker signals, 

suggesting that mitochondria were likely a major source of ROS in cells after 2 h of 

victorin treatment. Cells after 2 h of treatment remained viable (Fig. lA), indicating 

that the production of ROS in mitochondria was not a consequence of cellular disruption. 

After 3 h of victorin treatment, some cells generated higher mitochondrial ROS, but in 

other cells mitochondria-specific DCF fluorescence disappeared (Fig. 2B). At 4 h, DCF 

fluorescence dramatically increased (Fig. 2A), and DCF fluorescence signals had 

dispersed throughout the cell (Fig. 2B). At this time, intracellular ROS level appeared to 

be much higher than was detected with the DCF signals because a concomitant increase 

in cellular dysfunction resulted in leakage of intracellular DCF into extracellular spaces. 

Actually, DCF signals in the extracellular solutions were detected in samples treated for 

4 h even after the extracellular DCF was washed out with water. Victorin did not 

significantly change the DCF fluorescence in victorin-insensitive Iowa X424 mesophyll 

cells (Fig. 2A, B). 

Because victorin treatment induced the production of ROS, we looked for signs of 

cellular oxidative stress by monitoring lipid peroxidation. The extent of lipid 

peroxidation was assessed by measuring thiobarbituric acid-reactive substances 

(TBARs) released from the treated leaves. No major changes were observed in TBAR 

content of Iowa X469 oat leaves treated with 1 ng/mL victorin within 2 h (Fig. 3). 

However, after 4 h of victorin treatment, the TBARs had significantly increased, and a 

much larger increase was detected at 5 h (Fig. 3). These data suggest that 

victorin-induced lipid peroxidation is associated with the later ROS production and cell 

death. 

Chloroplasts contain large quantities of lipids in addition to proteins and pigments, 

and these lipids are particularly sensitive to ROS produced during environmental 

stresses (Demmig-Adams and Adams 1996). Victorin-induced increase of lipid 

peroxidation suggests that there might be oxidative damage to chloroplasts. Th estimate 

the oxidative damage to chloroplasts at the single cell level, we monitored 

autofluorescence of chlorophyll following victorin treatment. As shown in Fig. 4A and B, 

within 3 h of victorin treatment (1 ng/mI} , no major changes in chlorophyll 

autofluorescence were observed in Iowa X469 oat mesophyll cells. However, after 4 h of 
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victorin treatment, chlorophyll autofluorescence dramatically decreased compared with 

the control. At 5 h, almost all cells displayed decreased chlorophyll autofluorescence 

(Fig. 4B). To determine whether the change in the chlorophyll autofluorescence is 

associated with cell death at the single cell level, victorin-sensitive oat leaves were 

treated with victorin for 4 h, stained with FDA, then observed with a fluorescence 

microscope. As shown in Fig. 5, most viable cells stained by FDA had normal chlorophyll 

autofluorescence. However, some cells with normal chlorophyll autofluorescence had 

little FDA staining. Theses results suggested that the decrease in chlorophyll 

autofluorescence was a later event in the victorin-induced cell death pathway. 

To determine whether initial ROS production is involved in the victorin-induced cell 

death signaling pathway, superoxide dismutase (SOD), one of the ROS scavenging 

enzymes, was co-treated with victorino As shown in Fig. 6A, SOD clearly suppressed 

victorin-induced production of ROS at 30 min. Similarly, cell death was significantly 

inhibited by SOD although almost all cells were dead at 7 h after treatment (Fig. 6B). 

Similarly, other radical scavengers Nacetylcysteine (NAC) or Tiron or butylated 

hydroxy toluene (BHT) delayed the victorin-induced cell death at 5 h (Fig. 6C). Thus, the 

initial ROS production may at least partially playa role in the induction of cell death by 

victorino 

Ascorbate peroxidase (A.pX) is one of the most widely distributed ROS-scavenging 

enzymes in plant cells (As ada 1992). Suppression of APX plays a key role in several 

ROS-mediated PCD, such as TMV-induced hypersensitive cell death in tobacco leaves 

(Mittler et al. 1998) and gibberellic acid-induced PCD in barley aleurone (Fath et al. 

2001). In victorin-induced cell death, total APX activity was unchanged during 6 h of 

victorin treatment compared with water control (Fig. 7). Thus, victorin-induced ROS 

production was not due to reduced APX activity. 

Discussion 

In our previous study, victorin caused a mitochondrial oxidative burst at an early 

stage of cell death (Yao' et a1. 2002). Our present data show that two phases of 

intracellular ROS production occur during victorin-induced cell death; an initial phase 

ofROS production from 0.5 h to 3 h is localized in the mitochondria. A larger increase of 

ROS after 4 h is accompanied by cellular dysfunction, such as lipid peroxidation and 

breakdown in chlorophyll. 

ROS react with a variety of cellular components, such as lipids, proteins, and nucleic 

acids, that are essential to the integrity of cellular structures, and thus may cause 
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irreversible damage that can lead to the oxidative destruction of the cells (Rebeiz et al 

1988; Girotti 2001). Lipid peroxidation is an important feature of the HR, a form ofPCD 

characterized by the rapid death of plant cells at the site of infection. The interaction 

between the phytopathogenic fungus Phytophthora cryptogea and a nonhost tobacco 

plant (Mcotiana tabacun:» leads to a HR, accompanied with ROS production, lipid 

peroxidation and leaf necrosis (Rusterucci et al 1996). Our results show that lipid 

peroxidation is induced after 4 h of victorin treatment (Fig. 3). This is consistent with 

our previous reports that victorin induces HR-like responses such as the synthesis of 

phytoalexin, the expression of defense-related genes, and PCD (Tada et al. 2001; Yao et 

al. 2001, 2002). Lipid peroxidation is accompanied by a large increase in ROS 

production within the entire cell (Fig. 2) and by oxidative damage to chloroplasts as 

seen by a decrease in chlorophyll autofluorescence (Fig. 4). These phenomena coincide 

with the onset of cell death (Fig. 1, 5), suggesting that this late ROS production injures 

cellular components through lipid peroxidation and oxidative damage, disrupting 

cellular processes. 

Although ROS are regarded as cytotoxic byproducts of cellular metabolism, a 

growing body of evidence suggests that they also function in various signal transduction 

cascades in plant cells (Jabs 1999; Breusegem et al. 2001; Mittler 2002; Neill et al. 2002; 

Yoshioka et al. 2003). It has been postulated that during the HR, ROS locally trigger 

PCD and are diffusable signals, that induce cell defenses in neighboring cells (Alvarez 

et al. 1998; Jabs 1999). In Arabidopsis, inoculation with an avirulent isolate of the 

pathogen Pseudomonas syringae induces local and systemic oxidative bursts, leading to 

acquired systemic immunity (Alvarez et al. 1998). Our results show that ROS are 

produced at mitochondria after 30 min of victorin treatment (Fig. 2A, B). At this time, 

cells were still alive (Fig. lA), and cellular lipid peroxidation and chloroplast 

autofluorescence remained unchanged during 3 h of victorin treatment (Fig. 3, 4), 

indicating that this early ROS production may not act primarily as cytotoxic factors in 

the cellular degradation process. 

Victorin is a specific inhibitor of mitochondrial glycine decarboxylase complex 

(Navarre et al. 1995). Thu"s, mitochondrial ROS production may be associated with the 

inhibition of this enzyme complex. Moreover, modulation of early ROS production by 

radical scavenger SOD delayed victorin-induced cell death (Fig. 6A, B), implying that 

initial ROS production in mitochondria may be involved in the cell death induction 

pathway as a signal molecule. This evidence is consistent with research on animal 

apoptosis in which stimuli trigger the generation of mitochondrial ROS, followed by the 

proteolytic cascade that leads to apoptotic cell death (Desagher and Martinou 2000; 
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Garcia-Ruiz et al. 2000). Alternatively, mitochondrial ROS production triggered by 

victorin results from redox changes at mitochondria, which might modulate the cell 

death signaling events. During apoptosis, mitochondrial redox changes play an 

important role in the induction phase of apoptosis by regulating the Bel-family proteins 

(Celli et al. 1998; Jungas et al. 2002). A change in redox potential is also involved in 

plant systemic acquired resistance by activating NPR protein, which induces defense 

gene expression (Mou et al. 2003). 

In animal cells, ROS serve multiple functions in the apoptotic signaling cascade 

(Jabs 1999). Recent studies suggest that mitochondrial alterations such as 

mitochondrial permeability transition, release of apoptosis-inducing factors and a 

decrease of mitochondrial membrane potential, are the central coordinators of apoptosis 

and the fate of cells (Wang 2001). In the early stage of apoptosis, ROS function as 

inducers of mitochondrial alterations as part of other diverse signal-specific pathways. 

A large production of ROS is also known to participate in signaling events that at the 

downstream of mitochondrial alterations and cause lipid peroxidation, damage to 

cellular membranes and inactivation of cellular enzymes, and finally result in the 

structural changes in the degradation phase of PCD. Similar phenomena occur during 

the cell death induced by victorino Early in the victorin-induced cell death process, ROS 

are produced in the mitochondria and seem to be involved in regulating cell death. A 

great increase in ROS production into the entire cell later in the process is accompanied 

by oxidative damage and cell death. Thus, victorin-induced cell death and animal 

apoptosis both appear to somewhat share the functions of ROS during the signaling 

pathways. Further study of ROS production during PCD will clarify how the same ROS 

molecules exert different biological activities. 
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Fig. 1. Induction of cell death in oat mesophyll cells by victorino 
Victorin-sensitive Iowa X469 (A) and insensitive Iowa X424 (8) oat epidermis­
peeled leaf segments were treated with victorin or water (control). 
Leaf segments were collected at the various times after treatment, 
and cell viability was measured by FDA staining, as described in the methods. 
Each point is the mean of three independent experiments; bars indicate standard deviation. 
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Fig. 2. Production and intracellular localization of ROS in oat mesophyll cells 
after victorin treatment Victorin-sensitive Iowa X469 and Iowa X424 oat epidermis-
peeled leaf segments were treated with victorin (1 ng/mL). At each time, leaf segments 
were collected and incubated.with 5 IJ,M DCF for 30 min before microscopic observation. 
(A) Time-course of DCF fluorescence intensity, measured from images of victorin- and 
water-treated mesophyll cells, after treatment of victorino Each point is the mean of three 
independent experiments; bars indicate standard deviation. (B) DCF fluorescence images 
of victorin- (panels a-d) or water- (panel e) treated Iowa X469 mesophyll cells and victorin­
treated Iowa X424 mesophyll cells (panel 1) at the indicated times. (C) Intracellular localization 
of ROS after treatment with victorin for 2 h. After treatment, mesophyll cells were double­
stained with 5 lLM H2DCF-DAand 100 nM MitoTracker Red (MT) for 30 min before 
microscopic observation. Bar = 10 IJ,m. 
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Fig. 3. Cellular lipid peroxidation during the victorin treatment. 
Victorin-sensitive Iowa X469 oat epidermis-peeled leaf segments 
were treated with victorin (1 ng/mL). Cellular lipid peroxidation 
was measured as the TBAR species (see methods). 
Data were calculated as the percentage of the control sample 
at 1 h. Each point is the mean of three independent experiments; 
bars indicate standard deviation. 
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Fig. 4. Changes in chloroplast autofluorescence in oat mesophyll tissue after 
victorin treatment. Victorin-sensitive Iowa X469 oat epidermis-peeled leaf segments 
were treated with victorin (1 ng/mL). At each time, leaf segments were collected and 
observed under fluorescence microscope. (A) Time-course of chloroplast autofluorescence 
intensity after victorin treatment of mesophyll tissue. Intensity of autofluorescence was 
quantified in arbitrary units. Each point is the mean of three independent experiments; 
bars indicate standard deviation. (B) Chloroplast autofluorescence images of victorin-
and water-treated mesophyll cells at the indicated time points. Bar = 10 J.L m. 

18 



c: 
·c 
o 
+J 
o .-> 

-e 
+J 
c: 
o 
o 

FDA 
chloroplast 

autofluorescence 

Fig. 5. Simultaneous imaging of FDA fluorescence and chloroplast autofluorescence 
during victorin induced cell death. Victorin-sensitive Iowa X469 oat epidermis-peeled 
leaf segments were treated with victorin (1 ng/mL) for 4 h. After treatment, the leaf segments 
were collected and stained with FDA before microscopic observation. Bar = 10 IJ,m. 
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Fig. 6. Effect of radical scavengers on victorin-induced initial ROS production and cell death. 
(A) Victorin-sensitive Iowa X469 oat epidermis-peeled leaf segments were treated with victorin 
(1 ng/mL) with 1 00 f~g/mL SOD or victorin alone. After 30 min of treatment, leaf segments 
were collected and incubated with 5 fEM DCF for 30 min before measurement of DCF 
fluorescence. (B) Victorin-sensitive Iowa X469 oat epidermis-peeled leaf segments were 
treated with victorin (1 ng/mL) with 100 fEg/mL SOD or victorin alone. Leaf segments were 
collected at various times and cell viability was measured by FDA staining, as described in the 
methods. (C) Victorin-sensitive Iowa X469 oat epidermis-peeled leaf segments were treated with 
victorin (1 ng/mL) with radical scavengers (0.5 mM NAC, 0.5 mM Tiron, 100 M BHT) or 
victorin alone. After 5 h, leaf segments were collected and cell viability was measured with 
FDA staining. Each point is the mean of three independent experiments; bars indicate 
standard deviation. 
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Fig. 7. Cellular APX activity during the victorin treatment. 
Victorin-sensitive Iowa X469 oat epidermis-peeled leaf segments were 
treated with victorin (1 ng/mL). Leaf segments were collected 
at the indicated times to measure APX activity. Data were calculated 
as the percentage of the control sample at 0 h. Each point is the mean 
of three independent experiments; bars indicate standard deviation. 
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Chapter 3 

Irreversible Component of Cell Death Machinery 

Accompanied with Cellular Degradation in Oat Plants. 
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Introduction 

Mitochondria play a pivotal role in cellular metabolism and energy production in 

eukaryotic cells. In animals, it is known that mitochondria also play a key role in the 

regulation of apoptosis, the most common morphological form of programmed cell death 

(PCD) characterized by the cell shrinkages, mitochondrial alternation and nuclear DNA 

fragmentation (Wyllie et a1 1984; Schwartzman and Cidlowski 1993). Apoptosis is an 

important process during normal development, aging and various diseases such as 

cancer, AIDS, Alzheimer's disease and Parkinson's disease. Multiple different 

pro-apoptotic signal transducing cascades are integrated into a common pathway at the 

site of mitochondria. reduction of mitochondrial membrane potential (AqrnJ and the 

subsequent release of pro-apoptotic factors precede cell death and have been suggested 

to be required for the activation of downstream degradation cascades (Wang 2001; 

Orrenius 2004; Bras 2005). Mitochondrial energy status regulated by the production of 

ATP thorough the electron transport chains is critical for cellular homeostasis. Thus, 

mitochondrial dysfunction also leads to the passive form of cell death called necrosis 

(Bras 2005). Therefore, it is thought that the mitochondrial dysfunction might be the 

point of no return in cell death signaling (Chang et a1. 2002). 

In plants, PCD is an essential physiological process occurring as part of development, 

abiotic stress or pathogen interaction (Gilchrist 1998; Dangl and Jones 2001; Kuriyama 

and Fukuda 2002; Overmyer et a!. 2003; Lam 2004). One of the most well studied PCD 

system is the hypersensitive response (HR), which is characterized by the rapid death of 

the cells directly in contact with, or in close proximity to, the pathogen. The HR is 

thought to confine the pathogen by stopping it from spreading from the site of the 

attempted infection and to trigger local and systemic signaling for the activation of 

defenses in non-infected cells (Gilchrist 1998; Dangl and Jones 2001). Several lines of 

evidence implicate plant mitochondria are involved in the PCD during development and 

several stresses. In accordance with animal apoptosis, mitochondrial alternation such 

as the release of cytochrome c from mitochondria and loss of ~qrm was also observed in 

some plant PCD. However, there is little evidence whether these alternations are 

actually act as key factors in the PCD induction pathway in plants. In C. eJegans, the 

release of cytochrome c is observed at the developmental apoptosis but is not involved 

the apoptotic signaling pathway (Wang et a!. 2002). 

In oat plants, it has been shown that victorin, a host-specific toxin produced by 

CochlioboJous victoriae, induces PCD accompanied with apoptotic changes, including 
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DNA laddering, chromatin condensation and activation of nucleases (Navarre and 

Wolpert 1999; Tada et a1. 2001; Yao et al. 2001). We have recently demonstrated that 

victorin triggered the mitochondrial production of reactive oxygen species (ROS) at the 

early stage of cell death cascade (Yao et al. 2002; Sakamoto et a1. 2005), implicating 

mitochondrial participation in the PCD machinery. Although the reduction of Ll1J!m upon 

victorin treatment was previously observed (Yao et a1. 2002; Curtis and Wolpert 2002), 

the precise temporal relationship between mitochondrial depolarization and cellular 

disruption was not determined. In the present report, using the simultaneous imaging 

method, the time course of victorin-induced reduction of Ll1J!m and cellular disruption 

were observed. We show that mitochondria depolarize upon exposure to victorin, and 

the mitochondrial dysfunction occurred after the onset of cellular disruption. We also 

provide evidence that the activation of proteases is important for the reduction of Ll1J!m 

and cell death at the downstream of the early mitochondrial ROS production. 

Materials and methods 

Plant and materials 

In this study, victorin sensitive oat (Avena sativa LJ line Iowa X469 and insensitive 

line Iowa X424 were used. Seeds were soaked in water at 20°C for 1 day in dark and 

grown in vermiculite in a growth chamber under a 16 h photoperiod at 20°C, as 

described previously (Mayama et al. 1986). Seven-day-old primary leaves were used for 

victorin treatments and pharmacological tests. The host specific toxin victorin C was 

provided by T. J. Wolpert (Oregon State University, U.S.A.). Fluorescein diacetate (FDA>, 
dichlorofluorescein diacetae (DCF), dihydro-rhodamine 123 (DHR), 

5,5',6,6'-tetrachloro-1, 1',3,3'-tetraethylbenzimidazolocarbocyanine iodide (JC-1) and 

Mitotracker Red were purchased from Molecular Probes (Eugene, OR, usA>. Zinc 

chloride, E-64, aprotinine and m-chlorophenylhydrazone (CCCP) were purchased from 

Nacalai Tesque (Kyoto, Japan). 

Leaf treatments 

The seven-day-old epidermis of primary leaves were peeled off and 5 cm segments, 

taken at 1-6 cm from the leaf tip, were floated on victorin solution or water in glass Petri 

dishes with the peeled surfaces in contact with the liquid. Inhibitors were co-incubated 

with victorin (or water for the controls) or added after indicated times. 
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Fluorescence microscopy 

A Nikon TE300 inverted microscope was used for fluorescence microscopy. Light was 

provided by a xenon lamp, and images were captured by a intensified-CCD camera 

(MicroMAX; Princeton Instruments, Trenton, NJ) using Metamorph software 

(Universal Imaging Corp., West Chester, pA). Filter cubes were changed manually. The 

excitation filter was controlled by a Lambda 10-2 optical filter changer (Sutter 

Instrument Co., Novato, cA). All microscopy was done in dark at 20°C. Fluorescence 

intensity was quantified using Metamorph software. 

Assessments of mitochondrial depolarization 

Time course analysis of mitochondrial membrane potential was assessed using the 

dye JC-l, the uptake of which is directly related to mitochondrial transmembrane 

potential (Reers et al. 1991). Leaf segments were incubated for 15 min in the presence of 

12.5 pg/mL dye. The residual cytosolic fraction of the dye was eliminated to keep the 

leaf segments in distilled water for an additional 4-5 h after incubation, whereas the 

mitochondrial dye fluorescence was maintained. Fluorescence images of JC-l were 

acquired using 535 nm excitation and emitted fluorescence was detected through WIG 

filter. 

Multi-staining of FDA and Mitotracker Red 

Onset of cellular disruption was monitored using FDA. After treatments, epidermal 

cells were incubated with 0.01% FDA for 5 min. FDA was excited at 495 nm and 

detected using NIBA filter (515-550nm). MitoTracker Red was co-incubated with FDA 

for 15 min and washed for 5 min with distilled water. Fluorescence images of 

MitoTracker Red were excited at 550 nm and detected using WIG filter. Chlorophyll 

autofluorescence was exited at 488 nm and emitted fluorescence was detected through 

WIG filter. 

Determination of ROS production 

Intracellular ROS was detected using DCF, as previously described (Sakamoto et al. 

2005). In belief, after treatments, mesophyll cells were incubated 5 or 10 pM DCF for 30 
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min. Then, extracellular DCF were washed out by distilled water and observed using 

fluorescent microscopy. Fluorescence images of DCF were acquired using 488 nm 

excitation and detected by NIBA filter. 

Mitochondrial ROS were measured using DHR. This dye has a net positive charge, 

which facilitates its sequestration into mitochondria via membrane potential-driven 

uptake. DHR is nonfluorescent reduced form and oxidized to a fluorescent product 

within the mitochondria. Leaf segments were incubated for 15 min in the presence of 1 

pM dye. The residual cytosolic fraction of the dye was essentially eliminated when the 

leaf segments were kept in distilled water for an additional 3-4 h after incubation. 

Fluorescence images of DHR were acquired using 488 nm excitation and detected by 

NIBA filter. Because DHR displays L\'lIm dependent accumulation at mitochondria, 

time-course analysis of DHR is restricted to the time point before the decrease of L\'lIm 

occurs. Thus, we preliminary checked the L\'lIm by JC-1 and Mitotracker Red. 

Results 

To examine time-dependent changes of L\qIm on a single-cell basis, fluorescent 

microscopy was performed with the use of mesophyll cells loaded with a fluorescent 

probe, JC-l. This dye is a cationic fluorophore that accumulates electrophoretically into 

mitochondria in response to the negative L\qIm. The high L\qIm of normal cells loaded with 

JC-l allows for the formation of J-aggregates at mitochondria, detected by a red 

fluorescence emission. We first examined JC-1 for their ability to detect acute changes 

of L\qIm in oat mesophyll cells. CCCP is the mitochondrial K+ channel opener that 

dissipates the ion gradient of mitochondrial inner membrane and induces the reduction 

of L\qIm in plants (Liu et aI. 1987). Fig. 1a showed sequential images of JC-1 fluorescence 

in cells treated with CCCP. JC-1 rapidly responds to an acute uncoupling of the L\qIm to 

become non-fluorescent within 2 min of CCCP treatment, confirming that pre-loaded 

JC-1 can measure changes in the L\qIm in oat mesophyll cells. On the basis of this 

analysis, we monitored the time-course images of JC-1 during victorin-treated 

mesophyll cells. JC-1 fluorescence was unchanged within 3 h after victorin treatment. 

However, at 4 h, JC-l fluorescence was significantly decreased in some cells and almost 

completely disappeared at 5 h (Fig. Ib), indicating reduction of L\qIm during 

victorin-induced cell death. 

We next monitored the time-course of mitochondrial ROS production using 

mitochondria specific ROS probe, DHR. Mitochondrial ROS production indicated by the 

green DHR fluorescence increased within 30 min (Fig. 2). These data indicate that the 
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production of mitochondrial ROS precedes the decrease of L\qrm. 

To investigate the temporal relationship between mitochondrial depolarization and 

cellular disruption, the onset of cellular disruption was monitored using the vital stain 

FDA. This dye enters the cells and is then cleaved by cellular esterases only in living 

cells, giving rise to a fluorescent form. This fluorescence compound is unable to pass 

through an intact plasma membrane, hut can flow out of a cell from a sufficiently 

damaged membrane. Therefore, after the onset of cellular disruption, fluorescent FDA 

diffuses out from a damaged plasma membrane and cells lose FDA fluorescence. Fig. 3a 

showed the time course of cells with normal JC-1 fluorescence or FDA positive exposed 

to victorino The onset of cellular disruption monitored by FDA appeared 3 h after 

victorin treatment and almost all cells lost FDA fluorescence at 5 h (Fig. 3a). 

Mitochondrial depolarization monitored by JC-1 appeared from 4 h after treatment that 

seemed to follow the onset of cellular disruption. 

To detect precise changes of cells displayed mitochondrial depolarization and 

cellular disruption during victorin treatment, mesophyll cells were double-stained with 

Mitotracker Red and FDA. Mitotracker Red was used to measure the changes of L\qrm 

that were similar to JC-1. Fig. 3b showed fluorescence images of FDA, Mitotracker Red 

and chloroplast autofluorescence in each time point. After 3 h of victorin treatment, 

FDA negative cells begun to be observed whereas mitochondrial depolarization 

monitored by Mitotracker Red did not occur until this period (Fig. 3b). Cells lost 

Mitotracker Red fluorescence were observed from 4 h after victorin treatment, and at 5 

h most cells lost FDA and Mitotracker Red fluorescence (Fig. 3b). These data confirmed 

that mitochondrial dysfunction occurred after the onset of cellular disruption. 

Previous studies have shown that Zn2+ was potent inhibitor of cell death induced by 

victorin (Nararre and Wolpert 1999; Tada et aI., 2001; Yao et al., 2001). 'Ib determine 

whether mitochondrial dysfunction is associated with victorin's cell death induction 

pathway, Zn2+ was applied simultaneously with victorin to oat mesophyll cells. As 

shown in Fig. 4a and b, victorin-induced mitochondrial ROS production and L\qrm 

decrease were strongly inhibited in the presence of Zn2+. We next applied Zn2+ at the 

time points after the treatment of victorino When Zn2+ was added at 30 or 60 min after 

victorin treatment, the production of mitochondrial ROS was almost completely 

canceled (Fig.4a). Similarly, the decrease of L\qrm was almost completely suppressed 

when Zn2+ was added at 2 h after victorin treatment (Fig. 4b). When added at 3 or 4 h, 

the reduction of L\qrm was partially canceled (Fig. 4b), indicating Zn2+ is not the direct 

suppressor of L\qrm loss. 

As shown in Fig. 4c, when Zn2+ was added within 2 h after victorin treatment, cell 
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death at 5 h was almost completely inhibited. When Zn2+ was added 3 h after victorin 

treatment, about 50% of cells were dead whereas added 4 h after treatment, more than 

95% of cells were dead (Fig. 4c). To reveal the precise changes of ~qrm and cell death, 

Mitotracker Red and FDA were simultaneously monitored (Fig. 5). After 3 h ofvictorin 

treatment, about half cells were not stained by FDA whereas almost all cells showed 

normal ~qrm (Fig. 5). When Zn2+ was added to experimental solution at this time, the 

decrease of ~qrm occurred to the same extent as FDA staining at 5 h (Fig. 5). These 

results suggest that the mitochondrial dysfunction is the later event, following cellular 

disruptions, that could not suppressed by Zn2+ once cellular degradation process is 

initiated. 

Activation of proteases is one of the main events during degradation phase of PCD 

in animal and plant cells. To investigate the role of proteases in victorin-induced cell 

death and mitochondrial dysfunction, cysteine or serine protease inhibitors were 

applied simultaneously with victorin to oat mesophyll cells. After 5 h of treatments, 

cells keep viable and maintain normal mitochondrial membrane potential were 

determined. As shown in Fig. 6a, the serine protease inhibitor aprotinine and the 

cysteine protease inhibitor E-64 suppressed victorin-induced cell death. Similarly, 

decrease of mitochondrial membrane potential was inhibited by aprotinine and E-64 

(Fig. 6b). These results indicate that proteolysis is a part of the victorin-induced cell 

death pathway at the upstream of mitochondrial dysfunction. 

ROS production is one of the early phenomena during victorin-induced cell death. 'Ib 

determine the relationship between the early ROS production and activation of 

proteases, using DCF as a ROS specific fluorophore, we tested the effect of protease 

inhibitors on early increase of ROS levels induced by victorino After 30 min of 

treatments, neither aprotinine nor E-64 prevented victorin-induced early ROS 

production (Fig. 6c). Thus, activation of proteases is at the downstream of mitochondrial 

ROS production. Alternatively, activation of proteases is independent of mitochondrial 

ROS production. In contrast, Zn2+ and La3+ clearly suppressed the ROS levels, implying 

calcium mediated signaling pathway might exist at the upstream of ROS production. 

Discussion 

Mitochondria are the most well documented intracellular organelles that participate 

in apoptosis following a variety of apoptosis-inducing stimuli (Crompton 1999; Wang 

2001; Halestrap et al. 2002; Orrenius 2004). During apoptosis, mitochondria depolarize 

quickly which indicates the occurrence of mitochondrial permeability transition (MPT). 
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MPr is associated with the opening of a non-specific pore in the mitochondrial inner 

membrane, which transports any molecule of <1,500 Daltons. Pore opening occurs when 

mitochondrial matrix Ca2+ is greatly increased, especially when this is coupled to 

oxidative stress and adenine nucleotide depletion. MPr causes a generalised, 

non-specific release of proteins, including cytochrome c, from the mitochondrial 

intermembrane space into cytosol where it helps to activate the caspases, a family of 

killer proteases, finally leading to nuclear alterations such as chromatin condensation 

and DNA fragmentation (Wang 2001; Orrenius 2004; Bras 2005). There is increasing 

molecular evidence that the release of mitochondrial proteins is essential in the many 

types of apoptosis, but little is known about the role of the mitochondria in PCD in 

plants. Recently, it has been shown that mitochondrial alternation precedes cell death 

in plant PCD (Balk et a1. 1999; Lam et a1. 2001; Tiwari et a1. 2002; Saviani et a1. 2002; 

Yao et a1. 2002). In heat-shock induced PCD in cucumber plant, mitochondrial 

respiratory activity rapidly declined following heat stimulus (Balk et a1. 1999). Early 

mitochondrial depolarization has similarly observed in several plant PCD, triggered by 

hydrogen peroxide and nitric oxide (Tiwari et a!. 2002; Saviani et a!. 2002). Although 

mitochondrial depolarization was also observed following victorin treatment in oat cells 

(Curtis and Wolpert 2002; Yao et a1. 2002), the precise timing of mitochondrial 

depolarization in victorin-induced PCD has not been demonstrated. Here, we 

demonstrated the serial time-course observation of the change in A\jIm in oat mesophyll 

cells treated with victorino Victorin (1 ng/mL) triggered mitochondrial depolarization 

from 4 h of victorin treatment (Fig. Ib), which followed mitochondrial ROS production 

within 30 min (Fig. 2). Although it is not fully understood that ROS production is 

actually involved in the mitochondrial depolarization, it has previously shown that 

elimination of intracellular ROS delays the cell death (Sakamoto et a1. 2005). These 

indicate victorin influences on mitochondrial homeostasis, causing ROS production 

which lead to mitochondrial depolarization. Victorin-induced cell death was clearly 

inhibited by Zn2+ when added within 2 h (Fig. 3d, indicating active process rather than 

passive one. Zn2+ could inhibit early mitochondrial ROS production even added after 

victorin treatment (Fig. 3a, 6d. La3+, other extracellular Ca2+ antagonist, similarly 

suppress victorin-induced cell death and mitochondrial ROS production (data not 

shown>, suggesting that persistent increase in intracellular Ca2+ may be required for 

the signaling pathway. 

Cellular Ca2+ overload has been suggested to be the final common pathway of cell 

death in animal cells (Schanne et at 1979; Nicotera and Orrenius 1998). As 

extracellular Ca2+ concentrations typically exceed intracellular Ca2+ concentrations by 
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four orders of magnitude, a large increase in Ca2+ influx and intracellular Ca2+ 

concentrations inevitably accompanies the collapse of intracellular ion homeostasis 

(Nicotera and Orrenius 1998). Mitochondria could buffer physiological calcium 

overloads by enhancing the Ca2+ uptake (Gunter and Gunter 2001). The capacity of 

mitochondrial uptake is associated with the ability of resistant to the release of 

apoptogenic factors from mitochondria (Murphy et a1. 1996), indicating that 

mitochondrial Ca2+ uptake from the extracellular pool influence the mitochondrial 

homeostasis and could trigger mitochondria-dependent cell death signaling. There are 

many reasons why large influx of Ca2+ is cytotoxic, including a subsequent activation of 

cell death signaling and mitochondrial alternations, as well as the destruction of 

cellular components by Ca2+-activated catabolic enzymes and ROS. These ROS are 

generated by mitochondrial lipid metabolism, Ca2+-activated enzymes and the electron 

transport chain (Klee and Means 2002). In accordance with animal apopotosis, Ca2+, 

ROS and mitochondria are also involved in victorin-induced cell death (Navarre et al. 

1999; Tada et at 2001). Our data clearly demonstrated that the early mitochondrial 

ROS production was Ca2+-dependent (Fig. 3a, 6e), indicating the influx of Ca2+ is 

triggered by victorin that play a important role in the cell death induction pathway, 

presumably affecting intracellular Ca2+-dependent enzymes and mitochondrial 

respiratory complex, leading to mitochondrial ROS production. 
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Fig, 1 Time-lapse analysis of mitochondrial membrane potential (A'I'm)' 

5h 

To monitor A'I'm' JC-1 was pre loaded to oat mesophyll cells. After washed out residual dyes, 
time-course observation of same cells was done. Victorin-sensitive oat line, Iowa X469 
or insensitive line, Iowa X424 mesophyll cells were treated with (a) the mitochondrial respiratory 
uncoupler, CCCP or (b) victorino 
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Fig. 2 Time-lapse analysis of mitochondrial ROS production. 
To monitor the mitochondrial ROS, DHR was preloaded to oat mesophyll cells. 
After washed out residual dyes, time-course observation of same cells was done. 
Victorin-sensitive oat line, Iowa X469 or insensitive line, Iowa X424 mesophyll cells 
were treated with or without victorino 
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Fig. 3 Relationship between mitochondrial depolarization and cellular disruption. 
(a) Iowa X469 mesophyll cells were loaded with JC-1. After indicated time points, 
we counted the cells with intact ~"'m. cellular disruption was monitored by FDA. 
(b) Time-lapse images of a representative victorin-treated cells undergoing ~"'m loss 
using Mitotracker Red, cellular disruption by FDA and chlorophyll disappearance. 
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Fig. 4 Effect of Zn2+ on victorin-induced ROS production, decrease of m and cell death. 
(a) Iowa X469 mesophyll cells were pre-loaded with DHR. Zn2+ was co-treated with victorin, 
or added at indicated times. Time-lapse images of DHR were shown. (b) Mesophyll cells 
were pre-loaded with JC-1. Zn2+ was co-treated with victorin, or added at indicated times. 
Time-lapse images of JC-1 were shown. (c) Zn2+ was added to treating victorin solutions 
from various times after cell death induction. After 5 h of victorin treatment, cell death was 
counted using FDA. 
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Iowa X469 mesophyll cells were treated with victorin, and Zn2+ was added at indicated times, 
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chlorophyll autofluorescence. (b) Each physiological changes were counted at indicated times. 
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Fig. 6 Effect of protease inhibitors on victorin-induced m depolarizatio~, 
cellular disruption and early ROS production. Iowa X469 mesophyll cellswere 
treated with victorin together with cystein protease inhibitor E-64, or serine protease 
inhibitor aprotinine. After 5 h, (a) m loss was determined by JC-1, and (b) cellular 
disruption by FDA. (c) Early ROS production was monitored by DCF. After 1 h of 
treatments, cells were replaced with 5 flM DCF solution and incubated for 30 min. 
DCF relative fluorescence was measured as intracellular ROS. 

36 



Chapter 4 

Implication of Indirect Interaction of Victorin with 

Mitochondria during the Induction Phase of 

Programmed Cell Death. 
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Introduction 

Victorin is a host-specific toxin produced by Cochliobolus victoriae which is a casual 

agent of victoria blight in oats. Victoria blight was first reported on oats in the late 

1940s (Meehan and Murphy 1946) and it was restricted to cultivars carrying the Pc2 

gene for resistance to specific races of the crown rust fungus Puccinia coronata (Welsh et 

al. 1954). The Pc2 gene seems to be closely linked to, or identical to the Vb gene for 

susceptibility to victoria blight, because it has not been possible to separate the two 

traits with genetic methods (Rines and Luke 1985). Therefore, there is an interesting 

possibility that the same gene could mediate recognition of an avirulence gene 

production from a rust fungus as well as susceptibility to host-specific toxin, victorin 

secreted from C. victoriae. 

Victorin elicits plant responses that are similar to hypersensitive response (HR) 

caused by avirulent pathogen (Wolpert et al. 2002). The HR is an efficient, active 

defense response of plants against a broad range of pathogens, according to the 

gene-for-gene concept that holds for many plant-pathogen interactions (Dangl et al. 

1996). The HR is accompanied with production of reactive oxygen species (ROS), callose 

deposition, phytoalexin production, expression of PR-protein and programmed cell 

death (PCD) (Levine et al. 1994; Lam et al. 2001), which is involved in the suppression 

the invading pathogen at the infection sites. Recently, it has shown that morphological 

changes ofHR resemble that of animal apoptosis (Jabs 1999; Hoeberichts and Woltering 

2003). 

Apoptosis is an active cell death process which is distinct from necrosis that is 

death due to unexpected and accidental cell damage (Kim et aL 2003). Apoptotic 

program can be activated by many different kinds of signals, such as trophic factor 

withdrawal, chemotherapeutic agents and developmental signals (LaCasse et al. 1998). 

Apoptosis can also become triggered by the activation of death receptors of which 

Fas/APO-lICD95 and TNF receptors are the best characterized (Schulze-Osthoff et al. 

1998; Krammer 1999).' Apoptosis is characterized by cell shrinkage, chromatin 

condensation and DNA fragmentation. Plant cell death during the HR has features 

similar to a certain extent to apoptosis in animal cells, including DNA fragmentation 

(Iaddering), protoplast shrinkage, chromatin condensation and increase of caspase-like 

activities (Lam et al. 1999; Woltering et al. 2002; Hoeberichts and Woltering 2003; 

Chichkova et al. 2004). Victorin also cause apoptotic changes, such as DNA laddering 

and nuclear condensation (Navarre and Wolpert 1999; Tada et al. 2001; Yao et al. 2001). 
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In this system, the induction of DNA laddering by the victorin-treated oat leaves is 

consistently associated with cell death and paralleled the expression of a newly formed 

nuclease p28 (Tada et al. 2001). Interestingly, the production ofphytoalexin is mediated 

differently to the induction of DNA laddering (Tada et al. 2000; Tada et al. 2001). 

Victorin specifically binds two proteins (p- and H -proteins) of glycine decarboxylase 

complex (GDC), a multi-enzyme complex located in the mitochondrial matrix (Wolpert 

et al. 1994). It has also demonstrated that victorin inhibits GDC activity (Navarre and 

Wolpert 1995) which is most active in photosynthetic plant tissues and is essential for 

the photorespiratory cycle (Douce and Neuburger 1999). At early stage of cell death 

process, victorin induces mitochondrial ROS production (Yao et al. 2002; Sakamoto et al. 

2005). Moreover, victorin has shown to causes disruption of mitochondrial permeability 

(Yao et al. 2002; Curtis and Wolpert 2002; Chapter 3), led us to hypothesize that 

mitochondria playa important role in the induction of victorin-induced cell death. Here 

we show that fluoresceine-cognated victorin (vicFluor) inter the cells and bind to 

mitochondria after the disruption of plasma membrane. This suggests recognition site 

of victorin which trigger cell death exist outside of the cells, presumably plasma 

membrane. During cell death induction stage, victorin might affects mitochondria 

indirectly dependent on the mitochondrial respiratory chains and causes GDC 

inhibition. 

Materials and methods 

Plant and materials 

In this study, victorin sensitive oat (Avena sativa L.) line Iowa X469 and insensitive 

line Iowa X424 were used. Seeds were soaked in water at 20°C for 1 day in dark, sown 

on vermiculite, and grown in a growth chamber at 20°C under illumination for 16h 

daily with 10,000 Ix fluorescent light. 7 day-old primary leaves were used. The host 

specific toxin victorin C was provided by T. J. Wolpert (Oregon State University, U.S.A.). 

Chemicals used for this study were purchased from Nacalai Tesque (Kyoto, Japan) or 

Sigma (Natick, MA, U.S.A.). 

Leaf treatments 

The epidermis of primary leaves was peeled off and floated on test solution such that 

the peeled surface was in contact with the solutions. 
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Viability of oat epidermal cells 

After treatments, oat epidermal cells were incubated with 0.01% fluorescein 

de acetate for 5 min at 20°C. After washing with distilled water, cells were monitored 

with fluorescenct microscope with exitation at 495 nm and detected by NIBA filter. 

Detection of plasma membrane integrity 

To study the plasma membrane integrity, 4'-6-Diamidino-2-phenylindole (DAPI) , an 

injured membrane sensitive dye, was used. DAPI is impermeable to intact cell 

membranes, but crosses the membrane of lost the integrity and stains nuclei through 

binding to the nuclear DNA. VicFluor treated protoplasts were replaced with 2 ng/mL 

DAPI solution. After incubated for 10 min, DAPI stained nuclei were imaged with 

fluorescence microscopy, with excitation at 372 and detected by DAPI -specific filter. 

Measurement of ROS 

Intracellular ROS were mesured using DCF, as described previously (Sakamoto et al. 

2005). After exposure to experimental treatments, leaf segments were washed with 

distilled water and incubated for 30 min in the presence of 5 11M dye. Fluorescence 

images of DCF were acquired using 488 nm excitation and detected by NINA filter. 

Values of fluorescence are the result of subtracting background fluorescence (measured 

in the absence of fluorescent probes) from the values obtained in each image referred to 

a scale (0-4095). 

Assessments of mitochondrial depolarization 

Mitochondrial transmembrane potential ~qInJ was assessed using the dyes 

5,5',6,6' -tetrachloro-l, l' ,3', 3' -tetraethylbenzimidazolocarbocyanine iodide (J Col) and 

Mitotracker Red, the uptake of which is directly related to ~qIm. JC-1 was pre-incubated 

for 15 min in the presence of 12.5 ug/mL dye. The residual cytosolic fraction of the dye 

was eliminated to keep the leaf segments in distilled water for an additional 4-5 h after 

incubation, whereas the mitochondrial dye fluorescence was maintained. Mitotracker 

Red was incubated for 30 min in the presence of 200 nM dye and immediately observed. 

Fluorescence images of JC-l were acquired using 535 nm excitation and that of 
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Mitotracker Red were 550 nm. These images were detected by WIG filter. 

Labeling of victorin 

NHS-ester labeling reagents, such as NHS-Fluorescein, are the simplest and most 

commonly used reagents for labeling proteins. N -Hydroxysuccinimide (NHS) labeling 

reagents react with the epsilon amine groups on lysines and N-terminus amines if 

available. Tris and glycine which contain primary amines also react with NHS ester 

crosslinkers and therefore cannot be used as a buffer in NHS ester reactions, but they 

are sometimes added in large excess to quench and terminate the NHS reaction. 

During the course of the in vivo experiments, 5-carboxy-fuorescein, succinimidyl 

ester (NHS-Fluorescein, Pierce, Rockford, IL) was found to provide higher yields of 

fuorescent-labeled victorin, and consequently was used for in vivo binding to the 

P-protein. The fluorescein-victorin conjugate (VicFluor) was prepared by incubating 

2.75 mg of victor in with 1 mg NHS-fuorescein for 4 h at 25°C in 1 ml 0.1 M MES-KOH 

pH 6.5, and purified as described for biotinylated victorin (Wolpert et al. 1988). 

Results 

In order to determine the localization of victorin in single cell level, we constructed 

fluorescein cognated victorin, vicFluor. As previously shown, victorin could induce cell 

death only in sensitive oat Iowa X469 cells for 5 h (Fig. 1a; Navarre and Wolpert 1999). 

Similar results were obtained from oat leaf cells treated with vicFluor (Fig. 1a), 

confirming that cognation of fluoresceine to victorin may not significantly affect the 

specificity of victorin's toxicity. Evidently, Zn2+ and La3+ could prevent vicFluor 

induced cell death and DNA laddering as well as victorin's cell death (data not shown). 

To visualize the interaction of vicFluor in sensitive oat cells, Iowa X469 oat leaves 

were treated with vicFluor for 5 h and observed under fluorescence microscopy. Strong 

fluorescence was clearly observed in the vicFluor treated oat cells, but not in the water 

or victorin treated cells (Fig. 1b). The observed vicFluor fluorescence was likely localized 

to deduced mitochondria and any fluorescence was seen in chloroplasts (Fig. 1b). 

Victorin is shown to bind to mitochondrial GDC in vivo in victorin sensitive oat line 

specific manner (Wolpert et al. 1994; Navarre and Wolpert 1995). These results indicate 

that victorin accumulates to mitochondria of dead cells caused by victorino 

To determine when victorin enter the cells and accumulate to mitochondria, 

time-course of vicFluor uptake was studied. In Fig. Ie, localization of vicFluor in 
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mitochondria was observed from 4 h of treatment, and almost all cells showed 

mitochondrial accumulation of vicFluor after 5 h. To characterize the cells which 

vicFluor enters the cells, we performed simultaneous imaging of Mitotracker Red and 

vicFluor. Mitotracker Red accumulates to mitochondria in the ~1)Jm dependent manner. 

After 4 h of vic Fluor treatment, mesophyll cells were stained with Mitotracker Red and 

observed using fluorescence microscopy. We found that only cells of decreased 

Mitotracker Red signals showed vicFluor fluorescence in mitochondria (Fig. Id). These 

results indicate that binding of victor in to mitochondria occur only after mitochondria is 

depolarized. 

To provide further evidence to support our notion that victorin's binding to 

mitochondria is not the cause of cell death but the result from cellular dysfunction, we 

prepared leaf protoplasts. Because protoplasts could by completely eliminated by cell 

wall, we can detect FITC-labeled victorin more easily without taking account for the cell 

wall autofluorescence. Fleshly prepared leaf protoplasts were treated with victorin and 

cell death was counted after 8 h. Similar to leaf cells, vicFluor induced cell death only in 

sensitive oat protoplasts as well as victorin did (Fig. 2a). To characterize the localization 

of vicFluor during cell death process, after 5 h of vicFluor treatment, morphologically 

distinct protoplasts were simultaneously observed. As shown in Fig. 2b, vicFluor bound 

to mitochondria only in the protoplast which decreased chlorophyll autofluorescence. 

Protoplast which contained normal chloroplasts showed no visible vicFluor fluorescence 

inside the cell and possessed intact plasma membrane (Fig. 2b). These indicate that 

victorin could not enter the cells from intact plasma membrane, or victorin is excluded 

from the cells thorough intact membrane. To determine whether the entry of victor in to 

the cells is associated with the damage of plasma membrane, vicFluor treated 

protoplasts were washed and replaced with DAPI solution and incubate for several 

minutes. DAPI uptake indicates the loss of membrane integrity which is a characteristic 

of late cell death morphological changes. As shown Fig. 2c, the binding of victorin to 

mitochondria was seen in accordance with the strong DAPI fluorescence, suggesting 

that the loss of plasma membrane integrity results in the entry of victor in inside the cell 

and bind to mitochondria. No detectable fluorescence of vic Fluor inside the cells was 

observed in normal protoplasts when vicFluor treated protoplasts were transferred to 

the vicFluor free medium indicating that early victorin's toxicity might be determined 

by outside of the cells, presumably by the binding of victorin to plasma membrane very 

weakly or little amount of victor in is enough to induce it's toxicity at plasma membrane. 

However, we couldn't rule out the possibility that small amount of vicFluor or victorin 

derived from vicFluor can enter the cells during cell death induction process. 
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These findings raise the possibility that binding of victorin to mitochondria is only 

the resultant of victorin's toxicity. To determine this, we treated vicFluor after the cells 

killed by victorino Treatment of victor in for 5 h causes cell death in almost all mesophyll 

cells. At that time, victorin was replaced with vicFluor and monitored the movement of 

vicFluor. Interestingly, vicFluor entered into the cells and bound to mitochondria within 

10 min (Fig. 3). These data confirm that victorin could bind to mitochondria after cell 

death occurred. 

To confirm that the binding of victorin to mitochondria could be distinct from the 

induction process of cell death by victorin, we remove the vicFluor from the treated 

mesophyll cells before cell death occurs. Although cell death was not observed within 2 h 

after victorin treatment, only first 1 h exposure of victor in is enough to induce cell death 

after 5 h (Fig. 4a). At this time, victorin binding to mitochondria was not observed (Fig. 

4b). These results clearly show vicFluor induce cell death without binding of victor in to 

mitochondria. 

To investigate the involvement of mitochondrial functions in the victorin"induced 

cell death, we tested the effect of mitochondrial respiratory inhibitors on 

victorin"induced cell death. Respiratory inhibitors, antimycin A and CCCP clearly 

decrease the mitochondrial membrane potential without inducing cell death (Fig. la, 5). 

pretreatment of antimycin A for 1 h clearly suppressed victorin"induced cell death at 5 h 

(Fig. 5b), suggesting the involvement of respiratory chain in victorin"induced cell death. 

Victorin is known to bind specifically with a lOa" kD protein in Vb oat leaves in vivo 

(Wolpert et aI., 1994) and to inhibit GDC in mitochondria (Navarre and Wolpert, 1995). 

Therefore, we determined the effect of AAN, a GDC inhibitor, on victorin·induced cell 

death. Co"treatment of victor in with 500 lIM AAN promoted victorin"induced cell death 

(Fig. 6a). Similar to victorin"induced cell death, mitochondrial disruption is the later 

event (Fig. 6b). AAN alone did not trigger cell death (Fig. 6a), indicating that the 

promotion ofvictorin"induced cell death by AAN is not by the direct toxicity ofAAN but 

by the amplification of victorin's signaling pathway. By contrast, early ROS production 

was not affected by AAN (Fig. 6b), suggesting that GDC inhibition is the downstream 

event of the early ROS production. 

To ascertain the existence of inhibition of GDC in victorin"induced cell death, we 

compared victorin's cell death with AAN"induced cell death. High concentration of AAN 

could cause cell death on oat mesophyll cells of victorin"sensitive and "insensitive oat 

lines (Fig. 7, data not shown). Interestingly, Zn2+, La3+ and antimycin A which were 

shown to exert strong suppressers of victorin's cell death similarly suppressed the 

AAN"induced cell death (Fig. 7), suggesting the resemblance of victorin and AAN 
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induced cell death signaling. 

AAN is a structural analogue of glycine that directly binds to mitochondrial GDC 

and inhibits it's activity (Usuda et al. 1980; Gardestrom et al. 1981). To distinguish 

between the mechanism ofGDC inhibition by victorin andAAN, inducers were removed 

after cell death induction. Victorin-induced cell death was not suppressed by the 

removal of victorin more than 30 min exposure of victorin (Fig. 8a). Cell death was 

clearly suppressed by the addition of Zn2+ with or without the removal of victorin (Fig. 

8a), indicating that the first 30 min exposure is enough to induce full activation of cell 

death signaling. By contrast, in AAN treated cells, cell death was significantly 

suppressed by the removal of AAN (Fig 8b), suggesting that AAN may bind to GDC 

reversibly and inhibit GDC. 

Discussion 

Mitochondria are the most well documented intracellular organelles that participate 

in PCD. In animal apoptosis, signals from either developmental cues or damage signals 

are transduced to and integrated in the mitochondria. The manifold aspects of 

mitochondrial involvement in apoptosis include two crucial events, the release of 

proteins normally stored in the intermembrane space, such as cytochrome c, and the 

development of multiple parameters of mitochondrial dysfunction. 

In oat plants, victorin specifically binds to mitochondrial GDC of sensitive oat line in 

vivo (Wolpert et al. 1989 and 1994) and inhibits the activity of GDC (Navarre and 

Wolpert 1995). During the victorin-induced cell death process, mitochondrial 

dysfunction is observed (Yao et al. 2002; Curtis and Wolpert 2002; Chapter 4), led us to 

hypothesis that victorin directly binds to mitochondrial GDC which cause GDC 

inhibition and mitochondrial dysfunction. Our data shows vicFluor enters the cells and 

binds to mitochondria in victorin-sensitive oat line Iowa X469 mesophyll cells, 

indicating binding of victorin to GDC in vivo (Fig. 1). However, binding of vicFluor to 

mitochondria seems to be preceded by the cellular dysfunction, including mitochondrial 

dysfunction and deleterious damage to chloroplasts (Fig. 1d, 4). Using oat protoplasts, 

we revealed that plasma membrane disruption was need for the entry of vicFluor in the 

protoplasts (Fig. 2), suggesting that binding of victorin to mitochondria is the resultant 

of cellular disruption rather than the trigger of cell death. Supporting this idea, it has 

been shown that victorin binds to both sensitive and insensitive oat mitochondrial GDC 

in vitro (Wolpert et al. 1995). Furthermore, induction of cell death by vicFluor is not 

required for the mitochondrial binding of vicFluor, indicating that early perception of 
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victorin occur other than the mitochondria. At the early stage of cell death process, 

vic Fluor appeared to exist outside of the cells (Fig. 2b). At this time, mitochondrial ROS 

production was observed (Sakamoto et al. 2005), suggesting the indirect impact on 

mitochondria from plasma membrane. 

In apoptosis, alternations of plasma membrane status were demonstrated to trigger 

imbalance in intracellular homeostasis which lead to mitochondrial ROS production 

and dysfunction (Dallaporta et al. 1999; Sen et al. 2004). Ion channels in the plasma 

membrane play important roles in the mitochondria -dependent apoptosis (Yu et al. 

1997; Mattson and Chan 2003). By the pharmacological analysis, Ca2+ playa vital role 

in the victorin-induced alternations, including production of phytoalexin, DNA 

laddering, chromatin condensation, Rubisco cleavage, cell death, mitochondrial 

dysfunction and ROS production (Tada et al. 2000, 2001; Yao et al. 2001; Navarre and 

Wolpert 1999; Sakamoto et al. 2005). These data indicate that Ca2+ influxed from 

apoplastic space influence the mitochondrial homeostasis as a second messenger. 

While binding of mitochondrial GDC is only a resultant of cellular disruption, 

inhibition of GDC seems to be involved in the induction of cell death. Indeed, AAN, a 

GDC inhibitor promoted victorin-induced cell death whereas this concentration of AAN 

alone did not have any cytotoxic effects, including ROS production (Fig. 6). High 

concentration of· AAN mimicked victorin-induced cell death machinery (Fig. 7), 

supporting this notion. However, AAN-induced cell death was suppressed by the 

removal ofAAN at the early times while removal of victor in did not efficiently arrest cell 

death (Fig. 8). These indicate that the initial site of action between victorin and AAN is 

different. Recently it is demonstrated that environmental stresses cause oxidative 

damage to plant mitochondria leading to inhibition of GDC (Taylor et al. 2002). These 

indicate that GDC is a one of the major targets of oxidative stress derived from multiple 

stimuli, including victorino 

Victorin-induced physiological, morphological and biochemical alternations are 

closely linked with the intracellular influx of Ca2+ (Navarre and Wolpret 1999; Tada et 

al. 2001; Yao et al. 2001; Chapter 3). In Ca2+-dependent apoptosis, mitochondrial 

alternations, such as mitochondrial lipid metabolism, Ca2+-activated enzymes and the 

electron transport chain play key role for the initiation of cell death execution pathway 

(Klee and Means 2002). Victorin-induced cell death was significantly suppressed by the 

mitochondrial respiratory inhibitors, suggesting that mitochondrial respiratory 

chain-mediated signaling pathway might be act at the downstream of Ca2+ influx. 
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Fig. 1 VicFluor bind to mitochondria. Victorin sensitive oat line Iowa X469 or insensitive 
line Iowa X424 mesophyll cells were treated with victorin or vicFluor. (a) After 5 h of 
treatments, cell death was monitored using FDA. (b) Cellular distribution of vicFluor was 
monitored by fluorescence microscopy. (c) Time-course images of vicFluor were shown. 
(d) Simultatious observation of vicFluor and Mitotracker Red which is a indicator of ~"'m' 
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Fig. 2 Binding of vicFluor to mitochondria accompanied with plasma membrane disruption. 
Victorin sensitive oat line Iowa X469 or insensitive line Iowa X424 protoplasts from leaf cells were 
treated with victorin or vicFluor. (a) After 8 h of treatments, cell death was monitored using FDA. 
(b, c) After 5 h of vicFluor treatment, morphologically distinct protoplasts were simultaneously 
observed . (b) Directly acquired images from 5 h treated protoplasts, or (c) replaced with DAPI 
solution for 10 min to monitor plasma membrane disruption. 
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Fig. 3 VicFluor can bind to mitochondria of dead cells. Victorin sensitive oat line 
Iowa X469 mesophyll cells were treated with victorin for 5 h, and replaced with 
vicFluor solution. Time-course images of vicFluor treatment were shown. 
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Fig. 4 Binding of vicFluor to mitochondria is not required for the induction of cell death. 
Victorin sensitive oat line Iowa X469 mesophyll cells were treated with vicFluor and 
removed vicFluor from indicated times. After 5 h, (a) cell death was counted using FDA, 
and (b) localization of vicFluor was monitored by fluorescence microscopy. 
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Fig. 5 Mitochondrial respiratory inhibitors suppress victorin-induced cell death. 
(a) Mitochondrial respiratory inhibitors, antimycin A or CCCP rapidly collapse the 6\jfm 

of Iowa X469 mesophyll cells after 1 h of treatments. (b) Mesophyll cells were 
pre-treated with antimycin A or CCCP, and treated with victorino After 5 h, 

cell death was monitored by FDA. 
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Fig. 6 Inhibition of GDC promotes cell death induced by victorino 
Iowa X469 mesophyll cells were treated with victorin, glycine decarboxylase 
complex (GDC) inhibitor AAN (500 JlM) or victorin with AAN. (a) Time-course 
of cell death was monitored by FDA. (b) After 3 h of victorin with AAN, 
fluorescence images of FDA, Mitotracker Red and chlorophyll autofluorescence 
were acquired. (c) After 1 h of each treatment, cells were replaced with 5 JlM DCF 
solution and incubated for 30 min. DCF relative fluorescence was measured 
as intracellular ROS. 
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Fig. 7 Effects of Zn2+, La3+ and antimycin A on AAN-induced cell death. 
Iowa X469 mesophyll cells were treated with 10 or 20 mM AAN together 
with Zn2+, La3+ and antimycin A. After 5 h, cell death was monitored by FDA. 
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Fig. 8 Reversibility of victorin- and AAN-induced cell death. 
Victorin sensitive oat line Iowa X469 mesophyll cells were treated 
with victorin (a) or 20 mM AAN (b) and replaced with inducer free 
solution with or without addition of Zn2+, or added Zn2+ at indicated 
times. After 5 h, cell death was counted using FDA. 
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Chapter 5 

General Discussion 
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In plants, a resistant disease response in most cases is characterized by 

hypersensitive response (HR)-cell death at the infection site of avirulent pathogen. 

Regulation of programmed cell death (peD) is linked to a number of signaling pathways, 

and serves not only to amplify disease defense responses, but, in some case, also to 

promote the growth and spread of some pathogens (Greenberg and Yao 2004). peD 

occurs when the pathogen unsuccessfully parasitizes the host as well as when the 

pathogen successfully causes disease. Therefore, the exact role and regulation of peD 

during plant-pathogen interactions are of great importance to understand the 

relationship between cell death and activation of defense mechanisms. Plant-pathogen 

interactions depend on the classical gene-for-gene resistance model, requiring an 

avirulence gene (Avr) in the pathogen and a corresponding resistance gene (it) in the 

plant (Hammond-Kosack and Jones 1997; Ritter e, Dangl 1996). This results in an 

incompatible reaction leading to successful disease resistance response. A compatible 

reaction due to loss or alteration of either plant R gene or pathogen Avr gene leads to 

disease (Shao et al. 2003). Avirulent pathogenic infections are usually characterized by 

a rapid, localized cell death known as HR, which results in the formation of necrotic 

lesions around the infection sites (Dangl and Jones 2001). HR helps the plant defense by 

limiting the spread of microorganisms, and represents a form ofPeD (Lam et al. 2001). 

Several lines of evidence suggest that the death of host cells during HR results from the 

activation of an intrinsic cell death program that is encoded by the plant genome. HR is 

also believed to generate a signal that activates host defense mechanisms, and in many 

cases, induces long-lasting systemic acquired resistance (SAR) to a broad spectrum of 

pathogens (Dong 2001; Kovalchuk 2003). Induction of SAR is accompanied by an 

increase in the rate of synthesis of several pathogenesis-related proteins and the 

accumulation of a complex network of signaling molecules. 

peD in incompatible plant-pathogen interactions 

One ofthe hallmarks ofthe resistance disease response in plants is the HR. a rapid, 

localized plant cell death at the infection site, first identified by Stakman in 1915 

(Stakman 1915), and still poses a long-standing puzzle of plant pathology (Heath Me 

1999). HR is a characteristic phenotype of specific resistance by which pathogen 

invasion is arrested, and can be induced by viruses, bacteria, fungi and nematodes. 

HR-linked cell death occurs in host tissue at the infection site of an avirulent pathogen 

and results in the formation of a distinct dry lesion by virulent pathogens, which do not 
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trigger HR, cause diseases. It requires an active plant metabolism depending on the 

activity of host transcriptional machinery (Heath 1998). To the best of our knowledge, 

the first evidence that HR"resistance to microbial pathogens may involve a PCD with 

some characteristics of animal apoptosis came from studies in cowpea leaf cells 

exhibiting HR to cowpea rust fungus, Uromyces vignae (Ryerson and Heath 1996). Cell 

death triggered in intact leaves of two resistant cowpea cultivars by cowpea rust fungus 

was accompanied by the endonucleolytic cleavage of nuclear DNA into oligonucleosomal 

fragments (DNA laddering), a typical hallmark of apoptosis in animal cells. However, 

striking difference in the execution processes of HR"linked cell death have been 

observed between cell death caused by U vignae in cowpea leaf cells (Ryerson and 

Heath 1996) and by Phytophthora infestansin potato leafmid"rib cells (Freytag 1994). 

Recent findings have shown that the morphological trademark of a typical HR"cell 

death involves membrane dysfunction, progressive vacuolization of the cytoplasm, 

vacuolar disruption (oncosis) and changes in gross mitochondrial morphology 

characterized by swelling and cristae disorganization (Greenberg and Yao 2004). 

Analysis of the interactions between oats and fungal pathogen Puccinia coronata and 

between Arabidopsis and avirulent P. syringae has suggested that PCD at the infection 

zone in HR may be mediated by multiple mechanisms, and different plant"pathogen 

interactions may adopt different PCD mechanisms (Greenberg and Yao 2004). Many 

studies have revealed that HR"cell death is subject to genetic control, and factors 

important for its positive and negative regulation have been identified (Richael and 

Gilchrist 1999). The observations that some of the defense genes activated during plant 

developmental PCD are also expressed during HR (Heath 2000), implicating the 

existence of a significant crosstalk between developmental PCD and the HR"cell death, 

with active participation of endogenously programmed signaling cascades. Over the 

past few years, different signaling factors under diverse transduction pathways have 

been identified to be involved in HR"cell death control in plants (Richael and Gilchrist 

1999; Graham and Graham 1999). Despite the fact that we are still far behind in 

identifying a consensus signaling pathway for PCD mechanism underlying the HR in 

plants, accumulating data may have enabled us to modify HR during plant"pathogen 

interaction and to enhance the disease resistance response. 

Role of ROS in PCD 

The involvement of reactive oxygen species (ROS) and nitric oxide (NO) in HR"cell 

death is well characterized in plants (Levine et al. 1994; Alvarez et al. 1998; Heath 
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2000; Delledonne et al. 2001). Extracellularly secreted plant peroxidases catalyze the 

generation of ROS coupled to oxidation of the aerobic indole-3-aoetic acid and 

defense-related compounds, such as salicylic acid (SA), aromatic mono-amines and 

chitooligosaccharides (Hancock et al. 2002). Inter- and intra -cellular generation of ROS 

(02- and H202) resulting in oxidative burst is widely accepted to trigger HR (Heath 

2000). Signaling responses of ROS include the activation of mitogen-activated protein 

kinases and the up- and down-regulation of gene expression leading to peD 

characteristic of HR (Hancock et al. 2002). In plants, ROS production is closely related 

with the expression of ascorbate peroxidase (ApX), a most important H202 detoxifying 

enzyme in plant cells. It has been shown that virus-induced peD in tobacco is 

accompanied by the post-transcriptional suppression of cytosolic APX (cAPX) expression, 

and this suppression contributes to a reduction in the capability of cells to scavenge 

H202leading to peD (Mittler et al. 1998). Expression of cAPX is under the control ofthe 

HR signal transduction pathway and results in signaling events such as changes in 

protein phosphorylation and induction of ion fluxes (Mittler et al. 1999). Many recent 

studies have confirmed the involvement of cellular antioxidant metabolism in 

ROS-triggered signal transduction, which leads to peD in plants (Fath et al. 2001; de 

Pinto et al. 2002; Vacca et al. 2004). In general, ROS and NO interfere in phenylalanine 

ammonia-lyase (PAL) activity and ascorbate (Ase) and glutathione (GSH) metabolisms, 

and their simultaneous increase activates a process typical of hypersensitive peD (de 

Pinto et al. 2002). In animals, NO cooperates with ROS to kill tumor cells possibly 

through unregulated NO levels, producing a diffusion-limited reaction with 02- to 

generate peroxynitrite (ONOO-), a toxic compound mediating cell injury in many 

biological systems (Salve mini et al. 1998). In comparison, HR-cell death is triggered 

only by balanced production of NO and ROS in plants (Delledonne et al. 2001). peD is 

activated following the interaction of NO with H202 generated from 02- by superoxide 

dismutase, and 02- itself does not participate directly in peD. In contrast to the animal 

system, ONOO- does not seem to mediate peD (Salve mini et al. 1998). NO has been 

suggested to have a role in cell-to-cell signaling and the spreading of cell death during 

the course of infection (Zhang et al. 2003; Tada et al. 2004). H202 is believed to initiate 

the cell death pathway by acting as a signal molecule to induce the expression of 

defense genes encoding enzymes such as PAL and glutathione S-transferase (Desikan et 

al. 1998). However, 02- is also shown to mediate the initiation of cell death and playa 

key role in peD (Jabs et al. 1996). Similarly, in NO/ H202-induced peD, 02-levels is the 

key indicator in the modulation and integration of H202-dependent signaling 

(Delledonne et al. 2001). 
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Role of mitochondria in PCD 

In animal systems, changes in mitochondrial membrane permeability, subsequent 

release of pro-apoptotic factors like cytochrome c and the formation of the apoptosome 

play an important role in apoptosis. Bcl-family proteins can act as regulators of 

apoptosis both by interference with caspase activation or through their effect on 

mitochondrial membrane integrity. 

It remains unclear to what extent the mitochondrion is involved in PCD in plant 

cells. Cytochrome c release has been shown to occur during heat-induced PCD in 

cucumber (Balk et al. 1999) and menadione-induced cell death in tobacco protoplasts 

(Sun et al. 1999). However, cytochrome c release was not required for 

pollination-induced petal senescence in petunia (Xu and Hanson 2000). A role for the 

mitochondrion in plant PCD is implicit in the finding that animal cytochrome c can 

activate caspase-like components in isolated carrot cytosol resulting in apoptosis of 

mouse nuclei. Involvement of caspases in plant PCD has been strengthened by the 

finding that peptide inhibitors of animal caspases could abolish HR cell death in tobacco 

(del Pozo and Lam 1998). Furthermore, using Arabidopsis cell-free system, 

mitochondrial intermembrane space proteins induced and enhanced the large scale 

DNA fragmentation and oligonucleosomal DNA laddering (Balk et al. 2003). Despite an 

increasing number of studies, it remains to be demonstrated whether cytochrome c 

release in plant cells is actually a trigger for PCD in a manner similar to animal cells, or 

whether it is simply a general indicator of cellular disappearance. Future approaches 

directed towards characterizing components of the PCD machinery in plants and the 

role of mitochondria in the process will involve functional genomics, gene expression 

profiling, microinjection, and in vitro cell-free analysis in reconstituted systems. 

A unique feature of plant mitochondria is bifunctional role of electron transport 

chain. Besides the ubiquitous cytochrome chain found in all eukaryotes, plants have an 

additional pathway of electron flow, the alternative pathway (Vanlerberghe and 

McIntosh 1997). This pathway is composed of a single homo dime ric protein, the 

alternative oxidase (AOX), which transfers electrons from the ubiquinone pool directly 

to oxygen. While AOX abundance and activity of alternative pathway are low in 

unstressed plants, both increase when plants are subjected to several stresses such as 

chilling (Vanlerberghe and McIntosh 1997), and pathogen attack (Simons et al. 1999). 

Although the biological function of AOX is not fully understood, it may serve to 

maintain high rates of respiratory carbon metabolism and electron transport under 
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conditions where the normal cytochrome chain is restricted (Vanlerberghe and 

McIntosh 1997). Recently, it has shown, using intact plant cells, that restriction of the 

cytochrome chain increases the formation of potentially damaging ROS (Maxwell et aL 

1999), which can be at least partially suppressed by high levels of AOX (Maxwell et aL 

1999). The nuclear gene encoding AOX in tobacco has previously been shown to be 

rapidly induced in cultured cells by specifically inhibiting the cytochrome pathway of 

electron transport through the use of antimycin A (Vanlerberghe and McIntosh 1994). 

Using the differential display technique, we have isolated seven cDNAs which were 

strongly upregulated following antimycin A treatment of cultured tobacco cells. 

Interestingly, a number of the cDNAs show remarkable similarity to genes known to be 

induced by processes that involve PCD, such as senescence and pathogen attack. 

Although direct evidence the involvement of the alternative pathway in plant PCD is no 

clearly represented, accumulating data suggest mitochondria playa key role in the PCD 

signaling pathway. 

Involvement of mitochondria in victorin-induced PCD 

Several results have demonstrated that victorin contributes to mitochondrial 

dysfunction (Curtis and Wolpert 2002; Chapter 3). This finding is prominent because 

mitochondrial dysfunction is commonly associated with the induction of apoptosis and 

because victorin had previously been shown to bind to members of the mitochondrial 

enzyme complex, glycine decarboxylase (GDC) (Wolpert et aL 1994; Navarre and 

Wolpert 1995). Moreover, it has demonstrated that, in the early period of PCD by 

victorin, ROS are accumulated at the mitochondria (Chapter 2). In animal cells, the 

alteration in mitochondrial function associated with apoptosis is evidenced by a loss of 

mitochondrial transmembrane potential that is involved in the mitochondrial 

permeability transition (MPT) (Green and Reed 1998; Gottlieb 2001). The MPT leads to 

an massive increase in permeability of the mitochondrial membranes to solutes with 

molecular weight <1500 Daltons. When oat mitochondria in vitro undergo a MPT, 

victorin gains access to -the mitochondrial matrix and binds to the GDC (Curtis and 

Wolpert 2002). Evidence is also consistent with the occurrence of a MPT in vivo during 

victorin-induced PCD (Curtis and Wolpert 2002). However, it has shown that 

FITC-labeled victorin cannot inter inside the oat mesophyll cells and protoplasts at the 

early period of PCD signaling (Chapter 4). This and other observations have led to the 

speculation that, although binding of victorin to the GDC may contribute to 

mitochondrial dysfunction and consequently to PCD, the GDC is not the primary site of 
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action for victorin, and victorin interacts with a site of action that is upstream of 

binding to the GDC. Although this initial site likely involves the product ofthe Vb gene 

remained unknown, our data suggest that plasma membrane or apoplastic space may 

be a first site contact with victorin (Chapter 4). A variety of observations indicate that 

the response of oat to victorin shares many of the characteristics of an HR response 

induced by avirulent pathogens. Whether victorin elicits these responses through a 

direct or indirect interaction with the product of a resistance gene remains to be 

determined. However, elucidation of victorin-induced PCD will clarify the 

plant-pathogen interacting mechanisms, especially in HR, and will help to the disease 

suppression at field level. 
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Summary 

Reactive oxygen species (ROS) are thought to be involved in various forms of 

programmed cell death (PCD) in animal and plant cells. PCD along with the production 

of ROS, occurs during plant-pathogen interactions. Here we show that victorin, a 

host-specific toxin produced by Cochliobolus victoriae, which causes victoria blight of 

oats, induces two phases of intracellular ROS production in victorin-sensitive oat 

mesophyll cells. The initial production of ROS is restricted at mitochondria and not 

accompanied with cellular oxidative damage. Later production of ROS is dispersed into 

cells concomitant with lipid peroxidation, chloroplast dysfunction and cell death. 

Superoxide dismutase (SOD) can clearly suppress the initial ROS production and delay 

the progression of cell death_ These data indicate that the initial ROS production may 

be involved in the cell death induction process, and the later ROS production may play 

important roles in events leading to cellular disruption. 

In animal apoptosis, reduction of mitochondrial membrane potential is critical point of 

apoptotic signaling cascades leading to cellular degradation. We investigated the 

involvement of mitochondrial disruption in victorin-induced cell death in oat plant in 

vivo. Cells treated with victorin showed loss of the mitochondrial membrane potential 

~Wm) from 4 h. Mitochondrial ROS production preceded decrease of ~Wm, suggesting 

ROS is involved in the upstream from mitochondrial dysfunction_ Simultainious 

imaging revealed mitochondrial disruption occurred after the onset of cellular 

dysfunction. We also provide evidence that the activation of proteases is important for 

the reduction of ~Wm and cell death at the downstream of the early mitochondrial ROS 

production_ 

Victorin specifically binds two proteins of glycine decarboxylase complex (GDC), a 

multi-enzyme complex located in the mitochondrial matrix (Wolpert et al. 1994)_ It has 

also demonstrated that victorin inhibits GDC activity (Navarre and Wolpert 1995). At 

early stage of cell death process, victorin induces mitochondrial ROS production (Yao et 

al. 2002; Sakamoto et al. 2005). We show that fluoresceine-cognated victorin (vicFluor) 

inter the cells and bind to mitochondria after the disruption of plasma membrane. 

Recognition site of victorin that trigger cell death exist outside of the cells, presumably 

plasma membrane. During cell death induction stage, victorin might affects 

mitochondria indirectly dependent on the mitochondrial respiratory chains and causes 

GDC inhibition. 
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