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INTRODUCTION

The pathogen, Phytophthora capsici that kills seed-
lings and causes root rot, stem canker, leaf blight, and 
fruit rot in older plants, has a broad host range attacking 
tomato, eggplant, cucumber, watermelon, pumpkin, mac-
adamia, and peppers (Kreutzer et al.,1940; Kunimoto, et 
al., 1976; Leonian, 1922; Polach and Webster, 1972; 
Ristaino, 1990).  Stem infection near to the soil surface 
is known to be common and affected plants show sudden 
wilting and death (Sherf, 1986). 

Many fungi and bacteria secrete remarkable arrays of 
plant cell wall–degrading enzymes during interactions 
with plants, among which are polygalacturonase (PGs), 
pectin methylesterases, pectate lyases, and cellulases 
(Collmer and Keen, 1986).  However, the fungi in soil and 
on infected seeds are difficult to control because of its 
wide host range and its ability to survive in the soil 
although there are many measures to control phytoph-
thora blight such as avoiding fields with a history of the 
disease, planting in well–drained soils, and the applica-
tion of fungicides (Zitter, 2006). 

P. capsici is pepper blight pathogen that belongs to 
oomycete known as water mold swimming through water 
in the soil.  Zoospores of P. capsici encyst the root sur-

face by recognition of the exudates released by the roots 
of potential host plants (Hinch and Clarke, 1980; Estrada–
Garcia et al., 1990; Jones et al., 1975, 1991), adherence 
to the root surface by exocytosis of a proteinaceous mate-
rial (Gubler et al., 1989; Hardham, 1992), and germina-
tion by hyphal outgrowth from a predetermined site 
located next to the host (Mitchell and Deacon, 1986; 
Hardham, 1992), and direct penetration of the hypha 
into the host or after producing an appressorium 
(Bircher and Hohl, 1997).  These sequences are 
extremely rapid, leading to infection within 30–40 min of 
the zoospore arriving at a host surface (Deacon and 
Donaldson, 1986). 

P. capsici secretes enzymes that can degrade the 
polysaccharides of plant cell walls (Albersheim and 
Anderson, 1971).  The polysaccharide–rich cell wall, one 
of the barriers against pathogenic fungi invasion, can be 
degraded by a number of hydrolytic enzymes capable of 
degrading cell wall polymers (Salama et al., 2008).  PG 
degrades polygalacturonan present in the cell walls of 
plants by hydrolysis of the glycosidic bonds that link 
galacturonic acid residues found in the cell walls and 
middle lamella of plants (De Lorenzo and Ferrari. 2002). 

However, plants exposed to a wide array of phy-
topathogenic fungi counteract fungal invasion through a 
series of preexisting and/or induced defense mechanisms.  
The PG–inhibiting proteins (PGIPs) present in the cell 
wall of many plants have the capability of limiting fungal 
colonization by slowing the hydrolytic activity of PGs 
and favor the accumulation of oligogalacturonides, which 
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are elicitors of a variety of defense responses (De Lorenzo 
and Ferrari, 2002).  However, polymerization mechanism 
between PGIP and PG is precisely not only unsolved but 
also the mechanism of initial infection for cell walls by P. 
capsici producing PG is not clearly identified. 

In this article, we tried to verify influencing factors 
of pepper blight disease by P. capsici by investigating 
the ionic species and their contents and morphological 
changes of stem cells in the red pepper plants which were 
infected by P. capsici and not infected.  The results of 
this research may help to develop alternative control 
methods for the reduction of the incidence of 
Phytophthora blight of pepper.

MATERIALS AND METHODS

Plant materials and fungal cultures
Red pepper plants (Capsicum annum L.), grown in 

a plastic tray packed with growth media mixed with soil 
in a growth chamber at 30 ± 2˚C and 50–70% relative 
humidity, with 12 h day–1 white fluorescent light (192 μmol 
s–1 m–2) for six weeks after germination, were inoculated 
with P. capsici causing pepper blight obtained from 
Korean Collection for Type Culture (KCTC) located in 
Daejeon Korea and was cultured for 5 days at 27˚C in a 
potato dextrose agar(PDA) medium (Eddleman, 1999).  
However, 50 mL of deionized water were applied on the 
surface of each pot of a growth media tray every other 
days using a spray bottle while 10 mL of nutrient solu-
tion (10 g L–1) made of composite fertilizer (N–P–K = 
21–17–17) were applied on the surface of each pot every 
seven days during the investigation period.  Forty discs 
of P. capsici were shaken and cultured for 12 days at 
20˚C (Carver et al., 1994) to verify the presence of PG in 
the PDA medium.  After spores of pathogen were inocu-
lated on the peeled area of stem near to soil surface for 
the 100 healthy red peppers using syringe with 21 G nee-
dle, red pepper plants showing pepper blight disease were 
also selected to investigate the ion contents and the cell 
structure of the red pepper plant with the pepper blight 
disease along with control plants. 

Incidence rates of pepper blight disease
Incidence rates of pepper blight disease among the 

100 red pepper plants inoculated with P. capsici were 
measured by counting number of the samples by observ-
ing the symptoms as the form of water–soaking lesions 
on the stems of the red pepper plants until no symptoms 
of the pepper blight disease from the red pepper plants 
were observed during 30 days.

Assay of PG activity
The assay of PG activity was conducted with the red 

pepper plants inoculated with P. capsici during 30days.  
To do this, the 5–cm long stem sections of the red pepper 
plants with and without the symptoms of the pepper 
blight disease depending on the sampling date were cut 
and homogenized with a Brinkmann Polytron PT 3000 in 
3 vol of 1.3 M NaCl/0.05 M sodium phosphate, pH 6.0/40 
mM 2–mercaptoethanol.  The supernatant was recovered 

after centrifugation (11,000 × g, 30 min).  The reaction 
mixture consisted of 100 μL of 0.4% polygalacturonic acid 
in 100 mM sodium acetate (pH 5.5) and 100 μL of enzyme 
solution.  The reaction mixture was incubated for 1 h at 
55°C, and then the reaction was terminated by addition 
of 1 mL of cold 100 mM borate buffer (pH 9.0), and 
200 μL of 1% 2–cyanoactamide.  The reaction mixture 
was incubated in a boiling water bath for 10 min.  The 
PG activities for the homogenized red pepper plants were 
assayed by estimating the amount of reducing groups 
released from sodium polypectate, using D–galacturonic 
acid as standard to establish the calibration curve 
obtained by the change in absorbance at 279 nm after 
cooling.  One unit of PG activity was defined as the 
amount of galacturonic acid required to release 1 μmol 
of reducing groups per minute at 37°C in a mixture con-
taining 0.176% sodium polypectate and 80 mM sodium 
acetate (pH 5.0). 

Protein contents and gel electrophoresis
The proteins contained in the cell walls of the red 

pepper plants have been known to inhibit the fungal endo 
PGs (De Lorenzo et al., 2001).  To verify change in the 
protein content for the red pepper plants inoculated 
with P. capsici during 30 days experimental period, the 
protein contents of the red pepper plants were deter-
mined by the method of Bradford (1976) using a Bio–
Rad protein assay kit with bovine serum albumin (BSA) 
as standard by recording the absorbance of protein solu-
tions at 595 nm in a Optizen 3220 UV.  The linear relation-
ship between the absorbance and known protein concen-
tration was then used to determine the relative protein 
concentrations of the samples. 

The purified enzyme was subjected to electrophoretic 
studies to determine molecular weight.  The sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS–
PAGE) with a 5%(w/v) stacking gel and a 10%(w/v) sep-
arating gel was performed to separate proteins with rela-
tive molecular mass according to the method of Laemmli 
(1970) known as the discontinuous electrophoresis 
method.  The range of pre–stained protein molecular 
weight marker (Bio–Rad Laboratories) used as the stand-
ards was from 35 kDa to 245 kDa for molecular weight 
determination of proteins.  Gels were stained for 1 to 3 
hours in a solution of Coomassie Blue R–250, 45% meth-
anol and 9% acetic acid.  Electrophoresis was carried out 
with the energy source in the constant current mode of 
5 mA per gel and the mobility was measured as the dis-
tance traveled by the protein band in centimeters.

Optical microscope for cell structure
The approx. 30 μm thick samples were prepared by 

microtome from segments of the stems showing symptom 
of P. capsici infection.  For the transverse sections of 
the red pepper plants, pictures of stem cell structure were 
taken using optical microscope LEICA DM 750.

Cations and anions on the stems of the red pepper 
plants

For analysis of cations and anions on the stems of the 
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infected and the uninfected red pepper plants, 0.5 g of 
the oven–dried and ground pepper plant materials was 
added in the digestion tube with 10 ml concentrated nitric 
acid (70%) and the temperature was carefully heated to 
200°C on Kjeldahl block digester, followed by addition of 
8 ml perchloric acid (70%).  Additions were continued 
until the clearing stage was completed when the digest 
became permanently discolored and white acid fumes 
appeared.  The cooled solutions were then made 100 ml 
volume with distilled water.  After through mixing, a por-
tion of the solution was poured into a 60–ml Nalgene bot-
tle for analysis of cations using by ICP–OES (Agilent 
Technology 720, USA) while anions in a solution was 
measured by ion chromatography (Dionex DX–500, USA).

RESULTS AND DISCUSSION 

Incidence rates of pepper blight disease on the red 
pepper plants	

The symptoms of pepper blight disease were 
appeared as the form of water–soaking lesions on the 
stems of the red pepper.  The first incidence was observed 
at day 2 after inoculation of P. capsici and the greatest 
incidence rate was recorded as approximately 53% for 
100 plants on day 2 during 30 days experimental period.  
However, the incidence rate was rapidly decreased from 
53% on day 2 to 0% after day 6, indicating that the pep-
per blight disease was ceased.  The cumulative incidence 
rate reached to 91% for 100 plants during 30 days exper-
imental period, indicating that 9% of the plants inocu-
lated with P. capsici did not show any infection symp-
toms of pepper blight disease (Fig. 1). 

PG activity and protein contents
The production of PGs showed that PG activities on 

extract were gradually increased from 0.27 U on day 0 to 
3.23 U on day 12 as the highest content and then rapidly 
decreased to 0.42 U on day 30 during the 30 days of the 
experimental period (Fig. 2).  The PG activity was 

increased to day 12 and then rapidly decreased to on day 
30 although the pepper blight disease was not observed 
after day 6 as seen in Fig. 1.  The PG activity measured 
on day 6 which was the last day we could observe the 
pepper blight disease among the 100 red pepper plants 
inoculated with P. capsici was 1.88 U which was lower 
than the highest PG activity measured on day 12 that we 
could not observe any symptom of the pepper blight dis-
ease among the inoculated red pepper plants.  From this 
result, we could assume that the incidence of the pepper 
blight disease influenced by PGs of P. capsici was also 
influenced by polygalacturonase inhibiting proteins 
(PGIPs) as reported by Yao et al. (1995) and Oelofse et 
al. (2006).

The PG protein contents measured from the same 
homogenized samples used for assay of PG activity 
showed an almost similar result as seen in Fig. 2.  As 
shown in Fig. 2, the content of protein was increased with 
increasing PG activity and decreased with decreasing PG 
activity.  The ratio obtained from the calculation of PG 
activity vs. protein content as shown in Fig. 2 showed 
that the ratio was rapidly decreased with increasing PG 
activity for the first 12 days after inoculation while the 
ratio was slightly increased with decreasing PG activity 
after 12 days during 30 days of the experimental period.  
Compared with the incidence rate of the pepper blight 
disease, the ratio was also decreased with decreasing 
incidence rate.  From this comparison, we could assume 
that the increasing PG activity did not closely correlated 
with the pepper blight disease for the red pepper plants 
in this experiment.  Also, we could assume that the inci-
dence of the pepper blight disease influenced by PGs of 
P. capsici was also influenced by polygalacturonase inhib-
iting proteins (PGIPs) as reported by Yao et al. (1995) 
and Oelofse et al. (2006).

When proteins are separated in the presence of SDS–
PAGE and denaturing agents, they become fully dena-
tured and dissociate from each other.  The purified PG 
was electrophoretically homogenous as judged by elec-
trophoresis gel (Fig. 3), where one protein band on 
SDS–PAGE was detected.  According to the comparison 

Fig. 1.  �Cumulative and daily incidences of pepper blight disease 
for the red pepper plants after treatment of P. capsici.  
Incidence rates were calculated as % of diseased plants 
among the all treated 100 plants for 30 days. 

Fig. 2.  �PG activities and protein content measured at the lesion 
areas of the stems of the red pepper plants inoculated with 
P. capsici for 30 days of the experimental period. 
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with molecular weight protein standards, SDS–PAGE 
analysis showed that the molecular weight of protein 
measured in this experiment dominantly reveled 63 kDa 
band, in agreement with the predicted molecular weight 
for the target protein PG (Fig. 3). 

Stem cell structures of the red pepper plant. 
Micrographs of the stem cell structures of control 

(not inoculated) and the pepper plants inoculated with 
P. capsici were observed by an optical microscope as 
illustrated in Fig. 4.  The cell structures observed from 
control and the infected plants at day 6 after inoculation 
showed that hyphae of P. capsici and destructed cell wall 
structures were not found in the control plants while 
hyphae of P.capsici and destroyed cell walls were found 

in the pepper plants showing symptoms of pepper blight 
disease.  However, hyphae of P. capsici are found but bro-
ken cell walls are not found in 9 red pepper plants that 
did not show any symptoms of pepper blight disease 6 
days after inoculation (Fig. 4).  In general, infecting 
hyphae grew in the intercellular space between xylem 
vessels of the stem tissues, and membrane structures 
were disorganized as shown in Fig. 4.  An intercellular 
hypha in irregular and indistinct structures was observed 
in the plasmolyzed host cell (Fig. 4C).  Some vacuolated 
and distorted hyphae were shown to grow compactly in 
the intercellular spaces surrounded by the host cell walls 
(Fig. 4D).  The invading haustorium in intimate contact 
with host cytoplasmic materials (Fig. 4E).  However, no 
distinct host responses such as wall appositions were 
found in the control plant without inoculation of P. cap-
sici (Fig. 4F). 

	  
Ion contents in the stems of the red pepper plants 

Generally, most of the studies regarding to pepper 
blight disease for the red pepper plants focused on the 
cell wall degrading enzymes as virulence factors and their 
infection mechanisms.  The researches related to the 
nutritional aspects on the infected plants by P. capsici 
have rarely been done.  Therefore, we measured contents 
and major ionic species of cations and anions on the 
stem areas of the normal and the infected red pepper 
plants.  The amounts of cations recovered from both nor-
mal and infected plants were in the same order of K > 
Ca > Mg ≈ Na > Al > Fe.  The amount of cations of the 
stems of the infected red pepper plants were 401, 40.8, 
26.2, 26.6, 1.8 and 1.3 mg kg–1 for K, Ca, Mg, Na, Al, and 
Fe, respectively.  Among these cations, the amounts of K, 
Ca, and Mg were much higher than those of normal red 
pepper plants while the amounts of Na, Al, and Fe recov-
ered from the infected plants were slightly higher or simi-

Fig. 3.  �Proteins separated on SDS–PAGE and detected by 
Coomassie blue 250.  The bands in a red box indicate 
PG proteins.  Lane M : Molecular weight marker; Lanes 
1–3: the crude extracts of the infected red pepper. 
The PG protein from the crude extracts of the red 
peppers showed a molecular weight of 63 kDa.

Fig. 4.  �Pictures of stem surfaces and stem cell structure of the pepper plants.  (A) A stem surface 
infected by P. capsici.  (B) A stem surface of normal pepper plant.  (C) An infected stem 
cell structure showing an intercellular hypha in irregular and indistinct structures.  (D) A 
hypha compactly growing in the intercellular space surrounded by the host cell walls.  (E) 
A haustorium surrounded by host plasma membrane in the red pepper plant inoculated 
with P. capsici.  But it did not show any symptom of pepper blight disease on the stem of the 
pepper plant.  (F) Control plant without inoculation. Black scale bar = 1 μm, white scale bar 
= 10 μm.
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lar to those of the normal plants.  However, the amount 
of Ca was approximately twice as much as of that of nor-
mal one (Table 1).  The both plants of normal and 
infected ones, the amounts of cations of both the normal 
and the infected plants were in the same order of Cl– > 
NO3

– > PO4
3– > SO4

2–.  Compared with the amounts of ani-
ons between these two treatments for the red pepper 
plants, the results showed that the amount of NO3

––N and 
SO4

2––S from the infected plants were almost 7.3 and 
1.75 times of those from normal one whereas the amounts 
of Cl– and PO4

3––P on the stems of the infected plants 
were very similar to those on the normal ones (Table 2).  
From these results of cations and anions of these normal 
and infected plants, we could assume that cations of K 
and Ca and anions of NO3

– and SO4
2– could be the factor 

to cause pepper blight disease on the red pepper plants.

CONCLUSIONS

Many previous studies have shown that plant patho-
gens must breach cell walls before they can infect the 
hosts by secreting an array of pectinases during plant–
pathogen interaction.  In this study, we found that more 
than 50% of incidence as of the pepper blight disease 
were occurred within two days after inoculation with P. 
capsici.  The retarded incidence rate of pepper blight dis-
ease until day 6 could be influenced by growth of invad-
ing hyphae and penetration into cell layers as observed 
by Jones et al. (1975).  The maximum production of PG 
as 63 kDa band and PG activities on extract were 43.6 
mg L–1 and 3.23 U on day 12, respectively while the inci-
dence of pepper blight disease were ceased on day 6 
after inoculation of P. capsici.  From this results, we 
could find out that the amount of PG and its activities 
could not be a major factor on the incidence of pepper 
blight disease on the red pepper plants.  The results of 
the cell wall structures on the stems of the red pepper 
plants showed that hyphae of P. capsici and destructed 
cell wall structures were not found in the control plants 

while hyphae of P. capsici and destroyed cell walls were 
found in the pepper plants showing symptoms of pepper 
blight disease.  However, hyphae of P. capsici are found 
but broken cell walls are not found in 9 red pepper plants 
that did not show any symptoms of pepper blight disease 
on 6 days after inoculation.  From this result, we could 
said that the presence of P. capsici inside the broken cell 
wall could not lead to pepper blight disease for the red 
pepper plants.  The amounts of cation and anions on the 
lesion of the stem could be one of the inducing factors 
for the pepper blight disease for the red pepper plants.  
Especially Ca and NO3

– could attribute to cause pepper 
blight disease.  However, we need further investigation for 
influence of nutritional sources such as Ca, NO3

–, and SO4
2– 

on the incidence of pepper blight disease for red pepper 
plants. 
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