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Abstract

The phytotoxicity of the mycotoxins from Fusarium spp. beauvericin and T-2 toward tomato protoplasts was evaluated. Both toxins

caused protoplast death, but the phytotoxicity of beauvericin was much more severe in terms of reduction in protoplast viability. The possible

involvement of the ascorbate system in the response induced by the two mycotoxins was also studied. Tomato protoplast death was preceded

by an imbalance of the ascorbate system, which was diversely affected by the two mycotoxins. Beauvericin caused a decrease in the ascorbate

level, whereas T-2 induced a significant increase in dehydroascorbate. The changes in the activity of ascorbate peroxidase, the most efficient

scavenger of hydrogen peroxide in plant cells present in all cell compartments, were also analysed. Ascorbate peroxidase activity decreased

after 3 h of treatment with beauvericin. The activity of dehydroascorbate reductase, the enzyme involved in ascorbate regeneration from its

oxidized form, also increased within the first hour of treatment. T-2 treatment did not induce significant changes in either ascorbate

peroxidase or dehydroascorbate reductase activities. The possible role of the ascorbate system in tomato protoplast death induced by

treatment with beauvericin and T-2 mycotoxins is discussed.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Fungal pathogens produce a large number of secondary

metabolites which are toxic for plants and often contribute

to disease. T-2 toxin (T-2) and beauvericin (BEA) are

mycotoxins produced by several species of the Fusarium

genus, a common contaminant of cereals [1,2]. BEA is a

cyclic hexadepsipeptide with insecticidal [3], antibiotic [4],

apoptotic [5], and cholesterol acyltransferase-inhibitory

properties [6]. The toxic effects of BEA have been studied

by biological assays both in various species of inverte-

brates [4,7] and, in vitro, in mammalian cell lines [8],
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where it is effective at micromolar concentrations.

Although recent studies have shown that BEA is produced

by various phytopathogenic Fusarium species [2,9],

suggesting that the toxin may play an important role in

the etiology of plant diseases, limited information exists on

the toxigenicity of BEA against plant systems. Preliminary

studies reported that BEA was highly toxic to melon

protoplasts compared with fusaric acid and fumonisin

B1 [10].

Differently from BEA, the toxicity of T-2 toward

humans, animals, and plants systems has been well studied.

In particular, T-2 is a potent eukaryotic protein synthesis

inhibitor [1] and, at least in animals, induces the production

of free radicals which are responsible for lipid peroxidation

and alteration of the structure of cell membranes [11,12].

T-2 is found as a natural contaminant of various plants [13]

and shows high phytotoxicity [14]. Among 16 different

metabolites sharing trichothecene structure, the toxicity of

which has been studied on plant systems, T-2 showed the

highest relative toxicity [15].
Physiological and Molecular Plant Pathology 65 (2004) 49–56
www.elsevier.com/locate/pmpp

http://www.elsevier.com/locate/pmpp


C. Paciolla et al. / Physiological and Molecular Plant Pathology 65 (2004) 49–5650
In plants there are many potential sources of reactive

oxygen species (ROS) [16]. It is well known that toxic ROS

levels cause lipid peroxidation so damaging nucleic acids

and proteins to the point of inducing cellular dysfunction

and/or death. In a variety of plant–pathogen interactions

microbial phytotoxins induce the production of ROS [17]

and it has been suggested that the fate of the infection

mainly depends on the capability of the plant to modulate

such a ROS increase opportunely [18].

In plant cells ROS detoxification is carried out by a

network of reactions involving enzymes and metabolites

with redox properties. Ascorbic acid (ASC) and its related

enzymes play a key role in the detoxification of ROS [19].

ASC can either directly react by reducing oxygen free

radicals or be involved, as a substrate of ascorbate

peroxidase (APX; EC 1.11.1.11), in the scavenging of

hydrogen peroxide [19]. In higher plants APX is one of the

main detoxifying enzymes. It has been studied in many

species of Angiosperms and Gymnosperms [20] and is

present in almost all cellular compartments [21]. Among the

different APX isoenzymes, the cytosolic ones seem to be the

most involved in the responses against stress. Their

expression/activity is increased under several abiotic

stresses, even when the major alterations concern the

photosynthetic apparatus [22], whereas their suppression

seems to be a critical point for the success of programmed

cell death in plants, and in the hypersensive reaction [16,23].

Dehydroascorbate reductase (DHAR; EC 1.8.5.1), the

enzyme that reconverts dehydroascorbate (DHA), the final

oxidized form of ASC, is also involved in the responses

against stress [16] and, similarly to APX, is present in all the

organelles in which ASC is utilised [24].

The aim of the study described here was to investigate

the effects of BEA and T-2 on tomato plants and the

involvement of ASC metabolism, in particular the level and

redox state of the ASC/DHA redox pair and the activities of

the cytosolic APX and DHAR, in the metabolic pertur-

bations induced by the two mycotoxins. When studying the

incorporation of complex organic compounds, intact tissues

may constitute an unsuitable system owing to the inter-

ference of cuticle and cell cohesion that hamper solute

transport thus inducing non-homogeneous incorporation

[25]. In this respect, protoplasts represent a more suitable

system and can be used as a model system to evaluate the

phytotoxicity of mycotoxins [10]. For this reason, the effects

of the mycotoxin were studied on freshly isolated tomato

leaf protoplasts.
2. Materials and methods

2.1. Chemicals

T-2 and BEA toxins were purchased from Sigma (Sigma-

Aldrich Chemie, Steinheim, Germany). Since both com-

pounds are poorly soluble in water, a 1.28 mM stock
solution in methanol of each was prepared. The stock

solution was further diluted to the desired concentration.
2.2. Plant growth and protoplast isolation

Seeds of Lycopersicon esculentum L. cv. Marmande

were germinated at 23G1 8C and 55–60% relative humidity

under white fluorescent light (24 mmol mK2 sK1) with a

light/dark photoperiod of 14/10 h.

The youngest fully expanded leaves of 28–30-day-old

plants were harvested and utilized for protoplast isolation.

Prior to the isolation of protoplasts plants were kept in the

dark for 24 h. Tomato leaf segments of 2–3 g deprived of the

lower epidermis were incubated at room temperature for

30 min in 20 ml of 25 mM Tris–Mes pH 5.5 containing

0.6 M sorbitol, 0.5% BSA and 0.5% CaCl2 (pre-plasmolysis

buffer). The incubation medium was then replaced by 20 ml

of the same medium supplemented with 1% (w/v) Caylase

(Cayla, Toulouse, France), 0.02% (w/v) Pectolyase and

0.2% (w/v) Pectinase (Sigma-Aldrich Chemie, Steinheim,

Germany). The digestion proceeded for 4–5 h, at room

temperature in the dark. Protoplasts were released by gentle

stirring, filtered through nylon cloth (75 mm mesh), and

centrifuged at 50g for 6 min at 4 8C. The pellet was washed

four times with pre-plasmolysis medium adjusted at pH 7.4

and re-suspended to the final concentration of 1!105

protoplast mlK1. After isolation, protoplast viability was

85G2% (GSE). About 0.2 ml aliquots of the protoplast

suspension were utilized for incubation with BEA and T-2 at

the concentrations of 50 and 100 mM and for different times.

Control protoplast suspensions contained the same amount

of MeOH as the treated sample. Protoplast viability was

estimated by the method of Kanai and Edwards [26]. Briefly,

samples of the incubation with toxins, were taken at

intervals and the protoplast suspensions were mixed with

an equal volume of 0.25% (w/v) Evans blue. After 10 min

protoplasts were examined under a light microscope. Evan’s

blue dye enhances the differences between live and dead

protoplasts since it is excluded by intact protoplasts, while

the dye is strongly absorbed by broken protoplasts. The

exclusion of dye by intact protoplasts is taken as an estimate

of protoplast viability.

Five separate experiments were performed to estimate

the levels of toxicity of BEA and T-2. In each experiment

replicate samples (nZ4) were taken, so that a total of 1000–

1200 protoplasts was analyzed in each assay. Results are

presented as percent viability.
2.3. Measurement of H2O2

Intracellular H2O2 production was measured using

dihydrorhodamine 123 (DHR123) (Sigma-Aldrich Chemie,

Steinheim, Germany) as a probe [27]. The protoplasts were

stained for 5 min with 20 mM DHR123 and then viewed

under a fluorescence microscope (DMSL, Leica) with an
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excitation filter of 450–490 nm and a barrier filter of

510 nm.

To determine the amount of H2O2 released in the

medium, aliquots of incubated protoplasts were pelletted

by centrifugation and the H2O2 concentration was measured

in the supernatant according to Bellincampi et al. [28].

2.4. Analysis of ascorbate and glutathione pools

Aliquots of incubated protoplasts were pelletted and

homogenized in a suitable medium using a conical pestle

(motor cordless Kontes). For determinations of ASC, DHA,

reduced glutathione (GSH) and oxidized glutathione

(GSSG), samples were homogenized in two volumes of

cold 5% (w/v) metaphosphoric acid. The homogenate was

centrifuged for 15 min at 20,000g. The ASC, DHA, GSH

and GSSG contents of the supernatant were measured

according to Zhang and Kirkham [29].

2.5. Enzyme assays

For the determination of enzymatic activities samples

were homogenized in 50 mM Tris–HCl, pH 7.8 containing

0.3 mM mannitol, 1 mM EDTA, and 0.05% (w/v)

cysteine. For GLDH analysis 0.1% (v/v) Triton X-100

was also added. The homogenate was centrifuged for

20 min at 25,000g. The supernatant was desalted by

dialysis against 50 mM Tris–HCl, pH 7.8, and used for

spectrophotometric analysis. All procedures were carried

out at 4 8C.

Ascorbate peroxidase (L-ascorbate: hydrogen peroxide

oxidoreductase, EC 1.11.1.11) activity was determined

following the decrease in absorbance at 265 nm in a

reaction mixture containing 50 mM ascorbate, 90 mM

hydrogen peroxide, 50 mM phosphate buffer, pH 6.5, and

50 mg protein [30]. The oxidation of ASC non-dependent on

H2O2 addition was subtracted. Since ASC was absent in the

extraction buffer, the measured activity should only have

been due to cytosolic ascorbate peroxidase [21].

DHA-reductase (glutathione: dehydroascorbate

reductase, EC 1.8.5.1) activity was determined following

the increase in absorbance at 265 nm in a reaction mixture

containing 1 mM DHA, 1 mM GSH, 100 mM phosphate

buffer, pH 6.3, and 50 mg protein [31]. The rate of non-

enzymatic DHA reduction was subtracted. Both ascorbate

peroxidase and DHA-reductase activities were estimated by

assuming a molar absorbance coefficient for ASC of

14,000 MK1 cmK1 at 265 nm.

Catalase (hydrogen peroxide: hydrogen peroxide oxido-

reductase, EC 1.11.1.6) activity was determined according to

Beaumont et al. [32] with minor modifications, by following

the H2O2 dismutation at 240 nm in a reaction mixture

containing 0.1 M phosphate buffer, pH 7.0, 18 mM H2O2

and 50 mg protein (extinction coefficient 23.5 mMK1 cmK1).

GLDH (L-galactono-1,4-lactone: ferricytochrome-c

oxidoreductase, EC 1.3.2.3) activity was determined
according to Ôba et al. [33] with minor modifications,

following the reduction of cytochrome c at 550 nm. The

reaction medium contained 50 mM Tris–HCl buffer, pH 8.0,

60 mM cytochrome c, 1 mM sodium azide, 1 mM L-galac-

tono-1,4-lactone (GL), 1 mM FAD and 50 mg protein and

utilising an extinction coefficient of 27 mMK1 cmK1.

Sodium azide was added to inhibit cytochrome oxidase

activity thus avoiding underestimation of GLDH. The

variation in absorbance not dependent on GL was

subtracted.

The protein content was determined according to

Bradford [34], using bovine serum albumin as a standard.

2.6. Lipid peroxidation

The level of lipid peroxidation in the protoplasts was

measured in terms of malondialdehyde (MDA) content

determined by the thiobarbituric acid reaction as described

by Zhang and Kirkham [29].

2.7. Statistics

Statistical analysis of the differences between mean

values of control and treated protoplasts was performed

using the Student’s t test. Differences at P!0.05 were

considered significant.
3. Results

3.1. Time course of protoplast killing

The effects of BEA and T-2 at either 50 or 100 mM on

tomato protoplast viability are shown in Fig. 1. These toxin

concentrations were chosen for two reasons: (a) similar

concentrations are produced by various Fusarium species on

plant matrices [1,2] and (b) similar concentrations proved to

be toxic toward other bioassays [10,14].

Compared to the control, the protoplast viability was

87% after the first hour of incubation with 50 mM BEA, 70%

after 2 h and 50% after 3 h. After 6 h protoplast viability

was only 9% of that of the control (Fig. 1A).

The treatment with 50 mM T-2 only resulted in a

significant reduction in protoplast viability after 6 h

(Fig. 1A). A dose–response relationship was shown

by increasing the concentration of both toxins to 100 mM

(Fig. 1B). At this concentration, the reduction of protoplast

viability following treatment with BEA was already

statistically significant after 30 min, and that induced by

T-2 after 3 h.

Viable protoplasts, both in the control and after different

treatments, appeared spherical shaped with well-defined

chloroplasts. No alterations of protoplast morphology

occurred during the first 30 min of treatment with BEA or

during the first hour of treatment with T-2 (data not shown).

The toxic action of the two mycotoxins was shown by



Fig. 1. Effects of BEA or T-2 toxins on protoplast viability. The protoplasts were treated with 50 (A) or 100 mM (B) toxin. Values represent the mean of five

experiments GSE. * and ** indicate values significantly different from the control by Student’s t test with P!0.05 and 0.01, respectively.
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the appearance of altered morphology of protoplasts, which

resulted in protoplast death. Dead protoplasts showed both

cytoplasm and chloroplast disruption with increasing

damage to the plasma membrane until complete lysis

(data not shown).
3.2. H2O2 production in treated protoplasts

To ascertain whether BEA and T-2 induced ROS

generation, the H2O2 production in control and treated

protoplasts was monitored. The production of extracellular

H2O2 induced by 50 mM BEA and T-2 was investigated at

different times of treatment (Fig. 2). The level of H2O2

increased both in BEA and T-2 with respect to the control
Fig. 2. H2O2 release in the incubation medium by tomato protoplasts treated

with 50 mM BEA or T-2. At the indicated times, 1 ml of protoplasts

suspension was taken for the determination of H2O2 concentration. Values

represent the mean of four experiments GSE.
(after 4 h by about 66 and 40% in BEA and T-2,

respectively). Both mycotoxins induced a similar increase

in H2O2 inside the cells, which was revealed by an increase

in fluorescence of rhodamine of the treated cells (data not

shown).

In addition to H2O2 determination, the oxidative damage

in T-2 treated protoplasts, was monitored by measuring lipid

peroxidation. As reported in Table 1, after 1 h of T-2

treatment a notable increase in lipid peroxidation occurred.
3.3. Determination of ascorbate and dehydroascorbate

While no significant difference in ASC and DHA contents

occurred in control protoplasts during the time of the

analysis, the treatment with 50 mM BEA resulted in a rapid

and sharp decrease in the ASC content in the protoplasts

(Fig. 3A). After 1 h of treatment the ASC content of BEA-

treated protoplasts was 66% lower than that of the control and

further decreases occurred with time (15 and 9% residual

content after 2 and 3 h, respectively). Conversely, BEA did

not induce a parallel increase in DHA content (Fig. 3B), the

difference of which from that of the control remained

insignificant throughout treatment. Consequently, the total
Table 1

Effect of 50 mM T-2 mycotoxin on lipid peroxidation

Time (h) Lipid peroxidation (nmol MDA) (1!106 protoplasts)K1

Control T-2

0.5 38.3G3.1 42.6G5.0

1 43.2G4.2 83.5G7.1**

3 50.4G6.1 157.1G11.3**

6 62.4G6.3 142.3G13.1**

Values represent the mean of four experiments GSE. ** indicates values

significantly different from the control by Student’s t test with P!0.01.



Fig. 3. Changes in ASC (A), DHA (B) content and in the redox state of the

ascorbate pool (ascorbate/ascorbateCdehydroascorbate) (C) in tomato

protoplasts treated with 50 mM BEA or T-2. Both treatments induced a

decrease in ascorbate redox ratio. Values represent the mean of five

experiments GSE. * and ** indicate values significantly different from the

control by Student’s t test with P!0.05 and 0.01, respectively.

Fig. 4. APX activity in tomato protoplasts treated with 50 mM BEA or T-2.

Values represent the mean of five experiments GSE. 1 UZ1 nmol ASC

oxidized minK1. * and ** indicate values significantly different from the

control by Student’s t test with P!0.05 and 0.01, respectively.

Fig. 5. DHAR activity in tomato protoplasts treated with 50 mM BEA or

T-2. Values represent the mean of five experiments GSE. 1 UZ1 nmol

ASC formed minK1. ** indicates value significantly different from the

control by Student’s t test with P!0.01.
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ascorbate pool (ascorbate plus dehydroascorbate), and its

redox state (ascorbate/ascorbateCdehydroascorbate) were

significantly lower than those of the control protoplasts (with

P!0.05 at 1 h and with P!0.01 thereafter; Fig. 3C).

Differently from the treatment with BEA, the treatment

with T-2 did not result in a significant change in the ASC

level (Fig. 3A). However, T-2 induced a strong and

progressive increase in DHA production (Fig. 3B). After

such treatment the DHA contents were 94 and 123% higher

than the control after 1 and 3 h, respectively. Therefore, the

total ascorbate pool increased even if the ratio of reduced to
oxidized ascorbate decreased with respect to the control

(with P!0.01 at 1 and 2 h and with P!0.05 thereafter;

Fig. 3C).

3.4. APX, DHAR and GLDH activities

The activities of APX and DHAR were assayed in order

to verify whether the toxins also affected the enzymes of the

ascorbate system of the protoplast.

Fig. 4 shows that APX activity transiently increased

during the first 2 h of treatment with 50 mM BEA. On the

contrary, no significant change in APX activity was found

following treatment with 50 mM T-2 (Fig. 4). A parallel

increase in DHAR activity was also evident in the first hours

of treatment with BEA (Fig. 5). On the other hand, treatment

with T-2 did not significantly change DHAR activity (Fig. 5).

To verify whether 50 mM BEA and T-2 toxins affected

ASC biosynthesis in protoplasts, the activity of GLDH,



Table 2

GLDH activity in tomato protoplasts treated with 50 mM BEA or T-2

Time (h) Galactono-1,4-lactone dehydrogenase (nmol cyto-

chrome c reduced minK1 mgK1 prot.)

Control BEA T-2

0.5 73G6 65G5 79G7

1 65G5 36G3** 90G9*

3 57G6 30G3** 85G9*

6 51G5 13G2** 75G7**

Values represent the mean of five experiments GSE. * and ** indicate

values significantly different from the control by Student’s t test with

P!0.05 and 0.01, respectively.
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the enzyme which catalyzes the final step of ASC

biosynthesis, was analyzed. Table 2 shows that the GLDH

activity in T-2 treated protoplasts was significantly higher

than that of the control protoplasts after 1 h, and remained

constant thereafter. On the contrary, the treatment with BEA

induced a progressive decrease in GLDH activity (Table 2).
3.5. Other antioxidants

To evaluate whether alternative antioxidant compounds

were affected by toxin treatments, the levels of reduced and

oxidized glutathione as well as catalase activity were

analyzed. No significant difference in GSH and GSSG

contents (data not shown) were found either with BEA or

with T-2 treatment with respect to the control. No significant

change in catalase activity was observed in protoplasts

treated with T-2, while BEA treatment resulted in a sharp

decrease in catalase activity (Table 3).
4. Discussion

The data reported in this study indicate that both toxins

induce premature protoplast death but the phytotoxic action

of BEA is higher than that of T-2, as shown by the more

remarkable and rapid reduction of protoplast viability

occurring under BEA-treatment (Fig. 1A and B). The cell

death caused by 50 mM BEA on tomato protoplasts was

almost complete within 6 h of treatment, while that of T-2 at

the same time and concentration was much lower. The

phytotoxicity of BEA has been reported to be effective at
Table 3

Catalase activity in tomato protoplasts treated with 50 mM BEA or T-2

Time (h) Catalase (nmol H2O2 dismutated min K1 mgK1 prot.)

Control BEA T-2

0.5 95G8 84G7 89G8

1 89G9 43G3** 79G7

3 80G7 10G1** 74G6

6 51G5 8G1** 61G6

Values represent the mean of five experiments GSE. ** indicates values

significantly different from the control by Student’s t test with P!0.01.
micromolar concentrations in other plant and animal

systems [8,10]. It is known that BEA acts on biological

membranes as an efficient ionophor for monovalent and

divalent cations [35,36]. Indeed, in the presence of this

mycotoxin, cells undergo an upsetting of the cellular cations

(e.g. KC and NaC, CaCC) some of which play important

roles in metabolism regulation [37].

Even if many phytotoxins induce ROS generation, which

in turn causes an oxidative stress in the phytotoxin treated

cells [17], there is no clear evidence suggesting that BEA

and T-2 activate ROS generating systems. We show that

BEA and T-2 toxin produce increased levels of H2O2

(Fig. 2). Thus, our results suggest the involvement of an

oxidative stress in the damage caused by T-2 and BEA.

Moreover, the increase in DHA and in lipid peroxidation

observed under T-2 treatments clearly indicates that the

treated protoplasts undergo oxidative damage (Fig. 3B and

Table 1). The defence response activated in tomato

protoplasts by the presence of T-2, should be an increase

in ASC biosynthesis, since a rise in the total pool of vitamin

C (ASCCDHA) and an increase in GLDH activity occurs

(Fig. 3A and B and Table 2), whereas the activity of APX

and DHAR are not affected at all (Figs. 4 and 5). The

increase in DHA content within cells could have negative

metabolic effects contributing to the damage induced by this

mycotoxin. Indeed it has been demonstrated that a rise in the

DHA content induces the oxidation of several thiol-

containing proteins and hence inhibits many enzymes

[38]. Interestingly, one of the effects of T-2 is to bind

proteic –SH groups, a process that inactivates certain thiol-

containing enzymes [39,40]. Thus the increase in DHA

generation could strengthen the T-2 damaging effect on –SH

containing proteins.

In the case of BEA toxicity, the presence of oxidative

stress is also supported by an increase in APX activity that

is, however, only transient (Fig. 4). The more severe

damage induced by this toxin on tomato protoplasts is also

reflected by its effect on the ASC system. The strong

depletion in ASC does not seem to be due to a net increase in

its oxidation, since no rise in DHA was observed (Fig. 3B).

The higher ASC oxidation due to the increase in APX

activity is probably compensated by the parallel increase in

DHAR. Due to the fact that BEA affects cell permeability,

we can speculate that a certain amount of ASC is lost from

the protoplast treated with this phytotoxin. The release of

ASC from the cytosol to the apoplast could have some

interesting repercussions for the penetration of phytopatho-

gens in plant tissues. Indeed, it has been reported that in the

cell wall, the presence of ASC causes the production of OH,

the most powerful radical generated in biological systems

[41]. This reactive species causes the loosening of the plant

cell wall by non-enzymatic scission of the matrix poly-

saccharides [42]. Therefore, the release of ASC from the

cytosol to the apoplast induced by BEA could facilitate

pathogen penetration by increasing cell wall plasticity.

Alternatively, we can also speculate that the ionophoric
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action of BEA [43] interferes with ASC biosynthesis by

altering the mitochondrial membranes. In fact, GLDH, the

last enzyme of ASC biosynthesis is located in the inner

mitochondrial membrane and, moreover, its activity

requires a functional mitochondrial electron flow [44].

As regards the GSH system, in contrast to ASC, the

preliminary data of this study seem to indicate that the

involvement of this system in the defence response of

protoplasts versus phytotoxicity of BEA and T-2 mycotox-

ins is not important. However, further investigations are

necessary to support this thesis.

As far as the ROS-scavenging enzyme catalase is

concerned, the decrease in activity induced by BEA

treatment contributes to the maintaining of high H2O2

concentrations and to protoplast death. In this respect T-2 is

less effective since it does not induce any change in catalase

activity compared to control.

In conclusion, our data suggest that both BEA and T-2

cause protoplast damage, inducing their death, although

differently affecting plant cell metabolism. In both cases the

ascorbate system is altered, thus confirming the relevance of

this metabolite in the perception and signal transduction of

unfavourable environmental conditions [45,46]. Our results

also confirm that the protoplast can be a useful tool for

studying mycotoxin phytotoxicity and for ascertaining

whether and how a single metabolite affects cellular

metabolism in plants.
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