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Differential Induction of Pathogenesis-Related Proteins in
the Compatible and Incompatible Interactions of Tomato Leaves
with Xanthomonas campestris pv. vesicatoria
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ABSTRACT : Inoculation with the compatible strain Ds 1 of Xanthomonas campestris pv. vesicatoria
caused brownish and water-soaked lesions, but incompatible strain Bv5-da produced hypersensitive
symptoms with local necrosis on tomato (cv. Kwangyang) leaves. Bacterial populations of the
compatible strain Ds 1 propagated more greatly than the incompatible strain Bv5-da at the first
onset, but no differences were observed 5 days after inoculation. The bacterial infection induced
the synthesis and accumulation of soluble proteins in tomato leaves, especially in the incompatible
interaction. Native-polyacrylamide gel electrophoresis distinguished the soluble proteins in the to-
mato leaves infected by the compatible or incompatible strains. A protein of low molecular weight
occuired only in the incompatible interaction. Some pathogenesis-related (PR) proteins, especially
the 15, 18, 23, 26 and 54 kDa proteins, were detected only in the infected tomato leaves. In
the two-dimensional electrophoresis, some proteins with different molecular weights (Mr. 21~29
kDa) and the pl 8~9 appeared more distinctly only in the incompatible interaction. These data
suggest that the de novo synthesis of some PR proteins in tomato may be significant in defense
against X. c. pv. vesicatoria.
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Xanthomonas campestris pv. vesicatoria (Doidge)
Dye. is the causal agent of bacterial spot disease
on tomato (Lycopersicon esculentum Mill) and pep-
per (Capsicum annuum L.). The disease which affects
" leaves, stems and fruits occurs worldwide when to-
mato plants are grown under overhead irrigation
or during warm, rainy weather. In Korea, the most
serious losses are due to the leaf infection that cau-
ses defoliation, thereby reducing fruit yield. X. ¢. pv.
vesicatoria has been reported to survive in associa-
tion with plant debris, rotation, crops, seed, soil, vo-
lunteer plants and weeds, as inoculum sources for
recent epidemics (12,22). In the compatible interac-
tions, infection with X. ¢ pv. vesicatoria gives rise
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to lesions on leaves, which at first appear water-soa-
ked and later chlorotic. Race-specific resistance to
X ¢ pv. vesicatoria is expressed by the hypersensitive
reaction (HR) leading to the collapse and desicca-
tion of the infection site (1,20). The bacterial growth
is restricted following the collapse of tissue during
the HR (9,28). The development of the HR requires
physical contact between the plant and the patho-
gen and de novo synthesis of proteins in the host
plants. The synthesis of some non-constitutive com-
ponents essential to the initial interaction between
the plant and the pathogen and the biochemical
events leading to plant cell death explains why pro-
tein synthesis is required for the HR induction (4,
27). Although the exact biochemical mechanisms
leading to the HR are not known, several physiolo-
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gical changes including callose formation, synthesis .

of phenylpropanoids, vascular blockage, electrolyte
leakage, lignification and changes in respiration ra-
tes have been demonstrated to be associated with
the cellular collapse and death of the plant cells
in the HR. Moreover, particular gene products in-
volved in the plant defence response such as enzy-
mes of the phenylpropanoid pathway (6), enzymes
possessing hydrolytic activities (23), cell-wall proteins
such as hydroxyproline-rich glycoproteins (18, 26,
29), the pathogenesis-related (PR) proteins (14, 17, 30)
have been studied both in vivo in plants interacting
with pathogens and in vitro in cell culture systems
treated with biotic and abiotic elicitors of the host
defence system.

In the present studies, we examined the multipli-
cation of X ¢ pv. vesicatoria in tomato leaves in
the compatible and incompatible interactions. Whe-
ther or not the bacterial growth in both tomato-pa-

-thogen interactions will affect the de novo synthesis

and accumulation of individual soluble proteins in
tomato leaves were further analyzed by the use of
one- and two-dimensional electrophoresis.

MATERIALS AND METHODS

Plant materials. Tomato (Lycopersicon esculentum
Mill cv. Kwangyang) plants which are being inten-
sively cultivated in Korea were used in this study.
Tomato seeds were sown in a plastic tray (55X35X
15cm) containing steam-sterilized soil mix (peat
moss : perlite : vermiculite, 5:3:2, v/v/V). Six seedli-
ngs at the two-leaf stage were transplanted to a pla-
stic pot (5X5X 10 cm) containing the same soil mix.
The tomato plants were grown up to the eight-leaf
stage in a growth chamber at 25+ 2°C under 16hr
per day illumination.

Bacterial strains and inoculation. Two strains Ds
1 and Bv5-4a of Xanthomonas campestris pv. vesicato-
ria, which are compatible and incompatible to the
tomato cultivar Kwangyang, respectively, were used
in this study. Strain Ds 1 was isolated in Korea
from pepper plant in 1991 and the other strain Bv5-
4a was kindly supplied by R. E. Stall, Department
of Plant Pathology, University of Florida, Gaines-
vile, US.A. The bacteria were grown in yeast-nut-
rient medium (5g yeast extract and 8g nutrient
broth per liter H,O). To prepare bacterial inoculum,
the two strains were cultured for 24 hr in yeast-nut-

rient broth and centrifuged at 3,000g for 15 min.
The harvested bacterial cells were then suspended
in sterilized tap water and diluted to 10%cfu/ml, an
absorbance of 0.06 at 660 nm prior to inoculation.
Tomato plants at the eight-leaf stage were inocula-
ted by infiltrating the cell suspension (10°cfu/ml)
into the abaxial side of the completely expanded
leaves with an automizer connected to a compressor
until the leaves appeared water-soaked. The inocu-
lated tomato plants were placed in a moist chamber
at 25°C for 24 hr and returned to the growth cham-
ber with temperature ranging from 23°C to 27°C
and 16 hr-photo period.

Evaluation of bacterial population in tomato leaves.

The bacterial population in the inoculated tomato
leaves was recorded for 7 successive days after ino-
culation with X. ¢ pv. vesicatoria. To estimate bacte-
rial populations, tomato leaf segments (4 cm? each)
were cut and triturated in 10ml sterile tap water.
The resulting suspensions were serially diluted with
sterile water. The diluted bacterial suspension of 0.1
ml was spread on Tween media (10g peptone, 10g
potassium bromide, 0.25g calcium chloride, 03 g
boric acid, 10ml Tween 80, 50 mg cycloheximide.
65 mg cephalexin, 12mg S-fluorouracil and 04 mg
tobramycin per liter HyO) (19). The inoculated pla-
tes were kept in a incubator at 28°C for 3~4 days.
The number of colonies appearing was counted and
transformed into the log,, value. The experiments
were repeated three times and each experiment had
three replications.

Extraction of proteins in tomato leaves. Leaf ext-
racts of tomato plants were obtained at various time
intervals after inoculation. The harvested, inoculated
leaves (1g) were homogenized in liquid nitrogen
and then extracted with 3 ml of 0.5M sodium ace- -
tate buffer (pH 5.2), containing 15 mM 2-mercaptoe-
thanol using a precooled mortar and pestle. The
homogenates were centrifuged at 20,000 g for 60 min
and the supernatants were stored at —20°C until
used for electrophoresis. Protein contents in the
clear supernatant were measured using bovine se-
rum albumin as a standard, according to the me-
thod of Bradford (2).

One-dimensional electrophoresis. Before the poly-
acrylamide gel electrophoresis, proteins in the leaf
extracts were precipitated with 4 volumes of acetone
overnight at —20°C, and centrifuged at 1500¢g for
15min at 4°C. After removal of the supernatants,



KOREAN J. PLANT PATHOL. Vol. 11, No.1, 1995 55

the remaining pellets were washed three times with
80% acetone, dried in a Speed-Vac and then resus-
pended in distilled water. Electrophoresis of proteins
was carried out under nondenatured condition in
15% polyacrylamide separation gels and 5% stacking
gels with 1.5M Tris-HCI buffer (pH 8.8) (5). SDS-
polyacrylamide gel electrophoresis of proteins was
carried out in 10~20% SDS polyacrylamide gra-
dient gels using the discontinuous buffer system de-
veloped by Laemmli (15). Molecular weight standa-
rds (Serva) ranging from 6.5 to 92.5kDa were used
to determine the molecular weights of proteins of
interest. For one-dimensional polyacrylamide gel
electrophoresis in a vertical slab gel, protein solu-
tion (2ug per lane) was loaded into the slot. The
separation of soluble proteins was made at 100V
for 1 hr, and then 200V for 6 hr at 8°C. Exceptiona-
lly for SDS-PAGE, the sample solution was heated
for 3min in a boiling water bath and applied to
the separating gel. The separated soluble proteins
in polyacrylamide gel were stained with silver nit-
rate (10).

Two-dimensional electrophoresis. For two-dimen-
sional electrophoresis, proteins were separated by
isoelectric focusing in tube gel (100X5mm). The
gel contained 6% acrylamide cross-linked with bisa-
crylamide (at a ratio of 30:1), 3% ampholine (pH 3.
5~100, Sigma) and 6 M urea. Amounts of protein
solutions, each of which was equivalent to 100 pg,
were loaded on top and overlaid with the solution
containing 3M urea, 10% sucrose, and 2% ampho-
line (pH3.5~100). The anode electrode solution
was 0.1% H;PO,, and the cathode electrode solution
was 0.1N NaOH. Isoelectric focusing was perfor-
med at 200V for 20 min, with increasing from 400
to 1,100V for 7 hr. Following the first dimensional
electrophoresis, each tube gel was equilibrated in
the buffer (62.5 mM Tris-HCl, 10% sucrose, 5% mer-
captoethanol, 2~3% SDS, 6 M urea, pH 6.8) for 30
min and then placed on the top of a SDS-polyacr-
ylamide slab gel (1 mm thick). Electrophoresis was
carried out at 100V for 1 hr and then at 200V for
8 hr. Separated soluble proteins were stained by
using a silver staining method (10).

RESULTS

Bacterial populations in compatible and incompati-

ble interactions. In tomato leaves infiltrated with
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Fig. 1. Time courses for the increase in bacterial popu-
lations of the strains Ds 1 (compatible) and Bv5-da
(incompatible) of Xanthomonas campestris pv. vesicatoria
in leaves of tomato cultivar Kwangyang inoculated by
foliar spray at the eight-leaf stage. Values are the means
of three replications. Vertical bars represent standard
deviations.

the compatible strain Ds 1 of X ¢ pv. vesicatora,
brownish, irregularly shaped and water-soaked le-
sions were produced at 2 days after inoculation, but
no hypersensitive symptom occurred. In contrast,
hypersensitive symptoms were observed in the lea-
ves inoculated with the incompatible strain Bv5-4a
(no data presented). Bacterial populations in the to-
mato (cv. Kwangyang) leaves inoculated with the
compatible and incompatible strains at the eight-
leaf stage are presented in Fig 1. At the first onset
after inoculation, the bacterial cells in the leaves
inoculated with the strain Ds 1 were 10~100 fold
more than in those inoculated with the strain BvS-
4a. In particular, increase in the number of bacterial
cells was much pronounced until 3 days after ino-
culation with the compatible strain Ds 1. However,
4 days after inoculation, differences in bacterial po-
pulation between the compatible and incompatible
interactions started to diminish, and no differences
were observed at 5 days after inoculation.

Assays of soluble proteins after one-dimensional
electrophoresis. Changes of soluble protein conce-
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Fig. 2. Changes in soluble protein concentrations in
leaves of tomato cultivar Kwangyang uninoculated or
inoculated with the strains Ds 1 (compatible) and Bv5-
4a (incompatible) of Xanthomonas campestris pv. vesica-
toria. Vertical bars represent standard deviations.

ntrations in the extracts of tomato (cv. Kwangyang)
leaves inoculated with the compatible strain Ds 1
and incompatible strain Bv54a and of uninoculated
healthy leaves are shown in Fig.2. Protein concent-
rations in the uninoculated leaves remained at low
levels, whereas protein concentrations increased in
the leaves inoculated with each of the two strains.
In the compatible interactions, protein concentra-
tions slowly increased, reached maximum at 3 days
after inoculation, and then decreased. In contrast,
protein concentrations in the incompatible interac-
tions drastically increased at the onset after infec-
tion, but thereafter declined to the same levels as
the healthy control.

Native-PAGE profiles of soluble proteins in the
extracts of leaves inoculated with the compatible
strain Ds 1 and the incompatible strain Bv5-4a and
of uninoculated leaves are illustrated in Fig.3. Five
different proteins 1, 2, 3, 4 and 7 occurred in the
uninoculated leaves, but were not detected in the
infected leaves. However, two proteins 6 and 11
were found in the extracts of leaves at the onset
of infection by the two strains. In particular, protein
6 was observed at the first day after inoculation
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Fig. 3. Native-PAGE of soluble proteins in the extracts
from noninoculated, control leaves (C) of tomato culti-
var Kwangyang and from leaves infiltrated with the
strains Ds 1 (compatible) and Bv54a (incompatible)
of Xanthomonas campestris pv. vesicatoria. Crude protein
solutions were electrophoresed in a 15% polyacrylamide
gel under undenaturing conditions. Proteins in the gel
were stained with silver nitrate.

with either of the strains and then began to disap-
pear at 3 days after inoculation. Protein 11 slightly
occurred in the compatible and incompatible respo-
nses at 1 or 3 days after inoculation. Since then,
the two proteins 6 and 11 disappeared in the infec-
ted leaves. Proteins 8 and 10 were found in all leaf
extracts. Proteins 9 and 12 gradually disappeared
in the infected leaves during the pathogenesis. Pro-
tein 13 was found in the extracts of leaves infected
by the incompatible strain Bv5-4a.

SDS-PAGE profiles of soluble proteins in the ex-
tracts of tomato leaves inoculated with the two st-
rains and of uninoculated leaves are shown in Fig.
4. Soluble proteins in all leaf extracts ranged from
6.5 to 92.5kDa. The two proteins with molecular
weights of 23 and 26 kDa were observed in a high
level in the leaves infected by both strains. Particu-
larly, the 23kDa protein was spotted only 1 day
after inoculation. However, the 54 kDa protein ac-
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cumulated within 24 hr after inoculation. Protein
bands of 15 and 18kDa were revealed at 3 days
after inoculation in the compatible or incompatible
responses. No significant differences in the other
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Fig. 4. SDS-PAGE profiles of soluble proteins from
noninoculated, control leaves (C) of tomato cultivar
Kwangyang and from leaves inoculated with the strains
Ds | (compatible) and Bv5-4a (incompatible) of Xan-
thomonas campestris pv. vesicatoria. Crude protein solu-
tions were electrophoresed in a 15% SDS-polyacryla-
mide gel. Proteins in the gel were stained with silver
nitrate. Lane Mr. indicates molecular weight markers.

protein patterns were detected between the uninocu-
lated and compatible or incompatible interactions.

Assays of soluble proteins after two-dimensional
electrophoresis. Soluble proteins in the extracts of
tomato (cv. Kwangyang) leaves inoculated with each
of the compatible strain Ds 1 and incompatible st-
rain Bv5-4a and of uninoculated were separated
using two-dimensional electrophoresis (Fig. 5). Elect-
rophoretic patterns of soluble proteins from tomato
leaves inoculated with the two strains were marke-
dly different from those of uninoculated leaf extra-
cts. Proteins 2 and 13, which lacked in the inocula-
ted leaf extracts, were present in the healthy tomato
leaves. Proteins 6, 8, and 10 were not detected in
the extracts of Ds l-inoculated and uninoculated
leaves, but occurred only in the Bv5-a-inoculated
leaves. However, proteins 7, 9, 11 and 14 which sho-
wed relatively low levels in the compatible interac-
tion were revealed in the extracts of leaves inocula-
ted with the incompatible strain. Protein 5 present
in the compatible response was absent in the inco-
mpatible interaction.

DISCUSSION

Differential propagation of bacterial cells in the ce-
mpatible and incompatible interactions. The propa-
gation of bacterial cells in tomato leaves inoculated
with X. ¢ pv. vesicatoria was compared in the com-
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Fig. 5. Two-dimensional analysis of silver nitrate-stained proteins from tomato (cv. Kwangyang) leaves noninocula-
ted or inoculated with the strains Ds 1 (compatible) and Bv5-4a (incompatible) of Xanthomonas campestris pv.
vesicatoria. Amounts of protein equivalent to 100 pg were separated by isoeiectric focusing (IEF) in the first dimen-
sion and SDS-polyacrylamide gel electrophoresis in the second dimension.
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patible and incompatible interactions. In the com-
patible interaction, bacterial cells were greatly pro-
pagated as compared with the incompatible interac-
tion. However, the populations of both Ds 1 and
Bv5-4a were not significantly different 5 days after
inoculation. Hypersensitive response (HR) occurred
in the tomato leaf tissues inoculated with Bv5-4a.
A bacterial strain was classified as avirulent, if it
elicited one of the resistance responses within 24 hr
when the titer of the inoculum exceeded 10°~10
cfu/ml (7). In case of inoculation with X ¢ pv.
vesicatoria, resistant plants only show HR when avi-
rulent bacteria are inoculated at a density of about
107 cfu/ml or more (33,36). A bacterial strain was
classified as virulent, if it elicited disease symptoms
(water-soaked lesion with or without chlorosis) 48 hr
after infiltration with a bacterial suspension at a
titer of 10°cfu/ml (7). A prolonged infection was
observed in leaf tissues colonized by the compatible
strain Ds 1. Tomato leaf cells within the large wa-
ter-soaked lesions underwent changes similar to ch-
lorosis occurring during senescence, but few signs
of rapid disorganization were observed in the infec-
ted leaves. In the incompatible interactions, howe-
ver, it was postulated that sites of hypersensitive res-
ponses were rapidly collapsed and limited nutrients
of X ¢ pv. vesicatoria to inhibit its multiplication.
Pathogenesis-related proteins (PR proteins) have of-
ten been reported to be closely associated with in-
duced resistance, suggesting that they may play a
role in defense mechanisms of the plants (31). PR
proteins were involved in plant defense reaction like
HR (7,11,21). Some hydrolytic enzymes in PR-pro-
teins may function only when host cells are lysed
during pathogenesis, e.g., when fungal enzymes di-
gest the host cell walls, thereby causing the protop-
last to burst, or when the pathogen triggers a hyper-
sensitive response of the surrounding host tissues
(34).

Assay of pathogenesis-related proteins in the com-
patible and incompatible interactions. We found the
differential accumulation of soluble proteins in to-
mato leaves by X. ¢ pv. vesicatoria infection. In the
incompatible interactions, the more soluble proteins
were induced, compared with the compatible ones
(Fig. 2). At the initial time after inoculation, soluble
proteins accumulated more strongly in the incom-
patible than in the compatible interactions, sugges-

ting that some proteins may be induced and accu-
mulated so as to be unfavorable for the bacterial
multiplication of the incompatible strain. Some pro-
teins were newly detected on the native-PAGE gels.
In particular, proteins 6 and 11 were found only
in the infected leaves, but not in the healthy ones.
In particular, protein 13 was merely present in the
incompatible interactions, indicating that the protein
is a possible candidate of the defense-related indu-
cible proteins. As shown in Fig. 4, one-dimensional
profiles indicated that in the infected tomato leaves,
five proteins induced could be related to pathogene-
sis-related (PR) proteins. The most prominent pro-
tein with 26 kDa could be induced in infected to-
mato plants by X. ¢. pv. vesicatoria. When analyzed
by two-dimensional electrophoresis, protein 7, 9, 10,
and 11 were found in the extracts of leaves inocula-
ted with the incompatible strain. In particular, the
four proteins of different molecular weights (Mr.
21~29kDa) with the pl 8~9 were not present in
uninoculated leaves or the compatible interactions.
These facts suggest that the induction of de novo
synthesis of some PR proteins, probably due to ac-
tivation of defense-related gene by X. ¢ pv. vesicato-
ria infection, may contribute to the expression of
defense reaction to the pathogen attack. Therefore,
using a method of renaturation of chitinases, we
tried to identify which proteins have hydrolytic enz-
yme activities as PR-proteins. Chitinase isoforms
with 26 and 23 kDa were greatly induced after infe-
ction by X ¢ pv. vesicatoria (13). Recently, Wubben
et al. (35) reported that acidic 26 kDa chitinase was
usually located in extracellular space of Cladospo-
rium fulvum-infected tomato leaves. The 23 kDa pro-
tein also has been known to be one of inducible
PR proteins in the pathogen-tomato interactions (3).
On the other hand, some proteins disappeared gra-
dually in the infected tomato leaves, indicating their
possible degradation during X. ¢ pv. vesicatoria at-
tack (16). It has been suggested that several induced
PR proteins located in extracellular space of infec-
ted tobacco leaves might be subjected to degrada-
tion by extracellular proteases (25). Recently, Rod-
rigo et al. (24) purified aspartyl proteinase from to-
mato plants that specifically degrades tomato PR
proteins. These protenases may play a significant
role in preventing the overaccumulation of PR pro-
teins (8, 25, 32).
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