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Abstract Many fungal pathogens of tomato produce extracel-
lular enzymes, collectively known as tomatinases, that detoxify
the preformed antifungal steroidal glycoalkaloid a-tomatine.
Tomatinase from the vascular wilt pathogen of tomato Fusarium
oxysporum f. sp. lycopersici cleaves a-tomatine into the aglycon
tomatidine (Td) and the tetrasaccharide lycotetraose (Lt).
Although modes of action of a-tomatine have been extensively
studied, those of Td and Lt are poorly understood. Here, we
show that both Td and Lt inhibit the oxidative burst and
hypersensitive cell death in suspension-cultured tomato cells. A
tomatinase-negative F. oxysporum strain inherently non-patho-
genic on tomato was able to infect tomato cuttings when either
Td or Lt was present. These results suggest that tomatinase from
F. oxysporum is required not only for detoxification of a-
tomatine but also for suppression of induced defense responses of
host.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Antimicrobial secondary metabolites of plants are grouped

into two types: the preformed compounds known as phyto-

anticipins, which are produced constitutively, and the phyto-

alexins, which are produced only in response to infection by a

potential pathogen [1,2]. In tomato plants, the main phyto-

anticipin is the steroidal glycoalkaloid a-tomatine, which

consists of an aglycon moiety (tomatidine) and a tetrasaccha-

ride moiety (lycotetraose) [3,4]. a-Tomatine shows uniform

distribution in all organs of tomato plants [4] and high con-

centrations enough to inhibit most microbes in vitro [5], sug-

gesting that this compound would provide a chemical barrier

against the attack of pathogenic fungi.

Many fungal tomato pathogens detoxify a-tomatine by the

production of specific enzymes known as tomatinases (for re-

view, see [2,6]). Although tomatinases from these fungi have
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different mechanisms of action in hydrolysis of a-tomatine, the

ability to hydrolyze sugar from a-tomatine is common among

tomato pathogens. The metabolites originated by the hydro-

lysis of a-tomatine have little or no antifungal activity to most

tomato pathogens [5]. Thus, for many phytopathogenic fungi

the production of tomatinase may be a determinant to suc-

cessfully infect tomato plants [6].

In addition to the detoxification of a-tomatine, another role

of tomatinase in establishing the disease has been reported

recently [7]. b2-Tomatine, the hydrolysis product of tomatinase

activity on a-tomatine by the tomato leaf spot fungus Septoria

lycopersici, suppressed induced defense responses of host

plants by interfering with fundamental signal transduction

processes leading to disease resistance, although the mecha-

nism is not clear [7]. This report prompted us to examine

whether hydrolysis products of a-tomatine by tomatinase from

other tomato pathogens might suppress host’s defense re-

sponses. The vascular wilt pathogen of tomato Fusarium

oxysporum f. sp. lycopersici produces tomatinase that cleaves

a-tomatine into the tomatidine (Td) and lycotetraose (Lt) [8,9].

Physiological roles of these degradation products of a-toma-

tine in plant-pathogen interactions are unknown. We exam-

ined whether Td and Lt suppress host’s defense responses as

reported in b2-tomatine [7]. In the present study, we show that

both Td and Lt suppress the oxidative burst, which is thought

to be required for subsequent defense responses in many plant

species [10]. We also demonstrate that defense systems of to-

mato cuttings against a non-pathogen of F. oxysporum were

actually compromised by the action of both Td and Lt.
2. Materials and methods

2.1. Plant culture and fungal strains
The Lycopersicon esculentum L. cultivar ‘Ponderosa’ was used to

generate cell suspension cultures according to the methods described
previously [11]. Every 7 days, cells growing in the log phase were
transferred into fresh medium containing Murashige–Skoog salts and
B5 vitamins supplemented with 0.5 mg/l 2,4-dichlorophenoxyacetic
acid, 0.1 mg/l kinetin, and 2% (w/v) sucrose, pH 5.7, and incubated
under continuous shaking at 100 rpm in the dark at 25 �C. Sus-
pension cultured cells used for all experiments were 3 days old. For
obtaining tomato plantlets and cuttings, seeds of tomato cultivar
‘Ponderosa’ were planted in minipots containing vermiculite and
blished by Elsevier B.V. All rights reserved.
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maintained in a growth chamber at 25 �C with 16 h light and 8 h
dark. F. oxysporum f. sp. raphani MAFF103058 (FOR#21) and
F. oxysporum f. sp. lycopersici MAFF103036 (FOL#24) were grown
on potato dextrose agar at 25 �C.

2.2. Chemicals
a-Tomatine and 3,3-diaminobenzidine (DAB) were purchased from

Sigma–Aldrich (St. Louis, MO, USA). Tomatidine and all other re-
agents were from Wako Pure Chemical (Osaka, Japan). Lycotetraose
was prepared from a-tomatine by enzymatic hydrolysis with crude
tomatinase [12] followed by gel-filtration with Sephadex LH20
(Pharmacia) and silica gel chromatography. Stock solutions of
a-tomatine, tomatidine, and lycotetraose were made at 10 mM in
dimethylsulfoxide (DMSO) (a-tomatine) and methanol (tomatidine
and lycotetraose). DAB (10 mg/ml) was made up in DMSO as a stock
solution.
2.3. Detection of resistance responses in tomato cells
Fungal elicitor suspended in distilled water (50 mg/ml) was pre-

pared from FOR#21cells according to the method described previ-
ously [13]. Three day old tomato cell-suspension cultures were treated
with FOR#21elicitor (200 lg/ml) and DAB (100 lg/ml) for 24 h in
the presence of either a-tomatine, tomatidine, or lycotetraose. DAB
polymerizes instantly and locally as soon as it comes into contact
with H2O2 forming a reddish brown compound in the presence of
peroxidase [14]. Production of H2O2 was measured with a lumi-
nometer BLR-201 (Aloka, Tokyo, Japan) by peroxide-dependent
chemiluminescence of luminol [15]. Cell suspension cultures of to-
mato were resuspended in 50 mM potassium phosphate buffer (pH
7.8) to give a final concentration of 300 mg cell mass per ml and
incubated for 1 h. Fungal elicitor or mixtures of fungal elicitor with
tomatidine or with lycotetraose were added to the cell suspensions
and immediately filtrated with a membrane filter (pore size 0.45 lm).
Resultant filtrates (200 ll) were mixed with 700 ll of 50 mM po-
tassium phosphate buffer (pH 7.8) and 100 ll of 1.2 mM luminol in
50 mM potassium phosphate buffer. The reaction was started by
adding 100 ll of 10 mM potassium ferricyanide. Hypersensitive cell
death was determined by Evans blue staining [16]. Extracellular pH
of tomato cell-suspension cultures was continuously monitored by a
glass pH electrode.
2.4. Measurement of the superoxide (O�
2 )-scavenging activity

The O�
2 -scavenging activity was measured by the nitrite method

modified by Ooyanagui [17]. The reaction mixture consisted of 15 mM
potassium phosphate–borax–EDTA buffer (pH 8.2), 0.1 mM hypo-
xanthine, 1 mM hydroxylamine, 0.1 mg/ml hydroxylamine o-sulfonic
acid, 2.9 mU/ml of xanthine oxidase, and a 200 ll sample solution in a
final volume of 1 ml. After incubation at 37 �C for 30 min, diazo dye
formationwas induced at 37 �C for 30min by adding 2ml of amixture of
30 lM N-(1-naphthyle) ethylenediamine dihydrochloride, 3 mM sulfa-
nilic acid, and 4.2 M acetic acid. The absorbance at 550 nm was deter-
mined with a spectrophotometer. Calculations of the concentration of
the antioxidant sample (IC50) were made from zero to full inhibition at
the point where 50% inhibition of diazo dye formation took place.
Fig. 1. Histochemical staining of tomato cell suspension cultures with
DAB to visualize H2O2 accumulation. Tomato cell suspension cultures
were treated with fungal elicitor, a mixture of fungal elicitor with
40 lM tomatidine, a mixture of fungal elicitor with 40 lM lycotetra-
ose, a mixture of fungal elicitor with 40 lM tomatidine and 40 lM
lycotetraose, and a mixture of fungal elicitor with 40 lM a-tomatine,
in the presence of DAB for 24 h. The reddish-brown coloration in
tomato cells treated with fungal elicitor (Elicitor) and with a mixture of
fungal elicitor with a-tomatine (Elicitor+Tomatine) at 12 h- and 24 h-
incubation indicates the accumulation of H2O2. In contrast, the red-
dish-brown coloration was not observed in tomato cells treated with a
mixture of fungal elicitor with tomatidine (Elicitor+Tomatidine), a
mixture of fungal elicitor with lycotetraose (Elicitor+Lycotetraose),
and a mixture of fungal elicitor with tomatidine and lycotetraose
(Elicitor+Tomatidine+Lycotetraose).
2.5. Plant colonization assays
Seeds of tomato (cultivar ‘Ponderosa’) were planted in minipots

containing vermiculite and maintained in a growth chamber at
25 �C with 16 h light and 8 h dark cycle. Seedlings in the third true
leaf stage were cut at right above the crown and placed in a vial
containing 10 ml of a conidial suspension (1� 106 conidia per ml) of
FOR#21, and maintained in a growth chamber at 25 �C with 16 h
light and 8 h dark cycle. Five days after incubation, a 7-mm section
of hypocotyls was cut from right below the cotyledons. The plant
sections were surface sterilized by submerging in 70% ethanol for
20 s followed by 1% sodium hypochloride for 10 min and washing
in sterilized deionized water for 1 min. Each plant section was then
placed on a Fusarium-selective medium containing K2HPO4 (1 g/l),
KCl (500 mg/l), MgSO4 � 7H2O (500 mg/l), Fe-EDTA(10 mg/l), LL-
asparagine (2 g/l), DD-galactose (20 g/l), pentachloronitrobenzene 75%
wettable powder (1 g/l), sodium cholate (500 mg/l), streptomycin
sulfate (300 mg/l), and agar (15 g/l) (pH 4.0) [18]. A tomato path-
ogen FOL#24 was used as positive control.
3. Results and discussion

To examine the effects of Td and Lt on the inducible H2O2

production of tomato cells, cell suspension cultures of tomato

were treated with fungal elicitor in the presence or absence of

Td and Lt. Accumulation of H2O2 was visualized by DAB

staining as a reddish brown coloration (Fig. 1). Time-course

experiments showed that within 2 h, the elicitor induced the

accumulation of H2O2 in tomato cell suspensions treated with

elicitor. At 7 h, approximately 80% of tomato cells exhibited

whole-cell DAB coloration (data not shown). In contrast, very

limited number of tomato cells showed H2O2 accumulation

when the cell cultures were treated with a mixture of elicitor

with Td, that with Lt, or that with Td and Lt, although among

those more browning was evident in tomato cells treated with a

mixture of elicitor with Lt. a-Tomatine did not show such

inhibitory activity on H2O2 accumulation in tomato cells

(Fig. 1). Control treatments showed that the solvents used

(DMSO and methanol), a-tomatine, Td, and Lt themselves

had no effect on the accumulation of H2O2 in tomato cell

suspensions (data not shown).

We next examined the effects of Td and Lt on elicitor-

induced generation of H2O2, the so-called oxidative burst. It

has been known that the oxidative burst commonly occurs

in two distinct phases [19]. As expected, two distinct phases

of the oxidative burst were observed: the first burst peaking

at 20 min and the more prolonged second burst peaking at

7 h after addition of elicitor (data not shown). The second

phase lasted for at least 6 h, suggesting that the prolonged

production of H2O2 correlates with hypersensitive disease

resistance response as described previously [20]. The oxida-



Fig. 3. Hypersensitive cell death of tomato cultured cells. Suspension-
cultured cells of tomato were treated with fungal elicitor alone (s), a
mixture of fungal elicitor with 40 lM a-tomatine (j), that with 40 lM
tomatidine (�), or that with 40 lM lycotetraose (m). Tomato cells
were stained with the viability stain Evans blue at a final concentration
of 500 lg/ml for 10 min. The cells were examined with a light micro-
scope and the percentage of Evans Blue-stainable (dead cells) was
calculated from the observations of at least 300 cells. Suspension-cul-
tured cells of tomato with no treatment were stained with Evans blue
as negative control (d).
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tive burst in tomato cultures was completely abolished by

both tomatidine and lycotetraose in a dose-dependent

manner (Fig. 2). The second phase, which is thought to be

the principal determinant of disease resistance, was not

measurable when the first burst was abolished by either Td

or Lt. Td and Lt inhibited also the elicitor-induced hyper-

sensitive cell death (HCD) of tomato cultures (Fig. 3).

Control treatments showed that the solvents used (DMSO

and methanol), a-tomatine, Td, and Lt themselves had no

effect both on the oxidative burst and on the elicitor-induced

HCD in tomato cultures (data not shown). These results

suggest that Td and Lt suppress induced defense responses

in suspension-cultured tomato cells. In addition, alkalization

of extracellular medium, an indicator of elicitor perception

in plant cells [21], was also inhibited by both tomatidine and

lycotetraose (Fig. 4), suggesting that these two molecules

may inhibit a sequence of signal steps linking elicitor per-

ception to initiation of oxidative burst because alkalization

precedes the oxidative burst [22].

It is possible that Td and Lt may directly scavenge reactive

oxygen species (ROS). Thus, Td and Lt were subjected to the

antioxidant assay [17]. Td showed the superoxide (O�
2 ) scav-

enging activity (IC50: 80 lM) roughly comparable to that of

ascorbic acid (IC50: 60 lM), although Lt showed no antioxi-

dant activity. These results suggest that Td and Lt act differ-

entially in inhibiting the oxidative burst. Td may inhibit the
Fig. 2. Suppression of the elicitor-induced oxidative burst reaction in
tomato cell suspension cultures by tomatidine (a) and lycotetraose (b).
Suspension-cultured cells of tomato were treated either with fungal
elicitor alone (d), or a mixture of fungal elicitor with each 4 lM (s),
20 lM (j), and 40 lM (�) of tomatidine (Td) and of lycotetraose (Lt).
Generation of H2O2 was monitored in the supernatant by luminol-
induced luminescence. Results are typical of those obtained in at least
three independent experiments.

Fig. 4. Time course of elicitor-stimulated alkalization responses in
tomato cultured cells. Suspension-cultured cells of tomato were treated
with fungal elicitor alone (s), a mixture of fungal elicitor with 40 lM
tomatidine (j), that with 40 lM lycotetraose (m), 40 lM tomatidine
alone (�), or 40 lM lycotetraose alone (n). No elicitor control (d)
consisted of cells treated with the same volume of water.
oxidative burst by scavenging ROS directly although the

mechanism is unknown. As to the mode of action of Lt, fur-

ther biochemical investigation is required to establish where

the block may be.

We next examined the effect of Td and Lt on the infection of

tomato with the Japanese radish yellow pathogen, F. oxysporum

f. sp. raphani (FOR#21), which does not infect tomato plants

and does not have tomatinase [12]. Tomato cuttings (plants

with excised root systems) were exposed to conidial suspensions

of the fungus in the presence or absence of Td and Lt, and then

transferred onto the selective medium for the growth of Fusa-

rium species to detect the fungus colonized in the xylem vessels

of tomato cuttings. FOR#21was observed around the ends of

cuttings that had been exposed to the fungus in the presence of

either Td or Lt, indicating that the fungus had colonized in the



Fig. 5. Effects of tomatidine and lycotetraose on infection of tomato
cuttings with a non-pathogenic strain of F. oxysporum (FOR#21).
Tomato cuttings were placed in a vial containing conidial suspension
of FOR#21in the presence of 40 lM tomatidine (#21+Td) or 40 lM
lycotetraose (#21+Lt) and incubated for 5 days. After the incubation,
a 7-mm section of hypocotyls was cut from right below the cotyledons,
surface sterilized, placed on a Fusarium-selective medium, and then
incubated for 4 weeks. Positive control with a tomato pathogen F.
oxysporum f. sp. lycopersici (#24) and negative controls with no fungal
inoculation (Control) or with no treatment of tomatidine and lyco-
tetraose (#21) are also performed.
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xylem vessels of tomato cuttings (Fig. 5). No fungal colonies

were observed from the cuttings inoculated with FOR#21 in the

absence of Td and Lt during the 4-weeks incubation. Neither Td

nor Lt promoted the growth of FOR#21 on the medium in the

absence of the plant materials (data not shown). These results

suggest that Td and Lt would suppress defense responses of

tomato cuttings and thereby FOR#21, a non-pathogen of to-

mato, was able to infect them.

Successful phytopathogens must be able to overcome or

suppress ROS-mediated defense system in plants. In fact, mi-

crobial suppression of ROS-mediated defenses by secretion of

ROS-scavenging enzymes such as superoxide dismutase and

catalase [23–26] and by non-enzymatic metabolites such as

mannitol [27] and oxalic acid [28] has been reported. In the

present study, we have demonstrated that F. oxysporum would

utilize a-tomatine, an arsenal of tomato plants against the

attack of pathogens, as the material for production of Td and

Lt that act as suppressors of host’s defense responses. This

implicates an important role of tomatinase in tomato-F. oxy-

sporum interactions, because both Td and Lt are derived from

a-tomatine solely by the action of the tomatinase produced by

F. oxysporum. Indeed, a mutant strain of F. oxysporum f. sp.

lycopersici with low tomatinase activity showed reduced

pathogenicity on tomato plants [29]. Thus, F. oxysporum

having tomatinase may be a fungus which has evolved an ef-

ficient counter-defensive strategy to utilize host’s antibiotic a-
tomatine.
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