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Education Center, P.O. Box 609, Kearneysville, WV 25430 

Phytophthora stem rot disease, caused 
by the oomycete soilborne fungus Phy-
tophthora sojae (14), is an important dis-
ease of soybean (Glycine max (L.) Merr.) 
around the world. It was first reported in 
the United States from Indiana and Ohio in 
1951. This disease is most associated with 
slowly drained soils with high clay con-
tent, and in fields subjected to temporary 
flooding and ponding. P. sojae causes pre- 
and post-emergence damping-off, stem and 
root rot, and consequently wilting and 
death of soybean plants (9). This pathogen 
has aggressive and race-specific patho-
genicity to soybean and causes no or few 
symptoms on other hosts (14,34). Since 
1955, at least 55 races of P. sojae have 
been reported (8). Thus, P. sojae has been 

widespread in several soybean-producing 
areas in Asia, Africa, Europe, Canada, and 
the United States (25). The yields of soy-
bean and the income of soybean producers 
have been decreasing considerably because 
of this disease (39). It was estimated that 
the yield suppression due to this disease 
during 2005 was valued at $251.6 million 
($236/t) in the United States (39). 

In Japan, Phytophthora stem rot disease 
was first observed in 1977 in Hokkaido 
(34), and later in other areas (30). Sugi-
moto et al. (30) reported that at least 15 
races of P. sojae exist in Japan. G. max cv. 
Chusei-Hikarikuro, which is one of the 
most famous commercial black soybean 
cultivars produced in Japan and fetches a 
higher market price than yellow soybeans, 
is very susceptible to this pathogen 
(27,34). Black soybeans are reported to 
have many positive effects on human 
health (32) and thus are widely planted and 
valuable in Japan. 

For the past 40 years, control of Phy-
tophthora stem rot has been achieved 
through variety selection, including the 
development of resistant or partially resis-

tant (tolerant) cultivars of soybean 
(7,30,31), chemical fungicides (2), soil 
drainage (24), and tillage practices (38). 
However, P. sojae has adapted to specific 
Rps (resistant to Phytophthora sojae) 
genes by generating new races (13). Single 
Rps genes have been effective for 8 to 15 
years, depending on inoculum density and 
environmental conditions (24). Commer-
cial applications of the fungicide metalaxyl 
(Ridomil and Subdue) might be effective 
in the short term, but the likelihood of 
resistance development could lead to loss 
of disease control (12). Sporangia forma-
tion from Phytophthora megasperma 
Drechs. isolate (race 3) recovered from 
soybean was insensitive to metalaxyl at 10 
µm/ml (12). It is essential to construct 
alternative disease management strategies, 
which include physical control and induc-
tion of resistance as well as chemical pro-
phylaxis and the breeding of new resistant 
cultivars. 

Many studies already have demonstrated 
the mitigating effect of the application of 
plant nutrients on disease management. 
Several inorganic elements had a suppres-
sive effect on Phytophthora spp. 
(5,26,33,35,37). It was previously reported 
that the application of CaCl2 and Ca(NO3)2 
dramatically suppressed disease incidence 
caused by P. sojae in black soybean (cv. 
Chusei-Hikarikuro) and white soybean (cv. 
Sachiyutaka) under laboratory conditions, 
and affected plant resistance to the patho-
gen (27). The extent of disease reduction 
was related to increased calcium uptake by 
plants of the two cultivars. Further investi-
gation is required to discover effective 
calcium products or compounds in reduc-
ing Phytophthora stem rot disease and to 
refine the amounts that could be effective 
in planned field trials. 

Another alternative disease management 
strategy is related to interference with 
zoospore production or zoospore behavior. 
P. sojae is one of the homothallic species 
that produces large numbers of oospores in 
infected soybean tissues (24). The oo-
spores can produce numerous, motile zoo-
spores that initiate further cycles of disease 
(24). The presence of 4 to 30 mM CaCl2 
and Ca(NO3)2 decreased the release of 
zoospores from isolates, although 0.4 mM 
CaCl2 and Ca(NO3)2 significantly induced 
zoospore release (27). To potentially take 

ABSTRACT 
Sugimoto, T., Watanabe, K., Yoshida, S., Aino, M., Irie, K., Matoh, T., and Biggs, A. R. 2008.
Select calcium compounds reduce the severity of Phytophthora stem rot of soybean. Plant Dis. 
92:1559-1565. 

This study investigated the effects of several calcium compounds on Phytophthora stem rot of
soybean (Glycine max) and fungal growth and zoospore release of a Phytophthora sojae isolate 
in vitro. All concentrations of five formulated calcium products [Ca(COOH)2-A, Ca(COOH)2-B, 
Ca(COOH)2-C, CaSO4-A, and CaCl2-A] and two chemical compounds [CaCl2 and Ca(NO3)2]
applied prior to inoculation significantly suppressed disease incidence. Among all the products 
and chemicals, Ca(COOH)2-A was the most effective in suppressing the incidence of disease. In
most cases, no significant relationship was observed between inhibition of growth rate in vitro
and disease reduction in growth chamber tests. Therefore, disease suppression recorded in labo-
ratory experiments using pathogen mycelium was likely due to the responses of plant tissues
rather than the direct inhibition of pathogen fungal growth by the calcium compounds. The ex-
tent of disease reduction was related to increased calcium uptake by plants, suggesting that cal-
cium was the effective element in reducing Phytophthora stem rot. Seedling tray experiments
using zoospores indicated that the application of 10 mM Ca(COOH)2-A was more effective for 
reducing incidence of disease under growth chamber conditions, compared to other concentra-
tions. The presence of 4 to 20 mM of all seven calcium solutions decreased the release of zoo-
spores, although 0.4 mM of all compounds significantly increased zoospore release. Therefore,
disease reduction in the growth-chamber experiments was due to the multiple effects of direct 
suppression on zoospore release and fungal growth in combination with the response of the host
plant tissue to Ca(COOH)2-A. 

Additional keywords: calcium chloride, calcium formate, calcium nitrate, calcium sulfate, in-
duced resistance 

 

Corresponding author: Takuma Sugimoto  
E-mail: Takuma_Sugimoto@pref.hyogo.lg.jp 

Accepted for publication 1 August 2008. 

doi:10.1094 / PDIS-92-11-1559 
© 2008 The American Phytopathological Society 



1560 Plant Disease / Vol. 92 No. 11 

advantage of this strategy, the effects of 
several calcium compounds on the release 
of zoospores should be examined to de-
termine the most effective concentrations. 

In this study, five commercial calcium 
products (three calcium formate formula-
tions, including: Suicaru, hereafter referred 
to as Ca(COOH)2-A; Baicaruty, hereafter 
referred to as Ca(COOH)2-B; and Hica-
ruku, hereafter referred to as Ca(COOH)2-
C [Koei Chemical, Nagoya, Japan]; Cell-
Bine, hereafter referred to as CaSO4-A 
[Shiraishi Calcium, Tokyo, Japan]; and 
Kalklon, hereafter referred to as CaCl2-A 
[Nisso Green, Tokyo, Japan]) developed in 
Japan were selected because of their high 
calcium concentrations (Table 1). 

The objectives of this study were to (i) 
compare the efficacy of five commercial 
calcium products on disease reduction of 
cv. Chusei-Hikarikuro (black soybean), 
and on the growth rate and zoospore re-
lease of P. sojae, (ii) measure calcium 
concentrations in soybean seedlings after 
treatment with calcium compounds under 
laboratory conditions, and (iii) confirm the 
effect of selected calcium compounds on 
the reduction of disease incidence under 
growth-chamber conditions. This is the 
first report concerning the relationship 
among varying levels of commercial cal-
cium products and Phytophthora stem rot 
disease on soybean. 

MATERIALS AND METHODS 
Pathogen and host characteristics. In 

2004, 23 isolates of P. sojae were col-
lected from infected soybean plants ob-
tained from several soybean-producing 
fields in Japan. These isolates were exam-
ined for pathogenicity using a virulence 
test (27,29) on G. max cv. Chusei-
Hikarikuro (black soybean, provided by 
the Tokachi Federation of Agricultural 
Cooperatives in Hokkaido, Japan). The 
virulence evaluations of isolates were per-

formed using the agar medium inoculation 
method (27,29) as described previously, 
which is a modification of the hypocotyl 
inoculation method (7). One isolate (PJ-
H30; race E) (30) was chosen because it 
showed highly aggressive growth on cv. 
Chusei-Hikarikuro (100% disease inci-
dence). The cultivar Chusei-Hikarikuro 
and isolate PJ-H30 were used for all ex-
periments in this study. 

Effects of select calcium compounds 
on disease caused by P. sojae. Seven cal-
cium compounds were used in this study 
(Table 1). The pH of all supplemented 
solutions was determined in preparations 
that were not autoclaved. The modified 
agar medium inoculation method (28) was 
used to assess the effect of seven calcium 
compounds on Phytophthora stem rot dis-
ease under laboratory conditions. Briefly, 
eight soybean seeds (surface sterilized 
with NaOCl) were placed on autoclaved 
0.7% water agar medium (130 ml total 
volume) containing 1.0% (wt/vol) sucrose 
and various concentrations (0, 0.4, 4, 10, 
and 20 mM) of the seven calcium com-
pounds listed in Table 1, where the pH was 
adjusted to 5.8 with 0.1 M NaOH in a test 
bottle with eight seeds per bottle. An agar 
medium containing only 1.0% sugar was 
also used as a control. The test bottles 
were incubated at 23°C. 

Inoculation using PJ-H30 mycelium cul-
tured on potato dextrose agar (PDA) me-
dium was performed under the same con-
ditions as the pathogenic test described 
above. Briefly, after the first primary leaf 
appeared, approximately 10 days after 
sowing, the stem of the soybean near 
ground level was covered with two 3-mm-
diameter plugs of 10-day-old mycelium of 
P. sojae isolate cultured on diluted PDA 
(2.7 g potato dextrose powder, 15 g sugar, 
and 10 g agar per liter of distilled water) 
(Nissui, Tokyo, Japan). The number of 
dead and surviving plants in each bottle 

was recorded daily for the 20-day experi-
ment. Disease incidence was calculated 
after the 7th day (when the first evaluation 
was recorded; equivalent to the time of 
evaluation of the growth rate of PJ-H30 
isolate in subsequent experiments) and the 
20th day (when the final evaluation was 
recorded) following inoculation. The ratio 
of dead plants to the initial eight seedlings 
in each bottle was calculated. Noninocu-
lated controls also were tested under the 
same conditions. During the disease ex-
periments, branching and leaf burn on 
soybean seedlings were measured in each 
bottle 20 days after inoculation. The bioas-
says using PJ-H30 mycelium were con-
ducted four times in three replications, 
with four bottles for each calcium concen-
tration. 

Growth rate of isolate PJ-H30 on PDA 
containing calcium compounds. Experi-
ments on the effects of calcium on the 
growth rate of P. sojae were conducted 
according to previously reported methods 
(27,28). Briefly, isolate PJ-H30 was grown 
on 15 ml of PDA medium at 23°C for 10 
days. Mycelial plugs (3 mm diameter) 
were transferred to another 15 ml of PDA 
medium containing seven calcium com-
pounds listed in Table 1, where the pH was 
adjusted to 5.8. After 7 days of incubation 
at 23°C, the diameter of the isolate was 
measured on each medium. The growth 
rate test of the isolate was conducted three 
times in two replications, with four dishes 
at each different concentration for each 
calcium compound. 

Relationship between calcium concen-
trations in soybean plants and disease 
incidence. Eight noninoculated seedlings 
were treated with a range of calcium 
treatments, and tissues were assayed for 
calcium concentration. Each calcium 
treatment was conducted in a test bottle 
using the same method as the previous 
experiment (described above). Briefly, 

Table 1. Several concentrations of seven calcium compounds used in this study 

     Trials 

   0.4 mM 4 mM 10 mM 20 mM 

Treatment  
Chemical  

compounds Calcium 
Optimum  

application Concentration of Ca nutrient (mg/liter) 
(prod. name) Manufacture in treatmenty content (%) rate (mg/liter)z (pH in calcium solution) 

Ca(COOH)2-A Koei Chemical, 99.8% of Ca(COOH)2 30.0 1,000-2,000 53.3 533 1,333 2,665 
(Suicaru) Nagoya, Japan + 0.2% water   (5.78) (6.33) (6.68) (6.94) 

Ca(COOH)2-B Koei Chemical, 90% of Ca(COOH)2 24.3 1,000 65.9 659 1,647 3,294 
(Baicaruty) Nagoya, Japan + 10% calcium   (5.65) (6.00) (6.06) (6.08) 

  lignine sulfonate       
Ca(COOH)2-C Koei Chemical, 90% of Ca(COOH)2 26.4 1,000 60.6 606 1,515 3,030 
(Hicaruku) Nagoya, Japan + 10% B2O5   (5.69) (6.31) (6.54) (6.65) 

CaSO4-A Shiraishi Calcium,  57% of CaSO4 32.5 1,250-2,500 64.0 640 1,600 3,200 
(Cell-Bine) Tokyo, Japan + 27% CaO   (5.70) (6.38) (7.16) (7.45) 

CaCl2-A Nisso Green,  72% of CaCl2 26.0 1,429-5,000 61.6 616 1,541 3,081 
(Kalkon) Tokyo, Japan    (5.43) (6.10) (7.60) (8.96) 

CaCl2 Nacalai Tesque, CaCl2·2H2O 27.2 588 58.8 588 1,471 2,942 
 Inc., Kyoto, Japan    (5.35) (5.49) (5.68) (5.78) 
Ca(NO3)2 Nacalai Tesque, Ca(NO3)2·4H2O 16.9 944 94.4 944 2,362 4,727 
 Inc., Kyoto, Japan    (5.44) (5.53) (5.54) (5.57) 

y Chemical compounds contained in each treatment.  
z Optimum application rates are from production manuals. 
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eight soybean seeds (surface sterilized 
with NaOCl) for each treatment were 
placed on an autoclaved 0.7% water agar 
medium (130 ml total volume) containing 
1.0% (wt/vol) sucrose and several levels 
(0, 0.4, 4, 10, and 20 mM) of seven cal-
cium compounds (Table 1) (pH = 5.8) in a 
test bottle (diameter = 8 cm, height = 20 
cm) with eight seeds per bottle, and incu-
bated at 23°C. The measurement of cal-
cium content in the shoot was performed 
according to the previous report (27,28). 
The measurement of calcium content in the 
shoots was conducted four times in two 
replications, with four bottles at each cal-
cium concentration for each calcium com-
pound. 

Effect of seven calcium compounds on 
zoospore release by isolate PJ-H30. Ex-
amination of P. sojae (PJ-H30) zoospores 
and their response to calcium treatments 
was performed according to previous re-
ports (27,28). Briefly, isolate PJ-H30 was 
grown on 15 ml of PDA and Lima Bean 
agar (LBA) (Becton, Dickinson Co., 
Sparks, MD). Five milliliters of test solu-
tion (0, 0.4, 4, 10, and 20 mM) of seven 
calcium compounds (Table 1) (pH = 5.8) 
was poured into a petri dish (5 cm diame-
ter) containing four pieces of each agar 
plug and incubated at 21°C in darkness. 
The number of zoospores in the suspension 
was recorded according to the method 
previously reported (27). Zoospores from 
P. sojae were counted five times in three 
replications, with three dishes at each con-
centration. 

Effect of Ca(COOH)2-A on disease in-
cidence caused by P. sojae zoospore sus-
pension. Ten soybean seeds were placed 
on autoclaved vermiculite in a 10-well 
seedling tray (cell size 4 × 4 × 5 cm) with 
one seed per cell. The seedling tray with 
10 seeds was put on a large plastic tray to 
maintain soil moisture. Five days after the 
sowing of seeds, the seedlings were treated 
with 1,000 ml of various concentrations (0, 
0.4, 4, 10, and 20 mM) of Ca(COOH)2-A 
(pH = 5.8) per tray, and incubated at 23°C 
in the same growth chamber as the previ-
ous disease experiments. At 10 days after 
the sowing of seeds, the 10 soybean seed-
lings in each tray were inoculated with 5 
ml each of inoculum suspension of zoo-
spores (1 × 103/ml) from the PJ-H30 iso-
late. Zoospores were produced using ster-
ile distilled water (SDW) as previously 
described. Inoculated plants were kept 
under wet conditions for 2 days to enhance 
disease development. Seven days after 
inoculation, the seedlings were flooded 
again with 500 ml of calcium solution per 
tray. Later that day and afterward, seed-
lings were flood-irrigated every 5 days 
with 1,000 ml of SDW. Disease incidence 
was measured every day for the 20-day 
experiment, and evaluated after the 7th day 
and 20th day following inoculation. It was 
calculated as the ratio of dead plants to the 
initial 10 seedlings in each seedling tray. 

Noninoculated controls also were tested 
under the same conditions. The bioassays 
were conducted three times in three repli-
cations, with four seedling trays at each 
different concentration. 

Effect of Ca(COOH)2-A on plant 
height of soybean seedlings. During the 
disease experiments, the plant height in 
each tray was measured 10 days after the 
sowing of seeds (at the time of inocula-
tion) and 7 days after inoculation from the 
ground level to the top of the plant. The 
measurements were conducted three times 
in three replications, with four seedling 
trays at each different concentration. 

Statistical analysis. All results were 
analyzed by analysis of variance (ANOVA) 
and Fisher’s least significant differences 
(LSD) test using Microsoft Excel software 
for Macintosh. 

RESULTS 
Effects of select calcium compounds 

on disease caused by P. sojae. Noninocu-
lated soybean plants grew well in each 
treatment. The incidence of disease dis-
played by control soybean plants of cv. 
Chusei-Hikarikuro was 58.5% (7 days 
after inoculation) and 100% (20 days after 
inoculation) (Fig. 1). The application of 
seven calcium compounds resulted in sup-

pression at the initial stage (until 4 days 
after inoculation) of infection, and the 
amount of disease reduction was affected 
by the calcium concentration in the me-
dium. 

Concentrations of 0.4, 4, 10, and 20 mM 
Ca(COOH)2-A strongly reduced disease 
incidence (P < 0.05). When the same con-
centrations of Ca(COOH)2-B were applied, 
the incidence of disease significantly de-
creased (P < 0.05). Although a concentra-
tion of 0.4 to 10 mM Ca(COOH)2-C was 
also effective in suppressing the incidence 
of disease, the disease incidence at 20 mM 
Ca(COOH)2-C was not measured. The 
soybean plants branched poorly when 20 
mM Ca(COOH)2-C was applied; plant 
growth was suppressed by the higher con-
centration. Furthermore, leaf burn (mar-
ginal chlorosis and necrosis) was observed 
on the soybean seedling treated with 10 to 
20 mM Ca(COOH)2-C. Although 0.4 mM 
CaSO4-A (Cell-Bine) did not show an 
effect on disease suppression 20 days after 
inoculation (disease incidence = 70.0%), 
concentrations of 4, 10, and 20 mM 
CaSO4-A were effective. All levels of 
CaCl2-A (Kalklon) decreased the incidence 
of disease. When two chemical compounds 
of CaCl2 

and
 
Ca(NO3)2 were applied as 

controls, the incidence of disease was re-

Fig. 1. Effect of various concentrations (0, 0.4, 4, 10, and 20 mM) of seven calcium compounds on the 
incidence of disease in black soybeans, A, 7 days, and B, 20 days after inoculation. Ca(COOH)2-A, 
Ca(COOH)2-B, Ca(COOH)2-C, CaSO4-A, and CaCl2-A indicate 99.8% Ca(COOH)2 + 0.2% water, 
90% Ca(COOH)2 + 10% calcium lignine sulfonate, 90% Ca(COOH)2 + 10% B2O5, 57% CaSO4 + 
27% CaO, and 72% CaCl2, respectively. Incidence of disease at 20 mM Ca(COOH)2-C was not 
shown, because this concentration was phytotoxic to soybean plants. Different letters denote signifi-
cant differences according to ANOVA and least significant difference (P < 0.05). 
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duced by the same concentration of cal-
cium in comparison with controls. 

Growth rate of isolate PJ-H30 on 
PDA containing calcium compounds. 
The growth rate of PJ-H30 on PDA was 
affected by various concentrations (0, 0.4, 
4, 10, and 20 mM) of seven calcium com-
pounds (Fig. 2). The diameter of the iso-
late was increased in the presence of 0.4 
and 4 mM of all seven calcium com-
pounds in comparison with the control (P 
< 0.05), except for 0.4 mM CaCl2. Fur-
thermore, 10 to 20 mM CaSO4-A and 10 
mM Ca(NO3)2 slightly increased fungal 
growth. However, fungal growth was 
suppressed significantly (P < 0.05)  
when 10 to 20 mM Ca(COOH)2-A, 
Ca(COOH)2-B, and Ca(COOH)2-C were 
applied. Concentrations of 10 to 20 mM 
CaCl2-A and 20 mM CaCl2 slightly re-
duced the growth of the isolate. There-
fore, Ca(COOH)2-A, Ca(COOH)2-B, and 
Ca(COOH)2-C were more effective than 

the other four calcium compounds in 
reducing fungal growth. 

Relationship between calcium concen-
trations in soybean plants and disease 
incidence. The noninoculated soybean 
plants grew well in each treatment. There 
was a difference in shoot dry weight at the 
time of inoculation when using different 
concentrations of seven calcium com-
pounds (Table 2). Application of 4 to 20 
mM of the seven compounds increased the 
growth of shoots compared with the con-
trol plants. Calcium concentration (% of 
dry weight) in shoots was correlated with 
the concentration in the agar medium: r = 
0.863 [Ca(COOH)2-A], 0.924 [Ca(COOH)2-
B], 0.915 (CaSO4-A), 0.886 (CaCl2-A), 
0.955 (CaCl2), and 0.959 [Ca(NO3)2]. 
However, the calcium concentration was 
not correlated with the concentration in the 
medium Ca(COOH)2-C (r = 0.458). 
Ca(NO3)2 was the most effective of the 
seven calcium compounds for increasing 

calcium concentration in the plant tissue 
(Table 2). 

Disease reduction (20 days after inocu-
lation) was related to increased calcium 
uptake by the shoots, except when the 
amount of calcium applied as CaCl2 or 
CaSO4-A was more than 0.275% (CaCl2) 
or 0.334% (CaSO4-A) of the shoot dry 
weight (Fig. 3). 

Effect of seven calcium compounds on 
zoospore release by isolate PJ-H30. Zoo-
spore release from isolate PJ-H30 cultured 
on PDA did not occur under any concen-
trations of seven calcium compounds or in 
SDW (data not shown). However, zoospore 
release from the isolate on LBA was influ-
enced greatly by various concentrations of 
the seven calcium solutions (Fig. 4). Al-
though 0.4 mM of seven calcium com-
pounds increased zoospore release, con-
centrations of 4 to 20 mM Ca(COOH)2-A, 
Ca(COOH)2-B, Ca(COOH)2-C, CaCl2, and 
Ca(NO3)2 significantly reduced the release 
of zoospores (P < 0.05). These results 
indicate that Ca(COOH)2 was more effec-
tive for the inhibition of zoospore release 
compared with the other calcium com-
pounds (Fig. 4). 

Effect of Ca(COOH)2-A on disease in-
cidence caused by P. sojae zoospore sus-
pension. Ca(COOH)2-A was selected for 
the disease experiment using zoospore 
suspension, because Ca(COOH)2-A mark-
edly reduced incidence of disease under 
laboratory conditions (Fig. 1). Further-
more, Ca(COOH)2-A was effective for 
inhibiting growth rate and zoospore release 
of P. sojae (Figs. 2 and 4). All levels of 
Ca(COOH)2-A decreased the incidence of 
disease at 7 days and 20 days after inocula-
tion, compared with the controls (Table 3). 

Effect of Ca(COOH)2-A on plant 
height of soybean seedlings. There were 
no differences in plant height at the time of 
inoculation when using different concen-
trations of Ca(COOH)2-A (Table 3). Al-
though application of 4 to 10 mM 
Ca(COOH)2-A increased plant height 
compared with the control plants 7 days 
after inoculation, the 20 mM amendment 
slightly suppressed plant growth. 

Table 2. Effect of calcium concentration on shoot dry weight and calcium concentration in noninoculated black soybean plantsy 

Concentration        
(mM) Ca(COOH)2-A Ca(COOH)2-B Ca(COOH)2-C CaSO4-A CaCl2-A CaCl2 Ca(NO3)2 

Dry weight of shoot (mg)z        
0 244 a 244 a 244 a 244 a 244 a 244 a 244 a 
0.4 253 a 257 a 251 a 251 a 240 a 249 a 252 a 
4 273 b 290 b 339 b 243 a 279 b 250 a 245 a 

10 314 c 299 c 320 b 310 b 270 b 233 a 239 a 
20 301 c 317 c 327 b 310 b 304 c 253 a 247 a 

Calcium concentration of shoot (% dry weight)z        
0 0.153 a 0.153 a 0.153 a 0.153 a 0.153 a 0.153 a 0.153 a 
0.4 0.262 b 0.232 b 0.336 b 0.201 b 0.231 b 0.199 b 0.200 b 
4 0.285 b 0.324 c 0.332 b 0.295 c 0.350 c 0.275 c 0.362 c 

10 0.349 c 0.370 d 0.345 b 0.334 d 0.462 d 0.463 d 0.642 d 
20 0.366 c 0.456 e 0.333 b 0.392 e 0.487 e 0.532 e 0.767 e 

y Ca(COOH)2-A, Ca(COOH)2-B, Ca(COOH)2-C, CaSO4-A, and CaCl2-A indicate 99.8% Ca(COOH)2 + 0.2% water, 90% Ca(COOH)2 + 10% calcium lign-
ine sulfonate, 90% Ca(COOH)2 + 10% B2O5, 57% CaSO4 + 27% CaO, and 72% CaCl2, respectively. 

z Different letters in a column denote significant differences according to ANOVA and least significant difference (P < 0.05). 

Fig. 2. Effect of various concentrations (0, 0.4, 4, 10, and 20 mM) of seven calcium compounds on 
growth rate of Phytophthora sojae isolate PJ-H30 after 7 days incubation at 23°C. Ca(COOH)2-A, 
Ca(COOH)2-B, Ca(COOH)2-C, CaSO4-A, and CaCl2-A indicate 99.8% Ca(COOH)2 + 0.2% water, 
90% Ca(COOH)2 + 10% calcium lignine sulfonate, 90% Ca(COOH)2 + 10% B2O5, 57% CaSO4 + 
27% CaO, and 72% CaCl2, respectively. Incidence of disease at 20 mM Ca(COOH)2-C was not 
shown, because this concentration was phytotoxic to soybean plants. Different letters denote signifi-
cant differences according to ANOVA and least significant difference (P < 0.05). 
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DISCUSSION 
Several studies have reported that cal-

cium applications can suppress diseases 
caused by several pathogens (4,6,35,40). 
However, few laboratory or field research 
findings are available concerning the ap-
plication of calcium compounds for the 
management of Phytophthora stem rot on 
soybean. 

In the present study, the five calcium 
compounds Ca(COOH)2-A, Ca(COOH)2-
B, Ca(COOH)2-C, CaSO4-A, and CaCl2-A 
were selected because of their high levels 
(57 to 98%) of calcium as suitable treat-
ments for reducing disease. 

In order to evaluate the effects of several 
calcium treatments on Phytophthora stem 
rot disease suppression, this study first 
used the modified agar medium inocula-
tion method (27,28). This method was 
used because of the possible effect of some 
inorganic elements and varying pH differ-
ences, which should be eliminated or 
minimized; some inorganic elements have 
suppressive effects on several pathogens 
(10,18). Results in this laboratory study 
using test bottles indicate that all seven 
calcium compounds suppressed incidence 
of disease caused by P. sojae in soybean 
cv. Chusei-Hikarikuro (P < 0.05), and 
markedly affected resistance to pathogens. 

Ca(COOH)2-A, Ca(COOH)2-B, and 
Ca(COOH)2-C decreased incidence of 
disease by 1.4 to 62.9%. This is the first 
study to show that the application of 
Ca(COOH)2 has a suppressive effect on 
Phytophthora stem rot disease. There are 
only a few studies that address the poten-
tial for disease reduction using calcium 
formate (1,4,21). CaSO4-A was also effec-
tive in reducing the disease by 14.3 to 
25.4%. It was reported that CaSO4·2H2O 
(gypsum) decreased the incidence of Phy-
tophthora root rot of avocado, caused by 
Phytophthora cinnamomi (19). Gypsum 
application suppressed Phytophthora root 
rot, caused by Phytophthora fragariae var. 
rubi, and increased survival, growth, and 
yield of raspberries in sites where the 
pathogen is present (17). CaCl2-A had a 
suppressive effect on Phytophthora stem 
rot disease; the incidence of disease ranged 
from 17.9 to 56.3%. The application of 
CaCl2 and Ca(NO3)2 reduced Phytophthora 
stem rot disease on soybean, and supports 
the results of a previous study (27). These 
results indicate that more than 4 mM 
Ca(COOH)2 was most effective for reduc-
ing disease incidence compared with the 
other commercial calcium compounds 
used in this study. 

It was recently stated that some inor-
ganic elements could reduce fungal infec-
tion by directly inhibiting fungal growth 
(3,4,22,27,28,40). To investigate this ef-
fect, the growth rates of PJ-H30 (race E) 
on PDA containing several levels of seven 
calcium compounds were examined. Al-
though mycelium growth of PJ-H30 was 
affected by the calcium concentration, no 

significant relationship was observed be-
tween inhibition of the fungal growth of 
the isolate (7 days after incubation) and 
disease reduction (7 days after inocula-
tion). Contrary to expectations, mycelium 
growth of PJ-H30 was enhanced slightly 
by the application of 0.4 to 4 mM 
Ca(COOH)2-A, Ca(COOH)2-B, and CaCl2, 
0.4 mM Ca(COOH)2-C, 4 mM CaCl2-A, 
0.4 to 10 mM Ca(NO3)2, and 0.4 to 20 mM 
CaSO4-A (P < 0.05). Ca(COOH)2 (600 mg 
liter-1; 4.6 mM) did not reduce growth of 
Monilinia fructicola (4). It was reported 
that 1,000 mg of calcium (calcium chlo-
ride) enhanced the growth of Botryosphae-
ria dothidea (3). However, incidence of 
disease was reduced significantly by the 
same concentration of seven calcium nutri-

ents in comparison with controls (P < 
0.05). This study supports previous find-
ings (27). 

In contrast to the above, more than  
10 mM Ca(COOH)2-A, Ca(COOH)2-B, 
Ca(COOH)2-C, CaCl2-A, and 20 mM 
CaCl2 reduced mycelial growth, suggest-
ing that Ca(COOH)2 and CaCl2 involve a 
factor(s) for suppressing fungal metabo-
lism. This is the first study of fungal 
growth reduction with high concentrations 
of Ca(COOH)2. There was a significant 
relationship between mycelium growth and 
disease suppression (7 days after inocula-
tion) when 10 to 20 mM Ca(COOH)2-A, 
Ca(COOH)2-B, Ca(COOH)2-C, and CaCl2-
A were applied. This result was due to 
multiple effects of direct suppression on 

Fig. 4. Effect of various concentrations (0, 0.4, 4, 10, and 20 mM) of seven calcium compounds on 
zoospore release from Phytophthora sojae isolate PJ-H30 on lima bean. Ca(COOH)2-A, Ca(COOH)2-
B, Ca(COOH)2-C, CaSO4-A, and CaCl2-A indicate 99.8% Ca(COOH)2 + 0.2% water, 90% 
Ca(COOH)2 + 10% calcium lignine sulfonate, 90% Ca(COOH)2 + 10% B2O5, 57% CaSO4 + 27% 
CaO, and 72% CaCl2, respectively. Incidence of disease at 20 mM Ca(COOH)2-C was not shown, 
because this concentration was phytotoxic to soybean plants. Different letters denote significant differ-
ences according to ANOVA and least significant difference (P < 0.05). 

Fig. 3. Relationship between calcium content in shoots and incidence of disease on black soybeans 20
days after inoculation. Ca(COOH)2-A, Ca(COOH)2-B, Ca(COOH)2-C, CaSO4-A, and CaCl2-A indi-
cate 99.8% Ca(COOH)2 + 0.2% water, 90% Ca(COOH)2 + 10% calcium lignine sulfonate, 90% 
Ca(COOH)2 + 10% B2O5, 57% CaSO4 + 27% CaO, and 72% CaCl2, respectively. Bars indicate stan-
dard error of the mean. 
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mycelium growth in combination with the 
response of the host plant tissue to those 
nutrients. These results show that applica-
tion of calcium nutrients inhibits fungal 
growth at high concentration levels except 
for CaSO4-A (P < 0.05). 

Moreover, the release of zoospores from 
the isolate on PDA did not occur during 
experiments (data not shown) or in the 
zoospore test when P. sojae mycelium 
cultured on PDA was used for the disease 
experiments with agar medium inocula-
tion. Some inorganic elements affect dis-
ease potential more than inoculum poten-
tial, and some nutrients may decrease 
disease even though the population of a 
pathogen is increased (11). It was reported 
that good calcium fertility is associated 
with strong cell walls that enhance disease 
resistance and the ability of the crop to 
maintain firm tissues (18). In view of these 
results, the disease reduction shown in the 
present study was predominately due to the 
response of the host tissue to calcium 
rather than direct hyphal growth inhibition 
of the pathogen by the calcium com-
pounds. 

Previous studies have shown that disease 
suppression was due to the increased resis-
tance to the pathogen by increased levels 
of calcium in the cell wall region (6). We 
hypothesized that if the concentration of 
calcium in plants could be increased by the 
application of calcium “by the time of 
inoculation”, that such applications may 
improve the resistance of soybean to Phy-
tophthora stem rot. Our results demon-
strated that calcium concentrations in 
plants of cv. Chusei-Hikarikuro increased 
“before inoculation” due to the application 
of calcium. This result indicated that in-
creased calcium concentrations in soybean 
plants were associated with disease reduc-
tion. Our results support the assertion that 
soybean seedlings acquired resistance to 
the pathogen as the calcium content in the 
plant was increased prior to inoculation. 

Further research is needed to identify 
the optimal concentrations of calcium 
amendments for disease management. 
High levels of Ca(COOH)2-C caused phy-
totoxicity on seedlings cv. Chusei-
Hikarikuro. Incidence of disease slightly 
increased when 10 mM Ca(COOH)2-C 
(containing 90% calcium formate

 
and 10% 

boric acid) was applied, compared with the 

plants amended with the same concentra-
tions of Ca(COOH)2-A. Ca(COOH)2-A 
(containing 99.8% calcium formate) did 
not cause phytotoxicity. The incidence of 
disease slightly increased when the amount 
of calcium applied as 10 mM CaSO4-A or 
4 mM CaCl2 was more than 0.334% 
(CaSO4-A) or 0.275% (CaCl2) of the shoot 
dry weight. This trend also was found in a 
previous study of CaCl2 application 
(27,28). Therefore, the rates of 
Ca(COOH)2-C, CaSO4-A, and CaCl2 ap-
plications need to be further evaluated to 
reduce the risks of phytotoxicity or disease 
enhancement in soybean. 

The effect of seven calcium compounds 
on zoospore release from P. sojae on LBA 
medium was investigated for an evaluation 
of the potential applicability of our in vitro 
results to field situations. The zoospore 
swimming speed of PJ-H30 was reduced 
dramatically by high levels of seven cal-
cium compounds (T. Sugimoto, unpub-
lished results). It was also reported previ-
ously that the application of a high 
concentration (30 mM) of CaCl2 or 
Ca(NO3)2 inhibited zoospore release from 
two P. sojae isolates (27). Increasing con-
centration of calcium correlated negatively 
with the release of zoospore from Phy-
tophthora spp. (16). High levels of ex-
tracellular calcium can rapidly immobilize 
Phytophthora zoospores (5), induce zoo-
spore cysts to germinate without a host or 
nutrient trigger, and suppress the produc-
tion of further zoospores (36). High exter-
nal concentrations of calcium salts reduced 
zoospore swimming speed of Phy-
tophthora spp.; Ca2+ amendments interfere 
with Phytophthora parasitica zoospore 
biology at multiple stages (37). Zoospore 
production and colony-forming units of 
Phytophthora cinnamomi were reduced in 
soil amended with calcium sulfate, calcium 
nitrate, or calcium carbonate (20). These 
results may strengthen the possibility of 
applying calcium solutions to reduce the 
incidence of disease in practical agricul-
tural situations. 

In contrast to the above, the application 
of 0.4 mM Ca(COOH)2-A, Ca(COOH)2-B, 
Ca(COOH)2-C, CaCl2-A, and 0.4 to 4 mM 
of CaSO4-A enhanced zoospore release 
from isolate PJ-H30. This finding also was 
observed in previous reports; the presence 
of 0.1 to 2.5 mM CaCl2 and 0.4 mM 

Ca(NO3)2 significantly induced zoospore 
release (27,28). A minimum concentration 
of calcium is necessary for the production 
of zoosporangia or zoospore release by 
Phytophthora spp. (9,23,37). It is therefore 
necessary to examine effective levels of 
calcium nutrients for disease suppression 
in the field. 

A seedling assay using vermiculite was 
performed in an effort to confirm that cal-
cium is an effective amendment for reduc-
ing Phytophthora stem rot disease. 
Ca(COOH)2-A was selected from five 
calcium products. Experimental results of 
the seedling tray bioassay almost paral-
leled those of the agar medium inocula-
tions. It was concluded that disease reduc-
tion was due to the multiple effects of 
direct suppression on zoospore release and 
fungal growth in combination with the 
response of the host plant tissue to 
Ca(COOH)2-A. However, the suppressive 
effect of calcium application on the seed-
ling tray test was slightly reduced in com-
parison to the agar medium experiments. 
This might have been caused by the buffer-
ing effect of vermiculite, and antagonistic 
or synergistic activities between calcium 
and other inorganic elements (16). High-
potassium and low-calcium conditions 
increased disease caused by P. parasitica 
(10). The level of potassium in plants de-
pends on the availability of calcium and 
magnesium. Potassium availability is en-
hanced by calcium (18). Balanced nutri-
ents are an important factor in plant resis-
tance to disease. 

The cellular mechanisms involved in 
disease reduction need further research. It 
was reported that several factors influence 
the effectiveness of calcium fertilizer in 
reducing the incidence of disease (22). It 
has been noted that the Ca2+ ion signal is 
one of the earliest events in challenged 
cells, and the signal is essential for the 
activation of plant defense responses such 
as phytoalexin biosynthesis, induction of 
defense-related genes, and hypersensitive 
cell death (15). Examination of gene ex-
pression related to plant defense reaction 
and signaling in Phytophthora stem rot on 
soybean in response to the application of 
calcium could answer this question. 

In conclusion, this study showed that 
applications of seven calcium compounds 
greatly influenced disease reduction of 

Table 3. Effect of Ca(COOH)2-A application on the incidence of disease and plant height in black soybean plants 

Incidence of disease Plant heighty Concentration 
(mM) 7 days after inoculation 20 days after inoculation At time of inoculation 7 days after inoculation 

0 49.4 az 68.0 a 9.8 a 15.7 a 
0.4 12.7 b 29.9 b 10.1 a 16.8 a 
4 5.0 c 16.0 c 11.3 a 18.7 b 

10 1.9 d 5.8 d 11.6 a 18.5 b 
20 4.1 c 7.4 d 9.4 a 14.8 a 

y Plant height was measured 10 days after the sowing of seeds (at the time of inoculation) and 7 days after inoculation from the ground level to the top of the 
plant. 

z Different letters in a column denote significant differences according to ANOVA and least significant difference (P < 0.05). 
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Phytophthora stem rot in soybean. The 
suppressive effect was observed when 
unamended vermiculite was irrigated with 
Ca(COOH)2-A. The results suggest that 
this effect could be mediated by a response 
of the host tissue to increased calcium 
directly, and possibly by a direct inhibition 
of fungal growth (at high levels of cal-
cium). The applications of calcium solu-
tions (more than 10 mM) may be effective 
for disease management of Phytophthora 
stem rot in the field. The findings of this 
study may lead to effective field strategies 
for the management of Phytophthora stem 
rot in soybean. 
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