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Abstract The ganl growth-promoting  fungus
(PGPF) Fusarium equiseti GF191 was tested for its
ability to control Fusarium wilt of tomato (FWT)
caused by Fusarium oxysporum f. sp. lycopersici
(FOL) in both a hydroponic rock wool :u soil system.
F. equiseti effectively controlled FWT, with protective
effects based on disease severity of 66.7-88.6% in four
expe@inents. The numbers of colony-forming units of
FOL per gram fresh weight of stems were significantly
reduced (P < 0.05) in plants treated with F. equiseti.
Stem extracts from F. equiseti-treated and pathogen-
challenged plants significantly inhibited the germina-
tion and germ-tube length of FOL microconidia and the
production of FOL budding-cells. Tomatine content in
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tomato stems treated with F. equiseti was significantly
increased compared with the non-treated control.
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Abbreviations

FOL  Fusarium oxysporum f. sp. lycopersici
FWT  Fusarium wilt of tomato

PGPF  Plant growth-promoting fungus

Introduction

Fusarium wilt, caused by Fusarium oxysporum f. sp.
lycopersici (FOL), a soil-inhabiting fungus that
invades plant roots and vascular tissue, is one of the
most economically important and destructive diseases
of tomato. It causes severe damage to both field-
and greenhouse-grown tomato plants, resulting in

nted seedlings and drooping and yellowing leaves.
nfected plants frequently wilt and die (Jones et al.
1991). Although the use of Fusarium-resistant tomato
cultivars can provide some degree of protection
against this disease, the emergence of new races of
the pathogen that overcome resistance to the cultivar
is a continuing problem. The most effective method
of controlling Fusarium wilt of tomato (FWT) to date
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has been soil disinfection using methyl bromide.
However, the use of methyl bromide was outlawed in
2005 since it caused severe environmental problems.
In recent years, the production of greenhouse toma-
toes has begun to shift from soil cultivation to various
hydroponic culture systems, including the rock wool
system (Mihuta-Grimm et al. 1990). However, there
is no fungicide registered for use in controlling
FWT in such hydroponic systems. Thus, alternative
control methods need to be made available as soon as
possible.

Biological control methods have been reported in
the management of FWT, with several antagonists
already known to reduce the incidence of FWT, such
as Penicillium oxalicum (De Cal et al. 1999), non-
pathogenic Fusarium (Lemanceau and Alabouvette
1993; Larkin and Fravel 1998, 2002) and Pseudomao-
nas fluorescens (Lemanceau and Alabouvette 1993).
However, their biological control efficacy was found
to differ depending on the culture conditions of tomato
plants.

The saprophytic plant growth-promoting fungus
(PGPF) Fusarium equiseti isolated from turfgrass
rhizospheres has been found to promote significant
plant growth and suppress several soil-borne diseases,
such as Pythium spp., Rhizoctonia solani, Sclerotium
rolfsii, Gaewumannomyces graminis var. tritici and
Cochliobolus sativus (Hyakumachi 1994; Hyaku-
machi and Kubota 2004). The underlying mechanisms
of the disease suppression engendered by PGPF have
also been intensively studied, and induced systemic
resistance is thought to be involved in one of those
mechanisms (Koike et al. 2001; Meera et al. 1995;
Shivanna et al. 1996). We have previously shown that
F. equiseti is able to control Fusarium crown and root
rot of tomato in both a hydroponic rock wool system
and a soil system (Horinouchi et al. 2007, 2008) and
may also prevent Fusarium wilt of spinach in trans-
planting systems using paper pots (Horinouchi et al.
2010). Based on these results, we suspect that
F. equiseti may effectively control Fusarium diseases
under various culture conditions.

The involvement of tomatine, an antifungal
compound, in disease resistance has been studied
with plant pathogenjggfungi, especially F. oxysporum
f. sp. lvcopersici (%mmerchlag and Mace 1975;
Lairini et al. 1997; Langcake et al. 1972; MacCane
and Drysdale 1975). MacCane and Drysdale
(1975) reported that tomatine inhibited FOL spore
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germination at an EDsy (effective dose in 50% of
plants) of about 50 pg ml~" and completely inhibited
it at 100 pg ml™'. In our previous studies, pre-
inoculation of tomato plants treated with F. equiseti
reduced the F. oxysporum f. sp. radics—lycopersic
population and inhibited the germination and prolif-
eration of the pathogen (Horinouchi et al. 2007,
2008). From these results, we hypothesized that
F. equiseti may induce the production of antifungal
compound in tomato plants.

The objective of this study was to investigate the
effect of F. equiseti in controlling FWT in both rock
wool hydroponic and soil systems. The effects of
stem extracts from tomatoes treated with F. equiseti
on the germination and proliferation of the pathogen
and on the tomatine content in the stems were also
determined.

Materials and methods
Organisms

The PGPF isolate of F. equiseti 91 was used as a
putative biocontrol agent. The FOL isolate Kull
(race 2), obtained from a tomato plant with FWT, was
used as a pathogen.

Plant material

The tomato cv. House Momotaro (Takii Seed Co,
Kyoto, Japan), which is a popular cultivar used
mainly in greenhouses in Japan but which is suscep-
tible to FWT, was used in all experiments. All seeds
were surface-disinfected with 1% sodium hypochlo-
rite solution for 5 min, followed by rinsing three
times in sterile distilled water prior to sowing.

Inoculum preparation

The PGPF fgplate GF191 and FOL isolate Kul 1 were
separately cultured on potato dextrose agar in 9-cm
petri dishes for five days in the dark at 25°C. Five
mycelial disks eameter 5 mm) taken from the edges
of the cultures were transferred into 100 ml of potato
dextrose broth in 300-ml flasks and incubated for
seven days at 25°C in a rotary shaker (model
NR-150; Taitec Co, Koshigaya, Japan) at 120 rpm.
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To obtain budding-cells from both isolates, thegngal
cultures were filtered through three layers of sterile
Auze. The fungal suspensions of GF191 and Kull
were then diluted with sterile distilled water to 10
budding-cells and 10° budding-cells ml~', respec-
tively, and each suspension was used as an inoculum
source.

Assay gor control of FWT in a hydroponic rock
wool system

Two sizes of cube and rockwool substrate were used in
the experiments: mini-cubes (3.6 x 3.6 x 4 cm) and
large cubes (7.5 x 7.5 x 6.5 cngg(Grodan; Grodania
A/S, Hedehusene, Denmark). Tomato seeds were
individually sown in rock wool mini-cubes, and a
20-ml suspension of GF191 was then poured over each
cube. The seedlings were grown for about 20 days in a
greenhouse maintagmed at 20-30°C, under a 14/10-h
L:D photoperiod. Each mini-cube with its tomato
seedling was then inserted into a large cube over which
was poured a 200-ml suspension of GF191 immedi-
ately after insertion. Using this system, experiments 1
and 2 were conducted from 1999 to 2002 in the
greenhouse for 60 and 90 days after pathogen inocu-
lation, respectiv@ly, at 25-35°C. In both experiments,
four large-cube transplants were plagad on rock wool
slabs (15 x 45 x 7.5 cm) (Grodan) in polypropylene
boxes (50 x 50 x 50 cm). Each plant was grown
in a subirrigat'nl culture system. Plastic baskets
(38 x 29 x 13 em) were placed on the qttom of
the boxes to create a space underneath the slabs. Tap
water was added to the boxes up to 3 cm below the
surface of the slabs. The plant fertilizers Nutricote
12-0-0-23 (NPKCa) and Nutricote 13-11-13 (NPK)

sahikasei Co, Tokyo, Japaggwere used at 4.3 and
19.2 g per plant, respectively. Each box contained two
rockwool slabs into which two tomato plants were
inserted about 20 cm apart. After seven days, a 100-ml
suspension of FOL was inoculated into each rockwool
cube. Rockwool cubes untreated with GF191 and
either challenged orgmnchallenged with FOL were
prepared as controls. gll;ease severity based on foliar
symptoms of wilting monitored throughout the
experiments, and the discoloration severity of the
vascular 1issuefcorta‘xylem was assayed at the end of
the experiments on a scale of 0—4 where 0 = healthy,
| = yellowing, 2 = slight wilting, 3 = severe wilting
and 4 = dead plant. The disease severity in each

replication within each treatment was calculated using

formula (4A + 3B + 2C + D)/4N x 100, where
A'is the number of plants assessed at scale 4, B is the
number of plants at scale 3, Cis the number of plants at
scale 2, and D is the number of plants on scale 1; N is
thegptal number of plants. The discoloration severity
of vascular tissue/cortepiiylem was assessed subjec-
tively on a scale of 0-3 aftegutting the basal stem or
crown of each plant, where O = healthy (no vascular
discoloration), | = <33% discoloration, 2 = >33-67%
and 3 = >67-100%.

Assay Pur control of FWT in a soil system

A plug fray (28.0 x 54.5 cm) containing 128 pots
[4.5 cm (depth) x 3.0 cm’ per pot) was filled with Star
Bed potting soil (Zen-Pph, Tokyo, Japan) containing
clay, peat, zeolite and composted plant material. The
respective nitrogen, phosphorus and potassium contents
of the potting soil were 200:1500:200 mg 17", and the
pH ranged from 6.0 to 7.0. A 10-ml suspension of
GF191 was poured into each pot, and one tomato seed
was sown. The 19-day-old seedlings were transferred
into 9-cm diameter pots filled with potting soil.
A 100-ml suspension of GF191 was then poured into
the pot. Eighteen days later, the seedlings were trans-
planted into artificially pathogen-infested soil (FOL
concentration 1.0 x 10* cfu g™' soil) at 15-cm inter-
vals in plastic boxes [64 x 22 x 18 em (length x
widtlgg< depth)]. Seedlings untreated with GF191 were
used as controls. All treatments included four replicates,
with three planper replicate. Experiments 3 and 4
were conducted 1n the greenhouse for 90 and 75 days at
25-37°C between 11 July and 11 October 2000 and
between 29 June and 4 October 2007, respectively.

In experiments 3 and 4, disease severity was
monitored for 90 and 72 days, respeg@ively, after the
seedlings had been trangglanted into pathogen-
infested soil. The levels of disease and discoloration
severity were assessed as previously described.

Monitoring of FOL in stems

g)pulations of FOL in the stems were estimated at
the end of experiments 1 and 4. Based on the
discoloration severity within each treatment, the
20-cm long stems of all plants in each disease score
category were combined. Following washing of each
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stem separately in p water to remove adhering
rockw@ol or soil, all stems in each score category
were homogenized in sterile distilled water (1:10 w/v)
using a blender (model . Ace Homogenizer;
Nihonseiki Kaisha, Tokyo, Japan) at 8,000 rpm for
10 min. The homogenized stems were filtered through
two layers of gauze, diluted 10- to 1000-fold and
plated on Komada’s selective medium (Komada
1975) with six plates per repiicationAfler seven days
of incubation at 25°C in the dark, number of colony-
forming units of FOL ram fresh weight of the
stems was recorded for each score category based
on the discoloration severity witl'n each treatment.
The average populations of FOL in each replication
within each treatment were calculated using the
formula (PpA + P\B + P>C + P3D)IN x 100, where
Py ana 3 = the population of pathogens in scale
categories 0, 1, 2 and 3, respectively, A = fresh weight
of stems in scale category 0, B = fresh weight in scale
category 1, C = fresh weight in scale category 2,
D = fresh weight in scale category 3 and N = total
weight of stems. The experiment included four
replicates.

Efcct of stem extracts on germination
and proliferation of FOL

Tomato plants either treated or non-treated with
GF191 and challenged with FOL, and showing scale
0 discoloration, were used in the experiments. The
stems were collected at the end of experiments 1 and
4 for the germig@tion and proliferation of FOL,
respectively. The filtrates of homogenized stems were
centrifuged at 3,000 rpm for 10 min and the super-
natant solutions collected and filtered through a
0.45-pym  Millipore filter (Millex-HV; Millipore,
Bedford, MA, USA). Stem extracts (2 ml) were
placed in small petri dishes (40 x 20 mm). Cello-
phane was then positioned on the surface of the
extract, and 40 pl of spore suspension FOL (5 x 10°
budding-cells ml™') was immediately placed on the
cellophane. The petri dishes were maintained at 25°C
under the dark condition. After a 12-h incubation, the
germin@@on percentages were determined by ran-
domly counting 400 spores per petri dish. Germ-tube
lengths for 40 spores per petri dish were also
measured under a microscope. The effect of stem
extracts on pathogen proliferation was evaluated by
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counting newly formed budding-cells in the stem
extracts. Nine milliliters of stem extracts and 1 ml of

dding-cells of FOL (1.0 x 10° budding-cells ml~")
were mixed in a | | Erlenmeyer flask which was
then incubated at 25°C on a reciprocal shaker at
120 rpm for seven days. The numbers of budding-
cells formed were determined with aggmocytometer
1, 3, 4 and 7 days after incubation. Each petri dish
and Erlenmeyer flask constituted one replicate, and
each experiment was conducted four times.

qnmatinc content in stems treated with F. equiseti

The tomato plants treated or non-treated with GF191
and unchallenged with FOL were used in experiments
to determine the content of tomatine in the tomato
stems. The tomato plants were grown in the same
way as described for the assay on the control of FWT
in a soil system at 25-35°C between September and
December 2002. The 20-cm-long stems extending
above the soil surface from two plants were collected
90 days after seeding and homogenized in a blender

odel AM, Ace Homogenizer; Nihonseiki Kaisha,
E;Jan) at 8.000 rpm for 5 min. The homogenized
stems were frozen and then lyophilized for two days.
The freeze-dried material was reduced to a fine
powder and stored at —20°C. The tomatine content
was measured by an absorptiometric method (Furui
et al. 1998). Powdered tomato stem (0.5 g) was
used for this experiment, which was conducted in
triplicate.

Data analysis

The experiments were arranged in a randomized
complete block design of four replications, with four
plants per replication in experiments 1 and 2 and
three plants per replication in experiments 3 and 4.
Data from the experiments were first tested for the
homogeneity of variances andgghen subjected to
analysis of variance (ANOVA) for disease severity,
discoloration severity and pathogen populations.
When the F test results were significant, means were
compared using Fisher’s protected @ast significant
difference, witha P < 0.05. Data on both disease and
discoloration severity and spore germination of FOL
were analyzed after the data had been subjected to
arcsine-square-root transformation.
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Results
Assay for control of FWT in a rockwool system

Tomato plants treated with GF191 showed less
disease than pathogen-control plants throughout
experiments 1 and 2 (Fig. 1). At the end of exper-
iments 1 and 2, the disease severity of GF191-treated
plants was significantly reduced by 88.6% and 72.7%,
respectively, relative to the pathogen-control plants.
GF191 also significantly reduced the discoloration
severity by 85.0% and 64.1% (experiments 1 and 2,
respectively) compared to the pathogen-control plants
(Table 1).

Assay for control of FWT in a soil system

Tomato plants treated with GF191 also exhibited
less disease than pathogen-control plants in the soil
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gg. 1 Progress of disease severity of foliar symptoms caused
by Fusarium oxysporum f. sp. Ivcopersici (FOL) on tomato
plants treated with F. equiseri GF191 in experiments 93] and
2 (b) in a greenhouse rockwool system. Values with the same
letter at each time point are not significantly different
(P = 0.05) according to Fisher's protected least significant
difference test (F,o = 19.51, 21.68, 23.15, 11.81 and 21.90
and P = 0.0005, 0.0004, 0.0003, 0.0030 and 0.0003 at 32, 40,
46, 53 and 60 days, respectively, in experiment |; Fag = 13.24
and 6.24, and P = 0.0021 and 0.0199 at 69 and 90 days,
respectively, in experiment 2). Bars represent SE

Table 1 Eff f Fusarium equiseti GF191 on the discolor-
ation severity of Fusarium wilt of tomato caused by Fusarium
oxysporum f. sp. lveapersici (FOL) in a greenhouse rockwool
system (experiments 1 and 2)

Treatment Discoloration severity

Experiment 1 Experiment 2
GF191 + pathogen 125+ 54 a 69+ 42a
Pathogen 833 £ 113b 192+ 80b
Control 0.0+ 00a 00+£00a

Discoloration severity was assessed at the end of experiments |
and 2

Values presented as the mean = SE of four replications.
Values followed by the same letter in each column are not
significantly different at P < 0.05 according to Fisher's
protected least significant difference test (Fpq = 22.02,
P =0.0003 for experiment 1: Fry = 848, P = 00085 for
experiment 2)

system experiments (Fig. 2). At the end of experi-
ments 3 and 4, disease severity was significantly
reduced by 66.7% and 82.7%, respectively, relative to
the pathogen-control plants. GF191 also significantly
reduced the discoloration severity by 53.7% and
67.7% (in experiments 3 and 4, respectively) as
compared to the pathogen-control (Table 2).

Monitoring of FOL in tomato stems

Ina hydroponic rookwool system (experiment 1), FOL
population densities in stems treated with GF191 at
scales 2 and 3 of discoloration severity were reglmced
by 95.9% and 100%, respectively, compared to the
pathogen-infested control (Table 3). The average QL
population in stems treated with GFl9la'as also
significantly (P < 0.05) reduced by 99.6% relative to
the pathogen-infested control.

In a soil system (experiment 4), the average FOL
population in stems treated with GF191 was also
significantly reduced (90.7%; P < 0.05) compared to
the pathogen-infested control (Table 3). FOL popula-
tion densities in stems treated with GF191 that were
assessed with a discoloration severity of 3 were reduced
by 89.1% compared to the pathogen-infested control.

Effects of stem extracts on FOL germination
and proliferation

gem extracts from tomato plants treated with
GF191 and challenged with pathogen significantly

a) Springer
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Fig. 2 Progress of disease severity of foliar symptoms caused
by FOL on tomato plants treated with F. equiseti GF191 in
experiment 3 (a) and riment 4 (b) in the greenhouse soil
system. Values with the same letter at each time point are
not significantly different (P < (0.05) according to Fisher's
protected least significant difference test (F>o = 16.28, 20.18,
2200 and 22.00, and P = 0.0004, 0.0001, <0.0001 and

<0.0001 at 52, 60, 72 and 90 days, respectively, in experiment
3; Fog = 28.81, 36.64 and 20.93, and P = 0.0001, <0.0001
and 0.0004 at 53, 64 and 72 days, respectively, in experiment
4). Bars represent SE

(g < 0.05) inhibited FOL spore germination and
germ-tube length after a 12-h incubation of the
pathogen (Table 4).

Table 2 Effects of F. equiseti GF191 on the discoloration
severity of Fusarium wilt of tomato caused by FOL in the soil
system (experiments 3 and 4)

Treatment Discoloration severity

Experiment 3 Experiment 4
GF191 4+ pathogen 278 £85a 278+ 147 a
Pathogen 60.0 = 4.1b 86.1 £ 28b
Control 00+£00a 0.0£00a

Discoloration severity was assessed at the end of experiments 3
and 4

Values presented as the mean £+ SE of four replications.
Values followed by the same letier in each column are not
significantly different at P < 0.05 according to Fisher's
protected least significant difference test (F,q = 30.69,
P < 0.0001 for experiment 3; F>4 = 30,40, P = 0.0001 for
experiment 4)
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The g&m extracts from tomato plants treated with
GF191 and challenged with pathogen significantly
(P < 0.05) inhibited the production of new budding-
cells of FOL compared with those of both untreated
and unchallenged and untreated and challenged
plants 1, 3, 4 and 7 days after inoculation (Fig. 3).
Consequently, the rates of budding-cell formation
were reduced by 62.5, 62.0, 583 and 49.5%,
respectively, relative to the untreated and unchal-
lenged control and by 65.5, 48.6, 45.5 and 33.1%,
respectively, relative to the untreated and challenged
plants.

Tomatine content in stems treated with F. equiseti

The tomatine content in 20-cm-long stems from tomato
plants treated with GF191 (118.5 & 15.4 ug g~ ' fresh
weight) was significantly (P < 0.05) increased (156%)
compared that in non-treated controls (75.8 & 0.3
g g~ fresh weight).

Discussion

In this study, the PGPF Fusarium equiseti GF191
effectively inhibited the development of FWT under
four different experimental conditions in both
hydroponic rockwool and soil systems. GF191 was
also able to control FWT in long-term experiments
(90 days after the inoculation of pathogen and
90 days after the plant had been transplanted in
pathogen-infested soil). Fairly high protective effects
(66.7-88.6%) based on the disease severity of foliar
symptoms against FWT by GF191 were obtained in
the four experiments. These effects were almost
identical to those with non-pathogenic F. oxysporum
(Larkin and Fravel 1998), although the experimental
periods differed. In the latter case, non-pathogenic
F. oxysporum provided a 50-80% reduction of
disease incidence during a shorter period of 4—6 weeks.
De Cal et al. (1999) also reported the longer protective
effect (60-100 days) of Penicillium oxalicum against
FWT, but those effects were comparatively low at
24-69%. In general, fumigation is considered to be
necessary to control FWT in highly pathogen-infested
fields (Sivan et al. 1987). However, the results obtained
from our experiments 3 and 4 showed that, even without
using soil fumigation, GF191 could significantly control
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Table 3 Effect of F. eqguisei GF191 treatment on the population density of FOL in tomato stems in the rockwool system

{experiment 1) and soil system (experiment 4)

Treatment

Population of FOL in tomato stems of different discoloration
score categories (x 10% cfu g_' fresh weight)

Average population of
FOL (%107 cfu g~

fresh weight)

0 1 2 3
Experiment |
GF191 + pathogen 6.7 +0.7 0.0 £+ 00 1.3+ 09 1.0 £ 0.7 56+03b
Pathogen 32405 ns. 320+ 25 2176.7 + 181.9 12783 £ 532 ¢
Control 0.0 £ 0.0 ns. ns. n.s. 0.0 £ 00a
Experiment 4
GF191 + pathogen 0.7 £0.7 1.3 +£07 27 £ 18 40+ 1.2 21+09y
Pathogen n.s. 2.0 £0.0 27 £13 36.7T £ 4.7 226+31z
Control 0.0 %+ 0.0 ns. ns. ns. 0.0+ 00y

n.s., No sample

Values are presented as the mean £ SE of six replications. Values
different at P < 0.05) according to Fisher’s protected least significant difference test (Fro = 30.69, P < 0.0001 for experiment 1;

Fro = 3040, P = 0.0001 for experiment 4)

Table 4 Effect of stem extracts from plants treated with
F. equiseri GF191 and the pathogen on spore germination and
germ-tube length of FOL

Treatment Germination (%)  Germ-tube length
(pLm)

GF191 + pathogen 505 £52a 6.0 £04a

Pathogen 68.7+560b 10,7+ 1.1b

Control 65.8£22D 110+ 1.2b

Values are presented the mean + SE of four replications. Stem
ﬁnples were obtained at the end of experiment 1. Values
ollowed by the same letter in each column are not significantly
different at P < 0.05 according to Fisher's protected least
significant difference test (Fao = 4.62, P = 0.0417 for
germination; 54 = 8.35, P = 0.0185 for germ-tube length)

tomato FWT even in a heavily pathogen-infested field
(FOL concentration 10%cfu g~ soil).

There are only a few published reports on the
utilization of F. equiseti as a biocontrol agent.
However, in our previous studies, GF191 was able to
control Fusarium crown and root rot of tomatoes by
63-100% and 53-62%, respectively, in both hydro-
ponic rockwool and soil systems (Horinouchi et al.
2007, 2008). A different strain, GF183 of F. equiseti,
was also able to effectively control Fusarium wilt of
spinach (Horinouchi et al. 2010). Based on these
results, PGPF F. equiseti may be a potential candidate
as a biocontrol agent. Moreover, F. equiseti has been
characterized as a natural root endophyte able to

g]awed by the same letter in each column are not significantly

5] —4— GFI91 4 Pathogen  ---0--- Pathogen

L, 25r

= —— Control

= 20t & .
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Fig. 3 Suppression of production of new budding-cells of
FOL in extracts of tomato stems showing discoloration scale (0
treated with F. equiseri GF191 and pathogen. Stem samples
were obtained at the end of experiment 4. Values with the
same letter at each time point are not significantly different
(F < 0.05) according to Fisher's protected least significant
difference test. (Fro = 21.79, 33.50, 36.70 and 55.62, and
P = 0.0003, <0.0001, <0.0001 and <0.0001 at 1, 3, 4 and
7 days, respectively). Bars represent SE

colonize plant roots and endowed with properties that
could make it a promising candidate for the biological
control of root pathogens and nematodes (Macid-
Vicente et al. 2009; Nitao et al. 2001).

GF191 was frequently re-isolated from tomato
roots throughout their growing periods (Horinouchi
et al. 2007, 2008). This result suggests that the high
ability of F. equiseti to colonize plant roots may be
related to its mechanism of disease suppression. This
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finding is similar to that reported for non-pathogenic
F. oxysporum (Olivain et al. 2006; Yamaguchi et al.
1992), which showed that the magnitude of the
protection effect corresponded to the frequency of
isolation of non-pathogenic Fusarium. PGPF isolates
have been found to colonize the epidermal and outer
cortical cell layers of roots (Hyakumachi 1994;
Shivanna et al. 1996). The continuous presence of
PGPF isolates on/in roots may trigger the plants to
produce protective signaling processes (Meera et al.
1995).

Qur results demonstrate that stem extracts from
F. equiseti-pathogen-treated plants had an inhibitory
effect on pathogen germination and proliferation
(Table 4, Fig. 3). In previous studies, we also
observed such inhibitory effects of stem or root
extracts from both @ equiseti-treated plants and
F. equiseti-pathogen-treated plants on the pathogen
germination and proliferation of F. axysporum f. sp.
radicis-lycopersici and f. sp. spinaciae (Horinouchi
et al. 2007, 2010). These results suggest that
F. equiseti may induce physiological changes in the
composition of plant extracts. In support of this
theory, the amount of tomatine in tomato stems
treated with GF191 (118.5 + 154 pgg~' fresh
weight) was significantly increased compared with
non-treated plants (75.8 & 0.3 pg g~ fresh weight).
The antifungal compound tomatine has been reported
to provide a chemical barrier in tomato plants against
plant pathogenic fungi, including F. oxysporum
(Lairini et al. 1997). In our studies, the pre-inocula-
tion of tomato seedlings with F. equiseti GF191 not
only suppressed the disease but also reduced the
number of pathogen populations in their stems. This
result is similar to those of previoggstudies in which
the inhibition of pathogens in the roots and stems of
resistant tomato cultivars after inoculation with
Fusarium wilt pathogen was related to the accumu-
lation of tomatine and rishitin (Haggmerchlag and
Mace 1975; Hutson and Smith, 1980; Langcake et al.
1972; MacCane and Drysdale 1975). These changes
enabled reduced inoculum levels of pathogen in
the plants. Furthermore, F. equiseti GFI191 was
re-isolated from tomato roots—but not from their
stems—indicating that the hyphae of F. equiseti do
not migrate between the two sites (Horinouchi et al.
2007, 2008). In other words, there is no direct
interaction (parasitism and antibiosis) in the stems
between GF191 and FOL, suggesting that, in this

) Springer

system, the observed disease reduction may be
attributed to the indirect antagonism mediated
through the host plant ‘a‘esponse to root colonization
by GF191 and that the induced resistance may be one
of the mechanisms involved in the biocontrol of
FWT.

We have shown here that F. equiseti GF191 is an
effective biocontrol agent against FWT in both
hydroponic rockwool and soil systems. To the best
of our knowledge, this is the first report of the
biocontrol of FWT by F. equiseti. Further research will
be needed to determine the complete mechanigms of
disease suppression involved in the F. equiseti system
and to develop methods for its practical use as a
biocontrol agent.
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