
THE OXIDATIVE BURST IN TOMATO PLANTS INDUCED 
BY RACE SPECIFIC ELICITORS OF CMOSPORIUM FULVUM 

Huogen Lu 

A Thesis submitted in confonnity with the requirements 
for the degree of Doctor of Philosophy 

Graduate Department of Botany 
Universtiy of Toronto 

@copyright by Huogen Lu 1998 



National Library Bibliothèque mationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395, rue Wellington 
OttawaON K 1 A W  Ottawa ON KIA  ON4 
canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National L i b w  of Canada to 
reproduce, loan, distniute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts fiom it 
may be printed or othemise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distn'buer ou 
vendre des copies de cette thèse sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni Ia thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



THE 0XD)ATIVE BURST IN TOMATO PLANTS INDUCED 

BY RACE SPECIFI.C ELICITORS OF C W O S P O R I U M  FULVUM 

Huogen Lu 

Department of Botany, University of Toronto 

Ph. D. Thesis 1998 

ABSTRACT 

One of the intriguing features of plant disease resistance is an initial oxidative burst. 

The present study, using the Chdosporium fulvum-tomato pathosystem, explored the 

oxidative burst in both Ieaf tissues and in cell cultures foilowing treatment with race 

specific elicitors obtained fiom the fungus. The oxidative burst was detected by 2',7'- 

dichlorofluorescin diacetate @CFH-DA), a probe for detection of H202. A variety of 

tests, including the use of catalase, showed that the probe measured both intracellular and 

extraceilular H202. The oxidative burst occurred within 1-2 hr in Ieaf tissues and within a 

few minutes in celi cultures, respectively, after eiicitor treatment. In ceil cultures, the 

oxidative bunt was abolished 6y inhibitors of NADPH oxidase, suggesting that this 

enzyme is responsibIe for the generation of Of, a precursor of H202. As weU. 4- was 

detected in planta by the ~n2+/diaminobenzidine technique. Prevention of increased 

cytosolic ca2+ appeared to block the increased H202 generation. Studies with other 

inhibitors suggested that protein kinase(s) and phospholipase C were involved in the 

oxidative burst, supporthg the possibility that the signahg mechankm leading to the 

oxidative burst in tomato cells is similar to that observed in neutrophils. Activities of 

antioxidant enzymes, e. g . , superoxide dismutase, catalase, and glutathione S-transferase, 
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were not changed in leaves undergoing an oxidative burst. Total peroxidase activity, 

including ascorbate peroxidase, increased in elicitor-treated Ieaves but the activity of 

ascorbate peroxidase decreased by 4 hr. EIicitor-induced necrosis in leaves was 

signincantly delayed, but not completely inhibited, by cataiase or by scavengers of active 

oxygen species (AOS). An oxidative burst was still induced at elicitor dilutions which 

caused no visible necrosis and only high concentrations (ca 1 M) of H202 could rnimic the 

visible leaf necrosis induced by elicitor. Growth of C. fulvurn gerrn tubes was inhibited in 

vitru by moderate levels of H24, suggesting a possible role for H202 in restricting 

colonization. A mode1 is proposed which describes the relationship between AOS, 

generated from an oxidative b u t ,  and the fate of both host celis and invading fungal ceiis. 
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INTRODUCTION 

Plants exhibit many types of resistance to various pathogens (Heath, 1996). Among 

these, parasite-specific resistance involves a gene-for-gene relationship, and such 

resistance is expressed by only certain genotypes of an otherwise susceptible host species 

against a specific parasite (Heath, 1996). Resistance of the gene-for-gene type is assumed 

to be achieved by recognition between the pathogen and the host plant, mediated by a 

specific elicitor, the product of an aviruience (Avr) gene in the pathogen, and a receptor, 

the putative product of the correspondhg resistance (R) gene in the plant (Keen. 1990). 

Foilowing perception of the pathogen by host cells, a signaling cascade occurs in the host 

cells, Ieading to activation of an array of defense responses, including reinforcement of 

plant ce11 walls, synthesis of phytoalexins and pathogenesis-related (PR) proteins, 

triggering of celi death (hypersensitive response, termed HR), and induction of the rapid 

generation of active oxygen species (AOS), now cailed the oxidative burst. 

The oxidative burst has been identified in miny plant-pathogen systems and is 

believed to be one of the earliest responses in host plants to incompztible pathogens. 

Extensive studies have been conducted on the kinetics, magnitude, mechanism. and 

possible role of the oxidative burst. These studies generally use cell suspension cultures 

treated with pathogenic bacteria or with elicitors prepared fiom pathogenic fungi. 

However, less information is available on the oxidative burst occurring in the intact plant 

or in plant organs, such as leaves, mainly because of the difnculty in detection and 

quantitation of AOS in planta. 
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This study used the gene-for-gene interaction between Cladosporium fulvum and 

tornato to study the oxidative burst. Several Avr genes have been cloned fkom C. fulvum 

and the products of these Avr genes, race specifïc eliciton such as AVR4 and AVR9, have 

been purifieci and characterized (Van den Ackerveken. et al., 1992; Joosten, et al., 1994). 

In addition, several R genes in tomato plants have also k e n  cloned and the structure and 

biochemical function of their products have been proposed by sequence cornparisons 

(Jones, et al., 1994; Dixon, et al., 1996). Injection of tornato leaves with race specific 

elicitors produced by incompatible fungal races induces visible leaf necrosis interpreted as  

reproducing the HR. As early as 1983, Doke suggested that an oxidative burst was 

involved in the HR. Lipoxygenase activity and üpid peroxidation, indicatos of oxidative 

stress, were also detected in leaves following elicitor treatment (Peever and Higgins, 

1989). Later, an elicitor-induced oxidative burst was detected in cell suspension cultures 

by Vera-Estrelia et al. (1992) and, during the course of the present snidy, in cotyledons of 

tomato by May et al. (1996). Since green tissues of plants possess a very efficient 

antioxidant system, the degree to which an oxidative burst occurring in leaves is different 

in kinetics and magnitude from that of c d  cultures is unknown. As well, the oxidative 

burst rnay affect the antioxidant system in plants to an unknown degree. Leaf tissues arc 

the natural targets for the attack by C. fulvwn, thus. understanding the in planta events 

was an initiai priority in this thesis. 

The ongins of the oxidative burst are also of interest. For example, Doke (1985) 

suggested that the oxidative burst onginated through the action of an NADPH oxidase, 

comparable to that of phagocytic neutrophil ceUs of the immune system. Other sources of 
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AOS are, of course, possible. Uniilce in neutrophils. the e f k t  of the oxidative burst on 

plant pathogens, or on host plant ceils, is also largely unlaiown. Thus. the objectives of this 

study were: 

1) to detect the oxidative burst in planta in tornato plants and in ceii cultures after 

treatment with race specifïc elicitors and to investigate its kinetics, magnitude, and 

relationship to leaf necrosis. 

2) to examine changes in the antioxidant capacity of leaf tissues undergoing an oxidative 

burst, primarily by examining the activities of several redox-related enzymes. 

3) to snidy the origins of the oxidative burst and the possible signaling pathway(s) 

following perception of elicitors by the host cells, specifcally testing for a neutrophil-like 

pathway. 

4) to investigate the possible role of the oxidative burst in inhibiting the pathogen. C. 

filvum. 

Following a Literature review in which emphasis is placed on R-gene dependent 

responses to incompatible races of fun@ and bactena, the results of the experimental 

approaches in this snidy are presented as four independent chapten. Chapter 1 presents in 

planta detection of the oxidative burst and its kinetics and magnitude. A manuscript 

incorporating this chapter is in press (Lu and Higgins, 1998). Chapter II examines the 

activities of several redox-related enzymes in tomato leaves undergoing an elicitor-induced 

oxidative burst. In Chapter III, an assay system for H202 formed in the oxidative burst in 

c d  suspension cultures is described. The possible ongin of the oxiàative burst is 

demonstrated using inhibitors and compared with results obtained by Xing et al. (199%) 
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using plasma membrane fractions of the same ceus. In Chapter IV. the effects of 

exogenously appiied H202 on the viability of both host ceiis and fimgal cells are presented. 

The possible relationships of AOS produced fiom the oxidative burst with other defense 

responses in tomato plants is discussed in the General Conclusions section. 



LITERATURE REVIEW 

The interaction between the pathogenic fungus Cladosporitm fulvurn (Cooke) 

[Syn. Fulviafulva (Cooke) Cifem (Cifem, 1954)J and its host plant tomato (Lycopersicon 

esculentum Mill) is a weil estabiished mode1 system to study plant-fungus interactions. The 

pathogen, which causes tomato leaf mould, was fmt described by M. C. Cooke (1883) and 

is assumed to have originated in South America where its host had k e n  cultivated for over 

300 years (Oliver, 1992). C. fulvum is a biotrophic pathogen, which can, however, easily 

be grown in axenic culture. The infection process was studied microscopically after 

inoculation of the lower side of leaves of resistant and susceptible cultivars, or of tornato 

hes near-isogenic for genes for resistance, with conidia of virulent and aviruient races of 

the fungus (Bond, 1938; Lazarovits and Higgins 1976a; 1976b; De Wit, 1977). Conidia 

gemiinate on the leaf surface at high humidity via slender germ tubes, which form runner 

hyphae. At 3 to 5 days post inoculation, penetration occurs by these mnner hyphae which 

grow until they accidentally encounter open stomata After penetration, the fungus û 

confined to the intercellular space around the mesophyll cells. Different combinations of 

"physiological" races of the fungus and genotypes of tomato result in either compatible or 

incompatible interactions. 

In compatible interactions, host cells initidy do not respond to the presence of C. 

filvum. The intercellular hyphae, which are significantly thicker than the m e r  hyphae on 

the le& surface, are closely appressed to the host cell wails, usually causing slight 

indentations of the walls (Bond, 1938; Lazarovits and Higgios, 1976% 1976b). 

Extracellular proteins assumed to be produced by C. fulvum are associated with the matrk 
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between fungd hyphae and host ceil walls (Wubben, et al., 1994). It has k e n  suggested 

that the invading fungus lives on sugars, amino acids, and other compounds occurring in 

the intercellular space (De Wit, 1987). Investigation of the carbohydrate composition of 

apoplastic fluids (Joosten et al., 1990) showed that apoplastic sucrose is hydrolyzed by a 

host andlor h g a l  invertase and the resulting hexoses, glucose, and fnictose, are 

converted uito mannitol by the fungus. As many plants cannot metabolize mannitol (Lewis 

and Harley, 1965), this compound appears to function as a carbon source for the 

intercellular hyphae (De Wit, 1987). Indeed, a substantial increase in mannitol 

dehydrogenase activity was detected in apoplastic fluids obtained nom the leaves of 

tomato plants iooculated with a compatible race of C. filvum, but littie or no activity was 

detected from plants inoculated with an incompatible race and fiom uninoculated plants, 

respectively (Joosten, et al., 1990). 

Symptom development in a compatible interaction reflects the biotrophic nature of 

infection, with macroscopicaiiy visible symptoms and signs slow to appear. Two or three 

weeks after infection, chlorotic patches develop on the upper surfaces of leaves. The 

conespondhg areas on the under surfaces become covered with a greyish mass of 

conidiophores which emerge through stomata and produce conidia. Tissue browning, 

chlorosis, and extensive host celi death were evident around the stage of sporulation in 

sorne infected cultivars (Harnmond-Kosack and Jones, 1994). Much of the foliage can be 

U e d  in severe attacks with a consequent loss of h i t  yield. 

In incompatible interactions, host cells respond to penetration by the fungus very 

quickly, although the extended period of stomatal penetration makes the actual kinetics of 
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the response diBicuit to define precisely. A massive deposition of cailose in af5ected cells 

codd be found within 6 days d e r  inoculation. Cells within the infection court often have 

highly vacuolated cytoplasms or are completely decompartmentalized and are assumed to 

be dead (Lazarovits and Higgins, 1976a; 1976b; Kiggins, 1982). Mesophyil ceUs in or 

around the infection sites often show abundant excretion of extracellular materials which 

occur more fkequently in resistant than in susceptible plants (Lazarovits and Higgins, 

1976b). The penetrating fungus is conhned to the substomatal spaces and surrounding 

celis and the growth of the fungus is gradually arrested (Hammond-Kosack and Jones, 

1994). Containment of the penetrating fimgus without rapid host cell death was in some 

cases observed and this was partially dependent on the relative humidity (Harnmond- 

Kosack, et al., 1996). Leakage of electrolytes, accumulation of phytoalexins and 

pathogenesis-re1ated (PR) proteins can also be observed in incompatible interactions (De 

Wit and FIach, 1979; Dow and CaUow, 1979; De Wit et al., 1986). 

GENE-FOR-GENE RELATIONSHIP 

Since leaf mould cm cause great economic loss in greenhouse tornato production, 

a considerable effort has been devoted to breeding resistant cultivars of tomato. At the 

beginning of this century, resistance to C. fulvurn was first described and certain resistant 

varieties were seIected (Norton, 1914; Makemson, 1918). AU avdable tomato cultivars 

were screened for resistance (Langford, 1937) and one of these was found to be resistant 

to some isolates of C. filvum but susceptible to others. This resistance was later shown to 

be controlled by a single dominant gene, designated Cf-1 according to the simplified 
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designation of Rick and Butler (1956). Several other genes conferring resistance io various 

races of C. fulvurn had k e n  introduced, from wild species of Lycopersicon including L. 

pimpinellifolium, L hirsutum, L. hirsu tum var. glabara tum and L. peruvianum (Stevens 

and Rick, 1988; Kerr and Bailey, 1964), into economicaliy usehl tomato cultivars by the 

1960s. To date, more than 25 resistant genes have been recognized and mapped with 

varying accuracy on different chromosomes of tomato (Van der Beek et al., 1992; Jones, 

et al., 1993). However, with the possible exception of cultivars with Cf9 ,  each cultivar 

with a new resistance gene subsequently succumbed to the disease owing to the 

appearance of one or more new races of the pathogen. Convenely, each new race could be 

negated by introducing another raistance gene from wild species of tomato (Hubbeling, 

1978). Although breeding for resistance to leaf mould is only partly successful as a disease 

management strategy, it provided a crucial clue for elucidation of the genetic relationship 

underlying the interaction between tomato and C. filvum. 

The realization that each new pathogen race is precisely defmed by the resistance 

gene in the current host cultivar indicated the possibility of a gene-for-gene relationship 

between the genes conditioning resistance in tomato and the genes conditioning virulence 

in races of C. fulvurn @ay, 1956, 1974). The gene-for-gene theory, originaily introduced 

by Fior (1942) who worked on flax and flax mst, has explained the genetic bais of host 

specificity in many host-pathogen interactions, Le., matching gene pairs, resistance (R) and 

avirulence (Avr) genes, fiom the host and pathogen, respectively, conîrol the outcome of 

interactions between different combinations of host and pathogen. When an Avr gene and 

an R gene of matched specifcity are expressed, an incompatible response results. This 
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response is frequently associated with the appearance of necrotic flecks containing dead 

plant ceils at sites of attempted pathogen ingress. This localized necrotic response is 

temed the "hypersensitive response" @IR), a term which is generally believed to be fmt 

used by Stakman (19 15) to describe rapid host cell death in resistant plants upon infection 

by rust pathogens. As described above, the incompatible tomatolC. fulvum combinations, 

as  originaIly described by Lazarovits and Higghs (1976a; 1976b), are characterized by 

such a typical HR. Hammond-Kosack and Jones (1994) found that some other 

incompatible responses were not accompanied by cell death under their environmental 

conditions. 

A causal role of the HR in disease resistance has been long debated (Heath, 1980). 

In interactions with obligate biotrophic pathogens that fonn intimate haustorial 

associations with host cells, plant cell death would deprive the pathogen of access to 

further nutrients. In interactions involving necrotrophic pathogens, the role of the HR is 

less clear because these pathogens c m  obtain nutrients fiom dead plant cells. An array of 

putative defenses, e-g., accumulation of phytoalexin and synthesis of pathogenesis-related 

(PR) proteins, are associated with the appearance of the HR. In addition, cellular 

decompartrnentalization may lead to the release of harmfid prefomed substances that are 

stored in the vacuole (Osboum, 1996). The HR is now considered by some researchers as 

a forrn of programmed c d  death (Jones and Dangl, 1996) and is accompanied by 

transcriptional activation of various defense genes of the plant The combination of a rapid 

death of the cells in the vicinity of the invading pathogen, and activation of various defense 
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responses in the area smunding the site of petration, prevents further spread of the 

pathogen through the plant tissue. 

SPECIFIC ELICITOR-RECEPTOR MODEL 

The concept of a gene-for-gene interaction has led to the generation of rnany 

models which attempt to explain the mechanisms underlying both resistance and 

susceptibility in plant-pathogen interactions. One such mode1 is the "specifk elicitor- 

specific receptor model" of Keen (1990). This model implies that race-specific eiicitors, 

the direct or indirect products of Avr genes in the pathogen, bind to receptors, the putative 

products of R genes in the host plants. As a result of eïicitor binding, a signal transduction 

cascade is activated and results in induction of the HR (Scheel, 1990; Lamb, 1994). 

Absence, or mutation, of either the Avr gene in the pathogen or the correspondhg R gene 

in the host will aboiish recognition and lead to cornpatibility. Here, the race-specific 

recognition is superimposed upon, but M y  dependent on, basic compatibility (Heath. 

1991). Recently, the R gene products have been proposed to be either specific receptors 

that are directly involved in elicitor perception, or proteins that are associated with these 

receptors and are involved in one of the imt steps of the signal transduction pathway (De 

Wit, 1995). 

Genetic and biochemicai data, obtained fkom various host-pathogen interactions for 

which a gene-for-gene relationship has ken  proposed, support the specific elicitor- 

receptor model (Keen, 1990; De Wit, 1992, 1995). A nurnber of Avr genes have k e n  

cloned fiom pathogenic bacteria and fungi and the products of some Avr genes have been 
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isolated (De Wit, 1995; Vivian and Gibbon, 1997). In addition, several R genes in plants 

have been identified and the structures of their putative products have been studied for 

Links to their biochernical functions (Bent, 1996; Boyes, et ai., 1996; Jones, 1997; Baker, 

et al., 1997). Recently, it was demonstrated that R and Avr gene products interact directly 

as a receptor and ligand, respectively, in the interaction between tomato and the bacterial 

pathogen Pseudomonas syringae pv. tomato (Scofield et al., 1996; Tang et ai., 1996). 

Specific elicitors and avirulence genes of C. fulvum 

In the C. fulvum-tomato interaction, the specific elicitor-receptor mode1 is 

supported by the characterization of race-specific elicitors. In intercellular fluids (Fs) 

obtained from tomato leaves infected by compatible races of C. fulvum, De Wit and 

Spikman (1982) isolated several race-specinc proteinaceous elicitors. These elicitors 

induce chlorosis andor necrosis in cultivars resistant to the race involved, but not in 

cultivars susceptible to that particular race. The specifcity of these elicitors is not affected 

by the gene for resistance present in the susceptible cultivar h m  which the IF is obtained 

but is determineci by the race of the invading fungus, Le., by the Avr genes present in the 

fungal race (De Wit et al., 1984) (for clarification see Table 1). Two of these elicitors, 

AVR4 and AVR9, have been purifieci and their amino acid sequences have been 

determineci (Scholtens-Toma and De Wit, 1988; Joosten, et al., 1994). The AVR9 peptide 

consists of 28 amino acids, including six cysteine residues. Using oligonucleotide probes 

deduced fiom the amino acid sequence, a cDNA libraq prepared from C. fulvum-infected 

leaf tissue was screened (Van Kan, et al., 1991). The primary structure of mRNA encoding 



TABLE 1. Compatible and incompatible interactions between genotypes of tomato and 

races of C. fulvum and the expected AVR peptides contained in intercellular fluids (IFS) 

produced with each racea. 

Plant Genotype 

Race of Expected AVR 

C. frtlvum Susceptible Resis tant peptides in IF 

race O Cf-O Cf-2, 3. 4. 5. 9 AVR2,3,4,5,9 

race 2 CF4 2  Cf-3, 4, 5. 9 AVR3,4,5,9 

race 4 Cf-O, 4  Cf-2. 3. 5. 9 AVR2,3,5,9 

race 5 Cf-O, 5 Cf-2, 3, 4, 9 AVEU, 3,4,9 

race 2.3 Cf-O, 2. 3 cf4, 5, 9 AVR4, 5.9  

race2.4.5.9 C f - 0 , 2 , 3 . 4 . 5 . 9  None None 

-- 

aIFs, obtained from different compatible interactions between fungal races and tomato 

genotypes (for example, fiom race 4 infected Cf4 or Cf-4 plants), contain different AVR 

peptides (AVR2, 3, 5, 9) which induce resistance responses in tomato plants carrying 

corresponding resistance genes (Cf-2, 3, 5, 9). 
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the AVR9 elicitor revealed that the primary gene product is a pre-pro-protein of 63 amino 

acids, which contains the sequence of the mature elicitor at the carboxy-terminus. The pre- 

pro-protein has a signai peptide of 23 amino acids, which is cleaved off upon extracellular 

targeting. The resulting extraceliular peptide of 40 amino acids is N-temiindy processed 

by fungai proteases into peptides of 32, 33, or 34 amino acids, respectively, and these 

accumulate in culture filtrates of transformants of C. fulvum that constitutively produce the 

AVR9 elicitor (Van den Ackerveken, et al., 1993). When the purified peptide of 34 amino 

acids is incubated with IF isolated nom unllifected tomato leaves, the peptide is further 

processed into the mature elicitor of 28 amino acids, indicating that plant proteases are 

necessary for the final processing (Van den Ackerveken, et al., 1993). 

Analysis of Avr4 cDNA revealed that, similar to the AVR9 peptide, the AVR4 

protein is encoded as a pre-pro-protein, with a putative amino-terminal signal peptide of 

18 amino acids (Joosten, et al., 1994). Analogous to AVR9, an additional stretch of Il 

amino acids at the N-temiinus is most like1y cleaved off by plant andor fungd proteases 

after extracellular targeting. The mature AVR4 protein of 86 amino acids contains 8 

cysteine residues (Joosten, et al., 1997) and shares 90 significant homology to AVR9 or 

other proteins present in various databases (Joosten, et al., 1994). 

Both AVR4 and A W  elicitor are relatively srnall globular peptides. The structure 

of the AVR9 peptide has been studied by 'H-NMR (Vervoort, et al., 1997). The tertiary 

stnicture of the AVR9 peptide reveals a ngid structure cornprishg three antiparaUe1 P- 

strands comected with two loops and three disulfide bridges linking ail six cysteine 

residues. This stnicture is cailed a cysteine knot motif. Interestingly, the AVR9 peptide 
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shows struchiral homology with a number of s m d  peptides including carboxy peptidase 

inhibitors, ion channel blockers and growth factors (Vervoort, et al., 1997). 

Both Avr4 (Joosten, et ai., 1994) and Avr9 of C. fulvum (Van den Ackerveken, et 

ai., 1992) occur as single-copy gens in the fimgal genome. Avr9 is present in fungal races 

that are avirulent on Cf-9 tomato plants, but it, or any close homolog (i.e., a avr9 allele), is 

lacking in all races virulent on Cf9 (Van Kan et ai., 199 1). In contrast, all fungai races 

contain Avr4 or a homolog. While the gene Avr4 is identical in al1 races avirulent on C f 4  

tomato plants, races virulent on Cf4 carry alleles with single nucleotide aiterations which 

fkquently involve cysteine residues. In one race, a We-shift mutation leads to a 

ûuncated gene product (Joosten, et ai., 1994). Similar to expression of Avr4, expression of 

the various avr4 aiieles is specincaily induced during pathogenesis (Joosten, et al., 1997). 

The products of the mutated alleles, however, were not detected in C f 4  plants infected by 

the different vident strains, suggesting that these isoforms are unstable (Joosten, et al., 

1997). It is assurned that these isoforms are more susceptible to proteolytic breakdown 

due to changes in the primary structure and, therefore, never reach the receptor, ailowing 

the fungus to colonize the tomato leaves without induction of early host defense responses 

(Joosten, et al., 1997). A potato virus X (PVX)-based expression system was used to 

express the avr4 alleles in C f 4  plants and some of the isoforms were shown to be active 

elicitors (Joosten, et a!., 1997). The Avr9 and Avr4 genes fiom C. fulvum appear to be 

dispensable when the fungus is grown under laboratory conditions since their disruption 

(or in the case of avr4, the h e - s h i f t  mutation) does not reduce vinilence on susceptible 

plants (Joosten, et al., 1994; Marmeisse et al., 1993; De Wit, 1995). 



Receptors and resistance genes of tomato 

In the specific elicitor-specific receptor model, the receptor is assumed to be the 

product of the R gene in the host plant (Keen, 1990; De Wit, 1992). Several R genes, 

including Cf-4 and Cf-9 as well as Cf-2 and Cf-% have been isolated from tomato plants by 

mapbased clonhg and transposon tagging, respectively (Jones et ai., 1994; Dixon et al., 

1996). These Cf genes encode proteins with some common components such as putative 

secretory signal sequences, single transmembrane domains and short cytoplasmic tails 

indicatbg a membrane-anchored extracellular localization (S taskawicz et al., 1995). The 

amino acid sequence deduced from Cf-9 predicts an extracytoplasmic product, with a 

transmembrane domain and a smd cytoplasmic domain (Dixon et al., 1996; Jones et al., 

1994). C f 9  encodes an 863 amino acid protein containing 27 leucine-rich repeats (LW) 

and 22 potential glycosylation sites (Jones and Jones, 1997). A nurnber of other cloned R 

gens are known to encode a transmembrane or a cytoplasrnic LRR domain (Bent, 1996; 

Jones, 1997; Taylor, 1997) The LRR motif is known to be involved in ligand recognition 

or proteidprotein interactions (Kobe and Deisenhofer, 1995). It has been proposed, 

therefore, that the role of these domains in R-gene products rnay be to confer pathogen 

recognition specificity via interactions with Avr-gene products (Jones and Jones, 1997). 

As a receptor, the CF9 product, e.g., CF-9, was expected to bind the elicitor 

AVR9 (Jones, et al., 1994). Several studies have indicated that the response of plants to 

non-specific fimgal elicitors is mediated through receptor proteins that are localized on the 

plasma membrane of the plant Receptors have ken identified for an oligopeptide elicitor 

fkom Phytophthora sojae (Nümberger et al., 1994) and for a glycopeptide elicitor h m  
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yeast (Basse et al., 1993). The binding of Phytophthora elicitors to membrane-locaiized 

binding sites is species specific and correlates with the induction of defense-related plant 

responses. Comparable studies using AVR9 revealed high-afflty binding to plasma 

membranes isolated from Cf-9 plants (Koornan-Gersmann et al., 1996). However, sirnilar 

binding was also found with membranes isolated from Cf-O plants lacking resistance to ail 

C. fulvum races as weli as with membranes from other solanaceous species. Several Cf-9 

homologs were detected in cDNA libraries isolated from Cf-9 and Cf-O plants (Jones et al., 

1994). Thus, the observed high-afEnity bindhg sites in Cf4 plants have been assumed to 

be CF-9-Like proteins (Kooman-Gersmann, et al., 1996). Cf-9 was shown to belong to a 

clustered gene family that maps to chromosome 1 (Jones, et al., 1994). Members of the 

Cf-9 gene family are expressed in leaves of both resistant and susceptible tomato 

genotypes, but only genotypes that are resistant to strains of C. fulvurn harboring Avr9 

appear to carry a fünctional Cf-9 resistance gene. Based on the elicitor-receptor rnodel, it 

has been hypothesized (Knogge. 1996) that the products of both Cf-9 and of its homologs 

interact with AVR9, but that the homologs differ in those domains that are involved in 

signal transduction. Altematively, AVR9 binds to a receptor which is not encoded by Cf-9, 

but the receptor interacts specifically with the functional Cf-9 gene product of resistant 

plants. In this case, the C f 9  product would be downstream of the initial recognition event. 

R GENE-DEPENDENT DEFENSE REXPONSES 

Recognition of the pathogen by the host cefls via elicitor-receptor binding is 

considered to be followed by a cascade of intraceiiuIar signalling in host ceiis, leading to 
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induction of an array of defense responses. Some of these responses are conducted via 

activation of defense-related genes to produce proteins, such as pathogenesis-related (PR) 

proteins, and enzymes involved in synthesis of phytoalexins; other responses are perfonned 

by activation of pre-existing cellular components, such as NADPH oxidase which is 

commonly believed to be responsible for an oxidative burst in host cells. 

Production of phytoalexin 

Phytodexins are "low rnolecular weight, antimicrobiai compounds that are both 

synthesized by and accumulated in plant celis after exposure to microorganisms" (Paxton, 

198 1 ). They exhibit great diversity in their structure and biogenesis (Ebel, 1986). Since 

Müller and Borger (1941) first proposed that such compounds are synthesized during 

plant-pathogen interactions, rnany studies have been canied out. Induction, synthesis and 

accumulation of phytoaiexins are arnong the most studied putative defense responses of 

plants to invasion by pathogens. Phytodexins are fouod to accumulate rapidly around 

peneiration sites of incompatible pathogens and in response to an extensive anay of biotic 

and abiotic elicitors (Smith, 1996). 

The role of phytoalexins in plant resistance against pathogens continues to be 

debated. A transgenic tobacco, which constitutively expresses stilbene synthase isolated 

fkom grapevine leading to biosynthesis of stilbenes, exhibited enhanced resistance to 

infection by Botrytis cinerea (Hain, et al., 1993). In Arabidopsis plants, however, 

phytoalexin deficient mutants do not exhibit altered R gene-mediated resistance to P. 

syringae strains (Glazebrook and Ausubel, 1994). In most plant-pathogen interactions, a 
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number of inducible defense mechanisms are expressed simultaneously and phytoalexin 

accumulation is, therefore, considered to be only one of many defense mechanisms (Smith, 

1996). It has been suggested that for many plant-pathogen interactions, increased 

phytoalexin synthesis may contribute to reduction of the severity of secondary infections, 

or to reduction of the overall growth rate of virulent pathogens (Hammond-Kosack and 

Jones, 1996). 

The accumulation of phytoalexuis in tomato infected by several pathogenic fungi 

has been reported (Elgersma, 1980; Hutson and Smith, 1980; De Wit and Rach, 1979). 

but their contribution to the total defense response is unclear. Tomato plants infected with 

C. fulvum were demonstrated to accumulate three polyacetylene phytoalexins, fdcarindiol, 

faIcarino1 and cis-tetradeca-6-ene- 1.3-dyne-5,8-diol (De Wit and Kodde, 198 1). 

Accumulation of these phytoalexins in incompatible interactions was found to be more 

rapid than in compatible ones and occurred at about the same time as the inhibition of 

fungal growth (De Wit and Rach, 1979). In compatible interactions, production of the 

phytoalexins in leaf tissues in later stages of infection did reach concentrations 

considerably in excess of EDS0 values for inhibition of the fungus matista and Kggins, 

1991); however, because of, (1) degradation by host and fimgal cells, (2) non-specifk 

binding to iiving and dead fiingd cells, and (3) probable compartmentalization, only traces 

of fdcarindiol could be detected in the apoplast where the pathogenic fungus grows. This 

suggests that, in compatible interactions. the phytoalexins actually in contact with the 

fungus do not reach sufficient concentrations to affect the pathogen. 



Production of PR proteins 

Accumulation of PR proteins is another comrnon putative plant defense response 

and their contribution to limiting pathogen colonization has ben  extensively studied. PR 

proteins have k e n  defmed as plant proteins that are induced in pathologicai or related 

stress situations (Van Loon, et al., 1994). A general property of these proteins is that they 

are synthesized in a nonspecific manner with respect to the infectious agent that triggers 

their expression and accumulation (Bowles, 1990; Van Loon, et ai., 1994). Thus, 

expression of PR genes can be observed in response to different pathogens, such as  

viruses, fungi, and bacteria. PR proteins comprise several gene families. consisting of basic 

and acidic subfamilies, which appear to locate in the vacuole or extraceiiularly, respectively 

(Cutt and Klessig, 1992). Plant chitinases and p-l,3-glucanases are representatives of two 

major families of PR proteins. In most cases, these enzymes display antifungal activity 

against a limited number of fungi in vitro (Ponstein, et al., 1994) but cornbined application 

of chithases and 8-1,3-glucanases synergistically increased the antifungal activity (Pan, et 

al., 1992; Sela-Buurlage, et al., 1993). Transgenic plants overexpressing these enzymes 

(Zhu, et al., 1994b), or constitutively expressing other PR proteins such as PR-la 

(function unknown) (Alexander, et al., 1993) or osmotin (Liu, et al., 1994), showed 

increased resistance against a number of fungai pathogens. In addition, local and systemic 

acquired resistance (SAR) is correlated with accumulation of several PR proteins in parts 

of the immunized plant (Pan, et al., 1992; Ward, et al., 1991). The accumulated data 

suggests that the induction of PR proteins plays a role in the active resistance of plants 

against their pathogens. 
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Accumulation of PR proteins in apoplastic fluids of tornato leaves inoculated with 

C. fulvum has been found to occur earlier in incompatible interactions than in compatible 

systems (De Wit and Van der Meer, 1986). Some of these PR proteins have been 

identified as chithases and p-1,3-glucanases (Joosten and De Wit. 1989). In Cf-5 cell 

suspensions, Degousee et al. (1994) detected increased activity of chitinase and P-1,3- 

glucanase 3 to 5 hr foilowing treatment with IF containing the elicitor AVRS. In planta 

immunolocalization experiments showed that chitinases and P- 1 $-glucanases accumulated 

in the intercellular space near fimgal hyphae (Wubben, et al., 1992). Northem blot analysis 

revealed that the expression of acidic, extracellular chitinase and p-l,3-glucanase 

transcripts occurred 4 days earlier in incompatible interactions than in compatible ones 

(Danhash, et al., 1993; Van Kan, et al., 1992). Accumulation of mRNA of acidic chitinase 

and &1,3-glucanase genes was higher in AVR9-injected Cf-9 plants than in similarly 

injected Cf-O plants, suggesting that expression of these genes cm be induced by the 

AVR9 elicitor (Wubben, et al., 1996). Furthemore, Cf gene-dependent induction of a P- 

1,3-glucanase promoter-GUS fusion was dernonstrated in transgenic tomato plants 

infected with C.filvurn (Ashfkld, et al., 1994). 

Despite the accumulated data above, the role of chihase and &1,3-glucanase in 

resistance of tomato against C. fulvum is not clear. It is unlikely that the basic vacuole- 

localized PR proteins play an important role in the early steps of plant resistance to C. 

filvum as the pathogen grows interceiIularly (Wubben, et al., 1996). The extracellular 

acidic chitinases and k1,3-glucanases might be expected to have deleterious effects on the 

fungus in compatible interactions. However, Joosten et al. (1995) found that C. fulvurn 
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was not sensitive to chitinase and fi-1,3-glucanases in vitro, although the enzymes did 

inhibit growth of the fungus Trichodema viride, which is not a pathogen of tomato. There 

are a nurnber of examples in which plant chitinases and B-13-glucanases are unable to 

inhibit the growth of fungi, especially when these enzymes are used individualiy. The 

inconsistent antifungal activity of chitinases and P- l f -glucanases has been explained as  

due to fûngal secretion of inhibitors of these enzymes (Ham, et al., 1997). A proteinaceous 

inhibitor which selec tively inhibited plant P- 1,3-glucanases was identifïed fiom the soybean 

fungal pathogen P. sojae f. sp. glycines (Ham, et al., 1997). 

Expression of PR protein genes in the absence of pathogen invasion or of other 

stresses has complicated interpretation of their possible role in plant defense responses 

(Dong and Dunstan, 1997; John. et al.. 1997). These proteins might be involved in normal 

plant growth and development, however, their potential function is unclear. In the case of 

chitinases and p- 13-glucanases, the substrates of these enzymes are uncornmon 

constituents in plants. Although glucan has k e n  found in certain types of cell wails 

(Bucciaglia and Smith, 1994), the substrate of chitinases has not k e n  identified frorn 

plants. 

The oxidative burst 

Active oxygen species (AOS) are toxic intermediates that result from successive 

oneelectron reduction steps of rnolecular O2 (see Appendix Fig. 1). The predominant 

species detected io plant-pathogen interactions are the superoxide anion (O2], hydmgen 

peroxide m02), and the hydroxy radical (OH') (Mehdy, 1994). Generation of AOS 
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during plant-pathogen interactions was fmt demonstrated by Doke (1983) in the potato-P. 

Uifestms system. He reported that inoculation of potato tuber siices with an avirulent race 

of the pathogen stimulated the reduction of cytochrome c, or of the dye nitroblue 

tetrazolium (NBT), and that addition of superoxide dismutase (SOD) blocked these 

reactions, indicating generation of 0;. A vident race failed to stimulate 0; production, 

implying an association of 02- production with the onset of the HR. Subsequent studies 

have provided a large amount of evidence for generation of AOS by various plant species 

in response to hingal, bacterial, and Wal pathogens, or to pathogen-denved elicitors 

(reviewed by Sutherland, 1991; Mehdy, 1994; Baker and Oriandi, 1995; Low and Merida, 

1996; Mehdy, et ai., 1996; Doke, et al., 1996; Lamb and Dixon, 1997; Wojtaszek, 1997). 

S tudies with bacterial plant pathogens inoculated into cell suspensions have 

revealed that AOS generation, now cailed the "oxidative burst" consists of two phases: 

phase 1, which is weak and transient, occurs within minutes of pathogen addition, whiie 

phase II, which represents a massive and prolonged generation of AOS, begins one to 

three hours after the initial phase has largely subsided. These two phases are clearly 

independentiy regulated, since incompatible pathogens initiate both phases of AOS 

production, while compatible pathogens induce only the first phase (Orlandi, et al., 1992; 

Levine, et ai., 1994). Purifieci elicitors were shown to induce the generation of AOS via 

kinetics similar to phase 1 of a bacterial-induced oxidative burst but in magnitude the burst 

was similar to phase II (Chandra and Low, 1995; Legendre, et al., 1993a). Phase 1 is 

believed to be a generic or nonspecific response to a developing interaction not yet 

identifid by the plant (Chandra, et al., 1996b). AU ceils appea. to have the basic 
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machinery for initiating a phase 1 bunt and plants may respond to many stresses or 

defense-related signals in this manner. Stimulation of phase II is proposed to depend on 

Avr expression in the host-pathogen interactions since a viable pathogen is required to 

induce it (Low & Merida, 1996). The tirne required for the emergence of phase II is 

correlated to the time required for the bacterial avimlence signal to be delivered to the 

plant cells and to be processed to a f o m  that c m  elicit recognition mechanisms. By use of 

tomato transgenic lines d i f f e ~ g  only in the presence or absence of the R gene Pto, it was 

recently demonstrated that the two distinct phases of the oxidative burst are seen only 

when Pto and avrPro are present in tomato and in the pathogen P. syn'ngae pv. tomato, 

respectively. This confinns that phase II is associated with disease resistance (Chandra, et 

al., 1996b). 

The oxihtive burst machinery 

Since the oxidative burst in plants exhibits characteristics similar in magnitude and 

kïnetics to the oxidative burst in m a m a n  neutrophils (Low and Dwyer, 1994), it was 

proposed that the plant enzyrne(s) primarily responsible for the generation of AOS might 

resemble the NADPH oxidase complex in neutrophils. The neutrophil NADPH oxidase 

contains an integral membrane flavocytochrome bsS8 consisting of two subunits, a p22- 

phox and a gp91-phox, two cytoplasmic subunits, p47-phox and p67-phox, and a small 

GTP-binding protein Rac2. Upon activation, p47-phox and p67-phox, together with the 

Rac2, translocate fiom the cytoplasm to the plasma membrane to associate with cyt b558 

forming an electron-transport chain responsible for the reduction of molecular oxygen to 

O*' with subsequent oxidation of NADPH to NADP (Segal, 1995). 
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Several lines of evidence suggest that such a NADPH oxidase also exists in plants. 

Antibodies raisecl against human p22-phox, p47-phox and p67-phox cross reacted with 

proteins of the expected molecular weights in soybean extracts (Levine, et al., 1994; Low 

and Dwyer, 1994; Dwyer, et al., 1996). Diphenylene iodonium (DPI), a flavocytochrome 

inhibitor which inhibits the neutrophil oxidase, inhibited elicitor-induced H202 

accumulation in soybean cells (Levine, et al., 1994) and in rose cells (Auh and Murphy, 

1995; Murphy and Auh, 1996). Recently, a gene rbohA, most probably encoding gp91- 

phox, was isolated fkom rice (Groom, et al., 1996). The deduced protein sequence shows 

>30% amino acid sequence identity with human gp9 1-phox and the predicted topological 

organization closely matches that of human gp91-phox (Groom, et al., 1996). 

Furthemore, it was demonstrated that a smal l  G protein Rac2 is present in tobacco ceils 

and is involved in an elicitor-induced oxidative burst (Kieffer, et al., 1997). 

If NADPH oxidase activity is the source of the oxidative burst, 4' should be the 

initial product but in most systems H202 appears to be the major AOS that accumulates. It 

appears that 0; generation at the extemal ceU surface is followed by rapid enzyme- 

cataiyzed dismutation to H202 (Auh and Murphy, 1995; Hamrnond-Kosack, et ai., 1996). 

For example, the treatment of elicited rose celis with N,N-diethyldithiocarbamate (DDC), 

a SOD inhibitor, blocks Hz02 generation while causing an accumulation of Of. OH' has 

been detected by electron paramagnetic resonance in elicited celis and is likely generated 

from H202 by an ~e~+-mediated reaction (Kuchitsu, et al., 1995). 

Other origins of AOS in plants in response to pathogens, or to theîr elkitors, have 

also been reported. A germin-like oxalate oxidase protein that can produce H202 h m  
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oxaiic acid has been detected in incompatible Mlal badey-powdery rnildew interactions 

(Zhang et al., 1995). French bean ceil cultures, upon exposure to an elicitor preparatioo 

from the fimgal pathogen Colletotrichum lindemuthianum, showed a rapid increase in 

oxygen uptake, followed shortly after by a transient production of H202 that was 

accompanied by a rise in peroxidase enzyme activity (Bolweli et al.. 1995; Bolwell, 1996). 

A transient alkalization of the apoplast was required for H202 generation in this system 

and the ongin of the oxidative burst was suggested to be a ceil wail bound-peroxidase. 

Neither of these alternative routes to AOS generation was inhibited by DPI. In lettuce 

leaves, inoculation with Pseuàomonas syringae pv phuseolicola caused highly localized 

accumulation of H202 in pl" ceU walls (Bestwick. et al., 1997). This accumulation of 

H202 was shown to be reduced more by the inhibition of plant peroxidases than by 

inhibition of NADPH oxidase, suggesting production of H202 "a peroxidases. It is 

possible that the generation of AOS during incompatible interactions occurs via different 

mechanisms in different plant species andlor Vary within one species in response to 

different stimuli. Altematively, the relative contributions of each mechanism to the 

oxidative burst may Vary fiom interaction to interaction (Hammond-Kosack and Jones. 

1996) 

The role of AOS in plant d i m e  resistance 

Since the function of the oxidative burst in human neutrophils is clearly 

microbicidal. as evidenced by the enhanced susceptibility to uifectious disease in 

individuals with a compromised oxidative response (Baggiolini and Wymann, 1990). it is 

assumed that at least part of the role of AOS synthesis in plants is to direcily damage the 
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attacking pathogens (Apostol, et al., 1989; Legendre, et al., 1993a). The actual toxicity of 

these agents in a given plant-pathogen interaction will depend on the concentrations of 

AOS presented to the pathogen and on the sensitivity of the pathogen to these 

concentrations. In soybean celI suspensions, it was estimated that 1.2 rnM H202 

accumulated within the intracellular and extracellular medium of the cells upon the 

treatment with a punfied polygalacturonic acid elicitor (Legendre, et al., 1993a). In bean 

suspension ceiis, 0.1 m M  &O2 was estimated to accumulate in response to C. 

1indemuthinnum elicitor (Mehdy, et al., 1996). In parsley cell suspensions, 0.04-0.05 mM 

H202 was measured in the culture medium after treatment of the suspension with a peptide 

elicitor nom P. megaspenna f. sp. glycinea (Nümberger, et al., 1994). The rapid elicitor- 

induced dease of 02' to the exterior of the plant ceU and its presumed rapid dismutation 

to H202 may transiently result in considerably higher &O2 at the plant ceil-pathogen 

interface than that determined by assay of the medium. 

The levels of AOS needed to inhibit pathogen growth are comparable to those 

fcund in situ, e.g., micromolar levels of &O2 inhibiteci spore germination of a number of 

fungal pathogens (Peng and Kuc, 1992). Complete inhibition of the growth of cultured 

Enviniiz curofovora ssp. carotovora and greater than 95% inhibition of the growth of P. 

infestans was achieved by application of O. 1 mM H202 (WU, et al., 1995). The recovery of 

P. syringae fiom tobacco cell suspensions undergoing a HR was reduced and scavengers 

(tiron and SOD) of Of increased recovery of bacteria (Keppler and Baker, 1989). 

Transgenic potato expressing an Aspergillus niger glucose oxidase, which catalyzes the 

oxidation of f3-D-glucose, producing H202, showed enhanced protection against soft rot 
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caused by E. carotovora and against potato late blight caused by P. hfestans (Wu, et ai., 

1995). This enhanced resistance was suggested to be mediated by the elevated levels of 

H202, because the resistance could be counteracted by exogenously added catalase. 

Physical barriers are a major obstacle to pathogen penetration and the H202 

released during the oxidative burst is believed to strengthen these barriers. Among the 

earliest detectable effects of elicitor-induced AOS is the oxidative cross-linking of ceii wail 

proteins, a mechanism that has been postulated to reinforce the ceii wail against pathogen- 

secreted wall-degrading enzymes (Bradley, et ai., 1992). Treatment of soybean ceils with 

an elicitor from P. megaspema f. sp. glycinea initiated such cross-linking within 5 min 

and the process was completed within 20-30 min as judged by increased insoluble ceii waIi 

proteins. These proteins were found to belong to f d e s  of prohe-rich proteins (PRPs) 

or hydroxyproline-nch glycoproteins (HRGPs) (Wojtaszek et al., 1995; Otte and Barz, 

1996). The increased insolubility is thought to be based on a polymerization process with a 

progressive increase of inter- and intra-molecular cross-links formed by isodityrosine, a 

compound that results fiom a peroxidative couphg of two tyrosine residues (Fry, 1982). 

It has been shown that HzOz, which is involved in cross-linking of PRPs or HRGPs in 

chickpea ceii cultures, originates fiom the eiicitor-induced oxidative burst and that the 

process is catalyzed by a ceIl wail peroxidase. This process was blocked by catalase, DPI, 

or by salicylhydroxamic acid (SHAM), an inhibitor of peroxidases (Otte and Barz, 1996). 

Elicitation of soybean c d  cultures with a fungal elicitor caused a rapid insolubilization of 

cell waIi proteins and resulted in increased resistance of w d s  to digestion by w d -  
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degradhg enzymes (comprishg a mixture of ceilulase and pectinase) and thus reduced the 

yield of protoplasts ((Brisson, et al., 1994). 

AOS generated in the oxidative burst have also been implicated in the regulation of 

several biochemical processes associated with the HR. A number of reports demonstrate a 

requirement for AOS in phytoalexin production (Mehdy, et al., 1996)). Induction of 

phytodexin accumulation by crude elicitors, or pathogens, in potato and soybean was 

inhibited by exogenously supplied antioxidant enzymes and by AOS scavengers (Doke, 

1983; Apostol, et al., 1989). Direct induction of phytoalexins by &O2 suggested a role for 

AOS in the regulation of phytoalexin biosynthesis (Guo, et al., 1993; Doke, et al.. 1994). 

In bean ceus, exogenous H202 (0.5- 1 .O mM) stimulated accumulation of elicitor-inducible 

mRNAs encoding phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS) and 

chaicone isomerase, which are enzymes required for phytoalexin biosynthesis (Mehdy, et 

al., 1996). inhibition of the elicitor-induced oxidative burst was correiated with reduced 

accumulation of these mRNAs, suggesting that H202 functions in at least one signaling 

pathway regulating these genes. In parsley ceus, DPI blocked the elicitor-induced 

oxidative burst, and also blocked accumulation of defense-related transcnpts and 

phytoalexin production, indicating that AOS appear to be involved in signaling leading to 

defense gene activation (Nümberger, et al., 1997). Furthermore, one report indicated that 

01 but not Hf12 stimulated phytodexin accumulation (Jabs, et al., 1997). In contrast, 

other shidies have found little or no correlation between the level of AOS and phytoalexin 

biosynthesis (Levine, et al., 1994). 
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In addition, AOS has k e n  reported to be involved in regdation of antioxidant 

enzymes. Inhibition of a fimgal elicitor-stimdated oxidative burst by DPI, or by 

antioxidants, resulted in inhibition of elicitor-induced accumulation of glutathione S- 

transferase (GST) mRNA a v i n e ,  et al., 1994). As well, treatment of soybean cells with 

an avirulent strain of the bacterial pathogen P. syringae pv. glycinea resulted in GST and 

glutathione peroxidase mRNA accumulation in another batch of ce& separated from the 

first by a dialysis membrane. These results suggest that Hz02 from the oxidative burst 

promotes induction of cellular protectant genes in cells undergoing the HR, and 

additiondy has the potential to serve as a diffusible signal to induce the genes in nearby, 

healthy cds .  

Generation of AOS has been associated with hypersensitive cell death in several 

plant-pathogen interactions. AOS scavengen, or catalase treatments, blocked the 

induction of host ceIl death in several systems (Rogers, et al., 1988; Masuta, et al., 199 1; 

Legendre, et al., 1993a; Desikan, et al., 1996). Levine et al. (1994) showed that enhancing 

H202 production during the HR led to a dramatic increase in the amount of ceII death 

observed in a soybean cell culture system and that celi death was effectively inhibited by 

catalase. Furthemore, 02-  rather than H202 W ~ S  demonstrated to be necessary and 

sufficient for induction of necrotic lesions and PR-1 mRNA accumulation in the "lesion 

simulating disease resistance response" mutant, lsdl, of A. thaliana ( Jabs, et al., 1996). 

However, mutation of the hmiA (hypersensitive response modulator) gene still resulted in 

H202 accumulation in tobacco cells, but did not induce HR based on macroscopic 

symptoms in tobacco leaf tissue, suggesting that the oxidative burst alone may not be 
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sufficient for ceil death (Glazener, et al., 1996). It is postulated that AOS may cause ceil 

death via two different mechanisms: activation of programmed ceIl death as discovered in 

mammals (Jacobson, 1996) and direct EU damage by lipid peroxidation, denaturation of 

proteins, and mutation of DNA. 

The oxidative burst in the C. fulvum-tomato system 

In the C. fulvum-system, lipoxygenase and lipid peroxidation were shown to be 

hduced by treatment of leaf tissues with either a nonspecific glycoprotein elicitor or race- 

specinc elicitors (Peever and Higgins, 1989). Vera-Estrella et ai. (1992, 1994% 1994b) 

extended studies of AOS generation in response to specific elicitors using cell suspension 

cultures initiated from cdus obtained from tomato genotypes Cf-4 and Cf-5. These cells 

retained the elicitor specificity of the intact plants from which they originated. Within 10 

min after treatment of these with IF containing elicitors, a marked increase in the 

extracellular production of AOS took place, as shown by increases in cytochrome c 

reducing activity and in luminoldependent cherniluminescence (LDC). The reduction of 

cytochrome c in these cells was inhibited by SOD, indicating that generation of 02- may be 

a primaiy response to elicitor. In addition to this oxidative burst, the celIs showed 

increased iipid peroxidation after 2 hr, followed by increases in extracellular peroxidases 

and phenolic compounds. Harnmond-Kosack et al. (1996) and May et al. (1996) used 

cotyledons of 14-day-old tomato seedlings in analysis of biochemical responses to specinc 

elicitors. Within 1-2 hr of injection of IF containing the AVR9 elicitor into cotyledons of 

Cf-9 plants, increased levels of total and oxidized glutathione were observed, foiiowed by 

an oxidative burst by 3 hr after injection, as detected by NBT staining. Lipid peroxidation 
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was also detected concurrent with the oxidative burst. Similar responses were found in 

cotyledoos of Cf-2 genotypes treated with IF containhg AVR2, with oniy sLightly different 

timing. AU of these results indicate that generation of AOS is associated with the C'Avr- 

gene-dependent responses in tomato. 

SIGNAL TRANSDUCTION PATHOVAYS 

The chah of moiecular events in plant defense responses has k e n  divided into 

three parts: (1) generation and perception of extracellular signals to recognize the 

pathogen as non-self; (2) intracellular signai conversion and transduction; and (3) initiation 

of signai-specific defense responses and generation of intercellular signals (Suzuki and 

Shinshi, 1996). In view of the existence of various pathosystems and the occurrence of 

various plant defense responses, many different signal transduction pathways may exist and 

coexist in each individual ceIl. Two main types of pathways rnay be disiinguished based 

on whether or not they cause the activation of a pre-existing cellular defense or result in 

activation of certain defense related genes. Obviously, signaling for the oxidative burst is 

through the fmt type while synthesis of PR proteins and accumulation of phytoalexins, 

whose generation requires the synthesis of certain key enzymes (e.g., PAL and CHS) are 

via the second type. In some cases, products resuiting from pathways of the f m t  type have 

a signahg role in the second type, e.g., about 2 mM H202 produced in the oxidative burst 

cari induce gst expression (Levine, et ai., 1994). In rnost plant-pathogen interactions, a 

number of defense mechanisms are expressed at the same t h e ,  thus, different signaling 

pathways must occur after the initial perception of a fungai signal by the host ceii. 
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Perception of pathogen signals was commonly believed to occur at the plant ce11 

surface (De Wit, 1992); however, recognition of pathogen signals inside the host plant 

ceUs has recently k e n  elucidated (Van den Ackerveken, et al., 1996; Scofield, et ai., 

1996; Tang, et al., 1996). Predictions regarding the mode of recognition of specific 

elicitors by products of Cf genes corne from studies of R gene sequences. Analysis of 

cloned Cf-2 and Cf-9 sequences revealed that both genes contain domains encoding 

extracellular carboxy-temiinal LRRs. It is predicted (Jones, et al., 1994) that perception of 

the specific elicitors of C. fulvum is located at the host cel! plasma membrane and involves 

the LRR region. As discussed before, the discovery that ail tornato genotypes contain a 

plasma membrane localued AVR9 binding site has yet to be reconciled with Our 

knowledge of the Cf-9 gene product. 

Little is known about downstream events d e r  the plant cells have perceived an 

Avr signal. For resistance genes Xa21 and Pto, which confer resistance to the bacteriai 

pathogen Xanthomonas oryzae pv. oryzae and to the bacterial pathogen P. syringae pv. 

tomato, respectively, it is likely that protein kinase activity follows ùnmediately fiom 

pathogen recognition, as each of these two genes contains a domain encoding an 

intracelluia. protein se~ekheonine kinase. In the C. fulvum-tomato system, the 

downstream events are proposed (Vera-Estrella, et al., 1994% 1994b; Xing, et al., 1996) 

to be mediated, at least partially, by membrane-located GTP-binding proteins. 

The GTP-binding regdatoiy proteins belong to a superfamily of proteins which 

bind and hydrolyse GTP and are involved in a variety of cellular processes (Millner and 

Causier, 1996). One of these functions is signal transduction in which they function as 
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intracellular signal transducing molecules which amplify extemal signals perceived at the 

plasma membrane. These proteins cm be divided into two distinct groups: the 

heterotrimeric GTP-binding proteins and the low molecular weight monorneric GTP- 

binding proteins (smaIi G-proteins). G-proteins have been suggested to operate in the 

signaling processes involved in several plant ceU defense mechanism. Legendre et al. 

(1992) demonstrated that antibdy directed against the GTP-yphosphate-binding region 

of G a  stimulated an elicitor-induced oxidative b u t  in soybean ceU cultures. Vera-Estrella 

et al. (1994a, 1994b) showed that upon the treatment of tomaio cell cultures with a 

specific elicitor, a rapid increase in H+-ATPase and in plasma membrane redox activities 

was induced. A GTP anaiog, GTP(y)S, that locks G proteins in an active foxm, induced an 

increase in both H+-ATPase and plasma membrane redox ac tivities comparable t O that 

induced by the elicitor, while a GTP analog, GDP(P)S, that locks G proteins in an inactive 

form, abolished the increase in both activities. It was proposed (Vera-Estrella, et al., 

1994b; Xing, et al., 1996) that the binding of the host plasma membrane receptor to fungal 

elicitor activates G-proteins which transduce the signal by activation of membrane-bound 

phosphatase(s), resulting in dephosphorylation of the plasma membrane H+-ATPase and 

changes in activities of enzymes which affect membrane redox status. In support of this 

view. Xing et al. (1996) reported that the eiicitor-induced dephosphorylation of the H+- 

ATPase was blocked by pre-incubation of membranes with an antibody raised against a 

stimulatory G protein a-subunit Furthemore, elicitor-stimulated dissociation of the G 

protein trimeric cornplex, to the active form of the G proteins, was detected using 

appropriate antibodies. Changes in the phosphorylation status of the H+-ATPase were 
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further investigated (Xing, et al., 1996). Plasma membrane H+-ATPase was shown to be 

dephosphorylated at 30 min after elicitor treatment, but by 1 and 2 hr, the enzyme was 

rephosphorylated, and the rephosphorylation was indicated to be mediated by a kinase 

cascade invofving a protein kinase C (PKC)-like protein kinase and a ca2+-dependent 

protein kinase. The s u ~ v a l  of tomato ceus fouowing elicitor treatment (Vera-Estrella, et 

al., 1992) is explained by this rephosphorylation, and thus reduced activity, of the H+- 

ATPase which regulates the transport of nutrients and the intracellular pH m g ,  et al., 

1996). 

The above reversible phosphorylation of HC-ATPase is dependent on elevated 

cytosolic calcium (~a*+). Recently, Ge& et al. (1997) showed that treatment of tomato 

celis wiih specific elicitor activates a plasma membrane ~a2+-permeable channel. Again, 

activation of a G-protein was necessary for an active ~ a * +  channel; application of GTP 

analogs which lock the G-proteins in an active or in an inactive fom resulted in an active 

or an inactive ~ a 2 +  channel, respectively. Interestingly, activation of ca2+ channels in this 

case was observed to be at hyperpolarized membrane potentials, which resulted fiom the 

pumping out of H+ by the active H+-ATPase. 

@ influx has been irnplicated in plant defense responses including, (1) 

hypersensitive celI deaîh in tobacco (Athson, et al., 1990) and in soybean (Levine, et al., 

1996); (2) a K+/H' exchange and the oxidative burst on interaction of avïrulent bacteria 

and host ceiis (Atkinson, et ai., 1990; Knight, et al., 1991); (3) defense gene transcription 

(Hahlbrock, et al., 1995; Nümberger, et al., 1994); and (4) stimulation of phytoalexin 

accumulation in soybean (Wb, et al., 1987), in carrot ceUs (Kurosaki, et al., 1987). and in 
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parsley tells (Dietrich, et al., 1990). A common prerequisite in ail of these experimental 

systerns is a pathogen- or eiicitor-stimuiated activation of ca2+ influx for initiation of a l l  

subsequeat defense reactions. Patch-clamp analysis of parsley protoplasts revealed a novel 

Ci2+-permeable, La3+-sensitive plasma membrane ion channel of large conductance 

(Zimmermann, et al., 1997) and inhibition by ~ a 3 +  suggests the feature of a ~ a 2 +  channel. 

This channel is reversibly activated upon treatment of parsley protoplasts with an 

oligopeptide elicitor derived from a cell wail protein of P. sojae. 

Many lines of evidence have indicated a role for protein kinases as mediators of the 

elicitor response (Dixon, et al., 1994; Desprès, et al., 1995). Application of protein kinase 

inhibitors prevented elicitor-induced defense reactions, including extracellular alkalization 

(Conrath, et al., 199 1; Felix, et ai., 1994), the oxidative burst (Schwacke and Hager, 1992; 

Baker. et al, 1993), accumulation of phytoalexins (Conrath, et al., 1991), and 

accumulation of transcripts of defense genes, such as chithases and P-13-glucanases (Raz 

and Fluhr, 1993; Suzuki, et al., 1995). Elicitor-specific, ca2+-dependent in vivo 

phosphorylation of several proteins has also k e n  demonstrated in parsley (Dietrich, et al., 

1990). These proteins may then be involved directly or indirectly in regulation and 

expression of defense-related genes. A kinase that has properties similar to conventional 

isoenzymes of the mammalian PKC family has been identified in potato using antibodies 

raised against PKC (Subramaniam, et al., 1997). The treatment of potato tuber discs with 

specifk inhibitors of PKC abolished an elicitor-induced binding of a nuclear factor, PBF-2 

(PR-IOa binding factor-2). to a DNA element important for the activation of the potato 

PR-lOa gene, resulting in a reduction in the production of the PR-lOa protein. In contrast, 
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an activator of PKC triggered an increase in the level of the PR- 1Oa protein, rnimicking the 

effect seen with the elicitor arachidonic acid (Subramaniam, et al., 1997). 

In the C. filvum-tomato system, in addition to rephosphorylation of HC-ATPase in 

elicitor-challenged ceils, protein kinases have been found to play important role(s) in other 

elicitor-induced responses. Treatment of celis with specific elicitor simultaneously 

increased NADPH oxidase activity and the amount of p67-phox, p47-phox, and Rac2 in 

the plasma membrane (Xing, et al., 1997b). The enhanced NADPH oxidase activity was 

completely inhibited by staurosporine, a general inhibitor of protein kinase. 

Immunoblotting indicated that staurosporine affected the amounts of p67-phox, p47-phox, 

and RacZ bound to the plasma membrane of the host cells. These results indicate that 

protein kinases play an important role in race specitic elicitor-mediated signal transduction 

in tomato plants leading to defense responses. 

In conclusion, our present understanding of the signal transduction pathway 

involved in the plant defense response, while incomplete, suggests that plants have 

signaling mechanisms similar to those characterized in animal systems, Le., consisting of 

trammembrane receptors, GTP-binding proteins, second messengers, and protein kinases. 



CaAlPTER ONE 

Measurement of Active Oxygen Species Generated in Phnla 

in Response to Elicitor AVR9 of Cladosporium fulvum 



INTRODUCTION 

The hypersensitive response ( H R )  of plants associated with either attack by a non- 

pathogen or by an avinilent strain of a pathogen, and reproduction of KR by treatment 

with a microbial elicitor, is a weli known aspect of the defense response. The HR results in 

rapid, Iocalized ceU death which is believed to contribute to the limitation of pathogen 

spread (Keen, 1990). Concomitant with the onset of the HR is an oxidative burst which 

results in the production of 02, Hz02, and possibly OH*. These active oxygen species 

(AOS) have been associated with several aspects of plant defense responses. These include 

direct toxicity to invading pathogens (Peng and Kuc, 1992; Wu, et ai., 1995), 

strengthening of the plant ceIl waH by a peroxidase-catalyzed cross-linking of ceil wall 

stmctural proteins (Brisson, et al., 1994; Otte and Ban, 1996), and induction of various 

reactions associated with systemic acquired resistance (Chen, et ai., 1993; ffiuss and 

Jeblick, 1996). Other AOS associated responses include triggering the transcription of 

defense related gens (Levine, et al., 1994), and induction of ceLi death by either oxidative 

damage of cell components (Adam, et al., 1989; Keppler and Baker, 1989) or by triggering 

the progammed death of challenged ceiis (Levine, et al., 1996; Levine, et al., 1994). 

AOS have k e n  reported to be involved in the plant HR in numerous plant- 

pathogen systems (Lamb and Dixon, 1997; Low and MerÏda, 1996; Mehdy, 1994; Mehdy 

et ai., 1996). In the interaction between tornato (Lycopersicon esculentum MU) and its 

fungai pathogen Cladosponum fiilvum Cooke (syn. Fulvia filva (Cooke) Cif.), 

lipoxygenase and lipid peroxidation were shown to be induced by treatment of leaf tissues 

with elicitors (Peever and Higgins, 1989; May, et al., 1996). Treatment of cultured celi 
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suspension, originating h m  a tomato line carrying the gene Cf-5, with one race-specific 

elicitor, the putative product of the aviruience gene Avr5, increased activity of extraceilular 

peroxidases, luminoldependent chemiluminescence, and formation of maionaldehyde, a 

measure of lipid peroxidation (Vera-Estrella, et al., 1992). Addition of catalase, superoxide 

dismutase (SOD), ascorbate, mannitol, KCN, or saiicylhydroxamic acid prior to elicitor 

treatrnent reduced the elicitor-induced increase in malonaidehyde and cherniluminescence. 

These results suggested that AOS may be associated with the defense responses of tomato 

plants to C. fulvum. Recently, it has been reported (May, et al., 1996) that superoxide 

formation and lipid peroxidation occurred 2 or 4 hr afier injection of tomato cotyledons 

with intercellular fluids (IFS) containing race-specific eiicitor. An increase in the level of 

total glutathione and a marked increase in the ratio of GSSG to GSH was also detected, an 

indication of severe oxidative stress (May, et al., 1996). 

Detection of AOS induced by pathogens, or by rnicrobial elicitoa, has ken  

demonstrated in numerous experimental systems, including potato tubers (Doke, 1983), 

tomato cotyledons (May, et al., 1996), cucumber hypocotyls (Kauss and Jeblick, 1996), 

isolated protoplasts (Haga, et al., 1995), plasma membrane-rich fractions (Doke and 

Miura, 1995), and, most fkquently, with suspension-cultured ceils (Baker et al., 1995; 

Chandra and Low, 1995; Desikan, et ai., 1996; Dwyer, et al., 1996; Glazener, et al., 1996; 

Levine et al., 1994; Murphy and Auh, 1996; Otte and Barz, 1996; Rusterucci, et al., 1996; 

Vera-Estrella, et al., 1992). A nondestructive assay for AOS in green tissues has rarely 

been atternpted. It is weli-known that a considerable amount of AOS is generated h m  

chloroplasts during photosynthesis (Asada, 1993). To counteract the toxicity of AOS, a 



40 

highly efficient antioxidative defense system, composed of both nonenzymatic and 

enzymatic constituents, is present in chloroplasts and other compartments of ceus (Dalton, 

1995). The antioxidant capacity of ceIIs is aitered in response to various types of 

environmental stress (Foyer, et al., 1994). It is unknown whether the antioxidative defense 

system in green plants affects the production of AOS induced by incompatible pathogens 

or by elicitor treatment. We consider that, at l e s t  in the tomato-C. fulvum interaction, 

ciifferences may exist between test systems using cultured ceU suspension and those using 

intact plants. One notable phenornenon is that specific elicitors from C. fulvum, which 

induce necrosis when injected into Ieaves, were unable to cause ceil death in ceil 

suspension systems onginating fkom the same tomato h e  (Vera-Estreila, et al., 1992). 

Here, we present in planta experiments to: 1) demonstrate the kinetics, and possible 

magnitude, of AOS production in tomato Ieaves, the naturai target of infection by C. 

fulvum, upon injection with the race çpecifïc elicitors of C. filvum. and 2) explore the 

relationship between AOS production and necrosis. 



MATEIUALS AND MIETHODS 

Plants 

Seeds of tomato (Lycopersicon esculentum MiIl) cv. Bomy Best, which canies no 

known resistance genes to tornato leaf mould, were obtained fiom Stokes Seeds Ltd., St. 

Catharines, Ontario, Canada. The seeds of cv. Moneymaker near isogenic for resistance 

genes Cf-2, Cf-3. Cf-4, Cf-5, or Cf-9 were obtained by s e h g  hes  originally established 

by 1. Boukema, Institute for Horticultural Plant Breeding, Wageningen, The Netherlands. 

Seeds were germinated in Plant Celi Paks containing Pro-& BX (Premier Peat Moss Ltd. 

Chemin Temiscouta, Rivière du Loup, Quebec, Canada). Afier two or three weeks, 

seedlings were transplanted individually into 15 cm pots containing the same mix. Plants 

for injection with elicitors were maintauied in a growth room with a photoperiod of 15 

hours at a light intensity of 175 pmoles of photons rn-2 sec-1 and temperature of 22OC 

without regulation of relative humidity. AU plants were watered every day and fertiiized 

with a standard 20-20-20 (N.P.K.) solution (Plant Products Company, Bramalea, Ontario) 

twice a week. Plants were used at 5-6 weeks of age for ail experiments. 

Preparation of intercellular fluids (Ws) containing elicitors 

Races 2.3 and 4 of C. fulvum (isoiate 54 and 38, respectively), origindy isolated 

fkom Ontario greenhouses, were fiom the culture collection of V. J. Higgins, University of 

Toronto, Department of Botany. Races 2.4.5, 2.4.5.9.11 and 5, were obtained from Pierre 

J. G. M. De Wit, Laboratory of Phytopathology, Agricultural University, Wageningen, 

The Netherlands (De Wit and Flach, 1979). Tomato cv. Bomy Best was inoculated with 

races 2.3, 2.4.5, 2.4.5.9.1 1,4, or 5 of C. fulvwn for production of intercellular fluids (Es) 
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containing various elicitors (Table 1). IFS were prepared according to the method of De 

Wit and Spilanan (1982). Five to six week old tomato plants were inoculated with spore 

suspensions of different C. filvum races (106 conidia ml-'). Adaxial leaf surfaces were 

sprayed twice, with one hour between sprays, using an atomizer connected to a diaphragm 

pump and then the plants were incubated for 24 hr in the dark at about 9596 relative 

humidity in a growth chamber. Thereafker, plants were maintaineci in the same chamber 

with a 14 hour photoperiod at 15,000 lux and 95% relative humidity. 

Leafiets were harvested 14 to 20 days d e r  inoculation when sporulation was 

evident over the entire adaxial surface of the leaflets. The leaves were infiltrated with 

distilIed water by irnmersing in distiLIed water, and deaerating the leaves under vacuum for 

15 min, then releasing the vacuum to d o w  water to fill the intercellular spaces of the 

leaves. The infïltrated leaves were surface-dried with paper towels, placed in specially 

designed tubes (De Wit and Spikman, 1982), and centrifuged (IEC Centra-7R refrigerated 

centrifuge) at 1,650g for 30 min at 5°C. The iiquid, temed intercellular fluid (IF), 

collected fiom the tubes was immediately frozen at -20°C and, when used, the thawed 

fluids were centrifuged at 1,ûûûg/20 min to remove insoluble rnaterials. For partial 

purifîcation of the AVR9 elicitor, IFS containing the AVR9 eiicitor, e.g., BB/r4 or BWr2.3 

(tomato cv. Bonny Best inoculated with race 4 or race 2.3, respectively), were precipitated 

with 90% acetone, and the pellets were freeze-dried, and resuspended in distilled water to 

give the original volumes. The resuspended pellets containing the AVR9 elicitor, which is 

stable to heat (De Wit, et al., 1985), were heated (100°C for IO min) to diminish the 

activities of apoplastic enzymes present in IFS and centrifbged (1600g 10 min) to remove 
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the coagulated proteins. This was foilowed by treatrnent with 3% PVPP and 5% DOWEX 

1x2 resin and filtration (Whatman No. 1) to remove phenolic cornpounds. The partially 

purifïed IFS are referred to hereafter as the AVR9 elicitor and the IF lacking the AVR9 

elicitor, e.g., BBlr2.4.5.9.11 (tomato cv. Bonny Best inoculated with race 2.4.5.9.1 1), as 

control IF. The concentration of the AVR9 elicitor used for injection was the minimum 

concentration (8- to 10-fold dilution of the original, depending on the preparations) 

consistently causing complete necrosis in injected interveinal areas of Cf-9 plants. IFS 

containhg other elicitors which have no effect on Cf9 plants even when undiluted, or 

control IF, were applied at the Cfold dilution. 

Punfied elicitors, the AVR9 elicitor (Van den Ackerveken, et ai., 1993) and the 

AVR4 elicitor (Joosten, et al., 1994), were obtained fiom Pierre J. G. M. De Wit, 

Wageningen, The Netherlands. The experiments with these elicitors were performed in De 

Wit's lab, University of Wageningen. The Netherlands. 

In plan& detection of superoxide (O2') 

Generation of 02- in tornato leaves in response to elicitor treatment was detected 

using a manganeseldiaminobenzidine @AB) technique. The principle of the method is that 

superoxide anions oxidize ~ n 2 +  to MI$+, which, in tum, oxidize DAB to form amber- 

colored, polyrners. The reaction is as follows (Babbs, 1994): 

02- + M& + 2H+ -, H202 + ~ n 3 +  

Mn3+ + n DAI3 + amber-colored polymer 

Tomato leaves were k t  injected with either the AVR9 elicitor or control IF. Two or 

three hours later, the chaiienged areas of the leaves were re-injected with a solution 
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containing 0.2% (w/v) 3 3'-diaminobenzidine tetrahydrochloride, 20 rnM ma2-4H20,  

and 1 rnM sodium azide. Here, the sodium azide was added to minïmk the spurious 

formation of the DAB reaction product by peroxidases. The leaves were harvested 1 hour 

after the M ~ ~ + / D A B  injection and boiled in 95% ethanol until the chlorophyil was 

completely removed to reveal the arnber-colored DAI3 polyrnen. 

In plan& detection of hydrogen peroxide (Hz03 

Interveinal areas of tomato leaves previously injected with either the AVR9 

elicitor, control IF, or distilled water, were re-injected with 0.4 mM 2',7'- 

dichlorofluorescin diace tate (DCFH-D A, Molecular Probes, Inc .) at speci fic times 

foliowing elicitor treatment. D m - D A  stock solution (20 mM) was prepared by 

dissolving the reagent in 1 0 %  methano1 and diluting with distilled water imrnediately 

before use. Xnjected DCFH-DA diffuses through the ceil membrane and is hydrolyzed by 

intraceiiular esterases into DCFH (Bass, et ai., 1983) (Fig. 1). DCFH, a nonfluorescent 

compound, is able to react with H202 in the presence of peroxidases, generating the 

fluorescent 2',7'-dichlorofluorescein @CF) (Bass, et al., 1983). The fluorescence 

intensities of DCF in injected leaves were observed in an ultraviolet viewing cabinet with 

two 15 Watt S W tubes (Chromate-VUE, ULTRA-VIOLET Products, Inc., USA). 

To measure the relative generation of H202 upon the treatment with elicitor, 100 

pl  of 0.5 mM DCFH-DA was injected into each leaf area of Cf-9 plants previously injected 

with either the AVR9 elicitor or control IF. Tissues of these areas (ca. 0.1 g) were excised 

at 8 min after injection and frozen in 1.5 ml micro centrifuge tubes in liquid nitrogen. 

Homogenates were made within the tubes using a PELLET PESTLE Mixer (Deltavare. 
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(non- ff uorescent) 
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Fig. 1. Proposed deacetylation of the probe DCFH-DA by cellular esterase to DCFH and 

oxidation of DCFH by H202 mediated by cellular peroxidases. 
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No. 95100) with 0.4 ml of 5 mM KCN solution to inhibit further peroxidase activity. The 

suspensions were mked and centriîüged (1 1,500g) for 20 min at 4°C. A O. 1 ml aiiquot of 

supernatant of each sample was diluted with 2.9 ml distilled water and the relative 

fluorescence was measured immediately on a fluorescence spectrophotometer m A C H I .  

Mode1 F-4000) with the excitation wavelength 488 nm and emission wavelength 525 nrn 

(Simontacchi, et al., 1993). 

Altematively, H202 was detected by using pyranine (8-hydroxypyrene-1,3,6- 

trisulfonic acid, trisodium salt, Molecular Probes, Inc.), which is membrane impermeable 

and nontoxic to plant cells and, therefore, acts as an apoplastic probe for H202 The 

fluorescence quenching of pyranine results fiorn oxidation of pyranine by H202 in the 

presence of peroxidase (Legendre, et al., 1993). Leaves of tomato Cf-9 plants were 

injected with 100   LI of AVR9 elicitor, control IF, or distilled water, mixed with pyranine 

(0.5 mM). The fluorescence quenching of pyranine in the elicitor-injected area was 

observed in an ultraviolet viewing cabinet, as descnbed above, at dif5erent times a€ter 

injection. To quantZy the relative quenching of pyranine, each injection site was injected 

with 100  LI of solution (15 pi of 0.2 mglm1 pyranine, 25 pl the AVR9 elicitor or control 

IF, and 60 pl water). The injected areas (ca. 0.1 g) were excised under W light (to locate 

the injected area) at different times afier injection and homogenized in liquid nitrogen. The 

homogenates were cenaifuged (14,ûûûg for 10 min) and the supernatants were subjected 

to measurement for fluorescence intensities with the excitation wavelength 405 and 

emission wavelength 509 nm (kgendre, et al., 1993). 
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Demonstration of oxidation of DCFH by exogenously added H202 

Oxidation of DCFH in tomato leaves was demonstrated by applying exogenous 

H202. DCFH-DA solution was mixed with different concentrations of H202 and injected 

into untreated tomato leaves. Injected areas were harvested at 8 min after injection. 

Sarnple preparation and measurement of fluorescence intensity was carrïed out as 

described above. 

Effects of scavengers of AOS and inhibitors of related enzymes on oxidation of 

D m  

In order to c o n h  that the elicitor induced oxidation of DCFH in tomato leaves 

was due to the production of H24, catalase (CAT) (5,000 units/ml, 1 unit will decompose 

1.0 p o l e  of H202 per min at pH 7.0 at 25OC) or diethyldithiocarbamic acid (DDC, 2 

mM), an inhibitor of superoxide dismutase (SOD), was mixed with elicitor and injected 

into leaves. The degree of oxidation of DCFH in injected areas was examined by injection 

of the probe at 2.5 hr and the fluorescent product was extracted fiom the injected tissues 

as above. Other scavengen of AOS, 5 mM glutathione (GSH) and 5 mM L-ascorbic acid 

(AA), or an inhibitor of peroxidase, 2 rnM KCN, were CO-injected with DCFH-DA into 

tomato leaves previously injected with elicitor. The oxidation of the probe was tested as 

described above. 

Effects of scavengers and inhibitors of AOS on necrosis development 

To investigate the possible role that AOS play in elicitor-triggered necrosis in leaf 

tissues, the AVR9 elicitor was mixed with various scavengers and inhibitors of AOS 

(Table 2) and injected into interveinai panels of leaves of Cf-9 plants. The amount of 
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visible necrosis was rated based on a scaie of O to 4 (Lu and Higgins, 1993) in which O 

refers to no necrosis and 1,2, 3, and 4 refer to about 25%, 50%, 75%, and 100% necrotic 

tissue, respectively, murring in injected leaf areas. AU of the scavengers and inhibitors 

were dissolved in distilled water before mixhg with elicitor, except a-TH which was 

prepared as an emulsion as follows: one ml of Tween 80 was added to 1 g of a-tocopherol 

acetate followed by strongly shaking. This mixture was added to 40 ml petroleum ether 

(35O-60°) and mixed, then evaporated in vacuo to remove ether. The residue was stirred in 

20 ml distilled water for 3 hours. AA and GSH solutions were k h l y  prepared for each 

experirnent and adjusted to pH 7.0 with 1 N NaOH before mking with the AVR9 elicitor. 

Statistical analysis 

Cornparisons of differences observed in ai i  experirnents were made ushg the t-test. 

P 5 0.0 1 was considered significant. 



TABLE 2. Scavengers of AOS and antioxidant enzymes used for inhibition of the AVR9 

eiicitor-induced ieaf necrosis. 

Scavengers or inhibitorsa Functionandconcentration 

Glutathione (GSH) 

- - - - - - - - - 

L-Ascorbic acid (AA) Scavenging H202 through the axorbatelglutathione 

cycle (5 mM) (Nakano and Asada, 198 1) 

Scavenging HZ02 through the ascorbatelglutathione 

cycle (5 mM) (Nakano and Asada, 198 1) 

A quenching agent for both singlet 0 2  and for lipid 

peroxy radicals (5 mM) (Foyer, 1993) 

N-Acetylcysteine (NAC) A OH* radical scavenger (2 mM) (Cadenas, 1995) 

Dimethylsuifoxide (DMSO) A OH' radical scavenger (2.5 mM) (Cadenas, 1995) 

Superoxide dismutase (SOD) Dismutating 02- to H202 (900 unitslml) 

Catalase (CAT) Converting H202 to H20 and 0 2  (5,000 unitdml) 

-- 

a Scavengers and inhibitos were dissolved in distillecl water before mixing with elicitor for 

injection. a-Tocopherol was prepared as an ernulsion, and ascorbic acid, glutathione, 

superoxide disrnutase, and catalase were freshiy prepared each time for injection with 

elicitor. 



RESULTS 

Detection of 02' generation in response to elicitor treatment 

Generation of 02- in tomato leaves triggered by eiicitor was demonstrated by using 

the Mn2+/DAB technique (Fig. 2). After removal of chlorophyll fiom treated leaves in 

boiling ethanol. the arnbercolored DAB poiymers, which are insoluble in aqueous and in 

organic solvents, were visible in the panel injected with elicitor. Very little of the DAB 

polymer was seen in areas injected with control IF (BBIr2.4.5.9.11). and none was seen in 

those areas injected with elicitor alone or with DAB solution alone. Much darker colored 

dots appeared at each smdl wound site caused by the injection, suggesting that mechanical 

wounding triggered 02- generation. Controls in which ~ n 2 +  was ornitted failed to show 

any amber product but produced a gray colouration with and without elicitor. 

Detection of H202 production in response to eiicitor treatment 

Production of H202 in tomato leaves chaIlenged by elicitor was detected by 

injecting DCFH-DA, a fluorescent probe for the oxidative burst. Conversion of DCFH-DA 

into DCFH, which is oxidized by H202, cm be mediated by esterases in vivo or by 0.1 N 

NaOH in vitro (Bass, et al., 1983). Oxidation of DCFH into fluorescent DCF is a 

peroxidase-dependent reaction. This was confirmed by the immediate formation of 

fluorescent products after DCFH was mixed with H202 and profidase and observed in an 

Ultraviolet Viewing Cabinet. No fluorescence reaction was observed within at les t  4 hr in 

mixtures of DCFH with either H202 alone or with peroxidase alone. In tomato leaves, 

when DCFH-DA solution was injected into the panels injected 2 hr previously with 

elicitor, fluorescent products were present by 2 to 4 min and reached a steady state, Le., 



Figure 2. Detection of 02- by the Mh2+1D~13 technique on a leaf of a Cf-9 plant injected 

with elicitor AVR9. Mn2+/DAB solution was injected at 2 hr after elicitor injection and 

the leafwas harvested at 1 hr a£ter M ~ ~ + / D A B  treatment and immediately boiled in 95% 

ethanol. (1) and (2) represent Mn2+/D~B treatment on the areas previously inj ected with 

elicitor or control F, respectively, (3) and (4) represent elicitor or Mn2+/DAB only, 

respectively . 



strong fluorescence, by 8 to 10 min. In contrast, ffuorescence was seen by 10 to 15 min 

and reached a steady state by 30 to 40 min after injection in an area either previously 

injected with control IF, or injected ody with DCFH-DA. Fig. 3 shows the results for such 

a leaf at 8 min after injection with DCFH-DA when initial elicitor injection occurred 2 hr 

previously. Such a rapid oxidation of DCFK was also observed in other combinations of 

race specific elicitors and near isogenic h e s  of tomato (Tables 3 and 4). Although the 

elicitor-induced necrosis or chlotosis in some interactions, e.g., AVR4/Cf-4 and AVRSfCf- 

5, could not be seen until 3 to 5 days d e r  injection, the rapid oxidation of DCFH was 

observed at 2 hr in the injected areas. Injection of Cf4 and Cf9 plants with purifed AVR4 

and AVR9 elicitors, at the minimum concentrations which induce cornpiete necrosis in 

corresponding plants, respectively, caused an oxidation of DCFH similar to that induced 

by injection with elicitor-containing IFS (Table 4). AU subsequent experiments used 

paaidy purifid elicitor from IFS. 

To measure the temporal production of Hz02, Cf-9 leaves were injected with 

elicitor in IF preparations on one half of the Ieaf and controi on the other half. DCFH-DA 

solution was then injected at hourly intervals and leaf tissues were harvested at 8 min after 

DCFH-DA treatment. Fluorescence intensities (Fig. 4) demonstrated that, in comp~son  

to leaves injected with control, HzOz was produced during the eariy stages of elicitor 

stimulation. The fluorescence intensities increased with t h e  up to at least 3 hr in leaves 

injected with elicitor, but no simcant increase occurred during this period in samples 

injected with control. 



Figure 3. Detection of H202 generation by the probe, DCFH-Db on a leaf of a CG9 

plant injected with elicitor AVR9. DCFH-DA solution was injected at 2 hr after injection 

of eiicitor (I), control IF (2), or water (3). The leaf was harvested at 8 min &er DCFH- 

DA injection and photographed in an Ultraviolet Viewing Cabinet. 
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TABLE 3. Rapid oxidation of DCFH-DA in tomato leaves trïggered by race specifïc 

elicitors 

Elicitor-containing IF preparationsa 

Genotype of 

plantsb BWr2.3 BBh2.4.5 BBk4 BB/rS BB/r2.4.5.9.11 

a IF preparations were obtained from leaves of tomato cv. Bomy Best (BB, no known 

genes for resistance to C. fulvwn) inoculated with each race (r) of C. filvum. 

Tomato cv. Moneymaker near isogenic for resistance genes. 

COxidation of DCFH-DA in leaf tissues as tested by injection of the probe at 3 hr d e r  

injection of IF preparations. Fluorescence developmcnt was viewed in an ultraviolet 

viewing cabinet. "-" represents the oxidation rate similar to that in Ieaf areas previously 

injected with water and "+" represents a rapid oxidation within 8 min. Results were similar 

for three separate experiments with three replicates. 

d ~ n  O*" indicates those C. filvwn race-cultivar combinations that give an incompatible 

response. 
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TABLE 4. Rapid oxidation of DCFH-DA in tornato leaves triggered by race specifïc 

elicitors 

Genotypes of plants 

Elicitor-containing IFsa 

or Meci elicitors Cf-4 Cf-5 Cf-9 C f 4  

-- - . - - - - - - -- - - - - p- -- 

a IF preparations were obtained nom leaves of plants carrying different Cf gene(s) 

inoculated wi th each race (r) of C. fulvum. 

b Oxidation of DCFH-DA in leaf tissues as tested by injection of the probe 3 hr afier 

injection of elicitors or IFS. Fluorescence development was viewed under U V  lïght "-" 

represents the oxidation rate similar to that in leaf areas prcviously injected with water, "+" 

represents a rapid oxidation within 8 min, and "fl represents a slow oxidation but faster 

than control. The expriment was repeated once with similar results. 

An "*" indicates those C. fulvum racecultivar combinations that give an incomparible 

response. 

The concentration injected was 10 ng /pl. 

The concentration injected was equd to 1/5 of original IF. 

f Not tested. 
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Time (hr) 

Figure 4. Cornparison of temporal production of H202 in elicitor and control IF injected 

leaf tissues as measured by oxidation of DCFH in tornato leaves. D m - D A  was injected 

at different times after elicitor or control IF treatment. Leaves were harvested at 8 min 

d e r  DCFH-DA injection and homogenized in liquid nitrogen. Fluorescence intensities of 

the extracts was measured on a fluorirneter with excitation wavelength 488 nm and 

emission wavelength 525 nm. Values represent means + SD for three experiments with 

three replicates each. 
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Oxidation of DCFH was detected in leaves injected with elicitor at concentrations 

lower than those that cause visible leaf necrosis (Fig. 5). Fluorescence intensities were 

significantly higher in samples injected with 10- or 200-fold diluted elicitor compared with 

that obtained fiom the sample injected with control IF (standard 1:3 dilution) (Fig. Sa), 

whiie little necrosis was observed in leaves injected with 150-fold diluted elicitor and no 

necrosis appeared in leaves injected with 200-fold diluted elicitor (Fig. 5b). No sign of ce11 

death, such as cell browning, or collapse, was found microscopically fkom leaves injected 

with 25Gfold diluted elicitor and decolourized in ethanol. 

n ie  fluorescence quenching of pyranine was detected in areas injected with either 

elicitor or control, but this quenching was much faster in elicitor-treated areas than in 

control-treated areas (Fig. 6). 

Detection of oxidation of DCFH in leaves by exogenously added HZOZ 

Oxidation of DCFH in tomato leaves by H202 was demonstrated by applying 

exogenous H202. Different concentrations (1 to 40 mM) of &O2 were injected with 

DCFH-DA solution into untreated leaf tissues. DCFH-DA, when mixed with H202, was 

stable in vitro, whiie it was oxidïzed imrnediately after injection of the mixture into le& 

tissues. Measurement of fluorescent intensities from injected leaf tissue showed that 

elevated oxidation of DCFH by H202 W ~ S  not detectable at low concentrations of H202, 

e.g., 1 mM (Fig. 7). Injection of 20 mM H202 or higher concentrations caused oxidation 

of DCFH similar to the level triggered by elicitor. For cornparison, the concentration of 

H202 required to induce visible necrosis in tomato leaves was tested. To induce complete 
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Figure 5. Comparison of concentrations of elicitor preparation which induce oxidation of 

DCFH in injected tomato leaves (A) and which induce Leaf necrosis (B). Measurement of 

oxidation of DCFH by fluorescence and of necrosis by a rating system was as described 

before. Values represent means f SD for three experiments with two replicates each. 

Asterisks indicate that a treatrnent was significantly different (P S 0.0 1) from the control 

IF treatment. 
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Figure 6. Comparison of temporal production of H202 in elicitor and control IF injected 

leaf tissues as measured by fluorescence quenchhg of pyranine in tornato Leaves. Tomato 

leaves were injected with the mixtures (100 pl) of pyranine with either elicitor or control 

IF and homogenized in liquid nitrogen. Fiuorescence intensities of the extracts were 

measured on a fluorimeter with excitation wavelength 405 nm and emission wavelength 

509 m. Values represent means f SD for three experiments with three replicates each. 
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Figure 7. Cornparison of DCFH oxidation by injection of exogenous H202 and by elicitor 

treatment. DCFH-DA was injected at 2.5 hr afler elicitor treatment and immediately after 

mixing with &O2, respectively. AU treatments were extracted 8 min after the injection of 

DCFH-DA. Values are means f SD for three experiments with two replicates each. 

Asterisks indicate a treatment was significantiy different (P 1 0.01) from the sample 

treated with elicitor. 
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necrosis, injection of 1 M H202 was required and Little necrosis was observed when 100 

mM H202 was injected (see Chapter IV). 

Inhibition of oxidation of DCFEI by scavengers of AOS 

To further confum the role of H202 in oxidation of DCFH. the effect of catalase 

and several other scavengers of AOS on DCF formation in leaves was tested. In leaf 

tissues previously injected with elicitor mixed with catalase, oxidation of the probe was 

completely inhibited compared to that in tissues injected with control IF (Fig. 8). while 

boiled catalase had no inhibitory effect. Fluorescence development was signif~cantly 

inhibited when the probe was injected into leaf tissues which had previously been injected 

with elicitor mixed with DDC, a SOD inhibitor. The inhibitory effect of DDC was not due 

to inhibition of peroxidases, as peroxidase activity was not affected by DDC when tested 

in vitro. Inhibition of peroxidase activity blocked oxidation of the probe as no fluorescence 

development was observed when the probe was CO-injected with 2 mM KCN into leaves 

previously injected with elicitor (Fig. 9). Fluorescence intensities in elicitor-injected leaves 

were also signincantiy reduced when injected with DCFH-DA mked with either 5 rnM AA 

or 5 mM GSH (Fig. 9). In contrast, no inhibitory effect of AA or GSH on fluorescence 

intensity was observed when they were mixed and injected simultaneously with elicitor. 

Inhibition of elicitor-induced tomato leaf necrosis by scavengers of AOS 

Injection of IF containhg AVR9 elicitor (BBlr4) into leaves of Cf-9 plants caused 

visible tissue coiIapse in injected areas by 5 to 6 hr and complete necrosis by 9 to 12 hr. To 

test if AOS may be involved in necrosis development, scavengers of AOS were mixed with 

elicitor and the mixtures were injected into tomato leaves. The necrosis ratings show that 
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Fig. 8. Inhibitory effect of scavengers of AOS on H202 production trîggered by elicitor as 

measured by fluorescence development. Catalase (CAT) and N,N-diethyldithiocarbamate 

@DC) were CO-injected with elicitor into leaves and DCFH-DA was injected at 3 hr afier 

the k t  injection. Leaves were extracted 8 min after probe injection and fluorescence 

intensities were measured on a fluorimeter. Values are means I SD for three experiments. 

Asterisks indicate a treatment was significantly different (P 5 0.01) from the sarnple 

treated with elicitor plus water. 
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Fig. 9. Inhibitory effect of scavengers of AOS on H202 production triggered by elicitor as 

measured by fluorescence development. Glutathione (GSH), L-ascorbic acid (AA), and 

KCN were mixed with DCFH-DA and injected into the leaves injected 2 hr previously with 

elicitor. Leaves were extracted 8 min after probe injection and fluorescence intensities 

were measured on a fluorimeter. Values are means i SD for three experiments. Asterisks 

indicate a treatrnent was si@cantly different (P 1 0.01) from the sample treated with 

elicitor plus water. 
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AA, GSH, a-TH, NAC, and DMSO partially inhibitecl necrosis development at an early 

stage (Fig. 10). The necrosis levels observed at 18 hr after injection were reduced by about 

50% in injections with AA and GSH compared to the level resulting from elicitor alone 

and, for these treatments. occurrence of complete necrosis was delayed to about 48 hr 

after injection. For those injected with catalase, NAC, or DMSO, necrosis at 18 hr was 

reduced by about 3040% but complete necrosis and desiccation of injected areas occurred 

by 30 h. Scattered, smail necrotic dots, rather than large areas of necrosis, were observed 

in areas injected with elicitor mixed with a-TH emulsion. which itself causes no visible 

lesions on tomato leaves at a concentration of 10 mM. Separate injection, e.g. injection of 

elicitor fmt, followed by injection of scavenger solutions with an interval of 1 or 2 hr, gave 

similar results as above (data not shown), but no inhibitory effect was observed when 

scavengers were injected fmt. SOD had no effect on elicitor-triggered necrosis 

development (Fig. 8). 



O AA GSH a-TH NAC DMSO CAT SOD 

Figure 10. Effects of scavengers of AOS and of antioxidant enzymes on leaf necrosis of 

tomato canying gene Cf-9 and injected with IF containing the elicitor AVR9. The 

concentration of elicitor used was based on the minimum dilution of eiicitor which induced 

complete visible necrosis. Necrosis was observed and rated by 18 hr after injection. Values 

are means f SD for three experiments with three repiicates each (see Table 2 for 

abbreviations). As terisks indicate a treatment was significantly different (P 1 0.0 1) fiom 

the sample treated with eiicitor plus water. 



DISCUSSION 

Elucidation of the mechanisms involved in the HR upon the challenge of plants 

with incompatible pathogens, or with elicitors, has recently become one of the most 

studied subjects in plant pathology. In this study, we present in planta evidence which 

supports previous data, obtained £kom cell cultures (Vera-EstreUa, et al., 1992). and 

cotyledons (May, et al., 1996), that an oxidative burst is involved in the defense response 

of tomato plants to race specinc eliciton of C. fulvum, and provide additional information 

on the kioetics and magnitude of the H202 production and its relationship to leaf necrosis. 

The probe DCFH-DA is widely used to assess the oxidative burst of mimai cells by 

using fiuorocytomeûy techniques but has k e n  used relatively rarely in plants. After 

deacetylation, DCFH reacts with H 2 4  in a peroxidase dependent manner (Keston and 

Brandt, 1965). It has been proposed (Zhang, et al., 1995) that OH' may be responsible for 

a non-enzymatic oxidation of DCFH that requires both H202 and ~ e ~ +  (LeBel, et al., 

1992). In Our system, however, all tests suggest that oxidation of DCFH is due to the 

peroxidase-mediated oxidation by H 2 4  For example, CAT significantly inhibited 

fluorescence development when CO-injected with the probe into leaves previously injected 

with elicitor. In addition, injection of DCFH-DA mixed with 2 mM KCN, an inhibitor of 

peroxidases, completely inhibited the development of fluorescence, demonstrating that 

peroxidases play a critical role in DCFH oxidation. The oxidation of DCFH by 

exogenously applied H202 demonstrated that DCF formation in leaf tissue can be a marker 

for H202 production. Furthemore, the inhibition of fluorescence development by GS H 

and AA is also indicative that oxidation of DCFH was contributed by H202. AA is 
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believed to be the main antioxidant against oxidative stress caused by ozone in the apoplast 

(Luwe, et al., 1993). The oxidation of DCFH was not affected by NAC or DMSO (data 

not shown), which are rnainly scavengers of OH*, although both compounds affected 

necrosis development. DDC, an inhibitor of SOD, also inhibiteci fluorescence developrnent 

in elicitor-injected leaves, indicating that oxidation of DCFH in leaves was due to the 

increase in H202, which, in tum, was due to the increase in 4- as detected by the 

MQ~+/DAB technique. 

DCFB-DA measures both intraceiiular and intercellular Hflz 

DCFH-DA is often considered to be an intracellular probe for H 2 4 ,  but data 

obtained with ceIl suspensions using this probe and catalase suggest that D M - D A  

measures both intraceilular and interceilular H2U2. DCFH, the more hy drophilic produc t 

formed by intraceUu1a.r esterases, supposedly rernains trapped within the cell once it is 

formed (Zhu, et al., 1994), but, in endothelid cells, up to 90% of the fluorescent DCF 

fonned fiom DCFH-DA Ioaded into cells was found in the externai medium due to 

diffusion of both DCFH and DCF (RoyaIl and Ischiropoulos, 1993). By separate analysis 

of DCFH-DA treated cells and extracellular medium, we have demonstrated diffusion of 

DCFH and,or DCF into the extraceilular medium (see Chapter III). Inhibition of in planta 

oxidation of DCFH by catalase which is unable to enter the ceil is the best evidence that 

this probe detects extracellular H202. In addition, injection of pyranine, an extracellular 

probe for H202 (Legendre, et al., 1993)- into elicitor-treated tomato leaves gave results 

simüar to those using DCFH-DA. As H202 is readily able to pass through cell membranes, 

a probe which acts as an efficient "sink for both intra- and extraceilular H202 may give a 
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reasonable estimation of the total H202 produced. Extraceiiular production of H202 is 

assumed if AOS are produced via a membrane-bound NADPH oxidase compiex as 

demonstrated in several studies (Dwyer, et al., 1996; Groom, et al., 1996; Xing, et al., 

199%) using plant ceii cultures. 

The kinetics and magnitude of the elicitor-induced oxidative burst 

The speed, intensity, and duration of elicitor induced AOS production in planta 

has received scant attention. In this system, elevated levels of H202 were detected by 1 or 

2 hr after injection with eiicitor and continued for at least 4 hr. Signs of necrosis occurred 

by 5 to 6 hr after injection. In extensively studied cell suspension cultures systems, two 

phases of AOS production usually occur when cells are chdenged by incompatible 

bacteria (Baker and Odandi, 1995; Lamb and Dixon, 1997), but the second phase, 

consisting of massive AOS production at 4-6 hr after stimulation, is only stimulated by 

avinilent pathogens. When cultured plant cells are treated with specific or non-specific 

eiicitors, only one phase is induced and occurs within a few minutes of treatment @esikan, 

et al., 1996; Kauss and Jeblick, 1996; Levine, et al., 1994; Rusterucci, et al., 1996; Vera- 

Eseella, et al., 1992). In tomato cotyledons (May, et al., 1996), the earliest AOS 

production, as measured by nitroblue tetrazolium staining for Oz-, also occurred 2 hr after 

injection of Cf-9 plants with the AVR9 elicitor. This delayed AOS "burst" has k e n  

explained (May, et al., 1996) as due to the flooding of the plant tissue air spaces by 

injection; such flooding causes changes in the physiological status of plant cells and in 

oxygen availability, both of which may delay the oxidative burst (May, et al., 1996). 



69 

The magnitude of the elicitor-induced oxidative burst in planta can only be roughly 

estimated using the DCFH-DA probe but appears higher than the 1.2 mM H202 estimated 

with soybean cells (Legendre, et al., 1993) or the 12 pM H202 with tobacco cells (Baker, 

et al., 1995; Glazener, et al., 1996). The arnount of fluorescent DCF resulting from the 

elicitor treatment was greater than the level resulting from exogenous application of 10 

mM H202 and was similar to the maximum level reached with 20 mM. Obviously, this is 

unlikeiy to represent the actual amount of HZ02 generated after elicitor treatment as 

injected &O2 would ais0 be subject to catalase activity as well as used by peroxidases to 

oxidize ceIl cornponents as well as the DCFH. Under our experimental conditions, DCFH 

is allowed to react with H202 over an 8 min period and is assumed to react with most 

H202 when present. Thus the DCFH-DA data suggests an elicitor-induced buildup of 

H202 in the 10 to 20 mM range. The fact that the same degree of DCFH oxidation occurs 

in about 40 min in control Ieaves illustrates the normal rapid rate of H202 generation in a 

green le&. 

The relatiooship of AOS production and leaf necrosis 

The possible role of eiicitor-stimulated AOS in mediating HR cell death remains a 

question. Rapidly accumulating evidence indicates that AOS may play an important role in 

initiating ceII death (Desikan, et ai., 1996; Lamb and Dixon, 1997; Legendre, et al., 1993; 

LRvine, et al., 1994; Mehdy, et al., 1996). Necrosis caused by AVR9 was temporarily 

inhibited, and/or significantly delayed by catalase and by several other scavengea of AOS 

and antioxidants, suggesting that cell death is associated with the generation of AOS. 

Induction of lipid peroxidation, protein deactivation, and DNA damage by AOS has ken  
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weii docurnented in biological systerns. In higher plants, AOS, particularly H202, 

generated under various conditions of stress and normal metabolism, is believed to be 

mainly scavenged through reactions involving successive oxidations and reductions of AA, 

GSH, and NADPH, the so-called the ascorbate-glutathione cycle (Nakano and Asada, 

1981). In addition, a-TH. a Lipophilic antioxidant (Foyer, 1993), eficiently traps lipid 

peroxy radicals in the deep inner regions of membranes, where ascorbate is unlikely to 

permeate (Hess, 1993). The ability of these scavengers to only delay necrosis is not 

surprishg since their efiectiveness is limited by their rate of diffusion beyond the apoplast, 

their rate of metabolism in leaf tissue, and their concentration. As weit, the prolonged 

nature of AOS production in the elicitor-treated leaf means that exogenously applied 

scavengers have only a temporary effect. 

Our data suggest that, while AOS may contribute to cell death, an unknown, 

presumably elicitor-induced facto@) is also required for the necrosis seen in elicitor- 

treated leaves. Soybean celis died a few hours foilowing the second phase of AOS 

production (Lamb and Dixon, 1997) triggered by an incompatible pathogen or following 

exposure to exogenous application of 10 mM Hz02 (Levine, et al., 1994). In contrast, in 

Our systern, a considerable oxidative burst was seen at elicitor dilutions which caused no 

mamscopically visible necrosis; complete necrosis, as seen with elicitor treatment, could 

only be reproduced with high concentrations (ca. 1 M) of H202. Although catalase and 

AOS scavengers significantly delayed elicitor-induced necrosis, complete inhibition of 

necrosis was not observed. In addition, in the interactions between AVR4 and C f 4  or 

AVR5 and Cf-5, visible leaf necrosis or chlorosis occurred 3-5 days after elicitor injection, 
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while AOS generation was triggered at 2 to 3 hr. Furthemore, in Cf-5 c d  suspension 

cultures, AVRS eLicitor stimulated AOS production but did not cause c d  death (Vera- 

EsîreLla, et al., 1992). In tobacco celis, the pathogen Pseudomonas syringae pv syringae 

(P.S.&) and a non-pathognic P. fluorescens transformed with a cosmid containing the 

P.s.s. h@rm gene cluster triggered phase II of the oxidative burst and celi death. In 

contrat, P. fluorescens transformed with a mutant hrpnim gene cluster triggered phase II 

of the oxidative burst but did not induced ceii death (Glazener, et aI., 1996). AU of these 

results suggest that the oxidative burst does not necessady lead to cell death but that AOS 

from the oxidative burst may potentiate cell death in planta when ce11 death has been 

initiated. 



Activities of Antioxidant Enzymes in Cf-9 Tomato Plants Undergoing 

an Oxidative Burst Induced by the AVR9 Elicitor 



INTRODUCTION 

Several routes of production of active oxygen species (AOS) have been proposed 

in green plants either during normal metabolism. or under various stresses. AOS cause 

membrane damage by lipid peroxidation, leading to ceiI death. In order to protect 

themelves from the deleterious effects of AOS, plants have evolved a battery of defense 

mechanisms, including enzyrnic and nonenzymic antioxidants. Among the enzymic 

mechanisms, superoxide disrnutases (SODs) and catalases (CATs) are believed to be the 

most efficient antioxidant enzymes (Scandalios, 1993). Their combined action converts the 

potentially dangerous 02- and H202 to H20 and 02, thus averting celiular damage. The 

important role that these two enzymes play in plants against oxidative stress has been 

codhmed in transgenic plants. Transgenic potato plants expressing tomato SOD show 

elevated tolerance to the superoxide-generating herbicide paraquat (Perl, et al., 199 3). 

Overexpression of pea SOD in tobacco plants increases resistance to oxidative stress 

induced by low temperature. or by high light intensity (Sen Gupta, et al., 1993). On the 

other hand, transgenic tobacco with a deficiency in a specifc isozyrne of CAT displayed 

leaf necrosis at moderate, and high light, intensities (Chamnongpol, et ai., 1996). Other 

antioxidant enzymes, such as peroxidases which remove H202 very eficiently, are aiso 

involved in plant defenses against oxidative stresses (Scandalios, 1993). It is becorning 

increasingly apparent that the antioxidant capacity of plants is elevated when plants are 

exposed to diverse kinds of stresses (Bowler, et al., 1992). 

The generation of AOS in plant-pathogen interactions, terrned the oxidative burst, 

has been weU documented (Lamb and Dixon, 1997; Mehdy et al., 1996; Low and Merida, 
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1996; Baker and Orlandi, 1995) and is commoniy viewed to be one of the earliest 

responses of plants to incompatible pathogens or to pathogen derived elicitors. AOS have 

been proposed to be involved in killing the pathogen andor host celis in the hypersensitive 

reaction (HR) (Bowler, et al., 1992; Levine, et al., 1994). This implies that the enzymes 

involved in AOS scavenging may play a criucal roie in determining the consequences of 

plant-pathogen interactions. It has been hypothesized (Bowler, et al., 1992) that, in an 

incompatible reaction, low SOD activity allows elevated superoxide and related oxygen 

species to destroy plant ceus, leadhg to the hypersensitive response, while in a compatible 

reaction the normal plant SOD activity ensures detoxification of the rnoderate levels of 

superoxide and hence no localized ceil death occurs. Altematively, AOS has been viewed 

as a second messenger, signalling programmed cell death in host plants (Levine, et al., 

1994). In such a case, a change in antioxidant enzymes could mod@ AOS signal 

transducing capabilities by controbg the quantities within the ceil in both compatible and 

incompatible reactions. 

In the C. fulvum-tomato interaction, we have shown an accumulation of H202 in 

Ieaves injected with race specific elicitors within I to 2 hr after injection (Chapter 1). 

Elevated levels of AOS, detected using DCFH-DA as a probe, were abolished by the 

addition of CAT or other antioxidants. Furthemore, CAT and several other antioxidants 

each significantly delayed elicitor-induced necrosis development. It is unclear, however, 

whether the necrosis occurring in elicitor injected areas is due directly or indirectly to the 

deletenous effects of AOS generated in the oxidative burst. In either case, alteration of the 

antioxidant capacity of the host plant would affect the outcome of the interaction. Thus we 
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were interested in the variation of the antioxidant status in tornato leaf tissues undergoing 

the oxidative burst. This study focuses on the activities of the antioxidant enzymes SOD, 

CAT, peroxidases. and glutathione S-tramferase (GST) in Cf-9 tomato leaves injected 

with the AVR9 elicitor. 



MATERLAILS AND METEODS 

Plants 

Tomato plants which carry resistance gene Cf-9 were used and cultivation of the 

plants was the same as described in Chapter 1. 

Preparation of intercellular fluid (IF') containing the eücitor AVR9 

Tomato plants cv. Bonny Best were inoculated with race 4 or race 2.4.5.9.11 of C. 

filvum for production of IFS contaioing or lacking the elicitor AVR9, respectively, and IFS 

were prepared as described in Chapter 1. IFS from the combination BB/r4 are referred to as 

elicitor, whereas the combination BB/r2.4.5.9.11 is refened to as control IF. 

Superoxide dismutase (SOD) assay 

Tomato leaflets of similar size were selected fiom the third or fourth leaves of 2 

month-old C f 4  plants. One half of each leaf was injected with the AVR9 eiicitor and 

another haIf of the leaf was injected with control IF. Samples (0.8 to 1 g) were excised 

from injected Ieaf areas at different times and homogenized in liquid nitrogen. The 

homogenates were suspended in 1.5 ml of 0.2 M potassium phosphate buffer, pH 7.8, 

containing 2 mM EDTA and centrifuged at 10,000g for 30 min. The supematants were 

used for enzyme assays. Protein content of the supematants was detennined in triplicate 

using Bradford's reagent (Bio-Rad laboratories, Canada) mradford, 1976) with bovine 

semm albumin as the protein standard. 

SOD activity was measured by the cytochrome c method using xanihine/xanthine 

oxidase as the source of superoxide radicais according to McCord and Fridovich (1969) 

with slight modifcations. The reaction was performed at 25OC in a total volume of 2 ml 
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containing 50 mM phosphate buffer, pH 7.8, 1 rnM EDTA. 20 pM cytochrome c, O. L mM 

xanthine and sufficient xanthine oxidase (Sigma) to produce a rate of reduction of 

cytochrome c at 550 nm of 0.025 absorbance unit per min. The reaction was started by the 

addition of 20 pi of xanthine oxidase which had been suspended in 50 mM phosphate 

bufier, pH 7.8. Reduction of cytochrome c was followed by an increase in ASso using a 

Diode Array Spectrophotometer (HEWLETT PACKARD mode1 8452A). One unit of 

SOD is defmed as the amount of enzyme required to inhibit the reduction rate of 

cytochrome c by 50% (i.e., to a rate of 0.0125 absorbance units per min). 

Catalase (CAT) assay 

Sarnples fiom Cf-9 leaves injected with the AVR9 elicitor or control IF were 

homogenized and centrifuged as described above. The homogenates were suspended in 1.5 

ml of 50 mM potassium phosphate buffer, pH 7.0. and centrifuged at 10,000g for 30 min. 

Catalase was assayed according to the method described by Schoner and Krause, (1990). 

The reaction was performed at 2S°C in a 1.5-ml reaction volume containing 50 rnM 

potassium phosphate buffer, pH 7.0, 11 mM H202, and 20-40 pl of le& homogenate. 

Activities were determined by measuring the t h e  required for a decrease in absorbance 

fkom 0.450 to 0.400 at 240 m. This corresponds to the decomposition of 1.15 pmoles of 

H202 in the 1 ml assay and 1 unit enzyme decompose 1 p o l e  per min. 

Peroxidase assay 

For peroxidase assays, the homogenates were suspended in water and the activity 

was determined spectrophotometncdy by the method of Van Loon (1971). One hundred 

microliter supernatant was mixed with 100 pl of 60 rnM guaicol (O-methoxyphenol), 100 
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pl of 0.01% (vlv) H202, 100 pi of 0.1 M sodium phosphate buffer, pH 6.5. The change in 

absorbance at 470 nm was recorded for one min and the enzyme activity was calculated 

using a molar extinction coefficient of 26.6 x 10-3 M-1 cm-' (Chane and Maehly, 1955). 

The results are presented as mM of tetraguaicol fomed ml-' Clg" of protein. 

Ascorbate peroxidase assay 

Ascorbate peroxidase was measured using the method described by Arrigoni et al. 

(1992). The assay was performed in a 1 ml reaction medium composed of 50 pM 

ascorbate, 100 p.M H202, 50 mM potassium phosphate buffer, pH 6.5, and 0.1 mM 

EDTA. The reaction was started by addition of 10 pl of enzyme extract. The H202- 

dependent oxidation of ascorbate was foliowed by the decrease in absorbance at 265 m. 

Corrections were made for nonenzymatic and H202 independent oxidation as measured by 

appropriate controls. One unit of enzyme activity was defmed as the oxidation of 1 nM 

ascorbate min-1 mg1 protein. 

Glutathione S-transferase (GST) assay 

Leaf homogenates were suspended in a solution containing 250 mM Tris-HCI 

buffer, pH 7.8, 1 mM EDTA, 0.5 mM 2-mercaptoethanol. The homogenates were 

centrifuged at 10,000 g for 20 min. The supematants were used to determine GST activity 

spectrophotometrically as  described by Habig et ai. (1974) with s m d  modifcations. The 

change in the absorbance of 1-chloro-2,4dinitrobenzene (CDNB), when it conjugates with 

GSH, was monitored. The reaction mixture contained, in a volume of 1 ml, 100 mM 

sodium phosphate buffer, pH 6.5, 1 mM EDTA, 1 rnM CDNB, 1 m .  reduced GSH, and 

50 pl of enzyme solution. The reaction was initiated by the addition of CDNB, and the 
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increase in A340 was measmd for 10 min at 2S°C. An extinction coefficient of 9.6 m ~ '  

cm-' was used to convert data to pmole of conjugated CDNB and the arnount of enzyme 

producing 1 p o l e  min-1 of conjugated product was defined as one unit. The data were 

corrected for nonenzymic conjugation, as measured by appropriate controls. 

StatisticaI analysis 

Cornparisons of differences observed in ai l  experiments were made using the t-test. 

P 5 0.0 1 was considered significant. 



RESULTS 

Superoxide dismutase (SOD) activity 

Total SOD activity was examined in leaves of Cf-9 plants injected with IF 

containing the AVR9 elicitor (BB/r4) or control IF, lacking the AVR9 elicitor 

(BB/r2.4.5.9.1 l), at different times d e r  injection. Samples harvested immediately after 

injection with either elicitor or control IF were designated as O hr samples. The e.rizyme 

activities detected fkom these samples were simiIar to those detected from untreated 

leaves. A slight decrease in SOD activity was detected by 1 hr d e r  injection in both leaves 

injected with elicitor and leaves injected with control IF (Fig. 11). This decreased SOD 

activity was maintained for the foliowing 5 to 6 hr period required for visible tissue 

collapse in the areas injected with elicitor. No significant merence was found between the 

SOD activities of leaves injected with elicitor and those injected with control IF, although 

a significant decrease in SOD activity was observed in both treatments immediately afier 

treatment. It should be noted that after injection, intercellular spaces of leaves are £ïiled 

with injected solution and, usuaiiy, it takes 1 to 2 hr to transpire this solution fiom the leaf 

tissue. The elicitor preparation and the control IF were themselves tested for SOD activity, 

or for an inhibitory effect on commercial SOD activity. 

Catalase (CAT) activity 

CAT activity in leaves of Cf-9 tomato plants undergoing an AVR9 elicitor-induced 

oxidative burst was tested. Measurement of total enzyme activity was made 

spectrophotometrially in leaf homogenates which were prepared fiom either leaves injected 

with IF containing AVR9 elicitor (BB/r4) or kom leaves injected with control IF 
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Figure 11. Comparison of SOD activities in elicitor-treated tomato leaves with that in 

control IF-treated leaves. Leaves of Cf-9 plants were injected with IF containing AVR9 

elicitor (BB/r4) on one half of each leaflet and with IF lacking AVR9 elicitor 

(BB/r2.4.5.9.11) on the other half of the same leaflet. IFS were diluted 8-fold with distilled 

water before injection. Injected leaf areas were excised at the indicated times and 

homogenized in liquid nitrogen. The enzyme activities were measured 

spectrophotornetricaUy and the values represent means I SD for three independent 

experiments with three replicates each. 
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lacking AVR9 elicitor (BB/r2.4.5.9.11). No significant difference was found in CAT 

activities detected from untreated leaves (data not shown), leaves treated with either 

elicitor or with control IF and harvested irnmediately afler injection. A slight increase in 

the enzyme activity was detected at 30 min (Fig. 12) in elicitor and control IF treatments. 

This elevated activity was reduced to the original level by 1 hr and this level was 

maintained for the following 4 hr period. There was no ~ i ~ c a n t  difference in enzyme 

activity between leaves injected with elicitor and leaves injected with control IF at any 

sampling time. 

Peroxidase activity 

Total peroxidase activity in leaves of Cf-9 plants in response to AVR9 elicitor was 

determined. The enzyme activities were measured from homogenates prepared fiom leaves 

injected with IF containhg AVR9 elicitor (I3Bh-4) or with control IF lacking AVR9 

elicitor (BBh2.4.5.9.11). A simcant increase in total peroxidase activity upon elicitor 

treatment was detected by 2-3 hr after injection (Fig. 13). This increase was maintained for 

at least 3 hr, at which time leaf damage was visible in elicitor treated leaves. In leaves 

injected with control IF, no change in total enzyme activity was detected as compared to 

the activity measured from untreated leaves (data not shown). 

In an attempt to understand the intracellular vs extracellular distribution of the 

elevated peroxidase activity, the enzyme activity was also measured in intercellular 

washing fluids (IWFs) obtained fiom leaf tissues injected with either elicitor or with 

control IF. The relative activity of peroxidases per pg protein in WFs was about IO-fold 

higher than the activity detected fiom homogenates (Fig. 13 and 14). A signifïcant 
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Figure 12. Cornparison of CAT activities in elicitor-treated leaves with that in control XF- 

treated leaves. Leaves of Cf-9 tomato plants were injected with IF containing AVR9 

elicitor (BBh4) on one half of each leaflet and with IF lackuig AVR9 elicitor 

(BBIr2.4.5.9.11) on the other half of the same lediet. Es were diluted 8-fold with distilled 

water before injection. Injected leaf areas were excised at the indicated times and 

homogenized in liquid nitrogen. The enzyme activities were measured 

spectrophotomehically and the values represent means SD for three independent 

experiments witb three replicates each. 
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Figure 13. Cornparison of total peroxidase activities in elicitor-treated leaves with that in 

control IF-treated leaves. Leaves of Cf-9 tomato plants were injected with IF containing 

AVR9 elicitor (BB/r4) on one haif of each leaflet and with IF lacking AVR9 elicitor 

(BB/r2.4.5.9.11) on the other half of the same leaflet. IFS were diluted 8-fold with distilled 

water before injection. Injected Ieaf areas were excised at the indicated times and 

homogenized in liquid nitrogen. The enzyme activities were rneasured 

spectrophotometrically and the values represent means tt SD for three independent 

experiments with three replicates each. Astensks indicate a treatment signincantly different 

(P 5 0.01) fkom samples treated with control IF. 
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Figure 14. Comparison of extracellular peroxidase activities in elicitor-treated leaves with 

that in control IF-treated leaves. Leaves of Cf-9 tomato plants were injected with IF 

containhg AVR9 elicitor (BBlr4) on one haif of each lea£iet and with IF lacking AVR9 

elicitor (BBl2.4.5.9.11) on the other haif of the same leaflet. IFS were diluted 8-fold with 

distilled water More injection. Peroxidase activities fkorn intercellular washing nui& of 

injected areas were measured spectrophotometrically and the values represent means i SD 

for three independent experiments with three replicates each. Asterisks indicate a treatment 

signincantly different (P 1 0.01) from samples treated with control IF. 
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increase in enzyme activity in WFs was seen by 3 hr after injection in elicitor treated 

leaves, Le., slightly later than that detected lkom the total homogenates (Fig. 14). No 

simcant changes in enzyme activity occurred over tirne in IWF from leaves injected with 

control IF. Peroxidase activity was also detected in the IFS used for elicitor and control IF 

injection, but it was 20-fold lower at the dilution injected than that detected from freshly 

isolated, undiluted IF (data not shown). 

Ascorbate peroxidase activity 

Vera-EstreiIa et al (1994) reported that activity of ascorbate peroxidase decreased 

in plasma membrane preparations isolated from AVR5 elicitor-treated cell suspensions of 

line Cf-5. Here, we exarnined the activity of this enzyme in leaf homogenates of Cf-9 

plants injected with either IF containing AVR9 elicitor (BB/r4) or with control IF 

(EBBIr2.4.5.9.11). The results (Fig. 15) indicate an increase in ascorbate peroxidase activity 

by 2 hr after injection with elicitor and about a 3-fold increase at 3 hr. The elevated activity 

of the enzyme then decreased reaching a base level at 4 hr. The activity of this enzyme in 

leaves injected with control IF was similar to the level in untreated leaves (data not 

shown). 

Glutathione S-transferase (GST) activity 

GST activity was examined in Cf-9 tomato leaves chdenged with IF containing 

AVR9 elicitor (BBIr4) or IF lacking AVR9 (BBIr2.4.5.9.11). No significant change in the 

enzyme activity was observed within 5 hr of injection with elicitor (Fig. 16). No significant 

difference in enzyme activity was detected between leaves injected with elicitor and those 

injected with control IF. 
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Figure 15. Cornparison of ascorbate peroxidase activities in elicitor-treated leaves with 

that in control IF-treated leaves. Leaves of Cf-9 tornato plants were injected with IF 

containing AVR9 elicitor (BB/r4) on one haif of each leaflet and with IF lacking AVR9 

elicitor (BB/r2.4.5.9. 11) on the other half of the same leaflet. IFS were diluted 8-fold with 

distilleci water before injection. Injected leaf areas were excised at the indicated times and 

homogenized in liquid nitrogen. The enzyme activities were measured 

spectrophotometricaiIy and the values represent means + for three independent 

experiments with three replicates each. Astensks indicate a treatment signiscantly different 

(P 1 0.01) from samples treated with control IF. 
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Figure 16. Cornparison of glutathione S-transferases (GST) activities in elicitor-treated 

leaves with that in control IF-treated leaves. Leaves of Cf-9 tomato plants were injected, 

on one half of each leaflet, with IF containhg AVR9 elicitor (BB/r4) and, on the other half 

of the same leaflet, with IF lacking AVR9 elicitor (BBIr2.4.5.9.11). Injected areas were 

harvested at different times and enzyme activities were measured from extracts of leaf 

homogenates, using CDNB as the substrate. The amount of enzyme producing 1 m o l  

min-' of conjugated product was defined as one unit. The values represent means I SD for 

three independent experirnents with three replicates each. 
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Injection of leaves of Cf-9 tomato plants with AVR9 elicitor induced visible leaf 

necrosis, with visible signs of leaf tissue damage appearing by 6 hr and complete necrosis 

evident by 12 hr (Chapter 0. Little is known about the biochernical and physiological 

events occuning in the host celis during this period. Accumulation of AOS in elicitor 

injected le& areas is detected within 1 to 2 hr and presumably is produced via a membrane- 

bound NADPH oxidase which is activated in tomato celis upon treatment with elicitor 

m g ,  et al., 1997). Thus, it is expected that the activities of enzymes related to 

antioxidant systerns in ceiis (shown diagrammatically Fig. 17) may be rnodified by the 

increased oxidative stress. 

Superoxide dismutase (SOD) activity 

SOD catalyzes the dismutation of 9- with great efficiency resulting in the 

production of H202 and Cl2 (Fig. 17), hence it is considered to be one of the main 

antioxidant enzymes in plants (Scandalios, 1993). In leaves injected with the AVR9 

elicitor, the total activity of SOD was not altered prior to the appearance of visible 

necrosis. SOD activities in both elicitor and control treatments were lower than that in 

untreated leaves. The mechanism resulting in this non-specifc reduction in enzyme activity 

is not clear. Mechanical injury made duMg the injection and/or the flooding of intercellular 

space with IF solution might contribute to certain changes, e.g., reduced 4 avdabiiity, Ïn 

the physiological status of the leaves. May et al (1996) also reported that, in Cf-2 and Cf-9 

tomato cotyledons injected with IF containhg AVR2 and AVR.9 elicitors, respectively, no 

change in the activity of SOD was detected by nondenaniring polyacrylamide gel assays. 
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In plants, three types of SOD have k e n  identifîed (Bewler, et al., 1992), with 

Cu/ZnSOD present in the cytosol, chloroplasts, and extraceIlu1a.r space, MnSOD present in 

mitochondria and peroxisomes, and FeSOD M y  located in chloro plasts. The unchanged 

total SOD activity in Our experiments may not indicate a lack of change in any individual 

isozyme. During an incompatible interaction of bean with the halo-biight pathogen, P. 

syringae pv. phuseolicola, cytosolic and intercellular isoforrns of SOD were found to 

increase upon inoculation, while a peroxisorcal isoform of SOD decreased (Adam, et al. 

1995). In Red Mexican bean inoculated with an avimlent isolate of P. syringae pv. 

phuseolicola, however, no change in total SOD activity, or in the activity of each of four 

individual isozymes, was observed (Milosevic and Slusarenko, 1 9 96). In maize plants 

treated with cercospo~,  a photoactivated toxin produced by fun@ of the genus 

Cercospora, several Sod transcripts were shown to increase drarnaticdy under the 

oxidative stress induced by the toxin, whereas both total SOD activity and individual SOD 

isozyme protein levels remained constant in ai l  toxin ueatments (Wiamson and 

Scandalios, 1992). It is conceivable that a high level of oxidative stress may result in high 

SOD protein turnover, resulting in a requirement for active synthesis of SOI3 just to 

maintain SOD levels suffïcient for effective protection (Scandalios, 1993). 

A number of studies have implicated a role for SOD in plant-pathogen interactions 

but in vacying ways. In tomato roots infested with a compatible race of the nematode 

Meloidogyne incognita, SOD activity increased considerably compared to that in roots of 

resistant varieties that displayed the KR (Zacheo and Bleve-Zacheo, 1988). It was 

suggested that the low SOD activity may result in a high concentration of superoxide, 
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which leads to k i h g  of the pathogen, while in susceptible cultivars these radicals are 

scavenged by an increased SOD activity (Zacheo and Bleve-Zacheo. 1988). However, 

inoculation of Arabidopsk thaliana with a incompatible pathogen P. syringae pv. syringae 

PSSD20, which eiicits an HR in the plant, resulted in the increased accumulation of SOD 

mRNA at 12 hr after inoculation (BueU and Somerviiie, 1995). The increased SOD activity 

in an incompatible interaction may contribute to the accumulation of high levels of H202 

during the oxidative burst. In a third scenario, enhanced levels of total SOD activity were 

detected in leaves of both susceptible and resistant bean cultivars foilowing infection with 

Uromyces phaseoli (Buonauno, et al., 1987). The function of this increased SOD activity 

rernains to be investigated. 

Catdase (CAT) activity 

CAT is a typical heme-containhg antioxidant enzyme which catalyzes the 

decomposition of H202 to H20 and O2 (Fig. 17) and plays a significant role in reducing 

high levels of H202 in peroxisornes. However, the importance of this enzyme as a H202- 

scavenger during plant-pathogen interactions has been debated because it is inefficient at 

scavenging the low levels of H202 produced in cells (Baker and Orlandi, 1995). In our 

experhents, no signincant differences in CAT activity could be detected between Ieaves 

injected with elicitor and leaves injected with control IF. Several studies indicate that in 

incompatible interactions total activity of CAT is decreased d u ~ g  the HR (Adam, et al., 

1995; MiIosevic and Slusarenko, 1996). In tobacco, reduced CAT activity has been linked 

to an accumulation of salicylic acid (SA), which has been reported to bind and iahibit CAT 

activity leading to an increase in H202 (Chen, et al., 1993). This proposal is highly 
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controversial and is the subject of much ongoing research (see the recent review by 

Sticher, et al., 1997). SA is generated in plants undergoing the HR and is suggested to be a 

signai molecule regulating local defense responses and systemic acquired resistance ( S M ) .  

In Cf-9 tomato cotyledons injected with the AVR9 elicitor, a significant Cfold increase in 

free SA levels above basal levels was detected by 12 hr after injection. with a 55-fold 

increase by 24 hr (Hammond-Kosack, et ai., L996). It is unlikely. however, that this 

enhanced SA level has an inhibitory effect on CAT activity in tomato cotyledons @or to 

the appearance of necrosis (at about 72 hr), as no gross changes in the activity of CAT 

were observed in elicitor-treated cotyledons using activity staining in nondenaturing 

polyacrylamide gels (May, et al., 1996). 

Peroxidases activities 

Peroxidases catalyze the oxidation of a wide range of molecules using H202 as an 

electron acceptor (Fig. 17) and play an important role in resistance against oxidative stress 

in plants (Asada, 1992). In Cf-9 leaves injected with AVR9, peroxidase activity was shown 

to increase in both leaf tissue homogenates and interceildar washing fiuids by 2 and 3 hr, 

respectively, after injection. The possible role of these increased peroxidases remains to be 

investigated. Both quantitative and qualitative changes in activities of peroxidase isoforms 

have been reported for numerous plant-pathogen interactions. Peroxidase activity was 

markedly increased by 7 days in cucumber plants upon inoculation with Colletotrichum 

lizgemrium and tobacco necrosis virus, and accumulation of the enzyme was associated 

with lesions caused by the pathogens (Avdiushko, et al., 1993). In our system, the increase 

in peroxidase activity may not be linked to ceii death, as an increase in extracellular 
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enzyme activity was also detected upon elicitor treatment of suspension cultured Cf-5 cells 

in which there was no elicitor-induced ceU death (Vera-Estrella, et al., 1992). A number of 

possibilities exist conceming the role of extracellular peroxidases during the HR (Hahn, et 

al., 1993). Extracellular pemxidase ac tivity may be involveci in the rapid H202-dependent 

cross-linking of plant ceii wall proteins, such as hydroxyproline-rich glycoproteins 

(HRGPs), (Bolweil, 1993). The oxidative cross-linking of these proteins has k e n  

postulated to reinforce the ceii waü against pathogen secreted wd-degrading enzymes 

(Bradley, et al., 1992). However, the role played by peroxidases in plant resistance 

continues to be questioned. Tobacco plants transformed with the major pathogen-induced 

leaf peroxidase of barley did not achieve enhanced resistance against the tobacco powdery 

mildew pathogen Erysiphe cichoracearwn, although the peroxidase could be extracted 

fkom the interceilular space (fistensen, et al., 1997). 

Ascorbate peroxidase scavenges &O2 through a pathway, cded the ascorbate- 

glutathione cycle (Fig. 17). which is believed to be the main means of removal of H202 in 

chloroplasts and the cytosol (Asada, 1992). A 3-fold increase in ascorbate peroxidase 

activity was detected by 3 hr in leaves stimulated by AVR9. Increases in ascorbate 

peroxidase activity have been demonstrated in plants under various stresses, such as ozone 

(Conklin and Lat, 1995). irradiame (Grace and Logan, 1996), paraquat (Donahue, et al., 

1997), and pathogen infection (El-Zahaby, et al., 1995; Mittler, et al., 1996). In contrast, 

Vera-Estrella et al. (1994) reported that the activity of this enzyme located in plasma 

membrane fractions was reduced upon treatment with elicitor, contributing to the buildup 

of H202. In the present study, the elevated activity of ascorbaie peroxidase retumed to the 
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basal level by 4 hr, and then was closely foilowed by the appearance of leaf darnage. This 

decrease in enzyme activity has several possible explanations. Ascorbate peroxidase has 

been proposed to be inactivated by the radicals produced from reactions of H202 with celi 

components (Asada, 1992). In addition, it is believed that ascorbate peroxidase loses its 

activity in the absence of an electron donor, such as ascorbate (Asada, 1992). During the 

oxidative burst, smaU molecdar antioxidants, such as ascorbate and glutathione, may be 

changed in amount and redox status. It was reported that in AVR9 elicitor-treated tomato 

cotyledons the ratio of oxidKed glutathione to reduced glutathione was increased by 98% 

(May et al., 1996). One of the main functions of reduced glutathione is the regeneration of 

ascorbate by the reduction of dehydroascorbate in the ascorbate-glutathione cycle, hence a 

buildup of oxidized glutathione may affect the availability of ascorbate for maintaining 

ascorbate peroxidase activity. 

Glutathione S-transferase (GST) activity 

GST has wellde£ïned roles in plant detoxifcation reactions. It is capable of 

catdyzing the binding of various xenobiotics with GSH to produce less-toxic conjugates. 

This enyme also catalyzes the breakdown of fatty acid hydroperoxides and contributes to 

protection against oxidative membrane damage and necrotic disease symptoms (Batling , et 

al., 1993). In this study of tomato leaves undergohg the oxidative burst, GST activity did 

not change. Increased transcription of the genes encoding GST isoenzymes has been found 

in numerous plants after fimgal infection. Witer wheat plants infected by the nonpathogen 

Eysiphe graminis f. sp. hordei showed local, induced resistance against the related 

pathogen E. graminis f. sp. tritici and one of the genes activated simultaneously with the 

onset of resistance encoded a GST isoenzyme @udler et al., 1991). In potato, the 
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pathogen-defense gene prp I - I  has been shown to encode a GST isoenzyrne (Hahn and 

Strîttmatter, 1994). In soybean cells, Levine et al. (1994) showed that increases in GST 

mRNA were induced by H202 generated fiom an oxidative burst. Unfortunately, none of 

these studies went beyond analysis of transcription and thus lack data on the amount and 

activity of the enzyme. Several reports indicate that stress-mediated changes in the 

abundance of a paaicular transcnpt do not always correlate with corresponding changes in 

antioxidant protein level andor enzyme activities (Wiiamson and Scandalios. 1992; 

Donahue, et al., 1997). Hence, analysis of transcription levels of GST in tomato plants 

chailenged with race specitic elicitors would be of particular interest in estimating the 

turnover rate of these enzymes. 

In summary. activities of peroxidases and ascorbate peroxidase, but not SOD, 

CAT. or GST, were increased in leaves of Cf-9 plants undergoing an oxidative burst 

induced by AVR9. The unmodifed SOD activity may be sufficient for converting Oz- into 

H202 at a hi& rate and thus promoting the accumulation of H202 during the oxidative 

burst. Catalase activity may have less eEect on the extracellular buildup of H202 because of 

its low &ty for H202 and because of its peroxisome location (Foyer, 1993). hcreased 

peroxidase activities rnay be associated with protection of cells against oxidative stress. In 

retrospect, Somation on both the activity and transcription level of each of the above 

enzymes would have contributed valuable information on turnover rates in oxidatively 

stressed tissue. It is also important to note that in this study only elicitor-treated tissue was 

analysed for changes in antioxidant enzymes whereas other studies suggest that it is the 

adjacent tissues which perceive and respond to the AOS signals by altered activity of these 

enzymes. 



CHAPTER THREE 

Signal Transduction Pathway of the Oxidative Burst in Tomato Ce& Triggered 

by A Race Specific Elicitor of Chdosporiumfulvum 



INTRODUCTION 

In a gene-for-gene type interaction between plant and pathogen, incompatibiiity is 

believed to be triggered via specifîc recognition of the pathogen by its host plant. This 

process is assumed to be mediated by a pathogen-produced elicitor, the putative product 

of an Avr gene, and a host receptor, the putative product of the R gene. Following 

recognition, a signai transduction cascade occurs in host ceiis Ieading to activation of an 

array of defense responses. One of the eariiest responses in these host plants is the 

oxidative burst (Baker and Orlandi, 1995). 

An oxidative burst in plants has been demonstrated to be triggered by a number of 

stimuli, including live bacterial pathogens (Chancira, et al., 1996; Levine, et al., 1996; 

Glazener, et al., 1996; Baker, et al., 1995), pathogen-derived macromolecules (Apostol, 

et al., 1989; Baker. et al.. 1993; Schwake and Hager, 1992; Linder, et al., 1988). host celi 

wall fragments derived fiom host-pathogen interactions (Legendre, et al., 1993a). or 

chemical elicitors such as chitosan (Kauss and Jeblick, 1996). In spite of the great diversity 

of stimuli, most studies have attributed the generation of active oxygen species (AOS) to a 

common mechanism, i.e., activation of NADPH oxidase (Auh and Murphy, 1995; Groom, 

et al., 1996; Dwyer, et al., 1996; Desikan, et al., 1996; Bestwick, et al., 1997; Kieffer, et 

al., 1997; Mithofer, et al.. 1997). Less fkequently, other sources of AOS in plant-pathogen 

interactions, e-g., cd-wail peroxidase (Bolweli, et al., 1995; Bestwick, et al., 1997) and 

germin-like oxalate oxidases (Zhang, et ai. 1995). have been reported. 

NADPH oxidase is weli-documented as k ing involved in the respiratory burst of 

neutrophils (Babior et al., 1997) and it is activated via a signal transduction cascade 



(Bokoch, 1995). Several key components in this rndti-stepped pathway have been 

identifîed and the most likely process has been proposed (Jones, 1994). Briefiy, different 

ligands bind to receptors on the ceU surface and activate G-proteins which then activate 

phospholipase C (PLC). PLC catalyzes the production of diacylglycerol (DAG) and 

inositol- 1,4,5-trisphosphate (IP3). Subsequently, the IP3 bhds to caZC channel receptors 

resulting in increased cytosolic ca2+. DAG and the enhanced ca2' level then activate a 

protein kinase C (PKC) which phosphorylates cytosolic components of the NADPH 

oxidase complex. The phosphorylated components then migrate to the plasma membrane, 

"dock" on membrane components of the oxidase, and twn on the enzyme complex. 

In the C. fitlvum-tomato interaction, rapid generation of AOS has been detected in 

suspension cultured cells (Vera-Estrella, et al., 1992), cotyledons (May, et al., 1996). and 

leaves (Chapter I) in response to race specific eiicitors. Involvement of G proteins in the 

elicitor-induced host responses has been demonstrated in tornato cells (Vera-Estrella, et 

al., 1994 Xing, et al., 1997a). Furthemore, it was reported that elicitor treatrnent of 

tomato protoplasts, or of isolated plasma membrane, activated membrane caZ+ channels 

(via a G-protein regulated mechanism) and thus enhanced cytosolic Ca2+ levels (Ge& et 

al., 1997). However, a connection between these events and the oxidative burst was 

lacking. Recently, Xing et al (1997b) showed that elicitor treatment induced 

phosphorylation of the cytosolic components of an NADPH oxidase and thus activated the 

enzyme complex. This phosphorylation was inhibited by EGTA or W-7, a ~ a 2 +  chelator 

and a c h o d &  antagonist respectively, suggesting that a c&-dependent protein kinase 

is involved in the regdation of this NADPH oxidase. 
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In the work by Xing et al. (1997b), the increased activity of an NADPH oxidase 

was detected in plasma membranes which had k e n  isolated fkom elicitor-stimulated ceiis. 

It is unclear if this enhanced enzyme activity contributes to the total amount of elicitor- 

induced AOS generation in intact ceiis or if other mechanisms also occur. In the present 

study, we used a probe, 2',7'-dichlorofluorescin diacetate (DCFH-DA), to monitor the 

rapid generation of H202 in Cf5 ceiis triggered by the AVRS elicitor. In addition to 

studying the in vivo kinetics of the oxidative burst, various inhibitors of signai transduction 

pathways were used to test the degree to which NADPH oxidase is responsible for the 

oxidative burst in vivo. Inhibitors were chosen based on the accurnulated evidence that an 

NADPH oxidase, similar to that in phagocytic animal ceiis, is involved. 



MATERALS AND METEODS 

Preparation of intercellular fluid (IF') containing the elicitor AVRS 

Tomato plants cv. Bomy Best were inoculated with race 4,5,2.3, or 2.4.5.9.11 of 

C. filvum for production of IFS containing or lacking the elicitor AVR.5 and IFS were 

prepared as described in Chapter 1. IFS nom the combinations BBlr4 and BB/r2.3 are 

referred to as elicitor, whereas the combinations BBlr5 and BBlr2.4.5.9.11 are referred to 

as control IF. 

Plant cells 

Celi suspension cultures derived fiom a h e  of tomato (cv. Moneymaker) with the 

resistance gene Cf-5 were grown in 500 ml Erlenmeyer flasks containing 100 ml of MS 

medium (Murashige and Skoog, 1962), in the dark at 25OC on a rotary shaker at 120 rpm 

and subcultured weekly ( Vera-Estrella et al., 1992). To standardize the measurement of 

the oxidative burst induced by the AVRS elicitor, 4 to 5 day old C f 4  ceii cultures were 

washed three times by sequential centrifugation at 2ûûg and resuspended in a solution 

composed of 1 18 mM NaCl, 4.7 rnM KCl, 25 mM Na2-HEPES, 1.2 m M  -PO4, 1.2 

mM MgS04, O. 1 @4 CaC12, 3% sucrose, pH 5.9 m g ,  et al., 199%). The concentration 

of cells was adjusted to 1 6  ceils per ml with the above solution and incubated in the dark 

on a rotary shaker for 2 hr for equilibration before elicitor treatment. 

Detection of H202 from suspension-cultured cells stimulated by elicitor 

Four ml aliquots of cells were transferred into each of 25-ml flasks. Elicitor or 

control IF was added to the cells which were then incubated on a rotary shaker for 

specified times. H A  was detected by adding 8 pl of 20 mM DCFH-DA to the ceUs a d  
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the development of fluorescence was observed in an ultraviolet viewing cabinet after 3 

min. M e r  showing (see Fig. 21) that the amount of DCF in ceUs and extemd medium was 

similar, for mutine quantification only the DCF in the extemal medium was measured. 

Treated celis were vacuum filtered through one layer of hlter paper (Whatman No. 1) at 3 

min after addition of DCFH-DA. The fütrates were immediately transferred to ice in the 

dark. The fluorescence of filtrates, which were diluted 30 times with distiUed water in a 3 

ml cuvette, was measured within 1 hr on a fluorimeter with the excitation wavelength 488 

nm and emission wavelength 525 m. The kinetics of the probe oxidation in treated or in 

untreated ceUs was determineci directly on a fiuorimeter. A 3-ml aliquot of ce&, previously 

treated with elicitor, with control IF, or untreated, was transferred into a cuvette which 

contained 6 pl of 20 mM DCFH-DA. Cells were then slowly stirred in a fiuorimeter 

chamber with fluorescence changes recorded continuously. 

The effect of cell age on the sensitivity of the ceils to elicitor was investigated using 

Cf-5 cultures 1 to 8 days old Celis were centrifugai (200g for 5 min at 25*C), 5 ml of 

packed celis were resuspended in 20 ml of fresh medium and these suspensions were 

incubated in the dark on a rotary shaker for 2 hr. Foui ml of such celis were treated with 

IF containhg the AVRS elicitor or control IF and HzOt was detected as descnbed above. 

The results (Appendix Fig. 2) show that 5 day old ceils treated with control IF gave the 

lowest background, compared to 6 to 8 day old cells, while such ceUs treated with the 

elicitor showed the highest fluorescence, compared to 1 to 4 day old cells. We considered, 

therefore, that 5 day old ceiis were most suitable for our experiments and thus ail 

experiments were performed with 5 day old cells unless othenvise indicated. 
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Inhibition of fluorescence development in the elicitor-treated ce& by catalase 

Four ml aliquots of Cf-5 cells in 25-ml flasks were treated with IF containing the 

AVRS elicitor rnixed with different concentrations of catalase. The treated celIs were 

fïltered and the fluorescence intensities of the filtrates were measured as described above 

and referred to as the extracellular H202. TO measure intracellular DCF in some 

experiments, these filtered ceiis were washed with 15 ml of a solution composed of 20 mM 

potassium phosphate buffer, pH 5.5, 3% sucrose. The washed celis were homogenized in 

an ice bath and the homogenates were resuspended in a total of 4 ml buffer foilowed by 

centrifugation at 13,000 g for 10 min. The fluorescence intensities of the supernatants 

were measured and referred as to the intracellular fraction of H202. 

Inhibition of the elicitor-induced oxidative burst 

To investigate the signal transduction pathway Ieading to the oxidative burst. 

inhibitors of several components of a typical signal transduction pathway were appiied 

(Table 5). Inhibitors were added into four ml of cells in 25-1111 flasks 30 min before the 

cells were treated with elicitor or control IF. Aii of the inhibitors were dissolved in 

dirnethylsulfoxide (DMSO) (Sigma) except EGTA, LaC13, and TMB-8, which were 

dissolved in distilled water. The effects of inhibitors on the elicitor-induced oxidative burst 

were determined by detection of extraceilular H202 generation using the probe DCFH-DA 

as descnbed above. Treatment of ceiis with DMSO alone was performed as a control and 

no effect of DMSO on the elicitor-induced oxidative burst was detected in cornparison to 

cells without elicitor treatment. 

Sbtistical analysis 

Cornparisons of clifferences observed in a l l  experirnents were made using the t-test. 

P 1 0.0 1 was considered significant. 
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TABLE 5. Inhibitors and their concentrations (in the ceil suspension) used for investigation 

of the signal transduction pathways in the elicitor-induced oxidative burst in tomato ceii 

suspensions. 

Reagents Function concentration used solvent 

NADPH oxidase inhibitor 

NADPH oxidase inhibitor 

General protein kinases inhibitor 

Protein kinase C inhibitor 

Protein kinase C inhibitor 

Protein kinase C inhibitor 

Protein tyrosine kinases inhibitor 

CalmoduEn antagoinst 

Calcium chelator 

Calcium channel blocker 

Calcium channel bIocker 

Intracellular calcium antagonist 

Phospholipase C inhibitor 

Phospholipase A2 inhibitor 

DMSO 

DMSO 

DMSO 

DMSO 

DMSO 

DMSO 

DMSO 

DMSO 

Hz0 

Hz0 

DMSO 

H20 

DMSO 

DMSO 



bipheny leneiodonium chloride 

b ~ - ( 6 - ~ m i n o h e x y l ) - 5 ~ ~ ~ r 0 -  1 -naPhthalenesu~onamideT HCI 

'Ethylene glycol-bis(&aminoethy l eth-r)-NfiNN-tetraacetic acid 

d8-@iethylamino)ob~-3,4T5-trimethoxybe, HCI 

' i - {6-[(17p-3-~ethoxyestra- 1.3,5(10)-trien- f 7-yl)amino]hexyl] - 1 H-pyrrole-2,5-dione 

f Arachidonylerifluorornethyl ketone 



RESULTS 

Detection of H202 generated in Cf-5 cells stimulated by AVRS elicitor 

The oxidative burst induced by race specific elicitors in leaves of tornato plants was 

detected using the probe. DCFH-DA (Chapter l). This probe was then applied to the 

detection of the rapid generation of H202 in suspension-cultured Cf-5 cells in response to 

treatment with intercellular fluid (IF) containing the AVRS elicitor. Initial experiments 

were perfomed with 4-ml aliquots of ceUs (in 25-ml flasks) which were previously treated 

with either IF containing the AVRS elicitor (BB/r4) or with control IF lacking the AVRS 

(BB/r5 or BBh2.4.5.9.11) for 1 hr. Rapid generation of H202 in the celi cultures was 

detected by adding the probe and the fluorescence, resulting fiom the oxidation of the 

probe. was observed in an ultraviolet viewing cabinet. The fluorescence intensity was 

much higher in cells treated with elicitor than in ceiis treated with control IF or in 

untreated ceiis (Fig. 18). Direct fluorimetry of treated cells to study the kinetics of probe 

oxidation (after a 30 min exposure of cells to elicitor or control F) showed fluorescence 

rapidly increased in the elicitor-treated cells (Fig. 19) and a steady state, which represented 

the maximum level of the probe oxidation, was reached by about 3 to 6 min. In contrast, a 

signincantly slower iacrease in fluorescence was detected in control IF-treated ceUs or in 

untreated cells (Fig. 19). In both of these controis, it took about 15 to 20 min for the 

fluorescence intensities to reach the maximum level (data not shown). Based on the in 

vitro relationship between &O2 concentration and probe fluorescence (see Appendix Fig. 

3). it is estimated that maximum fluorescence requires >40 rnM H202. 



Fig. 18. Detedion of H2O2 generated in Cf-5 cells in response to the AVR5 elicitor. Four 

mi of 5-day old ceils were first treated with IF containing the AVRS elicitor (BB/r4) or 

with IF lacking the AVR.5 elicitor (BB/r2.4.5.9.11) for 30 min and, then, 8 pl of 20 mM 

DCFH-DA was added. The fluorescence intensities in IFS treated cells were compared 

with those in untreated celis. Photograph was taken, about 3 min d e r  adding the probe, in 

an ultraviolet viewing cabinet with two 15 Watts SW tubes. 
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Figure 19. Kinetics of DCFH oxidation for the kst 6 min d e r  addition of probe to 

treated Cf-5 celIs. CeUs were h t  treated with IF containing the AVRS elicitor (BBlr4) or 

with IF lacking the AVRS elicitor (BB/2.4.5.9.11) for 30 min. Then 3-ml of ceUs was 

transferred into a cuvette which contained 6 pl of 20 rnM DCFH-DA with stimng and the 

changes of fluorescence intensities were recorded on the £horimeter. 



Inhibition of oxiation of DCFa by catalase in elicitor-stimulatecl ceils 

To confirm that the oxidation of DCFH in ceil cultures was due to the rapid 

generation of H202 in response to the treatment with elicitor, the effect of CAT, which 

converts H202 to H20 and Oz, was investigated. Elicitor-stimulated cells were treated 

with CAT 3 min before adding the probe, then at 3 min cells were filtered and fluorescence 

intensities of the filtrates were measured. The fluorescence in cells stimulated with the 

AVRS elicitor was reduced about 75% by CAT treatment (Fig. 20). Heat inactivated CAT 

did not affect the fluorescence development. In celis treated with control IF, the 

fluorescence intensity was also reduced by CAT. 

Measurement of extra- and intraceilular HzOz by the DCFH oxidation assay 

Deacetylation of the probe, e.g., conversion of DCFH-DA to DCFH, is required 

for the probe to be oxidized. The probe was not oxidized when it was added to a solution 

containing peroxidase, HzOz, and culture Ntrates isolated either fiom an elicitor-treated 

celi culture or from a control IF-treated celI culture (Appendix Table 1). Huorescence 

developed, however, when peroxidase and H202 were added to a culture filtrate isolated 

fiorn a cell culture which had been loaded with the probe for 10 min (Appendix Table 1). 

Thus, it appears that the deacetylated form (DCFH) of the probe leaks from ceus. 

DCFH-DA is commonly considered to be a probe for detection of intracellular 

&O2 in phagocytic cells (Bass, et al., 1983). although it has been demonstrated that both 

the deacetylated fonn and the oxidized form of the probe likely diffuse through ceii 

membranes in certain types of cells (Royall and Ischiropoulos, 1993). Results described 

above indicate that the deacetylated form andor oxidized form of the probe also leak fiom 
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Figure 20. Effect of catalase (CAT) on development of fluorescence in ceils treated with 

either elicitor or with control IF. Cells were left untreated or treated with either IF 

contaihg the AVRS elicitor (BB/r4) or with IF lacking the AVRS elicitor (BBIrS) for 1 

hr and, then, CAT (2,000 unit/ml), heat înactivated CAT, or water was added 3 min before 

adding the DCFH-DA. Ceils were filtered 3 min after adding the probe and fluorescence 

intensities of the filtrates were measured on a fiuorimeter. The values represent the mean I 

SD of three independent experiments with three replicates each. Astensk indicates a 

treatrnent was significantly different (P 1 0.01) from the sarnple treated with elicitor plus 

water but was not signincantly different from samples treated with control IF and 

untreated cells. 



tomato cells. Thus, we investigated the relative distribution of the fluorescent product of 

the probe behveen the ceUs and the extracellular medium. Probe was added to treated 

cells, the celis fihered after 3 min and oxidized probe extracted from the cells. In elicitor 

stimulated cells, the fluorescence of the filtrate, e.g., extraceliular fraction, was slightly 

higher than that of the supernatant prepared h m  the celi homogenate. e-g.. the 

intraceliular fraction (Fig. 21). The fluorescence of both hctions obtained fiom elicitor- 

stimulated cells was signincantly higher than that obtained fiom control IF-treated or 

untreated cells. CAT inhibiteci fluorescence development to the same degree in both the 

extracellular and intracellular fractions (Fig. 21). Thus, the DCFH-DA probe appears to be 

an indicator of total &O2 levels outside and inside the celi. For the remainder of the 

assays, only the extracellular fluorescence was measured since extracellular and 

intraceMar H202 did not differ significantly (Fig. 2 1). 

Elicitor dose-dependent stimulation of oxidative burst in tomato C f 4  celis 

The effect of AVRS elicitor concentration on the oxidative burst in Cf-5 cell 

culture was tested. Cells. treated with various concentrations of IF containhg the AVR5 

elicitor, were filtered and the accumulation of H202 was compared by measuring the 

fluorescence intensities of the fütrates The amount of H202 generated was linearly 

correlated to IF concentration between the dilutions of 1/32 and 1/256 (Fig. 22). The 

H202 level in ceils treated with IF of 512-fold dilution was not significantly different from 

that detected fiom cells treated with control IF of 16-fold dilution or fiom untreated cells. 

At ail of these concentrations, this elicitor did not induce visible necrosis when injected 

into leaves of Cf-5 plants and did not induce death of Cf-5 cells; however, the undiluted IF 



elicitor control IF untreated elicitor control IF 
+CAT +CAT 

Fig. 21. Distribution of the fluorescent product of DCFH-DA in Cf-5 ceils treated with IF 

containing the AVRS elicitor (BBlr4) or with IF lacking the AVR5 elicitor (BBIrS), with 

or without added catalase (CAT). Celis were previously treated with IFS for 1 hr and CAT 

(2,000 unit/ml) was added as described before. Cells were fdtered 3 min after adding the 

probe. The fltrates (the extracellular fraction) and the supematants (the intracellular 

fiaction) obtained from the homogenized celis were analysed for fluorescence. The values 

represent the mean I SD of two independent experiments with three replicates each. 

Asterisks indicate a treatment was significantly diKerent (P L 0.01) nom both sampies 

treated with elicitor. 



control IF 
II untreated 

16 32 64 128 256 512 16 

Dilution of IF (fold of original) 

Figure 22. Effect of elicitor concentration on accumulation of H202 in tomato Cf-5 ceils. 

G d s  were treated with IF containhg the AVRS elicitor (BB/r4), or with IF lacking the 

AVRS elicitor (BBlrS), for 1 hr and then the probe, DCFH-DA, added. H202 was 

detected by measuring the fluorescence of the oxidation product of the probe in ceii 

fdtrates. The values represents the mean + SD of three independent experiments with three 

repkates each. Asterisks indicate a treaûnent was significantly different (P 5 0.0 1) fkom 

the sample treated with control IF and untreated ceus. 
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induced chlorosis or weak necrosis 3-5 days after injection into Cf-5 plants. 

Time-dependent accumulation of &O2 in tomato C f 4  cells upon elicitor treatment 

The kinetics of HzOz generation in Cf-5 cells in response to IF containing the 

AVRS elicitor were measured. Rapid generation of H202 was observed within 10 min of 

treatrnent, as measured by the elevated level of fluorescence (Fig. 23). The level of H202 

peaked between 15 rnin and 1 hr and, then, declined slowly during the following 4 to 5 hr. 

A srnaller, and less prolonged, peak occurred in the ceils treated with IF lacking the AVFS 

elicitor and no changes in H202 level occurred in untreated cells. 

Inhibition of the AVRS elicitor-induced oxidative burst in tomato cells 

The possible mechanism(s) of the oxidative burst in tomato celis was investigated 

by use of inhibitors (Table 5) of several components of the typicai signal transduction 

pathway leading to an oxidative burst in phagocytic neutrophil cells. Cf-5 ceiis were f i t  

treated with inhibitors for 15 rnin and, then, stimulated with IF containhg the AVRS 

elicitor, or with IF lacking the AVRS elicitor, for 1 hr before adding the DCFH-DA probe 

and measuring fluorescence of the extracellular medium as described above. 

ï?ze effect of inhibitors of phospholipases: The possible roles of phospholipase C (PLC) 

and phospholipase A2 (PLA2) in the elicitor-induced oxidative burst in tomato ceus were 

investigated using inhibitors of these enzymes. U73 122, a specific inhibitor of PLC, 

completely inhibited the elicitor-induced rapid generation of H202 (Fig. 24) whereas 

AACOF3, an inhibitor of PLA2, did not significantly affect H202 generation in such cells. 

Neither reagent had an effect on the basal level of H202 generated in untreated cells. 
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Figure 23. The-dependent accumulation of H202 by Cf-5 tomato ceiis incubated with IF 

containing the AVRS eLicitor (BBlr4) or IF lacking the AVRS elicitor (BB/r2.4.5.9.11) 

compared with untreated cells as measured by the increase in fluorescence of DCF. the 

product of DCFH-DA oxidation. The inset shows the changes in H202 levels in the ceil 

cultures in the fmt hour after treatment, Celi cultures were fmt treated with IFS (1/ 16 

original concentration) and then the probe was added to sarnples at specified times. CeUs 

were filtered 3 min after the probe addition and fluorescence of diluted filtrates was 

measured. The values represents the mean i SD of three independent experirnents with 

three replicates each. 
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Figure 24. Effects of inhibitors of phospholipase C and phospholipase A2 on the AVRS 

elicitor (BB/r4) stimuiated production of H202 as assayed by oxidation of DCFH-DA in 

tomato Cf-5 celis and compared with ceils treated with IF lacking the AVEU elicitor 

(BB/r5). Ceii cultures were treated with 50 p M  U73122 or LOO pM AACOF3 for 15 min 

and then were treated with the eiicitor foiiowed by incubation for 1 hr. Ceils were fiitered 

at 3 min after adding the probe and the fluorescence intensities of the filtrates were 

measured. The values represent the mean I SD of two independent experiments with three 

replicates each. Asterisks indicate a treatment was significantly different (P S 0.01) from 

the sample treated with elicitor but similar to that treated with contrd IF. 
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The effect of calcium chelators and calcium channel blockers: Experixnents with caZC 

chelators and ca2' channel blockers were performed to detennine the possible role of ca2+ 

in the oxidative burst. When 1 mM EGTA, a preferentiai ca2+ chelator, was added to the 

assay medium, the elicitor-induced increase in H202 was reduced to a Ievel similar to that 

for control IF-treated ceils or for untreated cells (Fig. 25). Similar results were obtained 

with 1 mM LaC13, an ion known to block the entrance of ca2' into ceus (Hilie, 1992). 56 

jiM W-7, a cahnodu1i.n antagonist, and 100 TMB-8, an intracellular ca2' antagonist 

(Fig. 25). None of these reagents affected the basal level of H 2 4 .  In contrast. 125 ph4 

fiedipine, an organic voltage-gated ca2+ channel antagonist, had no inhibitory effect on 

the elicitor-induced generation of H202 in ceiis and the reagent itself stimulated an 

increase in H202 (Fig. 25). 

nte effect of inhibitors of protein kinases: The involvement of protein phosphorylation in 

the generation of the oxidative burst was studied with several inhibitors. Staurosporine, a 

potent but nonspecific inhibitor of protein kinases, completely inhibited the elicitor-induced 

increases in &O2 (Fig. 26). In contrast, cheleryihrine, calphostin C, and 

bisindolyhaleimide, al l  of which are specific inhibitors for protein kinase C (PKC), did not 

significantly affect the H202 production in the elicitor-treated ceIls. Genistein, an inhibitor 

of protein tyrosine kinases, also did not inhibit the elicitor-induced increase in H202. 

The effect of inhibitors of NADPH oxidase: A iink between activation of NADPH oxidase 

and the elicitor-induced oxidative burst in tomato cells was tested. Inhibitors of NADPH 

oxidase were added to cell cultures 15 min before elicitor treatment and effects of these 

inhibitors on accumulation of H202 were assayed. Diphenyleneiodonium (DPI), a specific 
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Figure 25. Effects of calcium chelatos and calcium channel blockers on the elicitor- 

induced &O2 production. Cell cultures were treated with 1 mM EGTA, t rnM LaC13, 100 

ph4 TMB-8, 56 pM W-7, or 125 p M  nifedipine for 15 min and, then, treated with either 

IF containhg the AVRS elicitor (BB/r4) or with IF lacking the AVRS elicitor (BB/rS) and 

incubated for 1 hr. CeiIs were nItered 3 min after addùig the probe and the fluorescence 

intensities of the filtrates were measured. The values represent the mean t SD of three 

independent experiments with three replicates each. "*" indicates a treatment significantly 

different (P 5 0.01) from the sample treated with elicitor alone and "**" indicates a 

treatment not significantly different fiom the sample treated with control IF and untreated 

cells. 



control IF 
elicitor 

Figure 26. Effects of protein kinases inhibitors on the elicitor-stimulated H202 production 

in Cf-5 ceus. CeUs were treated with 2 pli4 staurosporine, 13 j.iiM chelerythrine, 157 nM 

calphostin C, 2.43 pM bisindolylrnaleimide, or 9.25 pM genistein for 15 min and, then, 

treated with IF containing the AVR5 elicitor (BBlr4) or IF lacking the AVRS elicitor 

(BB/r5) followed by incubation for 1 hr. Cells were filtered at 3 m .  after adding the probe 

and the fluorescence intensities of the filtrates were measured. The values represent the 

mean I SD of three independent experiment with three replicates each. "*" indicates a 

treatment signincantly different (P 1 0.01) from the sample treated with elicitor but 

without inhibitor. 
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inhibitor of NADPH oxidase, completely inhibited the elicitor-induced H202 generation 

(Fig. 27), compared with controls. a-Naphthol, another inhibitor of NADPH oxidase, also 

significantly inhibited the generation of H202 in response to eücitor treatrnent. 

Oxidation of DCFH by H202 has k e n  demonstrated to be mediated by cellular 

peroxidases mass, et al., 1983) and, thus, the effect of DPI on the activity of peroxidases 

was examined. The oxidation of DCFH by exogenous Hz02 mediated by a commercial 

peroxidase (Sigma) in vitro or by cellular peroxidases in vivo was not ~ i ~ c a n t l y  

inhibited by DPI, at a concentration 10-fold higher than that used in the experiments above 

(data not shown). 



Elici tor 
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Control IF No elici tor 

Figure 27. Effects of inhibitors of NADPH oxidase on production of H202 as assayed by 

oxidation of DCFH in tomato Cf-5 celis treated with IF containing the AVRS elicitor 

(BB/r4) or IF lacking the AVRS elicitor (BB/rS), as measured by increase in fluorescence. 

Cell cultures were fmt treated with 10 p M  DPI or 100 @id a-naphthol for 15 min and, 

then, treated with IFS fouowed by an incubation for 1 hr. Cells were filtered at 3 min after 

adding the probe and the fluorescence intensities of the filtrates were measured. The values 

represent the mean I SD of three independent experiments with three replicates each. "*" 

indicates a treatment significantly different (P 1 0.01) fiom the sample treated with elicitor 

alone. 



DISCUSSION 

The oxidative burst in plants in response to pathogens or pathogen-denved elicitors 

has been studied in several plant-pathogen systems (reviewed by Lamb and Dixon, 1997; 

Mehdy, et al., 1996; Low and Merida, 1996; Baker and Orlandi, 1995). In the C. fulvum- 

tomato interaction, generation of active oxygen species (AOS) triggered by race specific 

elicitors was detected using luminol-dependent cherniluminescence and cytochrome c 

(Vera-EstrelIa, et al., 1992) and nitroblue tetrazolium (May, et al., 1996). In planta AOS 

accumulation (Chapter I) was detected in elicitor-injected tomato leaves using a probe, 

2',7'-dichlorofluorescin diacetate @CFH-DA), which is commonly used to detect H202 in 

rnamrnalian systems (Royail and Ischiropoulos, 1993). In the present study, this probe was 

used to monitor the rapid generation of AOS in Cf-5 ceiis upon treatment with the race 

specific eücitor AVRS and to M e r  examine the source of the AOS. 

Establishment of DCFH-DA as an effective extra- and intracellular probe for H202 

DCFH-DA appears to be an appropriate probe for assay of the oxidative burst in 

Our assay system. The specificity of the probe for detection of H202 was confirmed by 

applying catalase, which completely inhibitecl the eliciror-induced increase in fluorescence, 

resulting from peroxidase and &O2-mediated oxidation of the probe. The fluorescence 

development in elicitor-treated cells loaded with the probe cm be easily observed in an 

ultraviolet viewing cabinet with relatively low intensity larnps or quantitatively measured in 

a fluorimeter. 

Although DCFH-DA is generally considered as a probe for detection of 

intracellulu H202 (Bass, et al., 1983), it appears to be both a .  extra- and intracellular 
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probe in Our assay system. Indeed, the data suggest an extracellular origin for the H202 

detected in this system. Complete inhibition of eiicitor-induced fluorescence by catalase 

which cm not enter the celi would be unlikely if all, or part of, the Hz02 was produced 

intracellularly; some of the H202 would react with the intracellula. probe before either the 

H202 or DCFH had time to difise fiom the cell. In contrast, if the H202 was produced 

extracellularly then at least partiai rernoval by catalase is possible. The presence of 

approximately equal arnounts of both intracellular and extracellular DCF confmed the 

easy movement of DCFH or DCF across the plasma membrane. Other tests confimed that 

the deacetylated and oxidized forms of the probe freely diffuse through the tomato ceil 

membrane, a phenomenon that was also observed in experiments with cultured endothelid 

cells (Royail and Ischiropoulos, 1993). Thus, the diffusable property of DCFH, DCF, and 

H202 allowed us to compare H202 in different treatments by rneasuring the change in 

fluorescence in culture filtrates. 

Kinetics of AOS generation 

The oxidative burst is viewed as one of the earliest responses of plant ceiis in 

incompatible interactions between plants and pathogens (Baker and Orlandi, 1995). In the 

C. fulvum-tomato interaction, we detected a rapid generation of Hz02 within 10 min in 

Cf-5 cells triggered by the AVRS elicitor. As assayed here, the peak of rapid generation of 

Hf12 occurred between 15 min to 1 hr, and then slowly declined. Rapid generation of 

AOS is also observed in other plant cells triggered by elicitors (Desikan, et al., 1996; 

Nürnberger, et al., 1994; Rustémcci, et al., 1996), but not by viable pathogenic bactena. 

An oxidative burst induced by pathogenic bacteria occurs in two phases, an initial phase 
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that ensues within minutes of pathogen addition and a secondary phase that begins 1 to 3 

hr after the initial phase has largely subsided (Baker and Orlandi, 1995). It was 

demonstrated that an Avr gene is required for the bacterium to induce the secondary phase 

of the oxidative burst (Chancira, et al., 1996). An elicitor-induced oxidative burst, on the 

other hand, occurs in one phase, which is transient and is usuaiiy completed within 30-60 

min (Apostol, et al., 1989; Anderson, et al., 1991; Levine, et al., 1994). In cultured parsley 

ceus, however, the oxidative burst, induced by crude ceii-wail elicitor prepared from 

Phytophthora sojae, was maximum between 3 to 6 hr after treatment (Jabs, et al., 1997). 

In animal neutrophils, in which an oxidative burst is mediated by NADPH oxidase, the 

enzyme complex maintains activity if contact between the cell and the stimulus is sustained 

and removal of the stimulus deactivates the oxidase (Babior, et al., 1997), a phenomenon 

which probably is controlled by the balance between protein kinase and phosphatase 

activity. It is unknown if such a relationship exists between plant celis and elicitors. The 

fate of specific elicitors, afier they bind to plant cells, is also unknown. 

The ongin of the H202 

Concurrent studies by Xing et al. (1997b) using plasma membranes isolated from 

elicited tomato celis indicate that the oxidative burst in these ceils is produced via an 

NADPH oxidase complex analogous to that of phagocytic animal cells. A working model 

(Fig. 28) of the signal transduction pathway is proposed based on the phagocyte system 

and on the results of Xing et al. (199%). In this model, recognition of the race-specifc 

elicitor of the pathogen by the receptor of the host plant triggers the activation of 

heterotrimeric G proteins localized on the plasma membrane of the host ceil. One of the 
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effectors of the G protein is PLC which produces DAG and IP3. Cytosolic ca2+ level is 

then enhanced, with a ~ a 2 +  innux from the extemal medium by a G protein stimulated 

activation of ~ a 2 +  channe1 (Geiii, et al., 1997) and with a possible IP3-triggered ~ a * +  

release from intracellular stores. Enhanced cytosolic Ca2+ then activates a protein kinase. 

most probably a CDPK, which, in turn, phosphorylates one or more of the cytosolic 

components (p47-phox, p67-phox, and Rac2) of the NADPH oxidase and promotes them 

to translocate to the plasma membrane and dock on the fiavocytochrome (gp91-phox and 

p22-phox), resultiog in the activation of the enzyme cornplex. 

In Our studies with whole cells, the DCFH assay allowed monitoring of 

extracellular and intracelIular Hz02 in excess of that scavenged by the plant antioxidant 

system. It is impossible to directly compare these data with the results of the cytochrome c 

assay (for superoxide) used by Xing et al. (1997b) to rnonitor changes in NADPH oxidase 

activity in isolated membrane fractions. Thus, to detemine the extent to which NADPH 

oxidase was responsible for the H202 generated in whole cell experiments, the affect of 

inhibitors on specific aspects in the proposed mode1 (Fig. 28) were tested. Specifically, the 

involvement of phospholipases, ca2+, protein kinases, and the NADPH oxidase complex 

was tested. 

Data in this study, although involving only one inhibitor, suggest that PLC could be 

involved in the eiicitor-triggered signal transduction. Treatment with U73 122, an inhibitor 

of PLC, inhibited the elicitor-induced oxidative burst, suggesting that the phosphoinositide 

signal rnay be required for this event. Elicitor-induced activation of PLC has been reported 

in several other plant-pathogen interactions (An and Grambow, 1995; Walton, et al., 
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1993). In soybean cells, hetereotrimeric G proteins (Legendre, et al., 1992) and PLC 

(Legendre, et al., 1993b) were shown to be involved in an oligogalacturonic acid (OGA) 

induced oxidative burst, while activation of PLA2 was required for an oxidative burst 

induced by a fungai elicitor extracted from Verticillium dohliae (Chandra, et al., 1996). 

Thus, the existence of different signaling pathways, induced by different stimuli, has ken  

proposed in soybean (Chandra, et al., 1996). In tomato cells, the AVRS elicitor-induced 

oxidative burst was not affected by AACOF3, an inhibitor of PLA2, and other stimuli have 

not been tested yet. It is weii known that activation of PLC is mediated by G protein 

(Durstin and Sha'afi, 1996) and the enzyme cleaves phosphatidylinositol 4,5-bisphosphate 

(Pm), producing DAG and IP3, both of which play important signahg roles in animal 

ceils (Bokoch, 1995) and plant cells (Dr~bak, et al., 1996). In soybean ceUs, an OGA- 

induced rapid accumulation of IP3 was detected before the onset of the oxidative burst 

(Legendre, et al., 1993b). IP3 is known to cause rapid mobilization of ca2' from 

intracellular stores @rgbak, et al., 1996). 

An enhanced level of cytosolic ca2+ is requked for the elicitor-induced oxidative 

burst. Treatment with EGTA or W-7 inhibited the elicitor-induced oxidative burst, in 

agreement with the results obtained by Xing et al (199%) for plasma membranes. When 

La3' and nifedipine, two ca2+-channel blockers, were applied at concentrations n o d y  

used for whole ceil studies (Tavernier, et al., 1995; Zimmermann, et al., 1997), L,a3+, but 

not nifedipine, inhibited the elicitor-induced oxidative burst. ~ a 3 +  is thought to be a 

nonspecific blocker of ca2' entry (Moyen and Roblin, 1997), whde dedipine blocks 

voltage-dependent ca2+ channels in plant ceils (Pineiros and Tester, 1995). Consistent with 
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our results, while EGTA and La3+ inhibited cryptogein-induced responses in tobacco ceiis, 

nifedipine did not affect either cryptogein-induced ca2+ influx or associated responses 

including extracellular pH increase, AOS and phytoalexui production (Tavernier, et al., 

1995). The cryptogein-induced calcium influx was thus suggested to be mediated by 

Ligand-dependent, but not by voltage-gated, ca2+ channels (Tavernier, et al., 1995). In 

contrast, assays with tomato ceil protoplasts or isolated plasma membranes showed that 

elicitor treatrnent induced activation of ~$+-~ermeable channels at hyperpolarized 

membrane potentials and that these channels were nifedipine sensitive (Geiii, et al., 1997). 

These differences could be due to the restricted permeability of nifedipine in intact cells. 

The release of intracellulm ~ a * +  appears to be required in elicitor-induced signai 

transduction, as TMB-8, an intracellular ~ a 2 +  antagonist (Malagodi and Chiou, 1974), 

blocked the oxidative burst. Enhancement of cytosolic ca2' Ievels is contributed by ca2+ 

influx ~ o m  the extracellular medium and/or by release from the intraceliular ca2+ stores 

(Bush, 1995). In plants, one of the main intracellular ca2+ stores is the vacuole and the 

release of vacuolar ca2+ has been demonstrated to be induced by activation of IP3- 

operated ~ a 2 +  channels (Brosnan and Sanders, 1990; Alexandre, et al., 1990). Plant ceils 

respond to different stimuli with an enhanced level of cytosolic ca2+ by activation of ~ a " -  

channels located on the plasma membrane or on intracellulm ca2+ stores (Reddy, 1995). 

For some cellular signal processing, both sources of ~ a 2 +  are required. One explmation 

for these phenomena is that entry of exiracellular ~ a 2 +  "charges up" the internai stores 

which then release a burst of Ca2+ responsible for activating a large variety of ca2+- 
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dependent cellular processes (Bemdge, 1997). Altematively , TMB -8 could inhibit the 

rnobiIization of ~ a 2 +  ions that entered the cytosol via the plasma membrane ~ a 2 +  channels. 

Results in this study indicate that protein phosphorylation is hvolved in the 

elicitor-induced oxidative burst. Staurosporine, a general inhibitor of protein bases, but 

not specinc inhibitors of PKC, blocked the oxidative burst, a result identical to that of 

Xing et al. (1997b) for NADPH oxidase activity on plasma membranes isolated from 

elicitor stimulated celis. Nor does a protein tyrosine kinase appear to be responsible for the 

phosphorylation, since genistein, an inhibitor of this type of kinases, did not affect the 

oxidative burst. In neutrophils, phosphorylation of p47-phox, one of the cytosolic 

components of the oxidase cornplex, is considered to be mediated by PKC, which is 

activated by enhanced levels of cytosolic ca2+ and DAG (Bokoch, 1995). In plants, a 

typical PKC, however, has not k e n  identifïed (Yang, 1996). Based on studies of the 

activity of NADPH oxidase on plasma membranes from elicited tomato cells, Xing et al. 

(1997b) suggested that a ca2+-mediated and caimodulin-mediated protein kinase is 

involved in the regulation of the enzyme activity, e.g., they found that EGTA or W-7 

inhibited the elicitor-induced phosphorylation of cytosolic components of NADPH 

oxidase. These characteristics indicate the involvement of a CDPK, a ca2+ dependent 

kinase with a calmodulin binding domain and a member of a protein kinase famdy unique 

to plants (Roberts, 1993). 

The data obtained in this study support the suggestion (Xing, et al., 1997) that the 

elicitor-induced oxidative b u t  in tomato involves NADPH oxidase. Application of 

inhibitors of NADPH oxidase, DPI and a-naphthol, inhibited the rapid generation of 
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H202- DPI, which is extensively used in investigations of the oxidative burst in phagocytic 

animal celis (O'Domeii, et al., 1993) and in plant ceils (Auh and Murphy, 1995; Desikan, 

et al., 1996), inhibits the activity of NADPH oxidase by inhiiiting electron transport at the 

level of the NADPH, while a-naphth01 inhibits the enzyme at the level of the auembly of 

the enzyme complex (Dwyer et al., 1996). In a recent study with soybean ceils. these two 

inhibitors were found to inhibit not ody NADPH oxidase, but also those cellular 

peroxidases which oxidize pyranine which is used as an assay for H202 (Dwyer et al., 

1996). Thus, the authors argue that studies on the origin of AOS using these inhibitors are 

not valid if peroxidase is required for the assay. Such an inhibition of peroxidase by DPI, 

however, was not observed in an assay in which peroxidase-mediated oxidation of o- 

dianisidine by H202 was applied for detection of AOS in soybean (Mithofer, et al., 1997). 

We aiso could not detect any inhibitory effect of DPI, at a concentration 10-fold of that 

used for inhibition of the oxidative burst, on the peroxidases active in our DCFH-DA 

assay. Our results with DPI and a-napthol, in conjunction with the other inhibitor data, 

support the direct involvement of the NADPH oxidase complex as shown by Xing et al. 

(1997b) in isolated plasma membranes and suggest that the oxidase is the major source of 

H202 in the in vivo assays. The primarily extracellular origin of the H202 as indicated by 

the catalase experiments suggest that intracellukir flavin type oxidases, such as xanthine 

oxidase which are aiso inhibited by DPI, are not involved. 



CHAPTER FOUR 

The Effect of Hydrogen Peroxide on the Viability of Tomato CeUs 

and the Fungal Pathogen Cladosporùcm Fulvum 



INTRODUCTION 

Active oxygen species (AOS) generated kom an oxidative burst have been 

associated with several aspects of host defense responses in plants, including direct toxicity 

to invading pathogens, strengthening of plant ceil walls via cross-linking of w d  polymers, 

activating transcription of defense related genes, and triggering programmed ceil death 

(reviewed by Baker and Orlandi, 1995; Mehdy, et al., 1996; Low and Merida, 1996; 

Wojtaszek, 1997; Lamb and Dixon, 1997; Doke, 1997). These roles of AOS, combined 

with other defense responses of the host plant, are assumed to lead to incompatibility 

between the host and pathogen. 

In the tomato-C fulvum interaction, an elicitor-induced oxidative burst has been 

demonstrated in undetached leaves (Chapter 1), in cotyledons (May, et al., 1996)- and in 

ceil suspension cultures (Vera-EstreUa, et al., 1992; Chapter III). This induction of the 

oxidative burst was observed withîn 1-2 hr in leaves or in cotyledons and within a few min 

in suspension cells, respectively. Data obtained kom in vivo experiments using inhibitors 

(Chapter III), combined with those using isolated celi membranes m g ,  et al., L997), 

suggest that the AOS result fiom the activation of a plasma membrane NADPH oxidase in 

a rnanner similar to that of phagocytic neutrophils (DeLeo and Mark, 1996; Babior, et al., 

1997). In neutrophils, the function of the oxidative burst in kiiling the invading pathogens 

is well established (Jones, 1994), but in the tomato-C. fulvurn interaction the role of the 

oxidative burst has not been investigated. 

In the tomato-C. fulvum interactions, incompatibility is generally charactenzed by 

hypersensitive ce11 death which occurs as the fungus penetrates and reaches the 
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substomatal space (Lazarovits and Higgins, 1976% L976b). Aithough the asynchronous 

nature of this stomatal penetration makes it difncult to preckely correlate the restriction of 

fimgal growth to ceff death, most histopathoiogy studies (Lazarovits and Higgins, i 979% 

1979b; De Wit, 1977) suggest such a correlation. The hypersensitive response (HR) in this 

system was demonstrated to be triggered by race specific eliciton, the products of Avr 

genes in the pathogens (De Wit, 1992). Although the molecular events and the recognition 

of some of these elicitors e.g., AVR4 and AVR9, by host plants have been extensively 

studied (De Wit, 1992; Joosten, et al., 1994; 1997; Kooman-Gersrnann, et al., 1996), the 

mechanism of the ekitor-induced leaf c d  death is SU unknown. On the other hand, 

several possibilities exist for the causes of fimgal death. Rapid synthesis of pathogenesis- 

related (PR) proteins, including chitinases and p- 13-glucanases, was observed in 

incompatible interactions (De Wit and Van der Meer, 1986; Joosten and De Wit, 1989). 

However, these enzymes were unable to inhibit the growth of C-fulvum in vitro (Joosten, 

et ai., 1995). Accumulation of phytoalexins was more rapid in incompatible interactions 

than in compatible ones and these compounds were shown to have antifungal activity (De 

Wit and Hach, 1979), but the extent of their role in the restriction of the growth of C. 

fulvum continues to be debated (Batista and Higgins, 1991; Hammond-Kosack and Jones, 

1996). A rapid Iocalized deposition of callose in host ceil walls at penetration sites was 

demonstrated in incompatible interactions (Lazarovits and Higgins, 1976b). It was 

suggested that the accumulation of cdose  might prevent diffusion of nutrients to the 

apoplast, resulting in the starvation and death of the fuogus growing in the apoplast 

(Lazarovits and Higgins, 1976). Again, conclusive evidence is lacking. 
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Host cell death triggered by H202 generated h m  an oxidative burst has k e n  

rzported in soybean cells (Levine, et ai., 1994). In addition, spore germination of several 

fùngi was shown to be inhibited by H202 at micromolar levels (Peng and Kuc, 1992). 

however, the inhibitory effect of H202 on fungal germ tubes or hyphae has not ken 

examined. In the present study, we investigated the possible direct role of the products of 

oxidative burst on the interaction between tomato and C. fulvum. The effects of AOS, 

especially H 2 q ,  on the viability of both host ceus and pathogen were investigated. Here, 

we present data supporting the hypothesis that H202 may contribute to the inhibition of 

fimgal growth but is unlikely to be responsible for death of the host ceils unless the fùngus 

interferes in some way with iron metabolism. 



MATERhU23 AND METHODS 

Plant materials 

Tomato plants which carry resistance gene Cf-5 or Cf-9 were used and cultivation 

of plants was the same as described in Chapter 1. 

Cell suspension cultures denved fiom a line of tomato with the resistaoce gene Cf- 

5 were grown in 500 ml Erlenmeyer flasks containing 100 ml of MS medium (Murashige 

and Skoog, 1962), in the dark at 2S°C on a rotatory shaker at 120 rpm as described in 

Chapter III. 

Preparation of intercellular fluid (IF') containing the eiicitor AVR5 

Tomato plants cv. Bomy Best was inoculated with race 4 or 5 of C. fulvurn for 

production of IFS containing or lacking the elicitor AVR5, respectively, and IFS were 

prepared as described in Chapter 1. IFS fkom the combination BB/r4 are referred to as 

elicitor, whereas the combination BB/rS is referred to as control IF. 

The effect of H a  on leaf necrosis 

Leaves of tomato plants were injected with various concentrations of Hz02 and 

injected plants were incubated for 18 hr at the same condition as prior to treatrnent. The 

degree of necrosis was assessed on a O to 4 system as descnbed in Chapter 1. 

The effect of H202 on the viability of suspension cells 

Plant cells were treated with various concentrations of Hz02 andor supplemented 

with various concentrations of ~ e ~ '  (FeS04-7H20) and incubated for 18 hr as above. Plant 

ceil death was determined using Evans Blue, a nonpermeating pigment of low 

phytotoxicity, as described by Turner and Novacky (1974). The selective staiaing of dead 



celis with Evans Blue depends upon exclusion of this pigment from living cells by the 

intact plasmalemma, whereas it passes through the damaged plasmalemma of dead ceils 

and accumulates as a blue protoplasmic stain. Treated or untreated Cf-5 tomato celis were 

incubated for 15 min with 0.05% Evans Blue and then washed extensively to remove 

excess and unbound dye. Dye bound to dead cells was solubihzed in 50% methanol with 

1% SDS for 30 min at 50°C and quantifîed by absorbance at 600 nm. Data are the means 

of two or more replicates. 

The e f k t  of Hflz on germination of cooidia of C. fulvum 

Conidial suspensions were prepared by adding distilled water to 12 to 20 day old 

cultures of C. fulvum grown on V-8 juice agar at 25OC in the dark (Miller, 1955) and 

rubbing with a flamed spatula. After filtration through sterile cheesecloth, the 

concentration of conidia was adjusted to 10' conidia per ml by checking with a 

haemocytometer. The conidia were washed by centrifuging twice and resuspending in the 

liquid medium (Van Dijlanan and Kaars Sijpesteijn, 1973). A known quantity of H202 was 

added into 200 pl aliquots of the spore suspension and 50 fl of these treated spores were 

smeared on sterile microscope slides which were incubated at 25°C for 24 hours in Petri 

dish mois- chambers at which the  the percentage of germinated spores was determined 

microscopicaily. Spores were considered gerrninated when the Iength of the germ tube 

exceeded the diameter of the spore. 

The effect of HtOr on growth and viability of germ tubes of C.fulvum 

The effect of H202 on germ tube growth of C. fulvum was tested on slides with 

untreated spores previously germinated for 24 hr as described above. A known quantity of 
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Hz02 in 50 pl H20 was added to the 50 pi of spore suspension on the slides and weii 

mixed with the germinating spores by gently rotating the slides. The spores were incubated 

for a M e r  18 hr and the lengths of germ tubes were measured microscopicaüy. The 

average length of germ tubes measured just before the H202 treatment was used to 

determine the germ hibe length at the time of treatment. 

Viability of germ tubes was detemiined 18 hr after treatment with H202 by the 

fluorescein diacetate (FDA) assay as described by Widholrn ( 1972). A stock solution of 

FDA (5 mghi)  in acetone was diluted 1:100 with distilled water and then added to the 

assay siides. M e r  5 min, the number of fluorescent (viable) gem tubes was determined for 

200 germ tubes/replicate under a Zeiss epifluorescence microscope, using a ParaL,ens 

Microscope AdapterlFiber Optics System mecton Dickinson Inc.) with a FITC filter 

cluster (520 nm barrier filter, 5 10 nrn dichroic beam splitter, and a 470-490 nm excitation 

filter) and a fiber optic illuminator (Chiu Technicd Corpration FO-150-115) with a 150 W 

quartz haiogen Iarnp. 

Statistical analysis 

Cornparisons of differences obtained in al l  experiments were made using the t-test. 

P 5 0.01 was considered significant. 



The H202 concentration needed to cause tomato leaf necrosis 

Leaves of Cf-9 tomato plants were injected with different concentrations of H202 

and the levels of necrosis induced by H202 were rated for visible necrosis as described 

before (Chapter I). With this approach, a concentration of 1 M H202 was required to 

cause complete leaf necrosis (i.e., a rating of about 4) comparable to that induced by race 

specific eiicitor, e-g., AVR9 (Fig. 29). Little visible necrosis was observed when the leaves 

were injected with LM) mM H202, hence lower concentrations (e.g., 20 mM) mimicking 

those estimated to be produced by elicitors were not tested. When the leaves were injected 

with 1 M HzO2, the injected areas became darkened and shmnken within 1 hr, and the 

injected aqueous solution, unlike that with lower concentrations of H202 or with elicitor 

preparations, was not traaspired from the leaf tissues. The appearance and timing (about 6 

to 9 hr) of visible necrosis induced by H202 at concentrations of 250. 500. and 750 m M  

were similar to that induced by race specific elicitors. 

The H202 concentration required to cause ce11 death with or without F$+ 

The toxicity of H202 to living ceUs is known to be variable and the variabiiity has 

k e n  accounted for both by the activity of H202-scavenging enzymes, and by the rate of 

conversion of H202 into more highly reactive radicals, e.g., OH* (Halliwell and 

Guttendge, 1990). The conversion of H202 into OH-, c d e d  the Fenton reaction 

(Appendùt Fig. 1). is mediated by reduced transition metals such as ~ e %  which fkquently 

results £hm the reaction of ~ e 3 +  and 05 Thus, the availability and release of Fe2+ h m  

storage proteins, transport proteins, or iron-containhg enzymes is considered to be 
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Figure 29. Leaf necrosis induced by exogenously applied H202 Leaves of tomato Cf-9 

plants were injected with varying concentrations of H202 and the injected plants were 

maintained in a growth room under the conditions as described before. Necrosis was 

observed at 18 hr after injection and the amount of necrosis rated with O king no necrosis 

and 4 complete necrosis. Values are means + SD for three experiments with three 

replicates each. 
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important in regulating toxicity of H202 to plant cells (Bestwick, et al., 1997). On such 

consideration. the effect of H202. supplemented with an ~ e ~ +  salt, on viability of tomato 

cells was examined. Cf-5 cells were treated with different concentrations of Hz02 and 

FeS04*7H20 solution and incubated in the dark with shaking overnight (about 18 hr). Ceii 

viability was determined by the amount of Evans Blue taken up by dead ceUs as measured 

by absorbance after solubilization kom celis (Turner and Novacky, 1974). Calibration of 

the Evans Blue assay with the percentage dead cells via the FDA viability test showed that 

the maximum absorbance (- 5.0) equaled about 100% dead cells. Treatrnent with 100 rnM 

H202 and 1 mM Fez+ caused 100% cell death whereas 0.1 or less mM ~ e 2 +  caused 

significantly less ceii death (Fig. 30). Comparable effects of 1 mM ~ e ~ +  were aiso seen in 

treatments with 50 mM and 10 mM H202. H 2 4  aione at concentrations of 100 or 50 

mM, but not 10 rnM or les ,  also caused increased cell death as compared to controls. No 

effect of 0.01 mM ~ e ~ +  was seen in any treatments and no toxic effect was observed when 

cells were treated with Fe2+ alone at these concentrations. 

The effect of Fe2+ on cell viabiIity after treatment with elicitor was also examùied. 

CeUs were treated with IF containhg the AVRS elicitor, at a dilution 1/16 of the original, 

for 30 min and, then, FeS04-7H20 solution was added to the ceii cultures to give a ha l  

concentration of 1 mM. Elicitor-induced cell death (Le., no ~ e ~ '  supplement) was not 

detected in these assays (Fig. 31), consistent with the observations of Vera-Estrella et al. 

(1992). In contrast, when cells were treated with elicitor, or 10 rnM H a .  and 

supplemented with 1 mM Fe2+. a signifcant increase in dead ceUs occurred. Cells treated 

with control IF lacking the AVRS elicitor (Le., produced using race 5) were not affected 
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Figure 30. Effects of H202 and iron on the viability of tomato Cf-5 cells. Celi cultures 

were treated with different concentrations of H202 and FeS04-7H20 and incubated for 18 

hr on a rotatory shaker in the dark. Ce11 death was measured by uptake of Evans Blue stain 

by dead ceils and quantified by absorbance at 600 m. The values represent the mean + SD 

of three independent experiments wifh three replicates each. Asterîsks indicaie a treatment 

significantly different (P S 0.01) from the sarnple treated with the same concentration of 

H202 but without Fe*+. 
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Figure 31. The effect of ~ e ~ +  supplement on elicitor- or H202-induced tell death as 

measured by Evans Blue staining. Cf-5 tomato cells were treated with either IF containing 

the AVRS elicitor (BBIr4) or with IF lacking the A W  elicitor (BB/rS), supplemented 

with 1 mM of FeS04-7Hz0 after 30 min. Untreated ceUs and celis treated with 10 mM 

H202 served a s  controls. Evans blue staining was measured at 18 hr by absorbance of 

methanoVSDS extracts of the ceUs at 600 m. The values represent means + SD of three 

independent experiments with two replicates each. Astensks indicate a treatment 

significantly different (P 5 0.0 1) from the treatments lacking ~ e * + .  



by the ~ e ~ +  supplement. 

The effect of H202 on conidid germination 

The conidia of C. filvum germinate poorly in solution; to overcome this problem. 

conidia suspensions, treated with different concentrations of H202 or untreated, were 

srneared on sterile slides incubated in moisture chambers. Conidia germination started 9 to 

12 hr after incubation and more than 95% of conidia were germinated under these 

conditions. The germinated conidia were counted at 18 hr when the length of most germ 

tubes exceeded the length of the conidia. Significant inhibition of germination was evident 

at 4 mM H202 and was almost complete at 6 mM H202 (Fig. 32). 

Effect of HzOz on germ tube elongation 

Inhibition of conidia germination of C. fulvurn is not a factor in resistant tomato 

cultivars; rather, inhibition of germ tube or mycelial growth was noted (Lazarovits and 

Kggins. 1976a). Plus, race specific elicitors are assumed to be produced by penetrating 

hyphae (De Wit, 1992). Thus, the effect of H202 on germ tube elongation of germinated 

conidia (24 hr incubation) was tested by treatment with different concentrations of H202 

and an additional incubation for 18 hr. Germ tube elongation was significantly inhibited by 

5 m M  H202 and was completely inhibited by 20 mM (Fig. 33). as compared to controls 

measured at the time of H20z application, i.e., 24 hr. 

To determine if the effect of H202 on genn tubes was fungitoxic or hngistatic, the 

viability of germ tubes treated with H202 was examined using FDA. Treated germ tubes 

were stained with FDA at 18 hr after treatment and were observed with a microscope. 

Non-fluorescent germ tubes indicated loss of a functional plasma membrane or decreased 
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Figure 32. ESect of &O2 on germination of conidia of C. fulvum race 4. Conidia were 

k h l y  harvested from 10 day-old culture plates and washed with distilled water. F i  pl 

of spore suspension (105) mked with varyhg concentration of H202 were germinated on 

slides and incubated in a moisture chamber for 24 hr at 2S°C. Gemiinated spores were 

counted microscopicdly and the values represent the mean t SD of three independent 

experiments with 200 conidia for each treatment. 
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Figure 33. Effect of H202 on germ tube growth of C. fzîlvurn race 4. Fungal conidia were 

first gemiinated on slides for 24 hr and then H202 solutions of varying concentrations 

were added onto the slides and the treatments weE incubated for a futfier 18 hr. Germ 

tube length was measured and the values represent the mean I SD of two independent 

experirnents with 50 germ tubes measured for each experiment. Germ tubes measured at 

the tune of H202 treatment (i.e., 24 hr) were 23.58 I 10.69 mm Long. Astensks indicate a 

treatment signifcantly different (P S 0.0 1) from the control (no H20?). 
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Figure 34. Effect of H202 on germ tube viability of C. fulvurn race 4. Conidia were fmt 

gemiinated on slides for 24 hr and then H202 solutions of varying concentrations were 

added onto the siides and the treatments were incubated for a further 24 hr. Gem tube 

viability was assayed using the FDA method and the values represent three experiments 

with 50 germ tubes for each treatment. 
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esterase activity, Le., death. Concentrations of 5 mM H202 or higher caused genn tube 

death and based on the cornputer derived graph (Fig. 34) the EDSo value for H202 on C. 

Mvum germ mbe death was 22.4 mM. 



DISCUSSION 

It is commonly known that AOS, e.g., OF, H202, and OH, cause ceii damage via 

lipid peroxidation, denaturation of proteins, and mutation of DNA (Hailiweii and 

Gutteridge, 1990). The AOS produced in an oxidative burst in neutrophils are 

demonstrated to kill invading bacteria; in persons with a genetic inability to mount an 

efficient oxidative burst, bacterial infection results in chronic granulomatous disease, 

agonizuig bacterial infections endhg in early death (Babior, et al., 1997). As some AOS 

(e.g., OH') are extremely reactive and indiscriminate in the targets they attack, the 

production of AOS in neutrophils is tightly regulated both in space and the ,  e.g., they are 

mainly produced within phagolysosornes and produced only when NADPH oxidase, the 

enzyme responsible for AOS production, is activated in response to specific sigoals. Plant 

ceus, however, are unable to phagocytose and are capable of stimulation by many different 

stimuli (Wojtaszek, 1997). Thus, AOS produced via an oxidative burst may affect not only 

the invading pathogen, but also the host cells themselves, unless the host ceils have a high 

antioxidant capacity. It has b e n  reported that AOS, produced by plant ceii interaction 

with a pathogen, caused host cell death (Levine, et al., 1994) and inhibited fungal spore 

germination (Peng and Kuc, 1992). In the present study, the toxicity of &O2 to both host 

cells and to the pathogenic fungus. C. fulvum, was examined in an attempt to partially 

determine the role(s) of AOS in the interaction between tomato and this fungus. 

The effect of Hflz on the viability of tomato celis 

High levels of H202 were required to visibly kill tomato ceiis in both leaf tissues 

and cultured ceil suspensions. The H202 concentrations which caused ceil death in this 
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study were defdtely higher than the amounts estirnated from the oxidative burst in this 

system (Chapter 1) and in other reported plant-pathogen interactions (Mehdy, et al.. 1996). 

Although the leaf necrosis and cell death assays are difncult to compare, the direct toxicity 

of Hz@ to leaf tissues appeared to be less efficient than to cell cultures. This implies that 

the green tissues of plants are more tolerant to oxidants, probably due to the chloroplast 

which is one of the main sites in plant cells to generate AOS and which thus possesses a 

highly efficient antioxidant systern (Alscher, et al., 1997). However, a cornparison of the 

antioxidant capacity of leaf tissues to that of suspension cultured ceiis has not previously 

been reported. 

The toxicity of H202 to cell cultures was increased by supplementation with iron 

salts. The increased toxicity was probably contributed by OH' which was produced by an 

iron-catalysed reaction, called the Fenton reaction. Aithough H202 has been shown to 

inactivate some enzymes, it is generally believed that most damage to living ceUs cannot be 

attributed to direct actions of H202 or 02- (Halliwell and Gutteridge, 1990), as  they have 

relatively poor reactivity with most organic molecules in biological systems (Foyer, et al., 

1997). It is thought, therefore, that most of the darnage associated with AOS toxicity is 

due, not to Of or H202, but hstead to the OH', the most reactive species known in 

biological systems (Edward, 1994). Although only a s d  amount of iron is required for 

catalysing the generation of OH' (Foyer, et al., 1994), the availability of iron to stimulate 

OH' generation in living cells is very limited, as ceHs have a set of protectant systems to 

handle iron ions (Halliweli and Gutteridge, 1990). In plants, a very important component 

of antioxidant defenses is based on mechanisrns to remove iron from solution (Foyer, et 
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al., 1994; Dalton, 1995). Molecules, such as phytofemtin and phytic acid which are very 

abundant in plant cells, are considered to prevent OH' generation by forming complexes 

with iron (Bienfait and der Mark, 1983; Graf and Eaton, 1990). Thus, H202, either 

generated from an eiicitor-induced oxidative burst or appïied exogenously at relatively Low 

concentrations, might not be expected to directiy afTect the viabiiity of tomato ceils. Yet, 

elicitor. but not moderate amounts of &Oz, triggered leaf ceil death. One possible 

explmation is that eiicitor in some manner affects iron rnetabolisrn in green tissue, resulting 

in OH' production. Thus, while Levine et al. (1994, 1996) suggested that programrned ceii 

death of soybean cells occumed on exposure to 8 to 10 mM H202, such H a 2  

concentrations had minimal effect on tomato celis. 

The effect of &O2 on the viability of C. fulvum 

The toxicity of H202 on the fungus C. filvum was more effective than on tomato 

celis. Peng and Kuc (1992) reported that spore germination of a number of fungi was 

completely inhibited by 26.1 pM &O2. Growth of the bacterial pathogen, Erwinia 

carotovora subsp carotovora, and the fimgal pathogen, Phytophthora infestuns, was 

show to be inhibited by 100 pA4 &O2 (WU, et al.. 1995). In our experiments, inhibition 

of the germination of C. fulvum conidia was achieved by 6 mM H202 but not by treatment 

with micromolar levels. As the oxidative burst is known to be triggered by race specific 

elicitors which are produced post penetration, urhi'bition of conidia germination by H202 is 

probably irrelevant. The AOS fiom the oxidative burst most probably react with the 

penetrating hyphae. The sensitivity of fungal hyphae to the toxicity of H202 has not k e n  

demonstrated before either in vitro or in vivo. The results of this study show that the levels 
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of H202 required for inhibition of germ tube growth were similar to that required for 

inhibition of conidia germination, but a higher level of H202 was required to kül germ 

tubes. Obviously, the toxic effect of H202 on penetrating hyphae of the fungus in vivo 

needs to be confmed. 

DifTerent antioxidant capacity of plant and pathogen favors plant cells 

Our data suggest that a signifiicant difference in antioxidant capacity exists between 

the tomato plant and the pathogenic fungus, C. fulvum. Variable toxicity of H202 to cells 

and organisms has been observed, e.g., some bactena and animal cells are injured by H202 

at micromolar concentrations, whereas photosynthetic aigae generate and release large 

arnounts of it (Halliwell and Gutteridge, 1989). As plants conduct various reductive 

processes such as photosynthesis, and so are particularly vulnerable to oxidative darnage, 

an ubiquitous and multi-layered antioxidant defense has evolved (Dalton, 1995). As fungi 

are at somewhat less risk of oxidative damage than green plants (Dalton, 1995), it is 

reasonable to expect that the antioxidant defenses of fungi are simpler than those in plants. 

This more effective antioxidant capacity should favor the host plant in plant- 

pathogen interactions. Transgenic potato expressing a gene encoding the H102-generating 

glucose oxidase showed hcreased resistance to E. c. carotovora and P. infestans (Wu, et 

al., 1995). While the growth of these pathogens was inhibited by the elevated H202 levels 

in plant tissues, the plant itseIf grew normally, indicating that the plant is capable of 

tolerating fairiy high levels of H202 without developing visible growth abnormalities. 

Treatrnent of potato leaf tissue with digitonin, which is a steroid saponin and not 

fungitoxic by itself, induced protection from P. infestm @oke and Chai, 1985). As SOD 
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treatment abolished the protective effect of digitonin, this protection was suggested to be 

due to the enhanced Of generation induced by digitonin. The differential antioxidant 

capacities of plants and pathogens is also used to advantage in control of plant diseases by 

certain fungicides, e.g.. probenazole, fùialide, and tricyclazole (Nikolaev, et al., 1994). 

These hingicides stimulate the generation of AOS in the infected plants and/or inactivate 

the antioxidant system in pathogen, resulting in the control of the pathogens. In the 

tomato-C. filvum interaction, it is possible that upon stimulation by the penetrating 

hyphae, plant ceUs undergoing HR produce a certain amount of AOS which, combined 

with other defense mechanism. arrest the growth of the fungus but do not affect the ceiis 

beyond the penetration site, thereby limiting hirther spread of the fungus. 



GENERAL CONCLUSIONS 

The tomato-C. fulvum system is an ideal mode1 system for investigation of the 

gene-for-gene type interaction betweeo plants and pathogens. Aspects of this system 

studied to date include the recognition of the Avr gene products of the pathogens by R 

gene products of the host (Joosten, et al., 1994; De Wit, 1995; Kooman-Gersmann, et al., 

1996; Joosten, et al., 1997), signal transduction pathways leading to defense responses of 

the host (Vera-Estrelia, et al., 1994a, 1994b; Xing, et ai., 1997a, 1997b), and the 

mechanisms of host defense (De Wit, 1995; Hammond-Kosack and Jones, 1996). The 

present study focused on the oxidative burst, one of the earliest responses in tomato plants 

to race specifc elicitors. 

Rapid generation of AOS was previously detected in cotyledons of Cf-2 and Cf-9 

plants in response to the AVR2 and AVR9 elicitoa, respectively, (May, et ai., 1996) and 

in Cf-5 cell cultures upon treatment with the AVR5 elicitor (Vera-EstreUa, et al., 1992). In 

this thesis, the oxidative burst in Cf-9 plants induced by the elicitor AVR9 was 

demonstrated in attached leaves. which are the natural target for the attack of C. filvum. 

To further investigate the kinetics and the origin(s) of the AOS and the signalhg pathway 

to the oxidative burst, the AVRS elicitor-induced oxidative burst in Cf-5 ceus was studied. 

The detection of the oxidative burst in both undetached leaves and in cell cultures was 

performed by measuring H24, the most stable fom of AOS, using DCFH-DA, a probe 

commonly used for intraceilular detection of H202 in phagocytic animal ceils (Bass, 1983). 

The measurements of the fluorescent oxidation product @CF) of the probe were shown to 

adequately measure both extracellular and intracellular H202 as the deacetylated andior 
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oxidized form of the probe and H202 freely pass through these ceIl membranes. Additional 

tests with CAT suggested that the H202 may originate extracellularly. 

ECinetics of the elicitor-induced oxidative burst 

The oxidative burst in tomato Ieaves in response to elicitor treatment occurred 

within 2 hr while in cell cultures it occurred within a few min. These results are in 

agreement with the observations by May et ai. (1996) and Vera-Estrelia et al. (1992). 

Severai explanations exist for the delay of the oxidative burst in leaf tissues. F i t ,  injection 

of IF into air spaces of the leaf may cause a reduction in oxygen (May, et al., 1996), 

resulting in a delay in the oxidative burst. Second, AOS rnay only accumulate and be 

detected by the probe after the antioxidant molecules in the leaf tissues have been depleted 

or the antioxidant enzymes have been inactivated by the toxic amounts of AOS generated. 

The third possibility, not yet explored, relates to the phenornenon of "priming". in 

neutrophils, it is weii known that there are three forms of cells, e.g., resting, prirned, and 

activated cells (Hallett and Lioyds, 1995). Activation of the oxidative burst is a two-step 

process involving an initial 'priming' phase followed by a 'triggering' event (Bassal, et al., 

1997). Cell prïming by molecules produced under stress conditions has k e n  demonstrated 

to increase cell responsiveness to the subsequent triggering stimulus. If a priming process 

is also required for activation of the oxidative burst in plants, the ceU cultures are 

inherently more stressed while undetached leaves codd be viewed as unstressed and, thus, 

unprimed. 



Mechanism of the elicitor-induced oxidative burst 

The elicitor-induced oxidative burst in tornato ceUs is attributed to NADPH 

oxidase. Xing et al. (1997), using plasma membranes and cytosolic fractions isolated h m  

elicitor-stimulated cells, demonstrated that the cytosolic components of NADPH oxidase 

were phosphorylated and translocated into the membranes. concurrent with increased 

NADPH oxidase activity in the membrane fractions. This is remarkably similar to NADPH 

oxidase activation observed in neutrophils (Babior, et al., 1997) and this similarity is 

supported by whole ceil experiments in the present study. Inhibitors of NADPH oxidase 

completely inhiiited the elicitor-induced oxidative burst, suggesting that NADPH oxidase 

is the only source of H202 for this burst. Although other sources of AOS in the oxidative 

burst have been reported (Zhang, et ai., 1995; BoIweU, 1996; Bestwick, et ai., 1997), 

evidence does not exist in the tomato-C. fulvum system for the involvernent of such 

mec W m s .  

Additiondy, signaling leading to the oxidative burst in the elicitor-treated tornato 

celis involves some components, e.g., ca2+, protein kinase(s), and possibly PLC, which are 

involved in signal transduction in neutrophils. Application of inhibitos of these 

components completely inhibited the elicitor-induced oxidative burst in tornato cells. A 

working model for the signalling pathway, based on the results presented in this thesis and 

the results obtained by Xing et al. (1997b) and Gelli et al. (1997) is illustrated (Fig. 28 

Chapter III). This model shows that binduig of elicitor to a putative receptor is followed 

by activation of G proteins, which, in turn, activate certain effectors involved in enhancing 

cytosolic ~ a 2 + ,  e.g., PLC and factors (hyperpolarization of plasma membrane potentid 
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and G protein) which trigger membrane ~a*+channel activation (Ge&, et al., 1997). The 

enhanced cytosolic ~ a * +  then activates protein kinases, most probably a CDPK according 

to Xing et al. (1997b). Phosphorylation of one or more of the cytosolic components of 

NADPH oxidase by CDPK turns on the enzyme cornplex. A link between activation of G 

proteins and the oxidative burst is supported by the work of Nkldner et al. (unpublished 

data). They dernonstrated that mastoparan, a peptide toxin which activates G proteins, 

induced an oxidative burst in tomato cells s W a r  to that induced by elicitor. While this 

working model (Fig. 28) describes a signaliing pathway which is very sûnilar to that shown 

in neutrophils, differences do exist, such that the phosphorylation of the cytosolic 

components of the NADPH oxidase appears to be carried out by a CDPK (Xing et al.. 

1997b), rather than a PKC as in neutrophils. It is important to emphasize that rnany steps 

in this model need to be further verified, 

The oxidative bunt in plants may be induced via different sigoiluig pathways in 

response to different stimuli. Chandra et al. (1996b), also using tomato celis, demonstrated 

that the Pro kinase, encoded by the resistance gene Pto, was required for the two-phase 

oxidative burst induced by P. syringae pv. tomato canying the avirulence gene avrPto, 

while it was not required for the oxidative burst initiated by non-specific eiicitors such as 

an oligogalacturonic acid or osmotic stress. 

Activities of antioxidant enzymes in leaves undergohg an oxidative burst 

Activities of CAT, SOD, and GST were not signincantly changed in elicitor-treated 

areas of tomato leaves undergoing an oxidative burst, consistent with results obtained by 
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Degousee et al. (1994) using ceU cultures. Obviously, this needs to be fûrther explored at 

the transcription level (see discussion of Chapter II). In contrast, peroxidase activity 

increased in response to treatment wiîh elicitor in both leaf tissue and in cell cultures 

(Degousee, et al., 1994). During the oxidative burst, the unaffecteci SOD activity may 

contribute to rapid conversion of 02, the product of NADPH oxidase, to H202, while the 

normal cellular CAT activity may not signincandy affect the extracellular buildup of H202 

because of its low affinity for H202 and because of its peroxisome location (Foyer, 1993). 

Meanwhile, the elicitor-induced increase in extracellular peroxidase activity may contribute 

to the enforcement of ce11 walls as reported in other plant-pathogen systems (Wojtaszek, et 

ai., 1995; Otte and Barz, 1996). 

Possible role of AOS in the tomato-C. fuCvum interaction 

A relationship between AOS and eiicitor-induced ceil death was studied. Although 

CAT or scavengers of AOS delayed elicitor-induced leaf necrosis, the ceil death is unlikely 

caused directly by the AOS formed in the oxidative burst. In tomato leaves, the oxidative 

burst was induced by elicitor at dilutions which did not cause visible leaf necrosis. 

Furthemore, the oxidative burst occurred in c d  cultures upon treatment with elicitor but 

no ceii death was detected (Vera-Estrella, et al., 1992, Chapter DI), although this might be 

accounted for by the umatural enviroment of such cells. Overall, the inhibitor studies 

suggest that AOS generated kom the oxidative burst speed host cell death after the c d  

death is initiated by some unknown factor(s) in elicitor-challenged leaf cells. Experiments 
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involving iron supplements suggest that a change in iron metabolism in cells could enhance 

OH* production and so enhance ceil death. 

The results of this thesis show that tomato leaves are highly resistant to H202. The 

ascorbate-glutathione cycle is weii known as an efficient antioxidant system in green 

tissues of plants. It is expected that modification of this cycle will result in an altered 

antioxidant capacity. In tomato leaves treated with elicitor, activity of ascorbate 

peroxidase, one of the components of th is  cycle, increased by 1 to 3 hr and then decreased 

by 4 hr d e r  treatrnent (Chapter II), indicating a decline in antioxidant capacity pnor to the 

occurrence of visible necrosis. In ceU cultures, a decrease in the activity of ascorbate 

peroxidase was aiso detected (Vera-Estrella, et al., 1994b) but earlier, a difference which 

might reflect the different timing of the oxidative burst in ceiis vs leaves. In addition, GSH, 

another component of the ascorbate-glutathione cycle, was rapidly oxidized in elicitor- 

treated tomato cotyledons, as detemiined by an increase in the ratio of GSSG/GSH (May, 

et al., 1996). GSH is an electron donor for the regeneration of ascorbate (see Fig. 17) and 

depletion of the GSH pool in ceiis results in a reduction of resistance to AOS. GSH is 

regenerated fiom GSSG at the expense of NADPH, the same compound required for 

generation of 02- by NADPH oxidase in the oxidative burst. Thus, it is likely that the low 

rate of GSWGSSG results from a shortage of NADPH, due to its rapid consumption by 

NADPH oxidase. Obviously, further work is necessary to estabiish the relationship 

between these processes. 

Experiments in this thesis indicate that the gem tubes of C. fulvum are more 

sensitive to H202 than tomato cells, probably because the fungus lacks an efficient 



159 

antioxidant system. In addition, the concentration of AOS detected in the elicitor-induced 

oxidative burst in this system meet the requirement for effective inhibition of germ tube 

growth. Nonetheless, it remains to be deterrnined whether comparable localized 

concentrations of H202 O C C U ~  at sites of fungal penetration. These results suggest that 

AOS, generated fiom an oxidative burst in tomato leaf tissues, may contribute to inhibition 

of fungal growth. Fungal ceii death, or at least inhibition of growth. rnay also be 

contributed by other elicitor-induced factors, such as phytoalexins and PR proteins. 

although each of these factors individudy may not cause fùngal ce11 death in vitro. 

A proposed relationship between the oxidative burst and the viability of both host 

ceus and fungai penetrating hyphae is illustrated in Fig. 35. Host cells at the penetration 

site of the leaf tissues are stimulated by the race specific elicitor produced by the 

penetrating hyphae of an incompatible fungus (De Wit, 1992). NADPH oxidase in the 

stimulated cell is then activated by a signalhg cascade and generates Oz- extracellulady 

which is converted spontaneously, or by SOD, to H202. As H202 is more stable than 

other species, it may diffuse some distance fiom the site where it is formed. In cells where 

the concentration is sufficient, H202 rnay be converted to OH* when it encounters ~ e ~ + .  

OH' is an extremely reactive species, reacting immediately with vimially ail known 

biomolecules at difision limited rates. Thus, AOS generated from the oxidative burst can 

affect both those cells directly stimulated by elicitor (i.e., in direct contact with elicitor) 

and fiom which AOS are produced, and those cells which are not directiy stimulated but 

are nearby. In the apoplast, the b g a l  hyphae, king more sensitive to H202 than the host 

celis, are more at risk. Those host cells directly stimdated by elicitor, and thus exposed to 
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higher AOS levels have an altered antioxidant system so are more prone to c d  death than 

the adjacent celis which rnay have an intact antioxidant system. These adjacent ceus may 

have their c d  waiis modified by peroxidase mediated cross-linking, a reaction which may 

help protect them from toxic components released by their dying neighbours and by the 

fungus. 
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One-Electron Steps in Reduction of Molecular Oxygen to Water 

0 2  + e- + 02- ( +  H+ o HO2') 

02- + e- + 02' ( + 2H+ + H202) 

H202 + e- + OH* + OH- 

OH* + e- + OH- ( + Hf + H20) 
Equilibrium between superoxide and hydroperoxyl radical 

oz- + H+ w 

Superoxide dismutation 
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The Fenton or Haber-Weiss Reaction 
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Peroxidase + R H ' + H 2 0 ( 1 3 )  

2H20 + O2 ( 14) 

Appendix Fig. 1. Production and main reactions of active oxygen species in biological 

systems. 



Cell age (day) 

Appendiv Fig. 2. The effect of cell age on the sensitivity of the cells to elicitor and to 

DCFH-DA for detection of H202. Cf-5 ceIis of various age were centrifuged (200g for 5 

min) and 5 ml of packed ceils were resuspended in 20 ml of fresh medium. After 

incubation for 2 hr, cells were treated with either IF containing the AVR5 elicitor (BBk4) 

or with control IF lacking AVRS elicitor (BB/r2.4.5.9.11). H202 was detected using 

DCFH-DA as described before. The values represent means I SD for three experiments 

with two replicates each. 



Concentration of H202 (@ 

Appendix Fig. 3. Effect of H202 concentration on relative fluorescence obtained on 

addition to DCFH (0.04 rnM, this concentration was used in aiI the experiments with oeii 

suspension cultures) and peroxidase. DCFH was generated from DCFH-DA by addition of 

0.1 N NaOH and pH adjusted with 0.1 N HCl. The assay was performed as described in 

materials and methods to simulate the assays run with culture filtrates. 
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Appendix TABLE. 1. In vitro reaction of DCFH-DAa 

DCFH-DA Peroxidase Hf12 IF Medium Fluorescence 
or DCFH 

- -  - 

No 

Very fast 

Very slow 

No 

No 

Very slow 

Very slow 

Very slow 

Very slow 

Very slow 

Very fast 

In vitro DCFH-DA reaction was performed in test tubes which contained 500 fl of a 

mixture composed of 0.4 mM DCFH-DA or DCFH, 10 units peroxidase per ml, 10 m M  

H a ,  or 118 IF either containing elicitor AVR9 or lacking elicitor. Reactions were 

observed in an ultraviolet viewing cabinet and "very fast" refers to fluorescence developed 

within seconds, "very slow" refers to at least 2 hours needed for fluorescence to develop 

to a maximum, and "No" means no reaction within 8 hours. 

DCFH-DA 

' DCFH, deacetylated with 0.1 N NaOH before each test. 

media isolated both from an elicitor- and control IF-treated ceii culture. 

medium isolated from a ceU culture which had been loaded with the probe for 10 min. 
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