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Bacillus subtilis RB14, which showed antibiotic activities against several phytopathogens in vitro by produc-
ing the antibiotics iturin A and surfactin, was subjected to a pot test to investigate its ability to suppress
damping-off of tomato seedlings caused by Rhizoctonia solani. To facilitate recovery from soil, B. subtilis
RB14-C, a spontaneous streptomycin-resistant mutant of RB14, was used. Damping-off was suppressed when
the culture broth, cell suspension, or cell-free culture broth of RB14-C was inoculated into soil. Iturin A and
surfactin were recovered from the soils inoculated with the cell suspension of RB14-C, confirming that RB14-C
produced them in soil. The gene lpa-14, which was cloned from RB14 and required for the production of both
antibiotics, was mutated in RB14-C, and a mutant, RD1, was constructed. The level of disease suppressibility
of RD1 was low, but RD1(pC115), a transformant of RD1 with the plasmid pC115 carrying lpa-14, was restored
in suppressibility. These results show that the antibiotics iturin A and surfactin produced by RB14 play a
major role in the suppression of damping-off caused by R. solani. RB14-C, RD1, and RD1(pC115) persisted in
soil during the experimental period and were recovered from the soil, mostly as spores.

The overuse of chemical pesticides has caused soil pollution
and harmful effects on human beings. Accordingly, biological
control of soilborne diseases has been attracting attention.
Many reports or reviews in this area have already appeared
(4–9, 18–20, 40). So far, gram-negative bacteria, especially
Pseudomonas strains, have been intensively investigated as bi-
ological control agents with regard to the production of anti-
microbial metabolites (12, 23, 32, 33), genetic analysis and
regulation of some metabolites (17, 18, 39), and ecological
fitness of soil (3, 21, 24, 32, 33). The gram-positive bacteria,
like Bacillus spp., however, have been studied less intensively
than the gram-negative bacteria (31). Bacillus subtilis is con-
sidered to be a safe biological agent (2, 4, 14, 25, 26, 28, 35, 37),
but evaluation of B. subtilis has focused primarily on the degree
of disease suppression. The population dynamics and mecha-
nism of suppression in soil have not been as extensively inves-
tigated (1, 20, 30, 38).
B. subtilis RB14, which was isolated in our laboratory, pro-

duces the antibiotics iturin A and surfactin (11). Iturin A is a
cyclolipopeptide containing seven residues of a amino acids
(L-Asn-D-Tyr-D-Asn-L-Gln-L-Pro-D-Asn-L-Ser-) and one resi-
due of a b amino acid (Fig. 1A). The antibiotic activity of iturin
A is very strong. The other cyclic lipopeptide, surfactin, con-
tains a b-hydroxy fatty acid connected by an ester peptide
linkage to seven cyclic a amino acid residues (L-Glu-L-Leu-D-
Leu-L-Val-L-Asp-D-Leu-L-Leu-) (Fig. 1B). Surfactin has weak
antibiotic activity but is a potent surfactant. We have already
established the methods to recover RB14 from soil and then to
distinguish vegetative cells from spores of RB14 and to quan-
tify iturin A and surfactin by high-performance liquid chroma-
tography (HPLC) after extraction from soil (13).
Therefore, for this study, our goals were (i) to assess whether

B. subtilis RB14 would make an effective biological control
agent by testing it against the damping-off of tomato seedlings

caused by Rhizoctonia solani, (ii) to elucidate RB14’s suppres-
sive mechanism by biochemical analysis and genetic manipu-
lation, and (iii) to assess the basic ecological behavior of RB14
in soil.

MATERIALS AND METHODS

Microorganisms and plasmid. The bacterial strains and plasmid used are
listed in Table 1. B. subtilis RB14, which was isolated originally from compost,
produces iturin A and surfactin (11). To facilitate recovery from soil, B. subtilis
RB14-C, a spontaneous streptomycin-resistant mutant of RB14, was selected.
The growth rate and antifungal activity of RB14-C were confirmed to be the
same as those of the parental strain RB14.
B. subtilis RD1, derived from RB14 (10), is deficient in the lpa-14 locus

associated with the production of iturin A and surfactin (13) and therefore does
not produce either antibiotic.
B. subtilis RD1(pC115), a transformant of RD1 with the plasmid pC115 car-

rying lpa-14 (13), restored the production of iturin A and surfactin. The average
concentrations of iturin A and surfactin produced in a liquid medium by the
bacterial strains in several experiments are shown in Table 1. The level of iturin
A production by RD1(pC115) was almost the same as that of RB14, but that of
surfactin was only about one-eighth that of RB14.
The pathogenic fungus R. solani K-1 was isolated from cockscomb at the

Kanagawa Horticultural Experiment Station, Kanagawa, Japan (27). The anas-
tomosis grouping of K-1 is AG-4. R. solani K-1 falls into the praticola type as a
severe damping-off pathogen of many plants (36).
Media. L medium contains (per liter) 10 g of Polypepton (Nihon Pharmaceu-

tical Co., Tokyo, Japan), 5 g of yeast extract, and 5 g of NaCl, adjusted to pH 7.0.
Number 3 medium used for antibiotic production contains (per liter) 10 g of
Polypepton, 10 g of glucose, 1 g of KH2PO4, and 0.5 g of MgSO4 z 7H2O,
adjusted to pH 6.8. To cultivate the strains or select the transformants from soil,
chloramphenicol, erythromycin, or streptomycin was added at a concentration of
5, 5, or 100 mg/ml, respectively. Each medium was solidified with 2.0% agar,
when necessary. PDA medium (Eiken Chemical Co., Tokyo, Japan) containing
(per liter) 200 g of potato infusion, 20 g of glucose, and 15 g of agar, adjusted to
pH 5.6, was used for stock culture of R. solani K-1. PDP medium containing (per
liter) 200 g of potato infusion, 20 g of glucose, and 1 g of Polypepton (pH 5.6) was
used for cultivation of R. solani K-1.
Soil treatments. The soil used in this study was a low humic andosol taken

from a field at the Kanagawa Horticultural Experiment Station (27). The soil was
sieved through an 8-mesh (about 2-mm-pore-size) screen and air dried. The soil
and vermiculite were mixed in the ratio of 4:1 (wt/wt) and nutrient amended so
that the final concentrations of N, P2O5, and K2O were 70 mg, 240 mg, and 70
mg per 100 g of dry soil, respectively. The prepared soil was kept in plastic bags
at room temperature. The soil was put into a sterilizable polypropylene bag and
autoclaved for 60 min at 1218C four times at 12-h intervals. The main charac-
teristics of the soil thus prepared were as follows: texture, low humic andosol;
moisture content, 12.7%; maximum water-holding capacity, 137 g/100 g of dry
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soil; pH 5.9; and bulk density, 0.522 g/cm3. The measurement of these properties
followed previously described methods (16). Sterilized soil (150 g) was put into
a plastic pot with a diameter of about 90 mm, and the moisture was kept at
60% of the maximum water-holding capacity by the daily addition of sterilized
water.
Inoculation of R. solani into soil. Fifty milliliters of sterile PDP medium in

200-ml Erlenmeyer flasks was inoculated with 5-mm plugs taken from a PDA
petri dish culture of R. solani K-1. The flasks were incubated without shaking in
the dark at 308C for 1 week. The mycelial mats, on the surface of the medium,
were then homogenized (4,000 rpm, 2 min) in sterile water and inoculated into
the soil at the ratio of one-eighth piece of the mat to one pot 5 days before
planting the germinated tomato seeds. After inoculation, the pots were incu-
bated at 308C and the moisture was kept at 60% of the maximum water-holding
capacity.
Application of RB14-C and its derivative strains to soil. B. subtilisRB14-C was

incubated for 16 h in L medium with streptomycin at 308C in a shaker, and then
1 ml of the culture broth was inoculated into 100 ml of number 3 medium with
streptomycin in an Erlenmeyer flask. The flask was shaken for 5 days at 308C.
Twenty milliliters of culture broth of RB14-C was mixed with 150 g of soil in a
pot. For the treatment consisting only of cell suspension, culture broth was
centrifuged (8,000 3 g, 10 min, 48C) and the sedimented cells were washed in
0.85% NaCl (pH 7.0) and then centrifuged again under the same conditions. The
washed cells were suspended in sterile distilled water, and 20 ml of the cell
suspension was mixed with 150 g of soil. For the treatment consisting of centri-
fuged culture broth, 20 ml of supernatant, after the centrifugation described
above, was mixed with 150 g of soil. The three inoculations into soil were carried
out simultaneously 3 days before planting the germinated tomato seeds. For each
treatment, two to six pots were prepared and experiments were repeated at least
three times.
For comparing the suppressive effects of cell suspensions of RB14-C, RD1, and

RD1(pC115), each strain was cultivated as follows: 3 ml of each culture broth,
after 16 h at 308C in L medium with appropriate antibiotics, was inoculated into
300 ml of fresh L medium with the antibiotics and cultivated for 24 h. The cells
were collected by centrifugation (8,000 3 g, 10 min, 48C), washed in 0.85% NaCl
solution, and then centrifuged again. Then, 20 ml of each cell suspension in
0.85% NaCl solution was inoculated into the 150 g of soil. These inoculations
were also carried out 3 days before planting the germinated tomato seeds.
Cell recovery from soil and counting of viable cell number. The soils were

sampled both before planting and at 14 days after planting. In the latter sam-
pling, the roots and surrounding soil were sampled together. Three grams of soil
was suspended in 8 ml of 0.85% NaCl solution (pH 7.0) in a 50-ml Erlenmeyer
flask and then shaken for 15 min at 140 strokes per min at room temperature.
The suspension was serially diluted in 0.85% NaCl solution and plated onto L
agar plates containing the proper antibiotics. The plates were incubated at 378C,
viable cells were counted after 12 h, and the cell number was expressed as the
total cell number. To determine the number of spores, 1 ml of the suspension was

heated for 15 min at 808C, serially diluted, and spread onto L agar plates. All
data are expressed as log CFU per gram of dry soil.
Quantitative analysis of iturin A and surfactin recovered from soil. Three

grams of soil was suspended in 21 ml of a mixture of acetonitrile–3.8 mM
trifluoroacetic acid (4:1 [vol/vol]) in a 50-ml Erlenmeyer flask and then shaken
for 1 h (140 strokes per min, room temperature). The soil in the suspension was
then removed with filter paper (Toyo Roshi Co., Ltd., Tokyo, Japan), and the
filtrate was evaporated. The precipitate was extracted with 2 ml of pure methanol
for 2 h. After the extracted solution was centrifuged at 10,000 3 g for 2 min, the
supernatant was filtered through a 0.2-mm-pore-size polytetrafluoroethylene
membrane (JP020; Advantec, Ltd., Tokyo, Japan) and injected into an HPLC
column (octyldecyl silanolate-2, 4.6 mm [diameter] by 250 mm; GL Sciences,
Tokyo, Japan). The system was operated at a flow rate of 1.0 ml/min with
acetonitrile–10 mM ammonium acetate (3:4 [vol/vol]) for measurement of iturin
A. The elution was monitored at 205 nm. Surfactin was analyzed with the same
HPLC column used for identification of iturin A. The system was operated at a
flow rate of 1.5 ml/min and monitored at 205 nm with the solvent acetonitrile–3.8
mM trifluoracetic acid (80:20 [vol/vol]) (13). The concentration of iturin A was
determined with a calibration curve made with each purified component, and the
total amount of five homologs of iturin A, as shown in Fig. 1, was used as the
concentration of iturin A. The concentration of surfactin was determined with
authentic surfactin purchased fromWako Pure Chemical Industries, Ltd., Osaka,
Japan. Lower limits for detection of iturin A and surfactin by HPLC were about
0.30 mg/ml. Therefore, when the concentrations of both antibiotics were lower
than the limit of detection, we judged them to be not detectable. It had been
confirmed beforehand that no peak for iturin A or surfactin was observed in
nontreated soil, and about 70 to 90% of iturin A and surfactin could be recovered
from the soil by this method.
Plant growth. Seeds of tomato (Ponderosa) were surface disinfected for 1 min

with 70% ethanol, rinsed five times with sterile distilled water, and then surface
disinfected again for 5 min with 0.5% sodium hypochlorite. After at least 10
rinses with sterile distilled water, the seeds were germinated on a 2% agar plate
at 308C for 2 days. Each pot was sown with nine germinated seeds and placed in
a growth chamber at 308C with 80% relative humidity under 16 h of light (about
12,000 lux). At least two pots were prepared with each treatment. The moisture
content was kept at 60% of the maximum soil water-holding capacity. After 2
weeks, the percentage of diseased seedlings per pot was determined. Further-
more, the shoots were clipped off at the soil surface level and the lengths and dry
weights of the shoots were measured.
Stability of iturin A and surfactin in soil. To observe the stability of iturin A

and surfactin in soil without plants, 20 ml of the centrifuged culture broth of
RB14-C, which was prepared as described above, was mixed with 150 g of soil in
a pot and incubated in a growth chamber as with the plant test described above.
Iturin A and surfactin were recovered from two samples taken periodically from
one pot, and the concentration of each was determined. The deviation of the
concentrations for the duplicate samples was less than 5%, and the average
concentrations are shown in Fig. 2.
Determination of plasmid stability. The stability of pC115 in RD1(pC115) in

soil was determined as follows: 100 colonies which appeared on the L agar

FIG. 1. Structures of iturin A (A) and surfactin (B). R denotes one of the
following aliphatic chains: CH3(CH2)10-, CH3CH2CH(CH3)(CH2)8-, (CH3)2CH
(CH2)9-, CH3(CH2)12-, and (CH3)2CH(CH2)10-. R9 denotes (CH3)2CH(CH2)9-.

FIG. 2. Stability of iturin A (F) or surfactin (E) in soil. The centrifuged
culture broth of RB14-C was mixed with soil in a pot and incubated at 308C.
Sterilized water was supplied daily to maintain soil water content at 60% of the
maximum water-holding capacity. On each day, 3 g of soil was sampled and
suspended in 21 ml of a mixture of acetonitrile–3.8 mM trifluoroacetic acid (4:1
[vol/vol]) to extract iturin A and surfactin. Each concentration was determined by
HPLC as described in Materials and Methods.

TABLE 1. Bacterial strains and plasmid

Strain or plasmid Phenotype or
plasmid markera

Production
(mg/ml)b Reference

Iturin A Surfactin

B. subtilis
RB14 140 335 11
RB14-C Smr 127 308 This work
RD1 Emr 0 0 10
RD1(pC115) Emr Cmr 152 41 13

Plasmid pC115 Cmr, 4.2 kb, lpa-141 13

a Smr, streptomycin resistance; Emr, erythromycin resistance.
b Each strain was cultivated in number 3 medium at 308C for 5 days, and

concentrations of iturin A and surfactin were determined by HPLC as described
in Materials and Methods.
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medium with erythromycin and were judged to be RD1(pC115) by their surface
appearance were randomly selected and transferred by replica plating onto L
agar medium with and without chloramphenicol. That a fraction of bacteria
expressed chloramphenicol resistance (Cmr) and therefore carried pC115 among
the 100 colonies was considered the indicator of pC115 stability. The existence of
plasmid pC115 in the Cmr colonies was confirmed by extraction of the plasmid
from 10 randomly chosen colonies.
Statistical analysis. Each plant test was repeated at least three times, and each

mean of data was analyzed by Fisher’s analysis of variance. The means 6
standard deviations of the population densities were calculated with logarithmi-
cally transformed values.

RESULTS

Suppressive effect of culture broth of B. subtilis RB14-C. The
suppressive effect of the cells and culture broth of B. subtilis
RB14-C on the damping-off of tomato seedlings caused by R.
solani is shown in Table 2. In the pots which were not infested
with R. solani, all tomato seedlings grew normally and no
disease appeared. However, in the pots infested only with R.
solani, the percentage of diseased plants was 85.2% and the
tomato shoot dry weights and shoot lengths were decreased
markedly. With the RB14-C culture broth treatment, the per-
centage of diseased plants decreased to 16.7% and both the
shoot dry weights and the shoot lengths significantly increased.
The differences in shoot length, shoot weight, and percent
diseased plants after five treatments were statistically signifi-
cant at P 5 0.05.
The cells of RB14-C were recovered from soil in the pots.

On day 0, the total cell number was 7.76 3 107 CFU/g of dry
soil and the spore number was 1.25 3 108 CFU/g of dry soil.
On day 14, the final day of the test, the total cell number was
4.56 3 107 CFU/g of dry soil and the spore number was 4.78 3
107 CFU/g of dry soil. A slight decrease in cell number was
observed, and most of the viable cells of RB14-C existed as
spores.
The amounts of iturin A and surfactin recovered from soils

on days 0 and 14 are shown in Table 3. Each value is an average
of results from two pots in one experiment. Significant
amounts of iturin A and surfactin were recovered on day 14.
The decrease in the amount of iturin A was larger than that of
surfactin in spite of the existence of similar amounts of the two
substances on day 0. As presented in Fig. 2, the level of recov-
ery of surfactin was stable over the duration of the test period
(24 days) whereas that of iturin A gradually decreased.
Suppressive effects of cell suspension and centrifuged cul-

ture broth of B. subtilis RB14-C. Cell suspensions or the cen-
trifuged culture broth of B. subtilis RB14-C was inoculated into
soil, and the suppressive effects were compared (Table 2).
When the centrifuged culture broth was inoculated, the sup-
pressive effect was the same as that of the nonfractionated

culture broth. The percentage of diseased plants was 11.1%,
and the level of plant growth was restored to that of the
control. The concentration of iturin A decreased more rapidly
than that of surfactin in both broth treatments (Table 3).
When the cell suspension of RB14-C was inoculated into

soil, a suppressive effect was observed (Table 2). On day 0, the
total cell number was 3.91 3 107 CFU/g of dry soil and the
spore number was 3.343 107 CFU/g of dry soil. On day 14, the
total cell number was 2.73 3 107 CFU/g of dry soil and the
spore number was 3.06 3 107 CFU/g of dry soil. The slight
decrease in cell number and the existence of most of the viable
cells of RB14-C as spores were similar to the results of the
culture broth treatment.
Comparison of suppressive effects by RB14-C, RD1, and

RD1(pC115). To ascertain that the suppressive effect of
RB14-C was related to iturin A and surfactin, cell suspensions
of RB14-C, RD1, and RD1(pC115) were inoculated into soil
and the suppressive effects were compared (Table 4). Washed
cell suspensions were used in this experiment to minimize the
effect of carryover of iturin A and surfactin from the culture
broth and to clarify the effect of the cells themselves. In soil
infested with R. solani, the percentage of diseased plants was
85.2% and the tomato shoot dry weights and the shoot lengths
were significantly less than those of the healthy control. When
RB14-C was inoculated into soil, the percentage of diseased
plants was reduced to 24.1% and the shoot dry weights and
shoot lengths were significantly greater than those of the non-
treated pots infested with R. solani. In soil inoculated with
RD1, the percentage of diseased plants was 64.8%, which was
significantly higher than that of pots treated with RB14-C, and
the shoot dry weights and the shoot lengths also were signifi-
cantly reduced.

TABLE 2. Effects of different treatments of B. subtilis RB14-C
cultures on the suppression of damping-off of tomato plants caused

by R. solani K-1 14 days after plantinga

Treatment Shoot
length
(mm)

Shoot
weight (mg
[dry wt]/pot)

Diseased
plants
(%)R. solani RB14-C

1 13.1b 77b 85.2b

1 Culture broth 77.4d 502c 16.7c

1 Cell suspension 66.9c 574c 27.8c

1 Centrifuged culture broth 82.4d 651c 11.1d

2 83.1d 626c 0e

a For each treatment, each datum is an average of results from two to six pots
(which contain nine seeds per pot) from experiments repeated three times.
Means in any column with different letters are significantly different (P 5 0.05)
according to Fisher’s protected least significant difference analysis.

TABLE 3. Concentrations of iturin A and surfactin recovered from
treated soils 0 and 14 days after treatment

Treatment with RB14-C

Concentration of indicated antibiotic
(mg/g of dry soil)a at:

0 days 14 days

Iturin A Surfactin Iturin A Surfactin

Culture broth 19.4 18.1 5.3 18.1
Cell suspension 0.58 4.73 1.78 0.89
Centrifuged culture broth 19.5 18.0 1.24 10.7
None NDb ND ND ND

a Each value is an average of results from two pots in one experiment.
b ND, not detected. No peaks for iturin A or surfactin were observed by

HPLC.

TABLE 4. Effects of strains of RB14-C and its derivatives on the
suppression of damping-off of tomato plants caused by

R. solani K-1 14 days after plantinga

Treatment Shoot
length
(mm)

Shoot
weight (mg
[dry wt]/pot)

Diseased
plants
(%)R. solani Bacterium

1 17.2b 129b 85.2b

1 RB14-C 70.7c 560c 24.1c

1 RD1 37.2b 312b 64.8b

1 RD1(pC115) 69.2c 536c 29.4c

2 95.9c 704c 0c

a For each treatment, each datum is an average of results from experiments
repeated three times with two pots (which contain nine seeds per pot). Means in
any column with different letters are significantly different (P 5 0.05) according
to Fisher’s protected least significant difference analysis.
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When RD1(pC115) was inoculated, the disease was consid-
erably suppressed, with 29.6% diseased plants. Both shoot dry
weight and shoot length were restored to values comparable to
those found after the RB14-C treatment, showing that the
suppressive effect of RD1(pC115) was equivalent to that of
RB14-C. The values for shoot length and shoot weight and the
percent diseased plants after three treatments also were sta-
tistically significant at P 5 0.05.
The populations of these strains at the beginning and the

end of the plant test are shown in Table 5. The initial cell
numbers showed only a slight difference, and most of the viable
cells existed as spores both on day 0 and on day 14. Spores of
all three strains were stable in soil, with similar persistence in
the rhizosphere.
The stability of plasmid pC115 in RD1(pC115) added to soil

also was determined. On day 0, its stability was 82.7% in total
cells and 83.3% in spores, while on day 14, the plasmid was
present in 76.3% of total cells and in 79.7% of spores. This
indicates that pC115 was stably maintained in RD1 in soil.
Iturin A and surfactin were recovered from the soil as shown

in Table 6. Significant amounts were recovered from soil both
on day 0 and on day 14 when the cell suspension of either
RB14-C or RD1(pC115) was introduced. However, neither
iturin A nor surfactin was detected by HPLC when the cell
suspension of RD1 was inoculated into soil.

DISCUSSION

The culture broth, cell suspension, and centrifuged culture
broth of B. subtilis RB14-C clearly showed a suppressive effect
on the incidence of damping-off of tomato caused by R. solani
in vivo (Table 2). When plants were treated with culture broth
of RB14-C and without R. solani, the growth of the tomato
plants was the same as that of the control, indicating that
RB14-C imparts no growth-enhancing activity to the plant.

When culture broth or centrifuged culture supernatant was
added to soil, the initial concentration of iturin A and surfactin
was about 20 mg/g of dry soil. Both substances were recovered
from soil after 14 days. However, the concentration of iturin A
was reduced to 1 to 5 mg/g of dry soil and the concentration of
surfactin was maintained at more than 10 mg/g of dry soil. This
suggests a difference in persistence in soil. Therefore, the levels
of recovery of iturin A and surfactin from soil were determined
after addition of centrifuged culture supernatant to soil in the
absence of R. solani (Fig. 2). Surfactin was again more persis-
tent than iturin A in soil. We do not know if the reduced
amount of iturin A was caused by leaching from soil during
watering, by possible biodegradation by airborne microorgan-
isms or residual B. subtilis cells introduced during the experi-
ment, or by irreversible binding to soil materials or humic
acids. Since concentrations of iturin A and surfactin in centri-
fuged culture supernatant were stably maintained for more
than 1 month, such instability was probably related to the soil
environment. In spite of the lower concentration of iturin A
over time, our results showed that iturin A is effective for
suppression of the disease. The persistence of surfactin in soil
may contribute to suppressiveness by its synergistic effect on
the antifungal activity of iturin A (11, 22).
The contributions of iturin A and surfactin to the suppres-

siveness of RB14-C in soil were confirmed with a mutant, RD1,
which is deficient in production of iturin A and surfactin. RD1
exhibited weak suppressiveness of damping-off as shown in
Table 4. RD1(pC115), a transformant of RD1 containing the
plasmid pC115, which carries the lpa-14 gene, was restored for
production of iturin A and partially restored for production of
surfactin (Table 1). The complemented mutant exhibited a
level of suppressive activity almost equal to that of the parental
strain RB14-C. From these experiments, we infer that the
major mechanism of suppression by RB14-C is production of
the antibiotics iturin A and surfactin. Although the amount of
surfactin detected in soil inoculated with RD1(pC115) was
slightly lower than that of soil inoculated with RB14-C (Table
6), the suppressive ability of the transformant was almost the
same as that of RB14-C. This also suggests that iturin A plays
a role more important than that of surfactin in suppression of
R. solani damping-off in soil.
The percentage of diseased plants in soil treated with RD1

(64.8%) was significantly lower than that of the control treat-
ment of soil with R. solani (85.2%), and the shoot lengths and
shoot weights were significantly higher than those of the con-
trol (Table 4). As neither iturin A nor surfactin was detected
on days 0 and 14 (Table 6), other determinants, such as un-
known antibiotics, lytic enzymes, or siderophores (15), may be
involved in the activity of RD1; this may be clarified by more
complete characterization of the mutant. Similar phenomena
were reported for Pseudomonas fluorescens strains which pro-
duce siderophore (21) or the antibiotic phenazine-1-carboxy-
late (32) in that they retained suppressiveness even when mu-
tants lacking the production of these substances were
prepared.
The cells of RB14-C recovered from soil existed mostly as

spores, and the population of the bacterium in the soil was on
the order of 107 CFU/g of dry soil after 14 days. We previously
showed that when vegetative cells of B. subtilis were inoculated
into soil, sporulation occurred quickly, mainly because of the
oligotrophic condition of the soil. The population was stabi-
lized at the concentration of the spore number, and almost no
change was observed for 30 days (34). In this experiment, the
initial populations of RB14-C and its derivatives were also well
maintained in soil and most of the cells existed as spores
(Table 5).

TABLE 5. Populations of B. subtilis RB14-C, RD1,
and RD1(pC115) in soils

Strain

Cell number (log CFU/g of dry soil)a at:

0 days 14 days

Total Spore Total Spore

RB14-C 8.12 6 0.23 8.08 6 0.21 8.10 6 0.09 7.94 6 0.14
RD1 7.81 6 0.07 7.84 6 0.09 7.73 6 0.26 7.79 6 0.18
RD1(pC115) 7.83 6 0.12 7.69 6 0.18 7.67 6 0.20 7.65 6 0.27

a Each value is the mean (6 the standard deviation) from three independent
experiments with two replicates (pots) per experiment.

TABLE 6. Concentrations of iturin A and surfactin recovered from
soil when cell suspensions of RB14-C, R1D, or RD1(pC115)

were introduced into soil

Strain

Concentration of indicated antibiotic (mg/g of dry soil)a at:

0 days 14 days

Iturin A Surfactin Iturin A Surfactin

RB14-C 0.73 6 0.31 3.75 6 0.16 0.49 6 0.21 4.36 6 0.15
R1D NDb ND ND ND
RD1(pC115) 0.61 6 0.4 1.73 6 0.1 0.40 6 0.2 2.02 6 1.0

a Each value is the mean (6 the standard deviation) from three independent
experiments with two pots for each treatment.
b ND, not detected. The determined concentrations were lower than the limit

of detection by HPLC.
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Although B. subtilis is not considered a representative rhi-
zosphere species, like Pseudomonas spp., the rhizosphere pop-
ulation density, as well as the persistence of the bacterium in
soil, is an important factor in suppression of damping-off
caused by R. solani. As the difference between the total cell
number and spore number, which corresponds to the vegeta-
tive cell number, was small and the inoculation level of 107 to
108 CFU/g of soil in these experiments was rather large (Table
5), it is difficult to estimate a threshold population density of
RB14-C to show significant suppression of plant pathogens,
which was reported as 105 CFU/g of root in the case of Pseudo-
monas spp. (29). However, the facts that most of the viable
cells recovered from soil were in the form of spores and that
spores have no ability to produce antibiotics suggest that the
spores germinate in the rhizosphere and that eventually the
antibiotics are produced, although the exact number of vege-
tative cells was not determined.
B. subtilis organisms are stable in soil as spores, and this is

advantageous for the use of this bacterium as a biocontrol
agent mainly because of the spore’s stability and ease of han-
dling. This study showed that treatment with the culture broth,
cell suspension, or centrifuged culture broth will be effective as
a biological control.
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