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ABSTRACT

Berger, F, Li, H., White, D., Frazer, R., and Leifert, C. 1996. Effect of
pathogen inoculum, antagonist density, and plant species on biological
control of Phytophthora and Pythium damping-off by Bacillus subtilis
Cotl in high-humidity fogging glasshouses. Phytopathology 86:428-433.

Bacillus subtilis Cotl prevented Phytophthora and Pythium damping-
off of Astilbe, Photinia, and Hemerocallis microplants and conventional
Brassica seedlings under high-humidity conditions in fogging glasshouses.
With Photinia, biocontrol activity was similar to that of the commercial
fungicide metalaxyl when the antagonist concentration applied to roots
was 23 x 105 CFU/g root fresh weight (RFW) and fungal inoculum was
<10? oospores per g of peat. B. subtilis Cotl colonized the developing
root system of Photinia microplants and Brassica seedlings growing in
peat substrate during the 28-day in vivo acclimatization period in the
fogging glasshouse. With inocula of 4 x 10° and 3 x 10° CFU/g RFW,
spore numbers remained between 10° and 10° CFU/g RFW in the older
sections of the root system and between 10* and 10° CFU on root-tip
sections. B. subtilis Cotl application slightly reduced damping-off on
Daphne plants. Poor persistence on Daphne roots and suppression of B.
subtilis Cotl by spent media of Daphne tissue cultures suggests that poor
biocontrol activity was due to the release of inhibitory compounds by
Daphne roots.

Additional keywords: micropropagation, plant tissue culture.

ZUSAMMENFASSUNG

Eine Wurzelapplication mit Bacillus subtilis Cotl verhinderte Phytoph-
thora und Pythium Auflaufkrankheiten in gewebekulturvermehrten Astilbe,
Photinia, und Hemerocallis Jungpflanzen und konventionellen Brassica
Siamlingen unter hohen Luftfeuchtigkeitsbedingungen in Nebeltreibhiius-
ern. Bei Photinia war Aktivitit des Antagonisten vergleichbar mit der
des kommerziellen Fungizides Metalaxyl wenn die Antagonistenkonzen-
tration auf 23 x 10° CFU/g Wurzelfrischgewicht (RFW) and die Pythium
ultimum Konzentration auf <102 oospores per g von Torf Substrat ein-
gestellt worden war. B. subtilis Cotl kolonisierte das sich im Torfsub-
strat entwickelnde Wurzelsystem von Photinia wihrend der 28-tiigigen
Akklimatisierung im Nebeltreibhaus. Nach Inoculation von 4 x 10° und
3 x 10° CFU/g RFW, blieben die Cotl Sporenpopulationen zwischen 10°
und 10° CFU/g RFW in den ilteren Wurzelabschnitten und zwischen 10*
und 105 CFU/g RFW in den Wurzelspitzenabschnitt. Der Wirkungsgrad
in Daphne war sehr gering. Die Hemmung von B. subtilis Cotl durch Wur-
zelexudate in Daphne Gewebekulturmedien und die geringe Persistenz von
Cotl im gesammten Wurzelbereich von Daphne deutete an, daB der ger-
inge Wirkungsgrad des Antagonisten durch Hemmstoffauscheidung der
Daphne Wurzeln verursacht wurde.

Fogging glasshouses, which provide continuous high humidity,
are now widely used for acclimatization of micropropagated plants.
Long periods (3 to 6 weeks) of high humidity are required to
prevent desiccation of tissue-cultured plants, which develop poor
root systems, reduced cuticular wax layers, and distorted stomata
during in vitro growth (15). Both the physiological distortions and
the environmental conditions increase the susceptibility of plants
to a range of fungal pathogens after transfer to compost media
(16). Apart from grey mold (Botrytis cinerea), which is endemic,
introduction of Pythium and Phytophthora spp. into high-humidity
fogging glasshouses frequently has caused severe damping-off
losses in commercial micropropagation companies (23). Mixed
infections with both Pythium and Phytophthora have been asso-
ciated with some of the most severe damping-off outbreaks (C.
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Leifert, unpublished data). These pathogens also can cause prob-
lems in nurseries that propagate conventional seedlings (7,8,28,34).
Regular (up to three sprays per week) prophylactic fungicide treat-
ments are the conventional method of protecting plants against
fungal attack in fogging glasshouses. However, such frequent fun-
gicide use has resulted in resistance development in pathogen pop-
ulations (23).

Biocontrol methods could provide an alternative to or reduce
the use of fungicides in high-humidity glasshouses. Various micro-
bial antagonists, including strains of the bacterial genera Bacillus,
Pseudomonas, and Enterobacter and strains of the fungal genera
Gliocladium, Pythium, and Trichoderma, have shown biocontrol
activity against damping-off diseases (1,5,6,9,25,32,35,36,40). Some
of these biocontrol agents have been developed into commercial
products (e.g., a Bacillus subtilis strain for cotton and peanuts
[Quantum 4000] and a Gliocladium strain for glasshouse soil mixes
[SoilGard]). However, the available products cover only a small
range of crops and have a very small share of the crop-protection
market (38).



The main reason for the very limited commercial impact of bio-
control agents of damping-off is their poor or very variable activi-
ty compared to fungicides (23,35). Poor activity has been linked
to poor rhizosphere colonization in some studies, but the under-
lying reasons for poor colonization by antagonists are poorly un-
derstood (2,6,13,14,26). Competition by microorganisms coloniz-
ing the seedling root in soil was most frequently described as the
reason for poor colonization (2,13,14), but exuded plant metabo-
lites, which selectively encourage or prevent root colonization by
specific groups of microorganisms (e.g., nutrient, vitamins, and anti-
microbial compounds), also may be involved (10). The latter view
may be supported by the finding that the activity of certain bio-
control agents is restricted to specific plant species (23,38).

In contrast to fungicides, which often show activity over a wide
range of pathogen concentrations in soil, biocontrol agents often
lack activity at higher soil pathogen concentrations (37,39). Clear
interactions between antagonist and fungal pathogen inocula have
been demonstrated in investigations of the biological control of
postharvest diseases (19), but similar dose/response trials, to our
knowledge, rarely have been reported for damping-off diseases.

In this investigation, we studied (i) the effect of plant species,
pathogen inoculum density, and antagonist concentrations on the
biocontrol activity of B. subtilis Cotl against damping-off caused
by Pythium and Phytophthora spp.; (ii) the ability of B. subtilis
Cotl to persist and colonize the developing root system in peat-
based horticultural substrates; and (iii) the effect of root exudates
released by Daphne microplants in vitro on B. subtilis Cot1 to de-
termine whether antibacterial compounds exuded by Daphne roots
are the reason for poor rhizosphere colonization and biocontrol ac-
tivity by B. subtilis Cotl on Daphne.

MATERIALS AND METHODS

Plant material. Aster hybrida L. ‘Pearl Star, Hemerocallis ‘Stella
d’ora,” Daphne blagayana Freyer, and Photinia fraseri Lindl. were
micropropagated and rooted as described previously (4,17,20).
Plants were transferred individually to 3 x 3-cm plugs of peat
substrates infested with Pythium and Phytophthora in polystyrene
trays (described below). Dutch white cabbage seeds (Brassica oler-
acea var. capitata L.) were surface-disinfected (5 min in 10% [vol/
vol] commercial bleach [Domestos 10 to 15% (vol/vol) sodium
hypochlorite]), germinated, and initially grown in pathogen-free
Shamrock multipurpose peat compost (Shamrock, Newbridge, Ire-
land) in a growth room. When the developing shoots had reached
a height of approximately 5 cm, seedlings were transplanted indi-
vidually to plugs of pathogen-infested substrate in polystyrene trays.
Five replicate trays with 25 plants per tray were used per treat-
ment in all experiments. Trays were arranged in randomized com-
plete block designs in the glasshouse or growth room.

Growth substrate and conditions for plants. Biocontrol acti-
vity was determined in fertilized Finnish Vapo C2 peat (Croxden
Horticulture, Stoke on Trent, UK). Substrates were adjusted to pH
6 (£0.2) with Ca(OH), and transferred to 3.5 x 3.5-cm plugs in
polystyrene trays and watered to approximately field capacity.

In experiments to determine the effects of levels of pathogen
inoculum concentration, antagonist density, and plant species on
biocontrol activity, plants were grown for 4 weeks in a heated fog-
ging glasshouse kept at an average daily temperature of 16°C
(£4°C) and greater than 93% relative humidity (RH). The percen-
tage of plants killed by damping-off fungi (plants showing com-
pletely necrotic shoots and decayed roots) was determined 4 weeks
after planting and was used as a measure of biocontrol activity.
RH was monitored with a Vaisala 100 humidity probe (Vaisala
OY, PL26, Helsinki, Finland).

In experiments to determine the effect of plant species and an-
tagonist inoculum level on antagonist population development in
the rhizosphere, plants were planted in pathogen-free peat. Plants
were grown for 4 weeks in growth rooms with constant temper-

atures of 16°C and 16 h of light (220 pE m™ s™! of cool-white
fluorescent light). To mimic the high humidity found in the fog-
ging glasshouses, miniature greenhouses were created by attach-
ing metal frames to the polystyrene trays and sealing each tray
individually in polyethylene bags. Plants were sprayed four times
a day with a mist of sterile distilled water. RH was monitored and
remained above 93% throughout the experiments.

Fungal inoculum. A Pythium ultimum Trow isolate that was
pathogenic to all host plant species used and host-specific strains
of Phytophthora spp. were isolated from infected bait plants grow-
ing in peat in commercial nurseries. The fungal strains used in
trials were selected on the basis of their sensitivity to metalaxyl
and ease of oospore production. The Phytophthora isolate used
with cabbage was Pytophthora megasperma Drechs., and the strain
used for Aster, Daphne, and Photinia was Phytophthora cactor-
um (Lebert & Cohn) J. Schrt. The Phytophthora strain used in
trials with Hemerocallis was not identified to the species level.
Oospores were used as inocula for both fungi and were incor-
porated with the water added to adjust substrate moisture levels
prior to placing substrates in polystyrene trays. Pythium and Phy-
tophthora oospore inocula were produced by previously described
methods (12,24).

Biological control and chemical treatments. The antagonist
B. subtilis Cot1 initially was isolated from contaminated Cotinus-
tissue cultures (22). When tested in an initial screening program,
B. subtilis Cotl was the most active biocontrol agent of 93 iso-
lates tested against oomycete fungi, but it lacked activity against
Botrytis cinerea, the major foliar disease in fogging glass-
houses (F. Berger, Hong Li, D. White, R. Frazer, and C. Leifert,
unpublished data). B. subtilis Cotl could be selectively isolated
and identified with relative ease because it produces a black
pigment when grown on Murashige and Skoog’s (MS) medium
(29) that prevents the growth of a wide range of other bacteria
(16,20).

The effect of antagonist inoculum level on biocontrol activity
was determined by dipping microplants and seedlings into sus-
pensions containing 10%, 107, 10%, or 10? (+0.2 log units) CFU of
B. subtilis Cotl, which resulted in 102 3 x 10% 3 x 10° and 4 x
10° (0.3 log units) CFU/g root fresh weight (RFW; as deter-
mined by serial dilution and plating of root washings immediately
after dipping in antagonist suspensions). All bacterial inocula were
prepared by transferring a loop of cells from a 24-h-old nutrient
agar (NA) culture to a 1-liter Erlenmeyer flask containing 200 ml
of MS medium (30) with 3% sucrose and incubating on a rotary
shaker for 30 h at 20°C. Serial dilutions were made with MS me-
dium with 3% sucrose. Microscopic examination (phase contrast)
and plating of inoculum suspensions after heat treatment (80°C
for 10 min) showed that more than 95% of CFU in the inoculum
were vegetative cells. Control plants were either not treated or were
sprayed with a suspension (100 ml/liter [vol/vol]) of the fungicide
metalaxyl (Ridomil 240EC; 24% [wt/wt]) at 4-day intervals to
prevent Pythium and Phytophthora damping-off. All treatments
also were sprayed at 4-day intervals with a suspension (255 g/liter
[wt/vol]) of iprodione (Rovral WP; 50% [wt/wt]) to prevent at-
tack by Botrytis cinerea. All Pythium and Phytophthora strains
used were resistant to iprodione.

Enumeration of rhizosphere populations of B. subtilis Cotl.
Roots were removed from the growth substrates after 4 weeks in
the growth room. They were then shaken and gently rinsed with
sterile distilled water to remove excess soil. Sections (1 cm) were
collected from (i) root tissues adjacent to the shoot (section 1),
(ii) the approximate center of the root system (section 2), and (iii)
the root tip (section 3). Root sections from all 25 plants in a rep-
licate tray were pooled, and a subsample of 2 g of roots from each
location was homogenized in a blender for 10 min in 10 ml of
0.25% strength Ringer’s solution. The resulting suspension was
split into two equal 5-ml samples. One sample was serially dil-
uted and immediately plated on NA (Oxoid) + 60 mg of cyclo-
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heximide (NA,) per liter; the other sample was heated for 10 min
at 85°C, serially diluted, and plated on NA..

To estimate the amount of B. subtilis Cotl present on roots, we
utilized the ability of strain Cot1 to grow and produce a black pig-
ment on KB (11) and MS medium containing high concentrations
of sucrose (16,20). MS medium allows selective identification of
strain Cotl because very few bacteria grow on MS medium in the
absence of plants, and B. subtilis Cotl was the only Bacillus
strain that, in our experience, produces a black pigment on MS
(16,20). One hundred well-separated colonies from NA, plates
inoculated with heated or nonheated root washings were sub-
cultured with an inoculation needle into wells of immunoassay
plates containing 25 pl of liquid MS medium with 30 g of sucrose
per liter. Bacterial growth together with the production of a black
pigment in the well was used to identify bacterial isolates as B.
subtilis Cotl. The proportion of CFU originating from vegetative
B. subtilis cells was estimated by subtracting the number of black
pigment-producing CFU found in heated (80°C for 10 min) root
homogenates from those found in unheated homogenates.

Testing for antibacterial activity in spent plant tissue-cul-
ture medium. To determine whether antimicrobial compounds
exuded by Daphne roots may be responsible for the poor coloni-
zation and biocontrol activity observed in the glasshouse/growth-
room trials, we grew aseptically rooted shoot cultures of Astilbe,
Hemerocallis, Photinia, and Daphne on liquid plant media appro-
priate for the plant species, as described previously (4,17,20). After
4 weeks of growth, plants were removed from the medium. The
spent plant growth medium was either adjusted to pH 6 with
NaOH to avoid inhibition of bacterial growth by low pH (some
plant species reduce the pH in vitro to below 4.5 and, thereby,
prevent growth of Bacillus [17,20,21]), filter-sterilized (0.22-pum
Millipore filter, Molsheim, France) and used, or rotary evaporated
to 50% of its original volume, mixed 1:1 (vol/vol) with MS medi-
um containing 30 g of sucrose, adjusted to pH 6, and filter-steri-
lized and used. Fresh MS medium was added to test whether
Bacillus growth was prevented by nutrient deficiency in spent plant
medium, because certain plants rapidly deplete tissue-culture media
of certain mineral nutrients and carbohydrates (30). Ten milliliters
of medium was inoculated with 10° CFU of a 24-h-old NA cul-
ture of B. subtilis Cotl (>95% vegetative cells) and incubated at
20°C in the dark for 72 h. Bacterial growth in the medium was
measured by absorbance at 625 nm with a Grating spectropho-
tometer (Cecil Instruments, Cambridge).

Statistical analysis. Percent data were arcsine-square root—
transformed and microbial density data log-transformed prior to
analysis of variance (ANOVA) by Minitab software (Minitab, Uni-
versity of Maryland, College Park) and calculation of Tukey’s hon-
estly significant difference test (27). Data from repeated experi-
ments (experiments described in Table 1 were repeated twice for
each plant species, and those described in Figures 1 and 2 were
repeated five times) were pooled for statistical analysis.

RESULTS

Effect of pathogen and antagonist inoculum on biocontrol
activity on Photinia. ANOVA showed a very highly significant
interaction between oospore density in the growth substrate and
antifungal treatment. Treatment with the fungicide metalaxyl re-
sulted in similar and generally very low damping-off losses re-
gardless of fungal inoculum density (Table 2). Disease control by
B. subtilis Cotl, on the other hand, decreased with increasing path-
ogen density. Application of Cotl doses of 4 x 10° and 3 x 10°
CFU/g RFW provided control similar to metalaxyl when Photinia
plants were planted in peat containing a fungal inoculum concen-
tration of <107 oospores per g of substrate (Table 2). However, at
higher fungal inoculum concentrations, plant losses with the two
higher B. subtilis concentrations were significantly higher than those
recorded for fungicide-treated plants but lower compared to un-
treated control plants (Table 2). When bacterial inocula below 3 x
10° CFU/g RFW were used, plant losses were always higher than
in fungicide-treated plants, and at higher pathogen inocula, re-
sults were similar to those found in untreated control plants grow-
ing in infested peat (Table 2). When untreated plants were planted
in noninfested peat, they became infected in the glasshouse and
showed losses similar to untreated plants planted in pathogen-in-
fested soil (data not shown).

Biocontrol activity on different host plants. ANOVA gener-
ally showed a highly significant difference in damping-off among
treatments (biological control, fungicide, and untreated). Damping-
off losses on control plants were generally high (>85%) and not
significantly different between the three types of pathogen inocula
(Pythium, Phytophthora, and mixed inoculum of the two) in Aster,
Daphne, Photinia, and Brassica plants. With Hemerocallis, damp-
ing-off in control plants was significantly lower with Phytophthora
compared to Pythiwm and mixed inoculum (Table 1). Also with
Hemerocallis, ANOVA indicated a highly significant interaction be-
tween pathogen inoculum and treatment. No significant difference
could be found in the activity of the fungicide treatment against the
different fungal inocula, and damping-off losses in fungicide-treated
plants were generally low (<10%) for all plant species (Table 1).

Treatment with B. subtilis Cotl at a concentration of 4 x 10°
CFU/g RFW (10° CFU/ml of inoculum suspension) provided pro-
tection similar to that obtained by the fungicide for all plant spe-
cies, except Daphne (in which damping-off was higher with all
three fungal inocula) and Brassica (in which damping-off was
higher for the mixed inoculum) (Table 1). Biocontrol activity with
Daphne was very poor, and with the mixed fungal inoculum,
damping-off losses were significantly higher than with Pythium
alone and not significantly different to damping-off in untreated
control plants (Table 1).

Population dynamics of B. subtilis Cotl in the rhizosphere.
ANOVA showed significant differences between plant species (Pho-
tinia, Brassica, and Daphne) in spore densities 7 and 28 days after

TABLE 1. Percent damping-off in Aster, Daphne, Photinia, and Hemerocallis microplants and conventional seedlings of Dutch white cabbage (Brassica) after
treatment with Bacillus subtilis Cotl or metalaxyl and growth in peat-based compost infested with Pythium, Phytophthora (10? oospores per g of peat), or a

mixed inoculum of the two fungi (2 x 102 cospores per g of peat)*

Pythium Phytophthora Mixed inoculum Analysis of variance¥ (P)
Plant Fungic. Cotl Untreat. Fungic. Cotl Untreat.  Fungic. Cotl Untreat. Path. Treat. Interaction®
Aster 6a 2a 96 b 2a 4a 100 b Ta Il1a 95b 0.505 <0.001 0.473
Daphne 4a 62b 86 cd S5a 74 be 94 d 6a 89 cd 95d 0.042 <0.001 0.399
Photinia 4a Ta 99b 6a 3a 96 b 3a Ta 100 b 0.609 <0.001 0.736
Hemerocallis Ta la 99 b 9a Ja 72¢ 8a 4a 95b 0.123 <0.001 0.004
Brassica la 9a 9lc Ta 4a 100 ¢ 5a 17b 100 ¢ 0.025 <0.001 0.118

* Disease control activity of B. subtilis Cotl and metalaxyl was determined in separate experiments for each plant species. For treatments of the same plant
species, different letters indicate significant differences (P < 0.05) according to Tukey’s honestly significant difference test. No comparison was made between
different plant species. Fungic. = fungicide; Untreat. = untreated; Path. = pathogen; Treat. = treatment.

¥ Analysis of variance was carried out on arcsine-transformed data.
* Pathogen-treatment.
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inoculation and between different sections of the root system but
no significant difference between assessment dates (7 and 28 days
after inoculation) (Figs. 1 and 2). The highest Cotl spore densi-
ties (10° to 2 x 10° CFU/g RFW) were found on Photinia micro-
plants. Spore densities on conventional Brassica seedlings were
similar to those found on Photinia for the middle section of the
root but significantly (1 log unit) lower in the upper and root-tip
sections. Compared to both Photinia and Brassica, spore densi-
ties on Daphne roots were significantly lower (<3 x 109 through-
out the root system (Fig. 1).

After inoculation of Photinia with three inoculum levels of Cotl
(3 x 10% 3 x 10°, and 4 x 10° CFU/g RFW), significant differ-
ences in spore density were found between initial inoculum den-
sities and root section but not between the two assessment dates.
Spore densities of Cotl generally decreased with decreasing ini-
tial Cot1 inoculum and toward the tip of the root system,

Due to variability in experiments in which enumeration was based
on serial dilution and plate counts and due to the requirement of
subculturing colonies from isolation plates in liquid MS medium,
the total number (spores plus vegetative cells) of B. subtilis Cotl
could be determined only when the total number of B. subtilis
CFU was not more than 1.5 log units lower than the total number
of CFU. Therefore, the total number of B. subtilis CFU was de-
termined only for Photinia, in which we calculated (total viable
CFU of Cotl — Cotl spores) that 40% (£30%) of the CFU of B.
subtilis Cotl were present as spores (60% vegetative cells).

Inhibition of B. subtilis Cotl by Daphne root exudates. Spent
Daphne tissue-culture medium inhibited the growth of B. subtilis
Cotl (there was no increase in absorbance with or without addi-
tion of MS nutrients). The spent plant tissue-culture medium of
Aster, Hemerocallis, and Photinia supported growth of B. subtilis
Cotl (absorbencies were generally >2.0 due to the production of
black pigment associated with growth of B. subtilis) with or with-
out additional MS nutrients.

DISCUSSION

B. subtilis Cotl provided disease control similar to commercial
fungicides with moderate fungal inocula (<10 oospores per g of
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28 7 28 7 28
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Photinia Brassica Daphne

Fig. 1. Populations of Bacillus subtilis Cot] spores in the rhizosphere of micro-
propagated Daphne or Photinia plants or conventionally raised Dutch white
cabbage (Brassica) seedlings 7 and 28 days after inoculation with 4 x 10¢ CFU/
g root fresh weight (RFW) of strain Cotl. Plants were assessed 7 and 28 days
after inoculation with strain Cotl, and means were from five replicates. Spore
counts were log-transformed prior to analysis of variance and calculation of
Tukey’s honestly significant difference test (HSD). There were significant dif-
ferences between plant species (P < 0.001) and root sections (P < 0.001) but
not between the assessment dates (P = 0.073). Significant interactions were
found between plant species and root section (P < 0.001), plant species and
assessment date (P = 0.034), assessment date and root section (P < 0.001), and
plant species, antifungal treatment, and root section (P = 0.003).

peat) but failed to match the metalaxyl treatment at higher fungal
inoculum levels. Similar results have been described for several
other antagonist-pathogen-plant interactions, including Coniothyr-
ium minitans/Sclerotinia sclerotiorum on lettuce in glasshouses (39)
and Pseudomonas fluorescens/Botrytis cinerea on cold-stored cab-
bage (18,19). Pythium density in a range of compost products
based on Finnish and Irish peat were always below 5 x 10' prop-
agules per g of peat (C. Leifert, unpublished data), and inocula
above 10? propagules per g of peat, to our knowledge, have not
been published for commercial peat substrates. In the absence of
additional inoculum sources within the glasshouse (irrigation water
and infected plants), the antagonist, therefore, would be expected
to provide good protection in commercial practice.

High inocula levels of B. subtilis Cotl (4 x 10 CFU/g RFW)
provided good control on a wide range of plant species (Aster,
Brassica, Hemerocallis, and Photinia) but very poor control on
Daphne. A comparison of antagonist populations on Photinia,
Brassica, and Daphne roots 7 and 21 days after application of
antagonists showed considerably lower Cotl population densities
on Daphne roots. This supports earlier reports that described a
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Fig. 2. Effect of antagonist inoculum density on the population of Bacillus
subtilis Cotl in the rhizosphere of micropropagated plants grown in a pathogen-
free peat substrate. RFW = root fresh weight. Means were from five replicates.
Spore counts were log-transformed prior to analysis of variance and calcula-
tion of Tukey’s honestly significant difference test (HSD). There were signifi-
cant differences between inoculum density (P < 0.001) and root section (P <
0.001) but not between assessment dates. Significant interactions were found
between inoculum density and root section (P = 0.048) but not between in-
oculum density and time (P = 0.625), root section and time (P = 0.951), or in-
oculum density, root section, and time (P = 0.976).

TABLE 2, The effect of inoculum densities of Bacillus subtilis Cotl and Pyth-
fum ultimum on damping-off of Photinia

Pythium inoculum (oospores/g of peat)*

Antifungal

treatment Dose 10! 102 10° 104

Metalaxyl 6 aA 2 aA 6 aA 3aA

B. subitilis 107 6 aA 7 aA 14 bB 61 cB
10® 2aA 6 aA 54 bC 69 cB
107 30 aB 74 bB 97 ¢cD 95 cC
105 95 aC 94 aC 96 aD 98 aC

Untreated control 94 aC 99 aC 96 aD 98 aC

* Different letters indicate significant differences (P < 0.01) according to Tukey’s
honestly significant difference test after arcsine transformation. Lowercase
letters indicate differences between fungal inocula in the same antifungal
treatment. Uppercase letters indicate differences between antifungal treat-
ments at the same fungal inoculum. Analysis of variance of arcsine-trans-
formed data showed significant differences between fungal inocula (P < 0.001),
antifungal treatments (P < 0.001), and interaction between fungal and bac-
terial inocula (P < 0.001).
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strong relationship between rhizosphere colonization by benefic-
ial rhizobacteria and plant health (13,16,17). However, because
there was no rhizosphere flora on Daphne and Photinia prior to
antagonist application (aseptic tissue-cultured plants were used)
and competition pressure by bacteria colonizing from the peat sub-
strate can be assumed to be the same for both plant species, it is
likely that poor colonization on Daphne was due to differences in
plant rhizosphere conditions rather than competition by the micro-
flora in the peat substrate. This view is further supported by the
finding that B. subtilis Cotl failed to grow on tissue-culture
media on which Daphne had been grown; this indicates that Daph-
ne produces an antimicrobial compound in the rhizosphere that
prevents colonization and biocontrol activity of Bacillus. However,
root exudate composition in in vitro cultures is quite different (10,
16) from that of field-grown plants, and production of antimi-
crobial compound(s) in peat will have to be demonstrated before
such a mechanism can be established.

It is interesting that Hemerocallis plants prevented the growth
of B. subtilis Cotl in plant tissue culture by reducing the agar me-
dium pH to below 4 (16,20) but did not suppress the growth of
the bacterium in the rhizosphere when Hemerocallis was grown
in peat substrates. The acidity produced by Hemerocallis plants is
thought to be a result of rapid ammonium uptake, which is asso-
ciated with medium acidification in many plants (17). Acidifica-
tion was not observed in Vapo C2 peat, probably because the peat
contained no NH," fertilizer and had a higher buffering capacity
than tissue-culture media.

Good control (not significantly different from the commercial
fungicide metalaxyl) was obtained only under environmental con-
ditions in which the biocontrol agent was able to persist in den-
sities of between 10° and 10° spores per g of root tissue. B.
subtilis Cotl produces a sticky extracellular slime (the organism
is extremely difficult to remove from agar plates) after more than
48 h of growth, which may aid in adsorption on roots and may
result in the development of biofilms of the organism on the root
surface. This also may explain the higher proportion of Bacillus
cells that remained on the root with more highly concentrated
inoculum suspensions. It should be pointed out that the tissue-
cultured plants used in the experiments had no detectable micro-
bial populations at planting. Colonization by strain Cotl, there-
fore, was initially free of competition from resident rhizosphere
microflora. However, large rhizosphere populations of Cotl and
good biocontrol activity also were obtained with conventional cab-
bage seedlings that developed microbial rhizosphere flora prior to
inoculation with strain Cotl (C. Leifert, unpublished data). This
indicates that Cotl also can colonize the rhizosphere when com-
peting with already established populations of rhizobacteria. How-
ever, the peat compost used had much lower numbers of micro-
organisms than most agricultural soils (S. Chidburee and C. Leifert,
unpublished data), and future work needs to test the competitive-
ness of Cot1 against microbial populations found in soil substrates.

The primary mode of action of B. subtilis Cotl is thought to be
production of antibiotics, most of which are formed only at the
onset of sporulation (6,23,33; C. Leifert, unpublished data). The
ability to form spores and the number of sporulating cells in the
rhizosphere, therefore, is likely to be a major factor affecting bio-
control activity. A ratio of 3:2 vegetative cells/spores of B. subtilis
Cotl was found on Photinia at both 7 and 28 days after inocu-
lation. This may indicate that the antagonist grows in the rhizo-
sphere and that both sporulation and germination take place. One
limitation of our investigation was the inability to monitor the
number of vegetative, metabolically active B. subtilis Cotl cells
on Daphne, on which biocontrol activity remained lower than in
fungicide controls. Therefore, we do not know whether growth,
sporulation, or both were inhibited. Such knowledge could be im-
portant when devising methods for improving biocontrol activity.
For example, if growth was inhibited but not sporulation, repeated
applications of the antagonist (similar to a fungicide treatment)
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might allow continuous protection. However, if sporulation and,
thereby, antibiotic production were inhibited, promotion of sporu-
lation (e.g., by addition of manganese to the inoculum suspen-
sion) might increase biocontrol activity (3,23).

It is now possible to introduce lux marker genes into rhizo-
sphere-colonizing B. subtilis Cotl (31). A lux-marked B. subtilis
Cotl strain would allow the study of vegetative, metabolically ac-
tive populations of Cot1 in situ.
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