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Different oxidative burst patterns occur during host and nonhost
resistance responses triggered by Xanthomonas campestris in pepper
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Abstract The hypersensitive reaction (HR) is the most
common plant defense reaction against pathogens. HR is
produced during both host- and nonhost-incompatible in-
teractions. Several reports suggest that similarities exist
between host and nonhost resistances. We assayed the pattern
of generation of reactive oxygen species (ROS) and scav-
enging enzyme activities during nonhost pathogen-plant
interactions (Xanthomonas campestris pv. campestris/Capsicum
annuum L.) and incompatible host pathogen-plant interactions
(Xanthomonas campestris pv. vesicatoria racel/Capsicum
annuum L.). Both O, and H>O, accumulated much faster
during nonhost resistance when compared to the host
resistance. The scavenging enzyme activities of superoxide
dismutase (SOD), catalase (CAT) and peroxidase (POX)
were also different during the host- and nonhost-incompatible
interactions. CAT activity was much higher during nonhost
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resistance, and several new isozymes of SOD and POX were
detected during nonhost resistance when compared to the
host resistance. Lipoxygenase (LOX) activity was higher in
host resistance than nonhost resistance during the early
stages of infection. Interestingly, the nitric oxide (NO) radical
accumulated equal amounts during both host and nonhost
resistance at early stages of infection. Further studies are
needed to determine the specific pathways underlying these
differences between host and nonhost resistance responses.

Introduction

The hypersensitive reaction (HR) that leads to rapid tissue
necrosis at the site of infection is a typical plant response to
an incompatible pathogen (Lam et al., 2001). This rapid
tissue necrosis induced in both nonhost and disease resistant
plants (due to the presence of a resistance gene) often localizes
the pathogen to its infection site and thus restricts its spread
(Keppler etal., 1987; Alvarez et al., 1998; Wojtaszek, 1997).
It is speculated that HR deprives the pathogen of nutrients
and/or releases toxic molecules, thereby confining pathogen
growth. There is also evidence suggesting that the reduction
of water potential during HR could limit pathogen growth
(Wright and Beattie, 2004). The HR provides resistance to a
great majority of potential host and nonhost pathogens
(Grant and Mansfield, 1999; Mysore and Ryu, 2004). For a
given plant species, only a limited number of pathogens have
the ability to evade the plant-nonhost defense system (Thordal
-Christensen, 2003; Mysore and Ryu, 2004). If a pathogen
can overcome the plant-nonhost defense system (nonhost
resistance), the plant becomes a host for the pathogen and
hence will be susceptible to the disease. However, certain
cultivars or genotypes of the host plant species have evolved
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to recognize certain races within the pathogenic species to
trigger HR and this is termed host resistance. Host resistance
is often governed by a single resistance (R) gene, the product
of which directly or indirectly interacts with a specific
elicitor(s) produced by the avirulence (avr) genes of pathogens
(Keen, 1990; Schornack et al., 2006). These observations
indicate that there is an ongoing evolution of the plant’s
ability to recognize pathogen races that were previously
unrecognized while the pathogen evolves to avoid recognition
by a previously resistant plant. Even though HR is associated,
in most cases, with plant responses to an incompatible in-
teraction with a potential pathogen, its actual role in host and
nonhost resistances is not very clear.

Reactive oxygen species (ROS) has been shown to rapidly
accumulate in plants attacked by incompatible races of
pathogen and also when treated with certain fungal elicitors
(Lamb et al., 1997; Huckelhoven and Kogel, 2003). Accu-
mulation of ROS in plants is popularly known as the oxidative
burst (Alvarez et al., 1998; Huckelhoven and Kogel, 1993).
Many reports suggest that the oxidative burst is a putative
endogenous signal to induce HR (Baker et al., 1995; Keppler
etal., 1989). The ROS generating system responsible for the
oxidative burst has been shown to be coupled with oxidation
of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) in the microsomal fraction isolated from elicitor-
treated sliced potato tubers (Park et al., 1998). In Nicotiana
benthamiana, respiratory burst oxidase homologs (vboh genes),
which have been implicated in ROS generation, are required
for resistance to Phytophthora infestans (Yoshioka et al.,
2003). ROS are toxic intermediates of molecular O, reduced
by successive one-electron steps. The predominant ROS de-
tected during the oxidative burst in infected or elicitor-treated
plants are O, , HO, and OH radicals. The oxidative burst in
potato tuber inoculated with an incompatible race of a
pathogen was demonstrated to be due to an enhanced O,
generating NADPH oxidase activity in the plasma membrane
(Reviewed by Lamb et al., 1997, Hammond-Kosack and
Jones, 1996; Lote and Geiszt, 2006). O, generated by the
NADPH oxidase enzymatically produces H,O,. HO,, thereby
formed, is further metabolized by catalysis or peroxidation.
Fe'" ion present in the plant cell can lead to the H,O»-de-
pendent formation of OH radicals. The OH radical initiates
chain reactions including lipid peroxidation, enzyme inac-
tivation and so forth that eventually cause cell damage (Ham-
mond-Kosack and Jones, 1996). Nevertheless, some recent
reports question the role of ROS during hypersensitive cell
death in plants (Tada et al., 2004; Zhang et al., 2003).

In plants, NO is produced non-enzymatically through light
mediated conversion of NO, by carotenoids or enzymatically
by NADPH-nitrate reductase (Beligni and Lamattina, 2000;

Del Rio et al., 2004). Many reports suggest that NO radical
induces phytoalexins, phenylalanine ammonia-lyase (PAL)
and pathogenesis-related (PR) proteins (Durner et al., 1998;
Delledonne et al., 1998; Wendehenne et al., 2004).

Many studies have proposed a role for lipid peroxidation in
plant defense (reviewed by Feussner and Wasternack, 2002;
Fan et al., 2009, Cacas et al., 2009). Lipoxygenase (LOX)
has been shown to contribute to defense reactions in plants
by synthesizing antimicrobial and signal molecules. The
products of the LOX reaction, 9- and 13-hydroperoxylinole(n)ic
acid (9- and 13-HPOD/HPOT), are substrates for several
LOX pathway enzymes that catalyze the synthesis of hydro-
xyoctadecadienoic acid (HOD) or hydroxyoctadecatrienoic
acid (HOT), fatty acid containing divinyl ether as colnele(n)ic
and etherole(n)ic acid, 12-oxo-phytodienoic acid (OPDA),
jasmonic acid (JA), (2-oxo fatty acids, aldehydes, and tri-
hydroxy fatty acids (Feussner and Wasternack 2002).
Xanthomonas campestris pv. vesicatoria causes bacterial
spot disease in tomato and pepper plants. Pepper plants car-
rying the Bs3 resistance gene, when inoculated with X. cam-
pestris pv. vesicatoria strains expressing avrBs3, express gene
-for-gene resistance that leads to HR (Marois et al., 2002). X.
campestris pv. campestris causes disease on Brassica plants
but not on pepper. Pepper is a nonhost for X. campestris pv.
campestris and also produces a typical nonhost HR upon
inoculation with this nonhost pathogen (Conrads-Strauch et
al., 1990). It is still not clear whether the HRs produced by
gene-for-gene and nonhost resistances reflect the same molec-
ular events. There is extensive evidence suggesting that
nonhost and host resistances have similar mechanisms and
may share a common pathway (Thordal-Christensen, 2003;
Mysore and Ryu, 2004). However, recently it has been shown
that there are consistent differences in the execution of host
and nonhost hypersensitive cell death elicited by biotrophic
fungi (Christopher-Kozjan and Heath, 2003)

In this paper we investigated whether the resistance responses
produced in pepper during the host and nonhost resistances
elicited by a bacterial pathogen are similar. The main objective
of this paper is to compare difference reactive oxygen burst
between host HR (gene-for-gene resistance) and nonhost HR
(general HR). Strikingly, we show that the pattern of generation
of the ROS is different during host and nonhost resistances.
In addition to ROS, the scavenging enzymes and octadecanoid
pathway activities also differed between the host and nonhost
resistances.

Materials and methods

Plant, Bacterial strains and Inoculation
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Red Pepper (Capsicum annuum L.) cv. Kalmi 25-11-3-2(Bs3)
was used in this study. The red pepper seeds were sown in
plastic tray (55x 30x 5 cm, 50 holes) containing vermiculite.
The red pepper plants were grown up to 45 days in green-
house. Xanthomonas campestris pv. campestris and Xantho-
monas campestris pv. vesicatoria race 1 were grown at 30°C
on LB broth for 24 h. Bacterial suspensions were then
centrifuged at 7,000 rpm for 10 min. The bacterial cells were
harvested and re-suspended in sterilized water and diluted to
an absorbance of 1 (~10° cfu/ml) at 600 nm prior to inoc-
ulation. Forty five-days-old pepper plants were inoculated
by infiltrating the bacterial cell suspension using needle-less
plastic syringe into the abaxial side of completely expanded
leaves.

Electron paramagnetic resonance (EPR)

Levels of O, were determined by EPR measurements of the
1,2-dihydroxybenzene-3,5-disulphonic acid (Tiron; Sigma-
Aldrich, MO, U.S.A), a semiquinone radical which is formed
from the oxidation of Tiron by O, . The measurements were
carried out as described earlier (Park et al., 1998; Valgimigli et
al., 2001). The leaf samples (2 x 2 cm) and EPR spectra were
recorded at 20°C with a Bruker B200 spectrometer (Bruker,
Germany) at a field setting of 3450 G, microwave frequency of
9.67 GHz, modulation of 100 KHz, time constant of 163 ms,
and total scan time of 335 s with a variable gain.

Measurement of hydrogen peroxide

The concentration of H O, was measured with a colorimetric
method using O-dianisidine (3,3’-dimethoxybenzidine).
This compound is colorless in the reduced form and changes
color when oxidized by H>O» (Desagher et al., 1997). Fresh
pepper leaf samples (1 g) were homogenized in liquid nitrogen
and 0.1 M phosphate buffer (pH 6.8). Each sample was cen-
trifuged at 12,000 rpm for 20 min at 4°C. An aliquot of 0.5 ml
supernatant was mixed with 2.5 ml peroxide solution (83
mM phosphate, 0.005% O-dianisidine, 40 pg/ml peroxidase).
The mixtures were incubated at 30°C for 10 min, prior to
adding the stop reagent (0.5 ml 1 N perchloric acid), and
centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant
contained red color O-dianisidine. The absorbance of the
samples was determined at 436 nm using a spectrophotom-
eter (Hitachi, Japan). The concentrations of HO, were de-
termined using the standard concentration solution.

Protein extraction and ROS enzyme activity staining

Plant materials were harvested directly into liquid nitrogen

and 1 g of frozen tissue was ground in 5 ml of 0.1 M potassium
phosphate buffer, pH 7.0, containing 1 mM EDTA, 1 mM
PMSF and 1% polyvinylpolypyrrolidone. Insoluble material
was removed by centrifugation at 12,000 rpm for 20 min at
4°C. Protein content was determined using BSA as a standard,
according to the method of Bradford (Bradford, 1976).

SOD activity in-gel assay: Electrophoresis samples containing
50 pg was separated by anodic electrophoresis on 10% non-
denaturing polyacrylamide vertical slab gels incorporated
with a 5% stacking gel. Following electrophoresis (25 mA, at
4°C for 4 h), gels were stained for SOD activity. Activity of
SOD was assayed using a previously reported method (Fath
et al., 2001). The gels were pre-equilibrated in a solution of
50 mM potassium phosphate buffer (pH 7.8) and 0.1 mM
EDTA for 30 min and then immersed in 0.25 mM nitroblue
tetrazolium chloride, 33.2 uM riboflavin, and 0.2% N,N,
N, N -tetramethylethylenediamine (TEMED) for 30 min in
the dark. Gels were rinsed twice in distilled water, placed on
a glass sheet and illuminated for 10 min under a 200 W lamp
placed 40 cm above the gel.

CAT activity in-gel assay: Total native protein (50 ug) was
separated on 8% nondenaturing polyacrylamide gels at 15
mA at 4°C for 4 h. The 6X non-denature loading buffer (60%
Glycerol, 300 mM Tris pH 6.8, 12 mM EDTA, 0.05%
bromophenol blue) also contained 60 mM DTT. Gels were
then soaked in 3.27 mM H,O; for 25 min, rinsed in water,
and stained in a solution of 1% (W/v) potassium ferricyanide,
1% (w/v) ferric chloride (equal volumes of 2% [w/v] solutions
of each component, added sequentially). Color development
was continued for 4 min and reaction was stopped with a
brief wash in double-distilled water (Zou and Schrempf,
2000).

POD activity in-gel assay: Samples (50 pg proteins) were
loaded onto 10% nondenaturing polyacrylamide gels at 20
mA, at 4°C. After the electrophoresis (at 15 mA at4°C for 4 h),
gels were incubated in 0.1 M sodium acetate buffer, pH 4.5,
containing 2 mM benzidine, and initiating the reaction by the
addition of 3 mM H,O: (Zou and Schrempf,2000). When max-
imum contrast was achieved, the reaction was stopped by
rinsing the gel with water.

Lipoxygenase Assay

0.5 g of each pepper leaf samples was frozen in liquid nitrogen,
ground with a mortar and pestle, homogenized with 5 ml of
50 mM potassium phosphate buffer (pH 9.0) and filtered
through 4 layers of gauze. 2 ml of filtrate was added to the
same volume of linolenic acid suspension (0.5% of 0.1 M
Tris-HCI buffer containing a trace of Tween-80, pH 9.0) and
the mixture was incubated at 22°C for 1 h with stirring. After
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incubation, 3.0 ml of 0.1 N HCI was added to stop the enzyme
reaction and the mixture was extracted with diethyl ether.
Then the extracted solution was frozen at -30°C to isolate the
ether phase from the mixture emulsion. After thawing the
frozen mixture at room temperature, 0.5 ml of the ether phase
was picked up and added to 9.5 ml of ethanol. The mixture
solution was monitored for LOX activity with a spectropho-
tometer (Hitachi, Japan) at 234 nm absorbance.

Nitric oxide assay

The hemoglobin-trapping technique, based on the conversion
of the ferrous form of hemoglobin (HbO,) into the ferric
form, methemoglobin (metHb), by NO (Murphy and Noack,
1994) was used for the detection of NO. Briefly, 25 mg/ml of
hemoglobin (HbO,, Sigma, MO, USA) was transferred to 50
mM phosphate (pH 7.4) and was gently swirled to dissolve
hemoglobin, to which 1-2 mg of sodium hydrosulfate was
added. The container was gently swirled to provide a light
stream of O, continuously into the container. The resulting
HbO; solution was desalted and purified by passing it through
a Sephadex G-25 column at a flow rate of 1 ml/min so that the
HbO:; elutes from the column after about 10 min. The con-
version of metHb to HbO, was monitored by the change of
color as the metHb was reduced by the sodium dithionite to
deoxyhemoglobin and then from purple to a bright orange-red
due to the reaction of deoxyhemoglobin with the oxygen
contained in the PO, buffer. Appropriate amount of samples
were added to NO reaction mixture containing 50 mM Tris-
HCI (pH 7.5), 0.33 mM HbO,, and to the final volume to 1
ml. The purity and concentration of the desalted HbO» stock
was checked using a spectrophotometer (Hitachi, Japan) at
415 nm absorbance.

Results

The timing of occurrence of nonhost and gene-for-gene HRs
induced in pepper by Xanthomonas campestris pathovars

X campestris pv. vesicatoria and X. campestris pv. campestris
strains were used in this study. Both bacterial strains had the
same number of colony forming units (cfu)/ml at an ODggo of
1.0 and exhibited the same growth kinetics in vitro (data not
shown). Red pepper plants (Kalmi 25-11-3-2) carrying the
Bs3 resistance gene were inoculated with X. campestris pv.
vesicatoria strains expressing avrBs3. HR (due to gene-for-
gene resistance) started to appear 60 h after inoculation and
was more evident after 72 h of inoculation (Fig. 1). When the
same pepper plants were inoculated with X. campestris pv.

Fig. 1 HR symptoms produced by Xanthomonas campestris pv.
campestris (nonhost-incompatible) and Xanthomonas campestris
pv. vesicatoria racel (host-incompatible) on pepper leaf. X
campestris pv. campestris and X. campestris pv. vesicatoria were
infiltrated with a needle-less syringe into symmetrical sides of a
pepper leaf at a concentration of 1 x 10°* cfu/ml. HR developed
on both the inoculated sites approximately around the same time.
Photograph was taken 72 h after inoculation.

campestris, nonhost HR appeared at the same time as that of
the gene-for-gene HR (Fig. 1).

Oxidative burst during host and nonhost resistance responses

We determined the amount of ROS accumulated in pepper
plants at different times after inoculation by X. campestris
pv. campestris (nonhost-incompatible) or X. campestris pv.
vesicatoria racel (host-incompatible). Levels of O, per 2 x
2 cm leaf samples were determined by electron paramagnetic
resonance (EPR) measurement of the Tiron semiquinone
radical which is generated from the inoculated leaf sample.
A very strong EPR signal for nonhost-incompatible inter-
action was seen as early as 30 min after nonhost pathogen
inoculation (Fig. 2A). A second and a third peak of EPR
signals were seen at 6 h and 24 h after inoculation, respec-
tively. Interestingly, in the host-incompatible interaction the
first peak of signal was not seen until 24 h after inoculation
and a second peak was seen at 60 h after inoculation (Fig. 2A).
We also determined the amount of H>O, accumulation during
host and nonhost resistance responses using the O-dianisidine
method (Desagher et al., 1997). The H,O, burst pattern during
a plant-microbe interaction has been reported to have two
phases (Wojtaszek, 1997). In our experiment, we also found
two phases of H,O; burst during both host and nonhost re-
sistance responses (Fig. 2B). However, the two phases of
H,0; burst were less distinct in the host-incompatible in-
teraction compared to the nonhost-incompatible interaction.
Interestingly, the H>O» burst was much quicker during the
nonhost-incompatible interaction (peaks observed at 30 min
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Fig. 2 Pattern of O, and H,O, generation during host and nonhost resistance. (A). EPR measurements of the 1,2-dihydroxy-
benzene-3,5-disulphonic acid. Leaf samples were cut by 2 cm’ at each sample collection time after both host and nonhost pathogens
for superoxide detection. EPR spectra were recorded at a field setting of 3450 G, microwave frequency of 9.67 GHz, modulation
of 100 kHz time constant of 163 m, and total scan time of 335 s with a variable gain. Xanthomonas campestris pv. vesicatoria race
1-pepper (@, host-incompatible interaction), Xanthomonas campestris pv. campestris-pepper (I, nonhost-incompatible interaction),
and water-pepper (A, mock) interactions are depicted. (B) Measurement of H,O, generation by O-dianisidine method. 1 g of fresh
leaves that were inoculated with host or nonhost pathogen was homogenized for H,O, detection. 0.5 ml of the supernatant was mixed
with 2.5 ml peroxide solution and the absorbance was determined at 436 nm. X. campestris pv. vesicatoria race 1-pepper (@,
host-incompatible interaction), X. campestris pv. campestris-pepper (I, nonhost-incompatible interaction), and water-pepper (4, mock)
interactions are depicted. The data are the mean values + standard deviations of three replicates.

and 3 h after inoculation) when compared to the host-incom-
patible interaction (peaks observed at 3 h and 48 h after
inoculation; Fig. 2B). When visible tissue necrosis appeared
(= 60 h), the level of H,O, decreased in both interactions as
mock treated sample level. These results suggest that the ac-
cumulation of ROS happens a lot quicker during nonhost
resistance responses when compared to the host resistance
responses.

Scavenger enzyme activities during host and nonhost
resistances

Plants have several superoxide dismutase (SOD) that are
constitutively expressed under natural conditions (Bowler.
et al., 1994). When plants are attacked by incompatible
pathogens, O, is generated by membrane bound NADPH-
oxidase. The generated O, is the initiation molecule of the
oxidative burst in the plant cell. SOD converts the O, to
H,0,. Several SOD isozymes (Fig. 3A) were resolved from
extracts of pathogen inoculated pepper plants. As shown in
Fig. 3A, the nonhost-incompatible interaction induced an
additional SOD isozyme (see arrow on Fig. 3A) that was not

detected for the host-incompatible interaction.

The H,O, generated during oxidative burst could be detox-
ified by scavenging enzymes such as catalases (CATs) and
peroxidases (POXs). We determined the CAT activity in the
inoculated leaf area by an in-gel activity staining method
(Zou and Schrempf, 2000) during both the host- and nonhost-
incompatible interactions. In the case of the host-incompatible
interaction, weak CAT activity was detected from 15 min to
1 h after inoculation (Fig. 3B). In contrast, for the nonhost-
incompatible interaction, strong CAT activity was observed
from 15 min to 60 h after inoculation (Fig. 3B). Highest CAT
activity was observed at 30 min (phase I) and 3 h (phase II)
after inoculation and subsequently the CAT activity decreased
from 6 h after inoculation (Fig. 3B). Strikingly, the CAT
activity patterns during the nonhost-incompatible interaction
nearly matched the H,O, generation pattern (Fig. 2B). Overall,
the CAT activity was higher in the nonhost-incompatible
interaction than in host-incompatible interaction, as was
observed for H,O, generation. The in-gel activity assay did
not resolve different CAT isozymes in either interaction.
Activity staining for peroxidase (Zou and Schrempf, 2000)
revealed five major isozymes for both the host- and nonhost-
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Fig. 3 Scavenger enzyme activities of the host- and nonhost-incompatible interactions during various times after pathogen inoculation.
(A) Superoxide dismutase in gel assay. 50 pg protein, extracted from pathogen inoculated pepper leaves, on each lane was separated
on 10% non-denaturing PAGE. The color (shown as white) was developed by 0.25 mM nitroblue tetrazolium chloride. The arrow and
numbers indicate superoxide dismutase isozymes. Note a new isozyme (arrow #4) that is induced specifically during the nonhost-
incompatible interaction. (B) Measurement of catalase activity by in gel assay. Each lane contains 50 pg of protein, extracted from
pathogen inoculated pepper leaves, separated on 8% non-denaturing PAGE with 3% stacking gel. Color development (shown as white)
was continued for 4 min and reaction was stopped with a brief wash in double-distilled water. (C) Peroxidase activity during the host-
and nonhost-incompatible interactions by in gel activity assay. Each lane contains 50 pg of protein, extracted from pathogen inoculated
pepper leaves, separated on 8% non-denaturing PAGE with 3% stacking gel. The gels were incubated in 0.1 M sodium acetate buffer
(pH 4.5) containing 2 mM benzidine, and initiated the reaction by the addition of 3 mM H,O,. The arrow and the numbers indicate

peroxidase isozymes that have differential migration on the gel.

The star represents a peroxidase isozyme induced only during the

nonhost-incompatible interaction and not during the host-incompatible interaction.

incompatible interactions (Fig. 3C). The peroxidase activity
during the nonhost-incompatible interaction significantly
increased 6 h after pathogen inoculation in contrast to the
host-incompatible interaction where the activity did not
appear to change. Interestingly, for the nonhost-incompatible
interaction, a new peroxidase isozyme appeared at 3 h after
inoculation and its activity further increased until 60 h after
inoculation (marked with arrow on Fig. 3C). Collectively,
these results suggest that scavenging enzyme activities differ
between the host- and nonhost-incompatible interactions
and in some cases the pattern of activity is dependent on the
pattern of ROS production.

Lipoxygenase activity and production of nitric oxide during
host and nonhost resistance responses

Lipoxygenase (LOX) activity was measured spectropho-
tometrically at 234 nm (Macias. et al. 1991; see Materials

and Methods) during the host- and nonhost-incompatible
interactions. Interestingly the pattern of LOX activity was
opposite to the pattern of H,O, generation (Figs. 2B and 4A).
At initial time points after inoculation, the LOX activity was
much higher during the host-incompatible interaction, and
the enzyme activity was seen as early as 30 min after in-
oculation. Distinctive peaks of activity were seen at 30 min,
1 h and 24 h after inoculation (Fig. 4A). During the nonhost
-incompatible interaction, no increase in LOX activity was
detected until 6 h after inoculation and subsequently a higher
LOX activity was maintained until 48 h after inoculation
(Fig. 4A). These results suggest that LOX activity is inde-
pendent of AOS production and is triggered more quickly in
the host-incompatible interaction when compared to the
nonhost-incompatible interaction.

Nitric oxide (NO) production patterns during both the host-
and nonhost-incompatible interactions were measured spec-
trophotometrically with the hemoglobin NO detection
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Fig. 4 Lipoxygenase activity and nitric oxide generation during the host- and nonhost-incompatible interactions. (A) Lipoxygenase
activity during the host-incompatible interaction (4, Xanthomonas campestris pv. vesicatoria race 1-pepper), nonhost-incompatible interaction
(M, Xanthomonas campestris pv. campestris-pepper) and mock treated control(4). 0.5 g of pathogen inoculated pepper leaves were
ground for each treatment and the samples were monitored for lipoxygenase activity with a spectrophotometer at 234 nm as described
in Materials and Methods section. (B) Determination of nitric oxide generation during the host-incompatible interaction () and a
nonhost-incompatible interaction () by hemoglobin method. A represent mock treated control. 1 g of pathogen inoculated pepper leaves
were homogenized for the assay. Absorbance at 415 nm was measured by spectrophotometer. Error bars represent the standard deviation

of three repetitions.

method (Murphy and Noack, 1994). Surprisingly, the pattern
of NO production was initially similar (up to 12 h after inoc-
ulation) during both the host- and nonhost-incompatible in-
teractions. The NO production abruptly increased from 15
min after inoculation for both the host- and nonhost-inco-
mpatible interactions (Fig. 4B). The pattern of NO production
was slightly different from 12 h after inoculation between the
host- and nonhost-incompatible interactions (Fig. 4B). These
results suggest that, at initial stages of infection, both the
host- and nonhost-incompatible interactions trigger NO pro-
duction, presumably using the same pathway.

Discussion

Similarities exist between the host and nonhost resistance
responses (Thordal-Christensen, 2003; Mysore and Ryu,
2004) but it is still not clear, if the same mechanism is
involved in producing these resistance responses. For ex-
ample the HR produced during type II nonhost resistance
(Mysore and Ryu, 2004) has similar properties to that of the
HR produced during host/gene-for-gene resistance. However,

the signal transduction pathway leading to HR development
may be different between the two interactions. Here we used
the interaction between the pepper and the two very similar
Xanthomonas campestris pathovars. As a model system to
investigate differences between the host and nonhost re-
sistance responses.

Rapid generation of superoxide (oxidative burst) and accu-
mulation of H>O; in plants are characteristics of an early
plant response during the hypersensitive reaction due to
perception of an incompatible pathogen. Superoxide dismutase
(SOD), which catalyzes the conversion of O, to HyO», is a
metal-containing enzyme that is found in plant cytosol,
chloroplast and mitochondria. Phase I of the oxidative burst
is a relatively short lived non-specific response that occurs
immediately after the inoculation with either compatible or
incompatible pathogens (Baker and Orlandi, 1995). Phase 11
of the oxidative burst is a relatively long-lived response
occurring 1.5 h to 3 h after pathogen attack and appears to be
specific to incompatible interactions (Adam et al., 1995; Lamb
and Dixon, 1997). Grant et al. reported that cytosolic Ca>"
concentration should be increased within 60 min by Pseu-
domonas syringae pv. tomato aviRpml1/RPMI1 interaction
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(Grant et al., 2000). This data suggest that even phase I
oxidative burst also related gene-for-gene interaction. Because
increases Ca”" concentration in cytosol is essentially required
to trigger oxidative burst when the plant has interaction with
a pathogen (Grant et al., 2000). However, more direct evi-
dence is not available to explain phase I oxidative burst is a
specific response or not. We presumably assume phase I
oxidative burst could be related pathogen-associated molecular
patterns (PAMPs) recognition.

Our results confirm the two distinct phases of oxidative burst
during both the host- and nonhost- incompatible interactions.
However, the timing of oxidative burst differed. During the
nonhost-incompatible interaction the EPR signal was am-
plified in 30 min and 6 h and in the host-incompatible
interaction the EPR signal was increased at 24 h after inoc-
ulation. In spite of the fact that the increase of EPR signal was
much faster during the nonhost-incompatible interactions
(Fig. 2), an additional SOD isozyme was expressed only
during the nonhost-incompatible interaction (Fig. 3A). This
additional SOD enzyme could be using the rapidly generated
(6 h after inoculation) superoxide as a substrate in the
nonhost-incompatible interaction, but not in the host-inco-
mpatible interaction. We detected new inducible SOD
enzyme activity exist until 60 hour after inoculation, even
O, generation level goes down as normal level. We suggest
that perhaps plant keep defense system as turn on or the other
possible signal trigger to keep SOD expression 6 hour after
inoculation. Adam et al. (1995) previously elucidated the
activity of SOD isozyme during a host-incompatible inter-
action of bean/Pseudomonas syringae pv. phaseolicola.
Our results are in agreement with their results for the host-
incompatible interaction.

H,0,, formed from O, can stimulate phytoalexin accumu-
lation and can induce expression of defense-related genes
like PAL and CHS (Thomas et al., 2003; Jabs et al., 1997,
Baker et al., 1995; Alvarez et al., 1998). H,O» has been im-
plicated to play an active role in plant defense responses
against pathogens (Levine et al., 1994; Mittler et al., 1996;
Chamnongpol et al., 1998). H>O, induces benzoic acid 2-hy-
droxylase (BA2H) activity and salicylic acid (SA) accumulation
at concentrations above 30 mM. However, defense gene ex-
pression and visible cell death due to H,O, application are
dependent on plant species. For example, in tobacco leaves
infiltrated with 300 mM H,O,, BA2H activity increased 2.3-
fold within 1 h when compared to the non-infiltrated leaf
(Leon et al., 1995). Transgenic tobacco deficient in the H,O,
scavenger enzyme, catalase (antisense lines), has been used
as an inducible and noninvasive system to study the role of
H»0; as an activator of pathogenesis-related proteins in
plants (Chamnogpol et al., 1998). These results suggest that

H»0 is probably involved in plant defense. But sensitivity to
various concentrations of HO, depends on plant species. We
infiltrated 40 mM 1,3-dimethyl-2-thiourea (DMTU) along
with the bacteria to trap the H>O that is produced during the
host- and nonhost-incompatible interactions. Interestingly,
the application of DMTU did not abolish the HR during both
the host- and nonhost-incompatible interactions indicating
that H,O, production is most likely not required for HR (data
not shown).

When tobacco leaves were infiltrated with Pseudomonas
syringae pv. glycinea, HyO, accumulation consisted of two
distinct phases, I and I1, that appeared 30 min and 2-4 h after
inoculation (Baker et al., 1995). Our results confirm the two
distinct phases of HO, accumulation during both the host-
and nonhost-incompatible interactions (Fig. 2). However,
the timing and the amount of H,O, accumulation varied
between the host- and nonhost-incompatible interactions
(Fig. 2), although both interactions produced HR at almost
the same time (Fig 1). More and rapid H,O, accumulation
was observed during the nonhost resistance response when
compared to the host resistance response. Baker et al. (1995)
have previously emphasized that H,O, accumulation does
not necessarily lead to HR formation in plants. It has also
been shown that the hypersensitive cell death of tobacco
suspension cells was not directly attributed to ion flux and
H,O, generation pattern of phase I and II elicited by Arp-
bacterium (Chamongpol et al., 1998). Our results also confirm
that the accumulation of H>O, and ROS is most likely not
directly related to the HR.

During nonhost resistance the activity of catalase (CAT), a
H,0; scavenger, appeared within 15 min and sustained until
60 h with maximum activity at 30 min and 3 h after inoc-
ulation (Fig. 3B). Activity staining of peroxidase (POX) during
nonhost resistance revealed an additional POX isozyme at 3
h after inoculation and the activity subsequently increased
until 60 h after inoculation (Fig. 3C). These results suggested
that during early stages H,O, is most likely scavenged by
CAT and during the late stages by POX. Interestingly, the
hypersensitive cell death from neither the host-incompatible
interaction nor the nonhost-incompatible interaction was ob-
served before 60 h after inoculation, even though the gen-
eration of superoxide and accumulation of H,O, were of
distinctly different pattern. Do et al. (2003) showed that
during the host-incompatible interaction of pepper with X.
campestris pv. vesicatoria, the peroxidase-like enzyme activity
decreased 18 h after inoculation. We did not observe such a
drastic decrease in our study. The discrepancy between these
data is probably due to the different inoculation methods
used. Do et al. used vacuum infiltration and observed HR by
18 h after inoculation whereas in our study the leaves were
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infiltrated with a needle-less syringe and we observed HR by
60 h after inoculation. Different methods used to measure the
enzyme activity and different pepper cultivars used between
the two studies may also have contributed to this discrepancy.
Ifthe reactive oxygen species are involved in the early phase
of HR, suggested by others (Jabs et al., 1997; Levine et al.,
1998 Mittler et al., 2002), the timing of cell death during the
host- and nonhost-incompatible interactions should have
been different. However, we did not see any significant
differences in the timing of cell death during the host- and
nonhost-incompatible interactions (Fig. 1). These results led
us to consider the involvement of the octadecanoid pathway
for HR development. Many reports have proposed that
enzymes, such as lipoxygenase (LOX), of the octadecanoid
pathway act as a putative endogenous signal to develop HR
(Veronesi et al., 1996; Koch et al., 1992; Titarenko et al.,
1997; Bohland et al., 1997; Rance et al., 1998; Leyen et al.,
1998). LOX activities in the leaves of rice were rapidly
activated by inoculation with an incompatible race but not
with a compatible race of the rice blast fungus Magnaporthe
grisea (Chta et al., 1991). Our results indicated increase in
LOX activity during early stages (30 min and 1 h) of the
host-incompatible interaction while the increase of LOX
activity was observed 6 h after inoculation during the nonhost
-incompatible interaction (Fig 4A). Interestingly, these results
were in contrast to the pattern for superoxide and H,O;
accumulation that we observed during the same host and
nonhost resistance responses.

Nitric oxide (NO) is known to be involved synergistically
with ROS in induction of plant defense mechanism (Del-
ledonne et al., 1998). Application of nitric oxide synthase
and its substrate arginine has been shown to activate PR-1,
c¢GMP and PAL genes (Durner et al., 1998). Interestingly in
our assays, unlike ROS, we did not see any significant dif-
ference in the NO accumulation pattern between the host-
and nonhost-incompatible interactions. These results suggest
ROS and NO generation could result from different pathways
after a plant recognizes a pathogen attack. Several recent
studies suggest that reactive oxygen and nitric oxide species
do not elicit hypersensitive cell death during plant-microbial
interaction (Tada et al., 2004; Zhang et al., 2003; Christopher-
Kozjan and Heath, 2003). Based on our results regarding the
pattern for ROS accumulation, H>O, accumulation, LOX
activity, and NO concentration during host and nonhost re-
sistance responses, we propose three possible hypotheses. 1)
Oxidative burst does not play an important role in triggering
the plant hypersensitive cell death during host and nonhost
resistance responses. 2) Host and nonhost resistance responses
in pepper, due to Xanthomonas campestris, are triggered by
distinct pathways. 3) Possibly, ROS has synergetic effect

with octadecanoid pathway to trigger HR in plant. Early
stages of a nonhost-incompatible interaction are NADPH-
oxidase complex dependent, while that of a host-incompatible
interaction are dependent on LOX activity. Interestingly the
NO signal is being activated in both interaction systems in a
similar pattern. It warrants further studies to determine which
pathways are activated during host and nonhost resistance
responses.
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