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Summary. In situ hybridization and immunogold labeling were per- 
formed to examine the temporal and spatial expression pattern of 
pathogenesis-related protein i (CABPR1) mRNA and PR-1 protein 
in pepper (Capsicum annuum L.) stem tissues infected by virulent 
and avirulent isolates of Phytophthora capsici. CABPR1 mRNA 
accumulation was confirmed in the infected pepper stem tissue by 
Northern blot analysis and in situ hybridization. Northern blot 
analysis showed that the temporal expression of CABPR1 mRNA 
varied greatly between compatible and incompatible interactions. 
An earlier expression of the CABPR1 gene, 6 h after inoculation, 
was observed in the incompatible interaction. In situ hybridization 
results revealed that CABPR1 mRNA was expressed in the phloem 
areas of vascular bundles in infected pepper stem tissues, but espe- 
cially strongly in the incompatible interaction. PR-1 protein was pre- 
dominantly found in the intercellular spaces of pepper stem cells in 
the compatible and incompatible interactions 24 h after inoculation. 
Strikingly, the immunogold labeling was associated with fibrillar and 
electron-dense material localized in the intercellular space. Dense 
labeling of PR-1 protein was also seen at the interface of the 
pathogen and the host cell wall, whereas few gold particles were 
detected over the host cytoplasm. However, PR-1 protein was not 
detected over the fungal cell wall in either interaction. 

Keywords: Pathogenesis-related protein 1; CABPR1 gene; In situ 
hybridization; Immunogold labeling; Capsicum annuum; Phytoph- 
thora capsici. 

Introduction 

Many plants respond to external stimuli, such as envi- 
ronmental stress and pathogen attack. Pathogen attack 
induces various biochemical responses in plants. Accu- 
mulation of phytoalexin, increase in certain hydrolytic 
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enzyme activities, and de novo synthesis of proteins 
are among the defense mechanisms induced by 
pathogen infection (Lamb et al. 1989, Keen 1992). A 
major part of the induced defense response consists of 
the accumulation of pathogenesis-related (PR) pro- 
teins. Accumulation of PR proteins has been observed 
in several dicotyledonous and monocotyledonous 
plants (De Wit and Van Der Meer 1986, Cordero et al. 
1992). The PR proteins accumulated in plants upon 
infection by pathogenic organisms (Linthorst 1991, 
Stintzi et al. 1993, Tornero et al. 1994, Kim and Hwang 
1996, Lee and Hwang 1996), abiotic elicitors, UV light, 
and some chemicals (Green and Fluhr 1995). 

PR proteins are characterized by selective extrac- 
tion at low pH, relatively low molecular weight, accu- 
mulation in the intercellular space, high resistance to 
proteolytic activity, easy resolution by electrophoresis 
in polyacrylamide gel, and extreme isoelectric points. 
Recently, Van Loon et al. (1994) proposed classifying 
PR proteins into 11 families (PR-1 to PR-11) on the 
basis of their sequence relationships. Accordingly, the 
term "pathogenesis-related proteins" corresponds to 
"plant proteins that are induced in pathological and 
related situations". Thus, the PR-1 family contains 
tobacco PR-la that has antifungal activity (Antoniw et 
al. 1980). However, the old PR-10 is a parsley "PR-I" 
protein, which has ribonuclease-like activity (Somssich 
et al. 1986). 

Proteins belonging to the PR-1 family were first 
identified in tobacco mosaic virus-infected tobacco 
plants (Van Loon 1976). These serologically related 
proteins have a molecular mass of 14-17 kDa and 
accumulate in many plant species subjected to 
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pathogen infection and external stimuli. Many iso- 
forms of PR-1 have been isolated, and many genes 
encoding them have been cloned and sequenced 
(Linthorst 1991, Stintzi et al. 1993). One of the most 
prominent PR proteins, designated P14, appeared in 
the intercellular spaces of tomato leaves after infec- 
tion by viroids, viruses, or fungi (Camacho-Henriquez 
and S~inger 1982, De Wit and Van Der Meer 1986, 
Fischer et al. 1989, Vera et al. 1989). This 14 kDa 
protein was purified from potato spindle tuber viroid- 
infected tomato leaves and its amino acid sequence 
was determined (Lucas et al. 1985). P14 appeared to 
be serologically related to PR-la, -lb, and -lc from 
tobacco and to a PR protein from cowpea (Nassuth 
and S/anger 1986). Joosten et al. (1990) showed that 
apoplastic fluids from Cladosporiurn fulvum-infected 
tomato leaves contain three basic PR-1 proteins. No 
resistance was found to viruses in transgenic tobacco 
plants expressing PR-la and PR-lb (Cutt et al. 1989, 
Linthorst et al. 1989). Recently, increased resistance 
and significantly reduced disease symptoms were 
demonstrated in transgenic tobacco expressing protein 
PR-la against Peronospora tabacina and P. parasitica 
var. nicotianae (Alexander et al. 1993). The suggested 
antifungal activity of a PR-1 protein was confirmed by 
Niderman et al. (1995), who demonstrated antifungal 
activity of PR-1 against Phytophthora infestans in 
vitro. It cannot be excluded that proteins of the PR-1 
family function directly and/or indirectly in plant 
defenses against fungal pathogens, although the mech- 
anism of action is still not known. 

There is considerable data available on PR proteins 
in dicotyledonous plants. However, there is more 
limited information about PR proteins in the pepper 
plant, especially the PR-1 protein. In previous studies, 
we showed that some PR proteins could be expressed 
in pepper plants upon pathogen attack and abiotic- 
elicitor treatments (Kim and Hwang 1996, Lee and 
Hwang 1996, Hwang et al. 1997). Lee and Hwang 
(1996) also demonstrated that the ~-l,3-glucanase and 
chitinase were localized in the intercellular space of 
pepper leaves in the incompatible interaction between 
pepper plants and Xanthomonas campestris pv. vesica- 
toria. More recently, Hwang et al. (1997) showed the 
accumulation of PR-1 protein in pepper stem tissues 
after treatment with DL-~-amino-n-butyric acid and 
challenge-inoculation with Phytophthora capsici. To 
examine further whether or not the PR-1 gene is 
induced by pathogen infection, Kim and Hwang (1999) 
also cloned and characterized the PR-1 (CABPR1) 

cDNA gene from pepper leaves infected by X. 
campestris pv. vesicatoria. 

In the present study, employing Northern blot analy- 
sis, in situ hybridization, and immunogold labeling 
methods, we focus on temporal and spatial accumula- 
tion of PR-1 protein and PR-1 mRNA in compatible 
and incompatible interactions of pepper stems with 
P. capsici. Northern blot analysis and in situ hybridiza- 
tion can compare the temporal accumulation of PR-1 
mRNA in compatible and incompatible interactions, 
revealing their relationship to resistance reaction. 
Moreover, the spatial expression of PR-1 protein and 
PR-1 mRNA can provide a clue to their putative func- 
tion that may be related to pathogen entry into pepper 
tissues. 

Material and methods 

Plant, fungus, and inoculation 

Pepper seeds (Capsicum annuum L. cv. Hanbyul) were sown in 
plastic pots (5 by 15 by 10 cm) containing a steam-sterilized soil mix 
(peat moss, perlite, and vermiculite, 5 : 3 : 2, v/v/v), sand, and loam 
soil (1 : 1 : 1, v/v/v). Pepper plants were raised in a growth room at 
25 _+ 3 ~ with 5000 lux illumination for 16 h a day (Lee et al. 1999). 
The virulent isolate $197 and the avirulent isolate CBS178.26 of 
Phytophthora capsici were used in this study. The fungus was grown 
on oatmeal agar for 7 days at 28 ~ To sporulate the fungus, the 
culture plates were irradiated with fluorescent light at 28 ~ for 3 
days. To release zoospores from mature sporangia, the mycelium- 
covered plates were incubated with sterile water for 40 min at 4 ~ 
and then 30 rain at room temperature. A suspension culture of 1 x 
106 zoospores per ml of sterile water was used as inoculum. 

The stems of pepper plants at the 2-leaf stage were inoculated by 
wrapping them with a small piece of cotton soaked in the zoospore 
suspension and then covering them with plastic tape to retain mois- 
ture. The inoculated pepper plants were placed in the growth room 
at 28 ~ until sampled. 

RNA isolation 

Total RNA was isolated from various pepper tissues, as described 
by Chomczynski and Sacchi (1987). The acid guanidinium-phenol- 
chloroform method was used to isolate RNA from pepper tissues. 
Uninoculated and inoculated stem tissues were harvested from the 
pepper plants and then ground with a mortar and pestle in liquid 
nitrogen. The sample was homogenized with 1 ml of 4 M guani- 
dinium thiocyanate, 25 mM sodium citrate, pH 7.0, 0.5% sarcosyl, 
and 0.1 M 2-mercaptoethanol on ice. 0.1 ml of 2 M sodium acetate, 
pH 4, 1 ml of phenol (water saturated), and 0.2 ml of chloroform- 
isoamyl alcohol mixture (49:1) were added sequentially to the 
homogenate. The final suspension was cooled on ice for 15 min. The 
samples were centrifuged at 10,000 g for 20 min at 4 ~ aqueous 
phase was mixed with 1 ml of isopropanol and then placed at 
-20 ~ for at least 1 h to precipitate RNA. Sedimentation was again 
performed at 10,000 g for 20 min. The resulting RNA pellet was 
dissolved in 0.3 ml of the extraction buffer and precipitated with 1 
volume of isopropanol at -20 ~ for 1 h. After centrifugation for 
10 min at 4 ~ the RNA pellet was resuspended in 75% ethanol, 
sedimented, vacuum dried for 15 min and dissolved in diethyl pyro- 



66 Y.K. Lee et aI.: Localization of pathogenesis-related protein in pepper-fungus interactions 

carbonate-treated distilled water. RNA concentrations and purity 
were determined spectrophotometrically. 

RNA gel blot analysis 

RNA electrophoresis and Northern blot analysis were carried out 
using the methods of Sambrook et al. (1989). Samples containing 
20 gg total RNA were denatured in 50% formamide, 1• running 
buffer (pH 7.0) containing 20 mM 3-(N-morpholino)-propanesul- 
fonic acid (MOPS), 5 mM sodium acetate, 1 mM EDTA, 6% glyc- 
erol at 70 ~ for 10 rain. RNA samples were separated on 1.2% 
agarose gel. After electrophoresis, the RNA was transferred onto a 
nylon membrane (Hybond N+; Amersham, Little Chalfont, U.K.), 
and cross-linked by UV irradiation. To verify equal loading of RNA, 
the gels were stained with ethidium bromide before transfer to 
nylon membranes. The cross-linked membrane was prehybridized in 
a solution containing 0.25 M sodium phosphate, pH 7.2, 7% sodium 
dodecyl sulfate (SDS) (w/v), 1 mM EDTA, and 5% dextran sulfate 
for 4 h at 65 ~ By using putative basic PR-1 full-length cDNA gene 
(CABPR1, accession no. AF053343; Kim and Hwang 1999) as a 
probe, hybridization was performed at 65 ~ for 18 h in the same 
buffer. An EcoRI/XhoI fragment of the CABPR1 cDNA was 
labeled with [c~-32P]dCTP by random priming. After hybridization, 
the membranes were washed twice in 2x SSC-0.1% SDS (lx SSC 
is 0.15 M NaC1 plus 0.015 M sodium citrate) for 10 rain each at 
room temperature and then several times in 0.1x SSC-0.1% SDS for 
5 rain each at 65 ~ Equal loading was checked by reprobing with 
a Capsicum annuum 25S rRNA cDNA probe. The membranes were 
exposed to X-ray films. 

Sample preparation for in situ hybridization 

Pepper stem tissues cut into small pieces were fixed in 4% 
paraformaldehyde in phosphate-buffered saline (PBS), pH7.0, 
0.1% Triton X-100 and evacuated for 5-10 rain to remove air from 
the intercellular space. The fixation lasted 2 h at room temperature. 
The samples were washed three times with PBS for 10 rain each. 
Pepper stem tissues were dehydrated in a graded ethanol series and 
cleared with xylol. Infiltration was performed by adding small 
droplets of liquid paraplast. The specimens were embedded in para- 
plast and hardened at room temperature. The embedded materials 
were stored at 4 ~ until used for in situ hybridization. 

In situ hybridization 

In situ hybridization of mRNA in the pepper stem tissues was per- 
formed according to Hause et al. (1996). Thin sections (10 gm in 
thickness) were prepared and flattened on microscope slide glasses 
coated with poly-L-lysine (Sigma, St. Louis, Mo., U.S.A.). They were 
then baked overnight on a slide warmer set at 42 ~ to adhere the 
sections to the slide. After removing the wax with xylol, the sections 
were rehydrated by serially diluted ethanol. The sections were rinsed 
in 0.01 M Tris-HCl, pH 8.0, incubated in 1% bovine serum albumin 
for 10 min at 37 ~ and then treated with 1 gg of proteinase K 
(RNase free) per ml for 30 min at 37 ~ The sections were acety- 
lated by incubation with 0.25% acetic anhydride in 0.1 M tri- 
ethanolamine, pH 8.0, for 10 min at room temperature and washed 
briefly in 2x SSC. The digoxigenin (DIG) labeling of the insert codes 
for CABPR1 was performed according to the manufacturer's 
instruction (Boehringer-Mannheim, Mannheim, Federal Republic of 
Germany). 

Tissue sections fixed on the slides were prehybridized for 30 min 
at 42 ~ in hybridization buffer containing 50% formamide, 2x SSC, 
150gg of tRNA per ml, 0.5% blocking reagent (Boehringer- 
Mannheim), and 40 units of RNase inhibitor (Boehringer 

Mannheim) per mi. Hybridization was performed with the DIG- 
labeled probe in the same hybridization buffer at 42 ~ for 16 h in 
a moist chamber. After hybridization, the sections were washed 
twice in 50% formamide and 2x SSC for 10 rain at 42 ~ 2x SSC for 
10 min at 42 ~ and then in distilled water for 5 min. 

Immunodetection was performed according to the manufac- 
turer's instructions (Boehringer-Mannheim). After washing in 
buffer 1 containing 0.1 M Tris-HCl, pH 7.5, for 5 rain, the sections 
were incubated in buffer2 containing 1% blocking reagent 
(Boehringer-Mannheim) for 30 min at room temperature. The sec- 
tions were then incubated in an anti-DIG-alkaline phosphatase 
solution (1 : 3000 diluted in buffer 2) for 1 h at 32 ~ in a moist 
chamber. The slides were washed twice in buffer 1 for 15 rain each 
and then in buffer 3 (0.1 M Tris-HCl, 0.05 M MgClz, 0.1 M NaC1, pH 
9.5) for 5 rain at room temperature. The color reaction was devel- 
oped overnight in buffer 3 with diluted nitro-blue tetrazolium chlo- 
ride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) at 
room temperature. The color reaction was stopped in TE buffer 
(10 mM Tris-HC1, 1 mM EDTA, pH 8.0). Hybridization signals were 
examined with an Olympus BH2 (Olympus, Tokyo, Japan) micro- 
scope equipped with a C-35AD-4 camera (Olympus). Control tests 
were done without DIG-labeled CABPR1 probes or on the unin- 
oculated stem tissues. 

Preparation of pepper stem tissues for immunoelectron 
microscopical analysis under low-temperature conditions 

Pieces of infected and uninfected pepper stem tissues (5 mm in 
length) were frozen with a high-pressure freezing HPM 010 device 
(BAL-TEC GmbH, Balzers, Liechtenstein) (Hippe-Sanwald 1995). 
The stem tissues were cut into small pieces and infiltrated with 8% 
methanol under low vacuum for 5-10 rain in order to infiltrate inter- 
ceilular space. The high-pressure freezing method was performed 
under a liquid-nitrogen temperature of -196 ~ and a hydrostatic 
pressure of 2.5 x 10SPa (2500bar) (Hippe-Sanwald 1995). The 
frozen samples were stored in liquid nitrogen until required. After 
cryofixation, the samples were transferred to the FSU 010 appara- 
tus (BAL-TEC GmbH) for freeze substitution and embedding. The 
freeze substitution started at -85 ~ in 0.5% uranyl acetate and 
anhydrous methanol. The temperature was raised 1 ~ after 30 h 
from -85 ~ to -35 ~ over 3 days of freeze substitution. The spec- 
inaens were washed three times in anhydrous methanol for 1 h each. 
Infiltration in Lowicryl HM20 embedding resin was performed in 
three stages (1 : 1, 2 : 1 mixtures of methanol to resin and pure resin) 
over a period of three days. Final polymerization was carried out 
under UV light (360 nm) for 48 h at -35 ~ and for 48 h at room 
temperature. Thin sections from various blocks were cut with a 
Diatome diamond knife on an Ultracut E ultramicrotome 
(Reichert-Jung; Leica, Heidelberg, Federal Republic of Germany). 
The sections were mounted on pioloform and carbon-coated nickel 
grids (100 mesh). 

Immunogold labeling 

The first and second immunogold labeling was done according to 
Hippe et al. (1989). Polyclonal anti-PR-1 antiserum raised against 
tomato PR-1 protein, which was used for immunogold labeling, was 
obtained from Dr. M. H. A. J. Joosten, Wageningen Agricultural 
University, Wageningen, the Netherlands. Goat anti-rabbit im- 
munoglobulin G (IgG) conjugated to 10 nm colloidal gold particles 
(BioCell, Cardiff, U.K.) was used as a second antibody. The grids 
were stained with uranyl acetate for 10 rain, followed by poststain- 
ing with Reynolds lead citrate for 10 min. The immunostained sec- 
tions were analyzed with a Philips CM10 (Philips, Eindhoven, the 
Netherlands) electron microscope operating at 80 kV. 
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To demonstrate the specificity of the labeling, control tests were 
performed. The level of nonspecific adsorption of goat anti-rabbit 
IgG-gold complex was evaluated by omitting the anti-PR-1 anti- 
serum from the standard protocol. The specificity of anti-PR-1 anti- 
serum also was examined on uninfected healthy plants. 
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Results 

Northern blot analysis of  CABPR1 mRNA in 
compatible and incompatible interactions 

To determine whether or not PR-1 (CABPR1) 
gene expression is regulated during the course of 
infection, the CABPR1 mRNA was analyzed by 
Northern hybridization using a CABPR1 cDNA insert 
as a probe in a P. capsici-pepper system (Fig. 1 A). The 
CABPR1 cDNA gene was not constitutively ex- 
pressed in pepper stem tissues. In the compatible 
interaction, CABPR1 mRNA was not detected in 
pepper stem tissue 6 h after inoculation, but the 
transcript accumulation was significantly triggered 
12-24 h after inoculation. 36 h after inoculation, the 
transcripts had increased dramatically, showing a high 
level of accumulation. In the incompatible interaction, 
however, distinct accumulation of the CABPR1 
mRNA started as early as 6 h after inoculation and the 
transcript level was gradually enhanced over 36 h. 
36 h after inoculation, CABPR1 mRNA accumulation 
level was similar in both interactions (Fig. 1B). 

In situ localization of  CABPR1 mRNA in compatible 
and incompatible interactions 

The in situ hybridization technique was used to 
examine the temporal and spatial expression of the 
CABPR1 mRNA in pepper stem tissues infected by 
P. capsici (Fig. 2). In situ hybridization of sections with 
a CABPR1 DIG-labeled cDNA probe resulted in no 
labeling of uninfected, healthy pepper stem tissue 
(Fig. 2 A). No hybridization signal was observed in the 
vascular bundle area of pepper stem tissue. The 
CABPR1 mRNA was intensely localized only within 
the vascular bundle of infected pepper tissue. A heavy 
deposit of CABPR1 mRNA always occurred in the 
phloem area, but xylem vessels were almost free of 
labeling. 

In the early stages of Phytophthora development in 
the compatible interaction, a very low level of labeling 
was found, confined to phloem cells only (Fig. 2B). 
Xylem cells remained unlabeled. 24 h after inocula- 
tion, the CABPR1 mRNA accumulated distinctly 
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Fig. 1A, B. Northern blot analysis of PR-1 (CABPR1) mRNA accu- 
mulation in the pepper stem tissue during compatible and incom- 
patible interactions after infection by virulent $197 and avirulent 
CBS178.26 isolates of P. capsici. A Northern blot analysis of 
CABPR1 mRNA at various times after inoculation. B Densitomet- 
ric comparison of CABPR1 mRNA tevels between compatible and 
incompatible interactions. Total RNA was isolated from the stem 
tissue at the indicated times after infection. Total RNA (20 gg) was 
loaded in each lane on 1.2% formaldehyde agarose gel. The 0.85 kb 
EcoRI/XhoI fragment of pepper PR-1 cDNA insert was used as a 
probe. The loading of equivalent amounts of RNA was confirmed 
by hybridization with a 25S rRNA cDNA probe 

around the phloem area (Fig. 2 C). 36 h after inocula- 
tion, a very strong CABPR1 mRNA accumulation had 
occurred in the phloem cells (Fig. 2D). However, the 
epidermal, cortical, and xylem cells were almost free 
of labeling. 

A negative control test was performed to check the 
specificity of the CABPRI cDNA probe for in situ 
hybridization (Fig. 2E). All the steps of in situ 
hybridization were performed using infected pepper 
stem tissue without the CABPR1 cDNA probe. 36 h 
after inoculation in the compatible interaction, a pale 
purple color reaction was observed in the intercellular 
space of the infected pepper stem tissues. However, 
the vascular bundles, especially the phloem cells, were 
free of labeling (Fig. 2E). The nonspecific color reac- 
tion in the intercellular spaces indicated that the 
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fungal hyphae had densely colonized in these inter- 

cellular spaces 36 h after inoculation, as observed pre- 

viously by Lee et al. (1999). 

In the incompatible interaction, CABPR1 m R N A  

usually accumulated in the phloem cells of the vascular 

bundle. Intense labeling occurred over some phloem 

cell areas only 6 h after inoculation with the avirulent 

isolate CBS178.26 (Fig. 2F) and transcript accumula- 

tion gradually increased during the Phytophthora 

development (Fig. 2 G, H). Between 24 h to 36 h after 

inoculation, the CABPR1 transcripts had not accumu- 

lated markedly in phloem cells, but spread over the 

neighboring host cells. This labeling pattern of infected 

stem tissues was similar to that observed for corre- 

sponding tissues in the compatible interaction. In 

contrast, marked differences were found with the 

temporal  expression patterns of CABPRI  mRNA. 

Transcript induction in the incompatible interaction 

was earlier and stronger than that in the compatible 

interaction. 

Immunogold labeling control test 

Treatment of ultrathin sections of uninfected healthy 

pepper stem tissues with anti-PR-1 antiserum and goat 

anti-rabbit IgG antibodies resulted in no labeling over 

cell materials (Figs. 3 and 4). Some fibrillar material in 

the intercellular spaces was almost free of labeling 

(Fig. 3). Only a few scattered gold particles were 

detected over the host cytoplasm (Fig. 4). 

In order to check the nonspecificity of goat anti- 

rabbit gold antibody for immunogold labeling, a neg- 

ative control test was performed without anti-PR-1 

antiserum. As a result, nonspecific deposition of gold 

particles was undetected over the entire section of 

stem tissue 36 h after inoculation in the incompatible 

interaction (data not shown). 

Immunogold localization o f  PR-1 protein 
in the compatible interaction 

In the P. capsici-pepper system, the compatible inter- 

action resulted in rapid development of Phytophthora 

blight in pepper stems. Although no distinct lesions 

occurred on the surface of pepper stems 24 h after 

infection, the fungal hyphae had already colonized all 

the pepper stem tissues (Lee et al. 1999). 

Ultrathin sections of pepper stem tissues were 

treated with the anti-PR-1 antiserum and goat anti- 

rabbit IgG antibodies. 24 h after inoculation with a vir- 

ulent isolate of P. capsici, a few scattered gold particles 

were observed over the cytoplasm of invaded host 

ceils in the compatible interaction (Fig. 5). This label- 

ing was usually visible around the endoplasmic reticu- 

lure in the infected cells. Normally, mitochondria, 

vacuole, and nuclei remained unlabeled in the infected 

pepper stem tissues (data not shown). 

A deposit of gold particles was found in the inter- 

cellular spaces and at interfaces between host and 

fungal cells (Figs. 8 and 9). Intense labeling occurred 

over intercellular spaces of infected stem cells (Fig. 8). 

At  high magnification, it was noticeable that the label- 

ing was associated with the fibrillar material filling 

intercellular spaces. However,  the numbers of labeled 

gold particles varied, depending on the presence or 

absence of filling material in these intercellular spaces. 

The host cell walls were free of labeling. Some scat- 

tered gold particles were visible over the interfaces 

]Fig. 2. In situ localization of PR-1 (CABPR1) mRNA in the stem tissue of pepper plants during compatible and incompatible interactions 
after infection by virulent S197 and avirulent CBS178.26 isolates of P capsici, respectively. Stems were harvested from infected pepper 
plants at different times after inoculation and localization of CABPR1 mRNA in the stem tissue was visualized by in situ hybridization. 
]Bars: 5 gm. A Uninfected, healthy pepper stem tissues. All tissues are free of labeling. No labeling is visible in phloem cells. B-D In situ 
localization of CABPR1 mRNA in the stem tissue of pepper plants during a compatible interaction. B Pepper stem tissues 6 h after inoc- 
ulation. A very low level of label is visible within the vascular bundle, especially in the phloem-related cells. C Pepper stem tissues 24 h 
after inoculation. At this time, PR-1 mRNA accumulates slowly in the phloem cells and more distinct labeling is visible than 6 h after inoc- 
ulation. D Pepper stem tissue 36 h after inoculation. The stem tissue is heavily infected by P. capsici. Very strong labeling is seen within the 
vascular bundle, especially in the phloem cells. E Negative control of in situ hybridization. In situ hybridization was performed without 
CABPR1 probe on pepper stem tissue of a compatible interaction 36 h after inoculation. The purple-colored structures in the intercellu- 
lar spaces in the epidermis and cortex represent the invading fungal hyphae (arrowheads). However, all the stem tissue, including phloem 
cells, are free of labeling. F-H In situ localization of CABPR1 mRNA in the stem tissue of pepper plants during an incompatible interac- 
tion. IF Pepper stem tissues 6 h after inoculation. The label is confined to the vascular bundle. Strong accumulation of CABPR1 mRNA is 
visible within the phloem cells. G Pepper stem tissues 24 h after inoculation. Intense labeling is seen over the vascular bundle area, includ- 
ing phloem cells. H Pepper stem tissues 36 h after inoculation. There is no dramatic increase of CABPR1 mRNA in phloem cells, but most 
of the phloem cells are significantly labeled. P Phloem, X xylem 
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between host and fungal cell walls (Fig. 9). Gold label- 

ing occurred only at fungal cells that were in intimate 

contact with host cell walls. Wall appositions were 

found immediately adjacent to fungal cells. But no 
label was observed on the wall appositions. 

Immunogold localization of  PR-1 protein 
in the incompatible interaction 

Typical Phytophthora  blight symptoms did not appear  

on pepper  stems in the incompatible interaction 24 h 

after inoculation with P. capsici (Lee et al. 1999). Fol- 

lowing t rea tment  with the PR-1 protein ant iserum and 

goat anti-rabbit gold particles, a deposit  of gold par- 
ticles was observed on the host cytoplasm, usually 

around the endoplasmic reticulum (Fig. 6). This label- 
ing pat tern  in the incompatible interaction was similar 

to that  observed in the compatible  interaction shown 

in Fig. 5. Preferential  label accumulation occurred 

over  host cell wall areas (Fig. 7). Considerable deposits 
of gold particles were seen over  the host cell wall area, 

however,  the labeling was not confined to the host cell 

wall only but also accumulated in the cytoplasm 
around the host cell wall. 

In the incompatible interaction, the accumulation of 

gold particles also occurred over  the intercellular 

spaces and at the interface between pepper  plant and 
fungal cells (Figs. 10 and 11). Labeling in the intercel- 
lular space was associated with fibrillar or electron- 

opaque materials (Fig. 10). Observat ions at higher 

magnifications revealed that a heavy deposit of gold 
particles occurred preferentially beside fibrillar mate-  

rials in the intercellular spaces. The host cell wall and 
cytoplasm were hardly labeled. There  was heavy accu- 

mulation of gold particles over  the interface area 

between fungal and host cells (Fig. 11). In fact, the 

labeling was not confined te the host and fungal cell 

walls. Interestingly, gold labeling was hardly detected 
over host cell walls that were not in close contact with 

fungal cells. 

Discuss ion  

In the present  study, induction and in situ localization 

of PR-1 (CABPR1) m R N A  and PR-1 protein in the 

P. capsici-infected pepper  stem tissues were examined 

by Nor thern  blot analysis, in situ hybridization, and 

immunogold labeling. In the pepper-P, capsici system, 
Nor thern  blot analysis and in situ hybridization 

demonstra ted  earlier PR-1 m R N A  expression in the 

incompatible, compared  to the compatible  interaction 
(Figs. 1 and 2). Transcript accumulation in infected 

pepper  s tem tissues was rapid in both  interactions. 

CABPR1 m R N A  accumulation started as early as 6 h 

after inoculation in the incompatible interaction. 
These findings reveal that  PR-1 m R N A  accumulation 

in the incompatible interaction is an early event, asso- 

ciated with limited spread of the fungus. A similar con- 

clusion was reached by De Wit and Van Der  Meer  
(1986), who found that PR-1 protein accumulated 

earlier and to a greater  extent in incompatible inter- 

actions between tomato  and Cladosporium fulvum 
than in compatible ones. 

In the t ime-course experiment,  CABPR1 m R N A  
accumulation started as early as 6 h after inoculation, 

and accumulation levels increased continuously until 
36 h after inoculation in the incompatible interaction. 

In contrast, the transcript level increased dramatically 

Figs. 3 and 4. Immunocytochemical localization of PR-1 protein in uninfected, healthy pepper stem tissues. Sections were treated with 
anti-PR-1 antiserum, followed by incubation with 10 nm diameter gold-conjugated goat anti-rabbit IgG as a second antibody. Bars: 
500 nm 

Fig. 3. Cytoplasm (Cy), host cell wall (HW), and intercellular spaces (IS) of pepper plant are free of labeling 

Fig. 4. Host cell wall (HW) and cytoplasm (Cy) of uninfected, healthy pepper stem tissues are nearly free of labeling 

Fig. 5. Immunogold labeling with the polyclonal antibody against PR-1 protein of pepper stem tissue in the compatible interaction 
24 h after inoculation with the virulent isolate $197 of P. capsici. Some scattered gold particles occur on endoplasmic reticulum (ER) and 
host cytoplasm (Cy). Bar: 500 nm 

Figs. 6 and 7. Immunogold labeling with the polyclonal antibody against PR-1 protein of pepper stem tissue in the incompatible interac- 
tion 24 h after inoculation with the avirulent isolate CBS178.26 of P. capsici. Bars: 500 nm 

Fig. 6. Gold labeling accumulates preferentially over the host cytoplasm (Cy), especially around the endoplasmic reticulum (ER) (encir- 
cled). Distinct labeling (arrow) is seen near the endoplasmic reticulum 

Fig. 7. A heavy deposit of gold particles occurs over host cell walls (HW) 
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36 h after inoculation in the compatible interaction. 
These results suggest that the PR-1 gene is strongly 

induced as a defense response against fungal patho- 
gens, as well as in diseased cells (Linthorst 1991, Ryals 
et al. 1996, Sticker et al. 1997). These suggestions were 
well supported by recent findings of Kim and Hwang 
(1999) that the incompatible interaction resulted in a 
continuous increase of CABPR1 mRNA in pepper  
stems 3 days after inoculation with an avirulent isolate 
of P capsici. 2 days after inoculation, the typical 
symptoms of Phytophthora  blight occurred on the 
pepper  stem in the compatible interaction. In the 
incompatible interaction, growth of P. capsici was 
inhibited immediately after penetrat ion of the pepper  
stem tissues, while in the compatible interaction, the 
fungus continued to grow vigorously (Lee et al. 1999). 
Accordingly, the amount  of accumulated CABPR1 
m R NA could not be correlated with fungal biomass in 
the pepper  stems. Damage to stem tissue may there- 
fore trigger synthesis of the PR-1 protein. Taken 
together, the resistance response and the susceptible 
symptoms of Phytophthora  blight seemed to trigger 
PR gene expression in pepper  stem tissues differently. 

Results of the present in situ hybridization study 
convincingly revealed that, upon infection PR-1 gene 
transcripts accumulated mainly in the vascular bundle 
of pepper  stem tissue, especially phloem cells (Fig. 2). 
Some PR-protein transcripts from other  plants were 
found to be localized in the vascular bundle (Eyal 
et al. 1993, Breda et al. 1996, Bt~chter et al. 1997). 
Recently, Hause et al. (1996) have demonstrated that 
:mRNA synthesis of a jasmonate-inducible protein, 
JIP-23, occurred in phloem cells during developmen- 

tally induced stress. Pathogen attack could be a strong 
stress to the plant. In this case, a dramatic change in 

metabolic pathway may occnr in infected plant tissue, 
leading to PR-1 gene expression in the vascular bundle 
areas. Accordingly, localization of PR-1 mRNA in the 
phloem cells suggests specific functions of the gene 
products in these cells. These functions may be asso- 
ciated with pathogen colonization or defense against 
pathogen attack, because the phloem could be a prof- 
itable area for fungal nutrition uptake. However,  there 
is as yet no experimental evidence for this assumption. 
High levels of PR-1 m RN A  in vascular tissue of 
infected pepper  stems could be directed against 
pathogens and/or be the consequence of higher sali- 
cylic acid levels in phloem, as observed in infected 
tobacco and cucumber leaves (Malamy et al. 1990, 
M6traux et al. 1990). 

Our immunocytochemical observations showed that 
marked accumulation of PR-1 protein in response to 
infection by P. capsici occurred in the infected pepper  
stem tissues. This finding is consistent with the well- 
documented increase in PR-1 protein upon pathogen 
attack (Camacho-Henriquez and S~nger 1984, De Wit 
and Van Der  Meer  1986, Christ and MOsinger 1989). 
In particular, marked accumulation of PR-1 protein in 
intercellular spaces and at interfaces between fungal 
and plant cell walls supports the assumption that 
several PR proteins are secreted into extracellular 
compartments of plant cells (Parent and Asselin 1984, 
Vera et al. 1988, Lee and Hwang 1996). Intercellular 
space may be a strategic area for defense against 
pathogen attack, especially the pathogens growing 
in this area. Other  PR proteins with ~3-1,3-glucanase 

Figs. 8 and 9. Immunogold labeling with the polyclonal antibody against PR-1 protein of pepper stem tissue in the compatible interaction 
24 h after inoculation with the virulent isolate S197 of P capsici. Bars: 500 nm 

Fig. 8. A number of gold particles occur in the intercellular space (IS) of the infected pepper stem cells. Host cell wall (HW) and cyto- 
plasm (Cy) remain unlabeled. The PR-1 protein is related to the fibrillar material in the intercellular space. Inset Higher magnification of 
the labeling 

Fig. 9. Wall appositions (WA) in the compatible interaction are nearly free of labeling. However, some gold particles are seen over the 
interface area between host (HW) and fungal (FC) cell walls (encircled). A few labeled PR-1 proteins are localized in the host cytoplasm 
(Cy) (arrows) 

Figs. 10 and 11. Immunogold labeling with the polyclonal antibody against PR-1 protein of pepper stem tissue in the incompatible inter- 
action 24 h after inoculation with the avirulent isolate CBS178.26 of P. capsici. Bars: 500 nm 

Fig. 10. Dense accumulation of gold particles in the intercellular space (IS) of infected stem tissue. This PR-1 protein accumulation is 
related to the fibrillar and globular material filling the intercellular space. Host cell wall (HW) and cytoplasm (Cy) are almost free of label- 
ing. Inset Higher magnification of the bracketed area 

Fig. 11. Numerous scattered gold particles present at the interface between host (HW) and fungal (FC) cell walls. Host and fungal cyto- 
plasm are almost unlabeled. Inset Higher magnification of the bracketed area 
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and chitinase activity have also been  demons t r a t ed  

in intercellular spaces, suggesting a putat ive role in 

pa thogen  resistance by direct a t tack of  fungal or  

bacterial  cell walls in this area (Sch lumbaum et al. 

1986, Lee  and H w a n g  1996). P R  P14 proteins  f rom 

Cladosporium fulvum-infected t oma to  and P1 (p14) 

prote in  f rom viroid-infected t o m a t o  plants  have been  

localized in the intercellular spaces o f  infected plant  

tissues (De Wit and Van Der  Meer  1986, Vera et al. 

1989, B e n h a m o u  et al. 1991). In  particular,  these P R  

proteins occurred  in the intercellular spaces associated 

with fibrillar e lec t ron-dense  material ,  as observed  in P. 

capsici-infected peppe r  s tem tissues. The small n u m b e r  

of  gold particles a round  endoplasmic  ret iculum in the 

cytoplasm (Figs. 5 and 6) might  reflect t ranspor t  of  

PR-1 proteins th rough  the secretory pathway. 

Recently,  PR-1 gene expression was found  to occur  

in incompat ible  interact ions re la ted to hypersensi t ive 

react ion after infection (Keller et al. 1996). In this 

respect,  in situ accumula t ion  of  the PR-1 pro te in  in 

intercellular spaces and at the interface be tween  

fungus and plant  cells suggests that  PR-1 prote in  may  

act as a resistance response  against P. capsici infect ion 

in peppe r  stems. In  particular,  PR-1 proteins  induced 

by P. capsici infect ion may  exert  a direct  and/or  indi- 

rect  fungicidal effect that  could account  for  the restric- 

t ion of  P h y t o p h t h o r a  deve lopment .  Alternatively,  

PR-1 prote in  may  slow the colonizat ion of  the pa tho-  

gens in host  tissues or  aid in its recognit ion,  thereby  

allowing the plant  to activate addit ional  defense 

responses  that  limit the spread of  the pa thogen .  

Taken together ,  pepper  PR-1 m R N A  accumula ted  

in ph loem cells u p o n  P. capcisi infection, whereas  the 

immunoloca l ized  PR-1 prote ins  were  found  at the 

interface of  the pa thogen  and the host  cell wall, as well 

as in the intercellular spaces of  peppe r  s tem cells. The 

difference in localization sites be tween  PR-1 m R N A  

and P R  prote in  cannot  be in terpre ted  precisely, but  it 

seems likely that  the PR-1 transcripts m a y  be direc- 

t ionally t ranspor ted  f rom one infected host  tissue to 

another  via the phloem,  thus leading to the synthesis 

of  specific PR-1 protein.  In  the present  study, we have 

also used a polyclonal  ant i-PR-1 ant iserum raised 

against t oma to  PR-1 protein.  In this context,  we could 

no t  el iminate the possibility that  par t  of  the prote in  

may  have skipped or  lost its antigenic site in and/or  on 

tissue samples, a l though labeling in the infected tissues 
indicates sufficient preserva t ion  of  the antigenic sites. 

Thus, the  present  results may  not  reflect the full picture 

for  PR-1 proteins  p roduced  in response  to P. capsici 

infection, but  they provide  valuable  informat ion  about  

its specific distr ibution in infected pepper  s tem tissues. 
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