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Involvement of Reactive Oxygen Species, Glutathione
Metabolism, and Lipid Peroxidation in the
Cf-Gene-Dependent Defense Response of Tomato Cotyledons
Induced by Race-Specific Elicitors of Cladosporium fulvum'
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The chronological order of responses to Cladosporium fulvum
(Cooke) (Cf) race-specific elicitors was assessed in cotyledons of
three near-isogenic tomato (Lycopersicon esculentum Mill.) lines
carrying either Cf-9 or Cf-2 or no Cf gene. The responses observed
were dependent on the presence of a Cf gene, Avr-gene product
dose injected, and the relative humidity (RH) of the growth cham-
ber. At ambient RH, superoxide formation and lipid peroxidation
occurred after 2 h (Cf9) and 4 h (Cf2). At elevated RH (98%) and at
lower avirulence elicitor dose, Cf-Avr-dependent lipid peroxidation
was considerably attenuated. Significant electrolyte leakage oc-
curred by 18 h but only at the lower RH. Total glutathione ievels
began to increase 2 to 4 h and 4 to 8 h after challenge of Ci9 and
Cf2 cells, respectively, and by 48 h reached 665 and 570% of initial
levels. A large proportion of this accumulation (87%) was as oxi-
dized glutathione. When the RH was increased to 98%, increases in
glutathione levels were strongly attenuated. Increased lipoxygenase
enzyme activity was detected 8 h postchallenge in either incompat-
ible interaction. These results indicate that the activation of the
Cf-Avr-mediated defense response results in severe oxidative stress.

Early events during the interaction between a specialized
pathogen and its host ultimately determine whether the
attempted infection succeeds or fails. Plant-pathogen inter-
actions often exhibit race-cultivar specificity. To explain
this, the “gene-for-gene” hypothesis has been proposed
(Flor, 1946), wherein incompatibility requires the presence
of both a dominant plant resistance (R) gene and a com-
plementary dominant pathogen avirulence (Avr) gene
(Gabriel and Rolfe, 1990; Keen, 1990).

The interaction between the fungal pathogen Cladospo-
rium fulvum (syn. Fulva fulva [Cooke] Cif.) and tomato
(Lycopersicon esculentum Mill.) provides an excellent exper-
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imental system with which to elucidate the mechanism of
the gene-for-gene model. Progress in determining the ge-
netic, cytological, biochemical, and molecular details of this
interaction has been rapid, in large part because of specific
features of the interaction that make it highly amenable to
experimental manipulation and analysis (reviewed by de
Wit, 1992; Hammond-Kosack and Jones, 1995). NILs are
available, each carrying a different resistance (Cf) gene
(Stevens and Rick, 1988; Dickinson et al., 1993), as are an
array of C. fulvum races that produce the corresponding
functional Avr-gene products either singly or in combina-
tion. Thus, it has been possible to assess the resistance
phenotype conferred by each Cf-Avr-gene combination
within a uniform genetic background (Hammond-Kosack
and Jones, 1994). Also, because of the exclusively intercel-
lular growth habit of C. fulvum hyphae (Bond, 1938), the
Avr-gene products are easily purified from IFs obtained
from tomato leaves supporting heavy fungal sporulation
(de Wit and Spikman, 1982). Stocks that carry a Cf gene, but
not ones that lack a Cf gene, respond when IF containing
the complementary Avr-gene product is injected into the
air spaces of healthy cotyledons or leaves of Cf-carrying
stocks. Each Cf-Avr-gene combination confers a character-
istic macroscopic chlorotic or necrotic response 1 to 5 d
after IF challenge at ambient humidity (de Wit and Spik-
man, 1982; Hammond-Kosack and Jones, 1994).

Whereas the isolation of the Cf-9 gene has obvious im-
plications for plant biotechnology (Jones et al., 1994), it is
essential to have a detailed understanding of the biochem-
ical consequences of Cf-gene function for the rational de-
sign of strategies to manipulate effective disease resistance.
Incompatibility in numerous plant-pathogen interactions is
associated with the synthesis of molecules that debilitate or
injure the pathogen, including ROIs (O,, H,O,, and OH),
phytoalexins, and a number of pathogenesis-related pro-

Abbreviations: Avr, avirulence; CAT, catalase; h a.i., hours after
injection; IF, intercellular washing fluid; LOX, lipoxygenase; NBT,
nitroblue tetrazolium (2,2'-di-p-nitrophenyl-5,5'-diphenyl-3,3'-
[3-3’-dimethoxy-4,4'-diphenylene]-ditetrazolium chloride); NIL,
near-isogenic line; RO, reactive oxygen intermediate; SA, salicylic
acid; SOD, superoxide dismutase; TBA, thiobarbituric acid;
TBARS, TBA-reactive species.
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teins, including hydrolytic enzymes, glucanases, and chiti-
nases (Lamb, et al., 1989; Dixon and Lamb, 1990; Suther-
land, 1991; Mehdy, 1994). These events are accompanied by
the establishment of processes that limit pathogen spread,
such as callose and lignin deposition, and the reinforce-
ment of plant cell walls by the cross-linking of proteins;
rapid host cell death (the hypersensitive response), which
is thought to deprive biotrophic pathogens of a food base;
the activation of defense signaling through the synthesis of
ethylene and SA; or the production of lipid peroxides via
enhanced LOX enzyme activity (Klement, 1982; Bowles,
1990; Bradley et al., 1992; Koch et al., 1992, Raskin, 1992;
Croft et al., 1993; Brisson et al., 1994). However, the causal
involvement of only one induced response, namely SA
accumulation, in localized disease resistance in three host-
pathogen interactions has been proven (Delaney et al,
1994).

To unravel the complexity of the Cf-Avr-mediated de-
fense responses and to allow subsequent analysis of how
the expression and activity of individual components of the
response are coordinated, we have undertaken a detailed
biochemical analysis of the chronology of events initiated
immediately following a synchronous activation of the re-
sistance response. The analysis of two different Cf-Avr-
mediated incompatible interactions, namely Cf~-9-Avr9 and
Cf-2-Avr2, was selected to determine whether the resistance
response conferred by genetically unlinked Cf genes was
similar or dissimilar (Jones et al., 1993). In this paper we
describe several Cf-Avr-gene-dependent events indicative
of oxidative stress. In the accompanying paper (Hammond-
Kosack et al., 1996), we characterize the subsequent
changes in cell viability, macroscopic alterations to cell
morphology, and ethylene and SA formation.

MATERIALS AND METHODS
Plant Material

All experiments were performed on the cotyledons of 14-
to 16-d-old tomato (Lycopersicon esculentum [Mill]) seed-
lings. The three tomato genotypes investigated were NILs
of the cv Moneymaker (Tigchelaar, 1984). They contained
the C. fulvum resistance gene Cf-9 or Cf-2 in a homozygous
state or carried no known Cf gene. The three plant lines are
designated Cf9, Cf2, and Cf0, respectively.

IF Prepafation

Cladosporium fulvum (Cooke) race-specific elicitors were
isolated in IF from Cf0 tomato leaves on which race 0 was
sporulating over the entire leaf surface, as originally de-
scribed by de Wit and Spikman (1982). The C. fulvum race
0 used for IF preparation causes an incompatible interac-
tion when inoculated on NILs expressing either the resis-
tance gene Cf-9 or Cf-2 (Hammond-Kosack and Jones,
1994). Thus, race 0 possesses functional copies of the Avr
genes Avr9 and Avr2. The proteins present in the IF were
precipitated overnight in 40% (v/v) acetone at —20°C.
After the sample was centrifuged for 15 min at 3000g,
proteins in the supernatant were precipitated overnight in
80% (v/v) acetone at —20°C. The pellet obtained after
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centrifugation (15 min at 3000g) was freeze dried, resus-
pended in distilled water to give the original volume, and
stored at —20°C. The biological activity of the IF prepara-
tion was assessed as described previously (Hammond-
Kosack and Jones, 1994). An identical IF preparation was
used for all experiments. This gave a gray necrotic response
on Cf9 plants in which IF was injected within 24 h down to
a 1in 64 titer and a chlorotic response on Cf2 plants within
4 d down to a 1 in 8 titer (Hammond-Kosack and Jones,
1994). The relative intensity of Coomassie blue staining of
the Avr9 peptide and the pathogenesis-related protein P14
after electrophoretic separation in the IF preparation used
throughout this study was reported previously (Ham-
mond-Kosack et al.,, 1994a, fig. 2B).

Experimental Regimes

Seedlings were grown in a growth cabinet maintained at
24°C during the 16-h light period and 18°C during the 8-h
dark period. Light was supplied by 400-W lamps (Power
Star [HQI-T]; Osram Ltd., Middlesex, UK) to give a photon
flux density of 600 kE m~2s7?, and the RH was maintained
at 70%. For experiments at 98% RH 30 min after IF injec-
tion, the seedlings were placed in plastic propagators with
closed vents and 3-mm-deep water in the lower trays. The
plant pots were held above the water surface on plastic
trays. Each propagator contained the plants for analysis at
a single time. For experiments at 70% RH the seedlings
were covered with plastic propagator lids with the vents
fully open.

All TF injections were done 3 h after the onset of the 24°C
regime. A 1 in 2 dilution of IF was injected into both
cotyledons of each seedling using a 1-mL disposable sy-
ringe fitted with a 21-gauge 6% Luer-tipped needle
(Terumo, Leuven, Belgium). The apoplastic domain of each
cotyledon required about 50 uL to be entirely flooded.

NBT Staining

Histochemical staining for O, ~ production in whole tis-
sue was based on the ability of cells to reduce NBT, as
described by Doke and Ohashi (1988). Whole cotyledons
were vacuum infiltrated with 10 mm potassium phos-
phate buffer (pH 7.8) containing 0.5% (w/v) NBT, 10 um
NADPH, and 10 um EDTA. After 15 min of staining at 25°C
in the light, the cotyledons were placed in a chloral hydrate
solution (2.5 g/mL} to remove Chl and preserve tissue
integrity.

LOX Activity

Extracts for the measurement of LOX activity were pre-
pared according to the method of Koch et al. (1992). Fol-
lowing injection and incubation, cotyledons were frozen in
liquid nitrogen and stored at —80°C until use. Approxi-
mately 0.2 to 0.3 g of tissue was ground in a mortar and
pestle in 0.8 mL of ice-cold 0.1 M potassium phosphate
buffer (pH 7, 1% [w/v] PVP, 0.1% [v/v] Triton X-100, and
0.04% [w/v] sodium metabisulfite). The homogenate was
centrifuged at 16,000¢ for 10 min at 4°C and the clear
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supernatant (hereafter termed cotyledon extract) was as-
sayed immediately.

LOX activity in the cotyledon extracts was measured
using the polarographic method of Christopher et al
(1970). A 10 mm stock of the LOX substrate, the sodium salt
of linoleic acid (cis-9,cis-12 octadecadienoic acid) was pre-
pared for the assay as described by Koch et al. (1992). A
1.4-mL aliquot of 0.1 M potassium phosphate buffer, pH 7,
was equilibrated at 25°C for 2 min in an oxygen electrode
(Hansatech, Norfolk, UK) attached to a strip chart recorder.
Fifty microliters of cotyledon extract were added and the
rate of oxygen consumption was measured. When the trace
was stable, 50 L of linoleic acid were added with a syringe
and the rate of oxygen uptake was recorded. LOX activity
was expressed as umol O, min~! mg™! protein using the
standard oxygen content of air-saturated water at 25°C
(0.258 umol mL ™! water).

Total Glutathione and GSSG Determinations

Cotyledons were ground in 1 mL of distilled water and
300 pL were taken for analysis. Protein and cell debris were
precipitated by addition of 50 uL of 5% (w/v) sulfosalicylic
acid (made up in 0.1 M potassium phosphate buffer, pH 7.6,
containing 5 mm EDTA) and centrifugation at 15,000¢ for
10 min. Two samples of 100 uL of the supernatant were
neutralized by addition of 300 uL of 0.5 m potassium
phosphate buffer, pH 7.6; one sample was used for the
determination of total glutathione and the other was used
for the determination of GSSG. Glutathione concentrations
in the neutralized extracts were determined as described
by Smith (1985). GSH was determined as the difference
between total glutathione and GSSG and was expressed as
nmol mg ™' protein. Recovery experiments were performed
in which a known concentration of GSH or GSSG was
added prior to grinding. Recovery was 95 * 2%.

Lipid Peroxidation Analysis

Samples of 375 uL of the cotyledon homogenate pre-
pared as described for glutathione determination were as-
sayed for the products of lipid peroxidation by the TBA
method as described by Oteiza and Bechara (1993) with the
following modifications. To the homogenate was added
125 uL of 3% (w/v) SDS, 250 uL of 3% TBA in 50 mm
NaOH, and 250 pL of 25% (v/v) HCl with thorough mixing
in between each addition. The mixture was heated at 80°C
in a water bath for 20 min and snap-cooled on ice. TBARS
were extracted with 600 uL of butan-1-ol and the specific
Ass, of the organic phase was measured and the nonspe-
cific Agop Was subtracted. Measurements were expressed as
Ass, mg~! protein.

Electrolyte Leakage

Conductivity measurements were made on 8-mm coty-
ledon discs, prepared and analyzed as described by Peev-
ers and Higgins (1989).

Protein Determination

Protein determinations were carried out using the
method of Lowry (1951) as modified by Peterson (1977).

Experimental Design and Statistical Analysis

All experiments were performed with a minimum of
three tissue sample replicates per treatment per time point.
Each experiment was done three times. Data from each
experiment are expressed as the means * sE (unless oth-
erwise stated).

RESULTS

The effects of a C. fulvum race-specific elicitor prepara-
tion IF, containing the products of the fungal Avr genes
Avr9 and Avr2 on Cf0, Cf2, and Cf9 NILs of tomato, were
assessed under two different humidity regimes. The 70%
RH was selected so that the data obtained could be directly
compared with a previous investigation of Cf-9-Avr9-de-
pendent induced responses on leaves (Peevers and Hig-
gins, 1989). The 98% RH was chosen to mimic the condi-
tions required for successful C. fuloum pathogenesis. The
high humidity also eliminates the macroscopic Cf-gene-
dependent necrotic and chlorotic responses to IF challenge
(Hammond-Kosack et al., 1996). Biochemical parameters
indicative of oxidative stress, such as changes in the cellu-
lar GSH status, increases in lipid peroxidation, and NBT
staining, were analyzed. The physiological consequences of
oxidative damage to membranes after IF treatment were
determined by analyzing changes in solute leakage from
the treated cotyledons. In parallel we investigated the ef-
fect of IF on the activity of SOD, CAT, and LOX. Thus, the
chronological sequence of oxidative events after race-spe-
cific elicitation of defined genotypes of tomato was deter-
mined and their physiological consequences were assessed.

Effect of IF on NBT Staining

NBT staining is a good indicator of elevated levels of
ROIs, in particular superoxide anions (O, 7), in tissues:
NBT turns from a pale yellow solution to an insoluble
blue/purple formazan product in the presence of ROI
(Doke and Ohashi, 1988). Following the delivery of a 1 in 2
dilution of IF into Cf0, Cf2, and Cf9 cotyledons maintained
at 70% RH, Cf-Avr-gene-dependent formazan formation
was observed, as shown in Figure 1. Patches of NBT-
positive staining were evident 2 h a.i. on Cf9 plants and by
4 h ai. on Cf2 plants. The intensity and extent of NBT
staining increased over the subsequent 10 h on Cf9 plants
and thereafter declined, whereas on Cf2 plants increased
NBT staining was sustained until 24 h. At later times in the
Cf2-injected cotyledons (24-72 h a.i.), the intensity of NBT
staining gradually declined (data not shown). The earlier
decline in staining in Cf9 cotyledons probably reflected the
onset of host cell death and tissue necrosis induced by the
IF. Similar results were obtained when a 1 in 8 or 1 in 64
dilution was injected into Cf9 cotyledons or a 1 in 8 dilu-
tion into Cf2 cotyledons. No positive NBT staining in Cf2
was obtained when a 1 in 64 dilution of IF was used. No
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Figure 1. Time course of NBT staining in CfO,
Cf2, and Cf9 tomato cotyledons induced by IF
from race 0. The cotyledons were excised at
various hours after a 1 in 2 titer of elicitor was
injected into the intercellular air spaces. Incom-
patible interactions involved Cf2-Avr2 and Cf9-
Avr9 and the compatible interaction involved
Cf0. The black staining indicates the presence of
reactive oxygen species. The weaker staining in
the Cf9 sample at 24 h was due to IF-induced
tissue necrosis.

Cr

0

increased NBT staining was apparent in Cf0 cotyledons
after IF injection. For all three genotypes, a limited and
variable amount of positive NBT staining was evident,
specifically around the wounded tissue at the injection site
by the 2-h point (data not shown).

When the above experiment was undertaken at elevated
humidity (98% RH), NBT staining was detectable in all
injected tomato genotypes at the 2-h time. The intensity of
the staining increased over the subsequent 24 h (data not
shown). An identical result was obtained when IF ata 1 in
8 or 1 in 64 dilution titer was injected. Noninjected cotyle-
dons of the three plant genotypes maintained at high hu-
midity did not exhibit increased NBT staining (time course
examined: 2-48 h after placement of seedlings at 98% RH).
We conclude from these data that the wounding and/or
the temporary anoxia caused by IF injection induces at least
one additional stress response under high-humidity condi-
tions, namely, enhanced ROI generation.

Effect of IF on Lipid Peroxidation

The Cf-gene-dependent induction of lipid peroxidation
after C. fulvum IF infiltration was measured by determining
the accumulation of TBARS at various times after IF injec-
tion into Cf0, Cf2, and Cf9 cotyledons. Since malonalde-
hyde is not the only molecule to react with TBA (Gut-
teridge and Halliwell, 1990), measurements were
expressed as Asy, mg ! protein rather than as the concen-
tration of malonaldehyde estimated from the absorbance of
the sample after TBA reaction. A 2-fold dilution of IF
induced rapid and substantial accumulation of TBARS
when injected into the cotyledons of Cf9 and Cf2 plants
maintained at 70% RH (Fig. 2A). A negligible change was
measured in Cf0 plants at either 70 or 98% RH, even 48 h
a.i. (Fig. 2A). For Cf9 accumulation of TBARS was measur-
able 2 h post-IF treatment, whereas for Cf2 they were not
measurable until 4 h. By 24 h post-IF injection, the magni-
tude of lipid peroxidation detectable was 179% of the initial
level for Cf2 plants and 260% of the initial level for Cf9
plants.

Considerable attenuation of the Cf-dependent accumula-
tion of TBARS was observed when IF-treated Cf0, Cf2, and
Cf9 plants were maintained under the same light regime
but the RH was elevated to 98% (Fig. 2B). Both Cf-2- and
Cf-9-dependent accumulation of TBARS was almost com-
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pletely abolished. Under these environmental conditions
the macroscopic response to IF injection is abolished (Ham-
mond-Kosack et al., 1996).

Effects of IF on Electrolyte Leakage from Cells

Previously, it was demonstrated that when Cf-9-contain-
ing tomato leaves were challenged with IF increased elec-
trolyte leakage from plant cells was detectable by 3 to 6 h
in an Avr9-dependent manner (Peevers and Higgins, 1989).
To compare the overall kinetics of the Cf- and Avr-depen-
dent responses in cotyledons with those reported earlier in
leaf tissue, cotyledon tissue discs were cut at various times
after IF injection and conductivity measurements were
made. In Figure 3 the levels of net electrolyte leakage in the
first 3 h after cutting the tissue discs are presented for each
Cf-Avr interaction. In Cf9 and Cf2 plants maintained at 70%
RH, following elicitor injection at a 1 in 2 dilution, in-
creased leakage commenced at 9 to 12 h and 15 to 18 h,
respectively, and continued to increase thereafter. The final
magnitude of the increase by 48 h was 9-fold in Cf9 and
4-fold in Cf2 plants (Fig. 3A). When the Cf-containing
plants were maintained in high-humidity conditions after
IF injection, only a 2-fold increase in electrolyte leakage
was detectable by 48 h (Fig. 3B). In Cf0 plants the IF
injection caused no increase in electrolyte leakage during
the 0- to 48-h period in either humidity regime.

Effect of IF on the Level of Total Glutathione and the
GSH:GSSG Ratio

It has previously been demonstrated that glutathione
accumulates in plants exposed to oxidative stimuli (Smith,
1985; May and Leaver, 1993). Cf- and Avr-dependent ROI
production occurs rapidly upon IF injection; therefore, we
measured the levels of total glutathione and also the level
of GSSG to discover whether this oxidative stress induced
cell protection mechanisms that involved glutathione.

At 70% RH, injection of IF into the cotyledons of Cf2 and
Cf9 resulted in considerable accumulation of total glutathi-
one during the 0- to 48-h sampling period (Fig. 4A) relative
to Cf0. In both cases levels of GSSG were significantly
higher than the controls after 2 to 4 h (Fig. 4C), amounting
to about 50% of total glutathione at 4 h (compare insets in
Fig. 4, A and C). The kinetics of these two responses follow
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Figure 2. Degree of lipid peroxidation, as measured by the accumula-
tion of TBARS, induced in Cf0, Cf2, and Cf9 tomato cotyledons in
response to IF from race 0. The plants were maintained at 70% RH (A)
or 98% RH (B) after injection of a 1 in 2 titer of IF. Macroscopic chlorotic
and necrotic symptoms induced in the incompatible interactions, Cf-2-
Avr2 (@) and Cf-9-Avr9 (V), that developed at 70% RH within 24 or 72
h, respectively, are absent at 98% RH. In the compatible interaction
involving Cf0 (O) no macroscopic symptoms to IF developed in either
humidity regime. Vertical bars represent the sts.

closely the kinetics of changes in the level of lipid peroxi-
dation, both in the speed and magnitude of expression. In
Cf0, which lacks any Cf genes, a small increase in the level
of total glutathione was measured and up until 24 h; <25%
of this was GSSG (Fig. 4, A and C). Such marked increases
in the level of GSSG are strong evidence that IF challenge
results in severe oxidative stress in a Cf-Avr-gene-depen-
dent manner. The accumulation of total glutathione con-
tinued in Cf2 and Cf9 until the end of the sampling period
at 48 h (Fig. 4A), at which point 87% was GSSG in both
lines (Fig. 4C). Total glutathione accumulated in Cf2 to
levels 20% less than in Cf9, 538 and 665% higher than the
initial levels, respectively. ‘

Increasing the RH to 98% while keeping the same light
and temperature regime markedly delayed and attenuated
GSH and GSSG accumulation in response to IF challenge
(Fig. 4, B and D). Importantly, increases in the level of total
glutathione were only detected 8 to 12 h a.i. in Cf9 and 12

to 24 h ai. in Cf2. At the end of the sampling period
increases in total glutathione were lower (39 and 45% of
levels in Cf2 and Cf9, respectively, at 70% RH) and the
relative proportion of GSSG was also lower. At 48 h after [F
challenge, GSSG levels as a proportion of total glutathione
in Cf2 and Cf9 were 40 and 34%, respectively, compared to
87% at 70% RH. Thus, the kinetics and magnitude of total
glutathione accumulation and an increase in the ratio of
GSSG:GSH are strongly Cf-Avr-gene dependent. Increases
in the ratio of GSSG:GSH followed the measured Cf-Avr-
dependent increases in the level of lipid peroxidation and
together with Cf-Avr-dependent NBT staining and solute
leakage provide strong evidence for Cf-Avr-gene-depen-
dent oxidative stress in response to race-specific IF chal-
lenge. The marked reduction in the magnitude and timing
of changes in the development of these four parameters
clearly indicates that Cf-Avr-dependent oxidative stress in
response to IF challenge is strongly influenced by the RH.
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Figure 3. Effects of IF on electrolyte leakage from Cf0, Cf2, and Cf9
tomato cotyledon discs. IFs at a 1 in 2 titer were injected into
attached cotyledons and the plants were maintained at either 70%
RH (A) or 98% RH (B). At various times after elicitor injection a single
tissue disc was cut from each cotyledon and floated on water (4
discs/2.5 mL). Values are the mean conductivity readings taken 3 h
after the discs were cut. A compatible interaction involved Cf0 (O),
and incompatible interactions involved Cf2-Avr2 (@) and Cf9-Avr9
(V). Vertical bars represent ses.
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Figure 4. A comparison of the induction of total glutathione (A and B) and GSSG (C and D) in Cf0, Cf2, and Cf9 tomato
cotyledons after the injection of a 1 in 2 titer of IF from race 0. A compatible interaction involved Cf0 (O), and incompatible
interactions involved Cf2-Avr2 (@) and Cf9-Avr9 (V). The plants were maintained at 70% RH after injection (A and C) or at
98% after injection (B and D}. The inset in each graph is an expansion of the y axis over the earlier times and the vertical

bars represent the sts.

The Effects of IF Dilution on Cf-Avr-Dependent Lipid
Peroxidation and Glutathione Levels

The effects of IF dilution on lipid peroxidation and gluta-
thione levels was investigated to determine the dose depen-
dency and lower threshold level of IF challenge. Dilutions of
1in 8 and 1 in 64 of the original IF extract were prepared and
injected into the cotyledons of Cf0, Cf2, and Cf9 maintained at
70% RH. The increase in the level of TBARS and accumulation
of total glutathione and GSSG were determined at 2, 4, 8 and
24 h (Figs. 5 and 6). Reducing the titer of IF to 1 in 8 had a
dramatic effect on the appearance of TBARS (Fig. 5). In Cf2
TBARS were only measurable at 24 h and were reduced to
76% of the level resulting from injection of an IF titer of 1 in
2 (Fig. 5A). The reduction in the increase of TBARS in re-
sponse to challenge with an IF titer of 1 in § in Cf9 was less

marked and at 24 h 90% of the level obtained with IF ata 1 in
2 titer was evident (Fig. 5B). However, although TBARS levels
were significantly increased above control levels in Cf9 plants
at 4 to 8 h after challenge with IF at a dilution of 1 in 8
(110-133% of control levels), this is 2 to 4 h later than ata 1 in
2 titer. When the IF was diluted to 1 in 64 and injected into Cf2
cotyledons, IF-dependent TBARS accumulation was almost
completely abolished. In contrast, significant increases in the
level of TBARS in cotyledons of Cf9 plants challenged with
the same dilution could still be measured, even at 8 h a.i., and
at 24 h the increases were 57% higher than initial levels, only
33% lower than levels measured in response to challenge with
a titer of 1in 2.

The pronounced Cf-Avr-gene-dependent effects on lipid
peroxidation as a function of IF titer were not reflected in
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Figure 5. Effect of reducing the titer of the IF on the degree of lipid
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changes in the accumulation of glutathione in response to
the same treatments (Fig. 6, A and B). Significant increases
in the level of total glutathione in response to challenge
with an IF titer of 1 in 8 were measurable in both Cf2 and
Cf9 8 h a.i. and were not drastically reduced compared to
challenge with an IF titer of 1 in 2. At 24 h a.i., dilution of
the IF from 1 in 2 to 1 in 8 resulted in a 38 and 20%
reduction in the accumulation of total glutathione in Cf2
and Cf9, respectively. Dilution of the IF to 1 in 64 resulted
in a delayed onset of total glutathione accumulation to 24 h
a.i., whereas in Cf9 the same treatment resulted in measur-
able accumulation of total glutathione at 8 h. Nevertheless,
despite the measurable increase in total glutathione in Cf9
cotyledons in response to challenge with an IF dilution of
1 in 64, this increase was only 64% of the increase in
response to 1 in 8 dilution and 51% of the response to 1 in
2 dilution.

The ratio of GSSG:GSH in the Cf-containing lines also
showed IF dose dependence (Fig. 6, C and D). GSSG was
only measurable in extracts of Cf2 cotyledons 24 h a.i. of a

1 in 64 dilution of IF and represented only 41% of total
glutathione. At a 1 in 8 dilution titer, increases in GSSG
were detectable after 4 h and represented 78% of total
glutathione after 24 h. In Cf9 cotyledons an increase in
GSSG occurred by 4 h using a 1 in 8 dilution titer and after
8 h using the 1 in 64 dilution titer. After 24 h GSSG
represented more than 50% of the total glutathione in Cf9
cotyledons injected with either concentration of IF.

Effects of IF on the Activities of Antioxidant Enzymes and
Levels of LOX

It was previously demonstrated that in response to
pathogen infection marked increases in the activity of spe-
cific SOD isoforms and in the transcription of their corre-
sponding genes occurs (Buonaurio et al., 1987; Bowler et
al., 1988). These events are of potential significance in the
present investigation, since events leading to the formation
of ROIs occur very shortly after IF challenge. We therefore
examined qualitatively changes in the activity of SOD en-
zymes using nondenaturing polyacrylamide activity gels.
No gross changes in the activity of any of the SOD enzymes
(EC 1.15.1.1) was observed by this method (data not
shown). Using activity staining in nondenaturing poly-
acrylamide gels we also investigated changes in the activity
of CAT isoenzymes (EC 1.11.1.6). Again, no gross changes
in the activity of CAT was observed by this method (data
not shown).

The induction of transcription of LOX genes (Melan et
al., 1993) and corresponding increases in the activity of
these enzymes have been documented and roles for LOX in
resistance against pathogens have been proposed (Hilde-
brand, 1989). These changes may play an important role in
the release of specific lipid peroxide molecules, which are
subsequently converted into bioactive molecules by a se-
ries of enzymatic steps (Vick and Zimmerman, 1987). These
molecules have a wide variety of functions (Serhan et al,,
1981; Samuelsson, et al., 1987; Farmer and Ryan, 1992).
LOX activity has been shown to be induced by pathogens
(Peever and Higgins, 1989; Koch et al., 1992; Melan et al.,
1993), and the subsequent products of LOX activity have
been shown to possess antibacterial (Croft et al., 1993) and
signal transduction properties (Melan et al., 1993). Changes
in LOX activity were found to increase in response to
injection of IF, and this increase was found to be Cf-Avr
gene dependent (Fig. 7A), dependent on the humidity of
the incubation environment (Fig. 7B) and also on the dose
of IF applied (Fig. 8). Injection of IF at titers of 1 in 2 and 1
in 8 into the cotyledons of Cf2 and Cf9 induced an increase
in the activity of LOX detectable 8 h a.i.,, and LOX contin-
ued to increase thereafter. However, in the case of Cf9
treatments at 48 h, the extractable LOX activity was highly
variable. These data are thought to reflect the fact that
cotyledons at this stage were almost uniformly necrotic
and inviable (Hammond-Kosack et al., 1996). In the ab-
sence of Cf genes, there was a slight increase in LOX
activity by 24 h a.i. (Cf0, Fig. 7A). Dilution of the IF titer to
1in 8 and 1 in 64 had a marked effect on the induction of
LOX activity in Cf2 and to a lesser extent on Cf9 (Fig. 8).
Twenty-four hours after injection of a 1 in 64 dilution of IF
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into Cf2, the activity of LOX was 36% of the activity mea-
sured after injection of a 1 in 2 dilution. At this IF titer no
significant increase in any of the other parameters mea-
sured was detected for Cf2 plants. A drastic delay in LOX
induction occurred when plants injected with a 1 in 2
dilution of IF were subsequently incubated at 98% RH (Fig.
7B). No increases in the activity of LOX were measured
before 24 h in Cf2 and Cf9 under these conditions and the
activities were 62 and 12% lower, respectively. However,
by 48 h the LOX zictivity was comparable in the two hu-
midity regimes for both incompatible interactions. It is
interesting that the activity of LOX in Cf0 plants treated in
the same way and incubated in the same sealed chamber
were significantly increased at 48 h (200% activity at 70%
RH). This may be a reflection of the fact that all plants were
incubated together and the evolution of volatile products
from Cf2 and Cf9 plants in which LOX activity had been
induced may have had an inducing effect on the activity of
LOX in Cf0.

DISCUSSION

Three tomato NILs carrying either the resistance genes
Cf-2 or Cf-9 or no Cf gene were infiltrated with C. fulvum

race-specific elicitors and their responses were com-
pared. Our objective was to define the temporal order of
Cf-dependent biochemical events activated immediately
after Avr-gene product recognition. The uniform genetic
background of the NILs allowed a rigorous assessment
of the Cf~Avr dependency of the biochemical responses
and the subsequent physiological consequences of these
events. By using the IF and not C. fulvum infections as the
challenge, we could ascertain the dose dependency of
each activated biochemical response. Markers for oxida-
tive stress were particularly interesting, since a large
body of evidence indicates that the formation of ROIs is
one of the earliest measurable consequences of pathogen
attack and may be involved in subsequent defense sig-
naling (Levine et al., 1994; Mehdy, 1994; Yalpani et al.,
1994; Baker and Orlandi, 1995). The onset of each re-
sponse was both Cf-Avr gene dependent and IF dose
dependent, whereas high humidity reduced the magni-
tude of the responses.

The earliest event occurring 2 or 4 h after IF injection in
incompatible (Cf9 and Cf2, respectively, Fig. 1) but not the
compatible interaction (Cf0) was the formation of superox-
ide anions (O, 7). This indicates the rapid Cf-Avr-gene-
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dependent induction of ROI synthesis. Similar observa-
tions have previously been made using a Cf5 tomato cell-
suspension culture after challenge with an Avr5-containing
C. fulvum elicitor preparation (Vera-Estrella et al., 1992).
However, the slow and prolonged kinetics and dose de-
pendency of this response in the whole-plant system are
different from the rapid and transient responses previously
measured in tomato cell-suspension cultures (Vera-Estrella
etal., 1992, 1994a, 1994b) and soybean and bean suspension
cultures in response to a fungal glucan and/or oligogalac-
turonide elicitor (Apostol et al., 1989; Legendre et al., 1993;
Levine et al., 1994). The initial flooding of the cotyledon air
spaces when the IF was injected may have altered the
physiological status of the plant cells and the oxygen avail-
ability, delaying the onset of the oxidative burst. Alterna-
tively, the superoxide could be diluted or rapidly dismuted
in IF. Doke and Ohashi (1988) observed in a whole-plant
system that the N-gene-mediated oxidative burst following
tobacco mosaic virus infection was detected within min-
utes of the N-gene-mediated resistance response being ac-
tivated by a temperature shift from 30 to 24°C. During C.
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fulvum ingress into tomato leaves the oxidative burst may
be transient because only a few cells surrounding the pen-
etrated substomatal cavity would come into contact with
the Avr elicitor (Lazarovits and Higgins, 1976; de Wit, 1977;
Hammond-Kosack and Jones, 1994). After IF infiltration,
however, most cells would come into contact with the
elicitor, allowing a more prolonged net O, formation.

A second documented consequence of Cf-Auvr-gene-de-
pendent elicitation of an oxidative burst in tomato cell-
suspension cultures was the accumulation of the products
of lipid peroxidation (Vera-Estrella et al., 1992). The Cf-Avr-
gene-dependent induction of lipid peroxidation in tomato
cotyledons was rapid and both IF dose and humidity de-
pendent. A direct consequence of the peroxidation of lipids
is structural damage to membranes. It has been proposed
that the peroxidation of lipids is a key process in mem-
brane alteration that underlies the symptoms of the hyper-
sensitive response (Keppler and Novacky, 1986). Indeed,
the measurement of Cf-Avr-gene-dependent increases in
the level of TBARS precedes increases in solute leakage.
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Figure 8. Effect of reducing the titer of the IF on the induction of LOX
activity in incompatible interactions involving Cf2-Avr2 (A) and Cf9-
Avr9 (B). The IF titers injected were 1 in 2 (solid lines), 1 in 8 (long
dashed lines), and 1 in 64 (short dashed lines). O, LOX activity
induced in CfO cotyledons after challenge with IF ata 1 in 2 titer. The
plants were maintained at 70% RH after IF injection. Vertical bars
represent the SEs.
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Both lines of evidence support the hypothesis that Cf-
protein activation has a profound impact on the loss of
cellular homeostasis of Avr-elicitor-treated tissues contain-
ing the necessary Cf gene. These changes in turn preceded
changes in cell viability (Hammond-Kosack et al., 1996)
and are likely to play an important role in cell death. The
whole-plant system used in this study allows correlations
to be made between the effect of early responses to Cf-gene
action (superoxide generation) on the physiology of the
host. The increases in the levels of superoxide are likely to
be responsible for the concomitant increases in lipid per-
oxidation, because increased LOX activity was not evident
until later. Because the generation of superoxide was sus-
tained, this radical may also contribute to solute leakage
and to eventual cell death.

The generation of ROIs at the site of entry of an avirulent
pathogen may play several important roles in prevention
of pathogen spread but also has important consequences
for the host plant. A role for H,O, as an antimicrobial agent
(Kim et al., 1988; Wu et al., 1995), a substrate for lignin
synthesis (Gross et al., 1977), and a signal molecule for the
hypersensitive cell death response (Levine et al., 1994),
phytoalexin accumulation (Edwards et al., 1991; Guo et al.,
1993), and SA biosynthesis (Leon et al., 1995) has already
been demonstrated. But ROI levels must be controlled to
avoid damage to the surrounding noninvaded tissue
whose viability may be required for the coordinated de-
fense response.

Coincident with Cf-gene-dependent/Avr-dose-depen-
dent changes in lipid peroxidation, there were parallel
increases in the level of total glutathione and a marked
increase in the ratio of GS5G to GSH. We previously dem-
onstrated that oxidative stress induces accumulation of
glutathione (May and Leaver, 1993), and this study pro-
vides a further example. It may emerge that a general
feature of effective disease resistance will be a mobilization
of GSH and GSH-dependent detoxification processes at the
sites of incompatible infections, to save plant cells from the
consequences of their own defense mechanisms. Edwards
et al. (1991) also observed a net accumulation of GSH in
bean cells after challenging with a pathogen elicitor. GSH
itself or alterations in GSH/GSSG redox balance may func-
tion in cellular protection in healthy tissue but also in the
regulation of plant defense genes (Wingate et al., 1988;
Zhang and Mehdy, 1994) and genes involved in the re-
moval of ROI (Hérouart et al., 1993). However, an Arabi-
dopsis mutant cad2-1 with a total glutathione content of
only 30% of the wild-type level still exhibited an almost
normal resistance phenotype to the fungus Peronospora
parasitica and a strain of bacterium Pseudomonas syringae pv
tomato expressing AvrB. Since incompatibility in the cad2-1
mutant resulted in a protracted stimulation of GSH syn-
thesis, whereas in wild-type plants total GSH were only
slightly elevated, this suggests that normal GSH levels
were already sufficient to quench the induced oxidative
stress (May et al., 1996).

Alterations to the ratio of GSSG:GSH (Alscher, 1989) in
the IF-challenged tissue and their consequent changes in
cellular redox status may be more important than absolute
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glutathione increases on the overall responses activated in
the Cf-expressing plant cells. Causative roles for redox
changes in the regulation of redox-sensitive enzymes
(Ziegler, 1985), receptors (Malbon et al., 1987), signal trans-
duction (Huang et al., 1994; Okazaki et al., 1994), cellular
proliferation (Biguet et al., 1994), RNA stability (Zhang and
Mehdy, 1994), and transcription factors (Schreck et al.,
1991; Babiychuk et al., 1994; Westendorp et al., 1995) have
already been proven. It is likely that a tightly controlled
and delicate balance between the accumulation of ROIs and
antioxidant activity will determine the full expression of
the effective defense response.

The increase in LOX enzyme activity at 8 h in both
incompatible interactions at low humidity indicates that a
significant part of the lipid peroxidation detectable during
the latter part of the time course was a consequence of both
enzymatic and free radical damage. However, since the
elevated levels of LOX activity from 12 h onward, in com-
bination with the earlier oxidative burst, did not cause an
overall increase in lipid peroxidation at high humidity, it
can be concluded that cellular protectant mechanisms must
be continuously active and effective in this situation.

The primary products of LOX-catalyzed reactions, fatty
acid hydroperoxides, are metabolized into molecules with
known or hypothesized regulatory activities. For plants
these include traumatin and jasmonic acid, which may
affect a variety of physiological processes (Siedow, 1991).
For example, they induce defense-related genes, including
those encoding Phe ammonia lyase (Grunlach et al., 1992),
protease inhibitors (Farmer and Ryan, 1992), chalcone syn-
thase and Pro-rich wall proteins (Creelman et al., 1992),
and LOX (Bell and Mullet, 1993; Croft et al., 1993). Thus,
the Cf-Avr-dependent increases in LOX activity may serve
to provide the substrate for the synthesis of additional
signaling molecules that coordinate and amplify the de-
fense response to C. fulvum. Alternatively, the increase in
LOX activity may result in a localized increase in volatile
fatty acid products that may themselves possess antimicro-
bial activity, as revealed in other host-microbe interactions
(Croft et al., 1993). The types of volatile fatty acids pro-
duced by tomato plants and their toxicity toward C. fulvum
hyphae are not known. ’

High humidity dramatically reduced the onset and even-
tual magnitude of lipid peroxidation and changes to the
glutathione pool but only altered the kinetics of increased
LOX enzyme activity. For the challenged Cf9 plants, the
effect of higher humidity can probably best be explained by
the elimination of the desiccation process associated with
the induced supraoptimal opening of stomata, reported by
Hammond-Kosack et al. (1996). However, for Cf2 plants
alternative explanations are required because of the lack of
elicitor-induced stomatal opening. Possibly the increased
hydration status of plant tissue results in a reduced con-
centration of ROIs at the plasma membrane surface that
could participate in subsequent chemical reactions or enter
the cell (H,O, only). By analogy, the increased water con-
tent may enhance the possibility of contact with cell-wall-
bound peroxidases and this could lower H,O, concentra-
tions at the cell surface. An increased water content would
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also dilute solute and ion concentrations outside the plant
cell. Neither O,™ nor H,O, is energetic enough to initiate
lipid peroxidation directly but needs to participate in the
Fenton reaction to generate the hydroxyl radical, which is
a powerful initiator of lipid peroxidation (Halliwell and
Gutteridge, 1989, 1990). A reduction in the availability of
transition metal catalysts (e.g. Fe 2¥) outside the plant cell
could significantly reduce the overall production of OH,
thereby decreasing the degree of lipid peroxidation and
hence a requirement for the activation of cellular protection
mechanisms based on glutathione. The effects of various
chelating agents on modulating the IF-induced responses
will be interesting to test in this context. The high-humidity
data also indicate that a given reduction in cell viability is
not associated with a specific change to the glutathione
pool. Thus, changes in redox status alone are unlikely to
induce cell death. Finally, because the eventual magnitude
of LOX activity was unaffected by humidity changes, a
distinct signaling cascade probably activates this response.

These studies support the use of a whole-plant-elicitor
model in the analysis of plant-pathogen interactions. It is
plausible that because the IF preparation injected was only
partially purified other components in the solution in ad-
dition to the Avr peptides may also have contributed to or
modified the Cf-gene-specific responses observed. Further-
more, although this study demonstrates that various oxi-
dative events occurred subsequent to Cf-gene action, the
magnitude of changes in an authentic fungal interaction
may be different. Clearly, cell-specific markers for oxida-
tive stress and methods for in vivo GSH determination are
necessary to define changes in cells surrounding the site of
pathogen ingress. Given the availability of NILs, the exten-
sive genetic map of tomato, and the feasibility of a mu-
tagenesis approach, the C. fulvum-tomato interaction offers
many advantages for the analysis of resistance gene func-
tion. To this end we have already identified two genes that
are required, in addition to the Cf-9 gene, for the establish-
ment of effective resistance (Hammond-Kosack et al.,
1994b). Saturation mutagenesis will eventually reveal the
identity of other genes involved in Cf-gene-mediated resis-
tance. The concerted deployment of genetic, biochemical,
and molecular techniques will be necessary to reveal how
Cf-gene products activate effective defense upon Avr-gene
product recognition. This point is further elaborated by
Hammond-Kosack et al. (1996).
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