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Eutypine, 4-hydroxybenzaldehyde, and 3-phenyllactic acid are some of the phytotoxins produced by
the pathogens causing Eutypa dieback and esca disease, two trunk diseases of grapevine (Vitis
vinifera). Known biocontrol agents such as Fusarium lateritium and Trichoderma sp. were screened
for their ability to consume these toxins. Transformation time courses were performed, and an high-
performance liquid chromatography-based method was developed to analyze toxin metabolism and
to identify and quantify the converted products. The results show that the aldehyde function of eutypine
was reduced to eutypinol, as by V. vinifera cv. Merlot, the cultivar tolerant to Eutypa dieback. We
revealed a supplementary detoxification pathway, not known in Merlot, where the aldehyde function
was oxidized to eutypinic acid. Moreover, some strains tested could further metabolize the
transformation products. Every strain tested could transform 4-hydroxybenzaldehyde to the corre-
sponding alcohol and acid, and these intermediates disappeared totally at the end of the time courses.
When biological assays on cells of V. vinifera cv. Chasselas were carried out, the transformation
products exhibited a lower toxicity than the toxins. The possibility of selecting new biocontrol agents
against trunk diseases of grapevine based on microbial detoxification is discussed.
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INTRODUCTION

Trunk diseases of grapevine (e.g., Eutypa dieback and esca
disease) are becoming increasingly frequent in all vine-produc-
ing regions of the world. This is due to expanded mechanization
(1), new pruning practices (2), the worldwide banning of sodium
arsenite (1,3), the absence of alternative direct control, the
propagation of the pathogens in the nurseries (4, 5), and the
absence of resistantVitis cultivars.

Eutypa dieback and esca disease are characterized by a slow
decline that leads to the death of the plants (6, 7). Eutypa dieback
is caused byEutypa lata. Esca disease is caused by a complex
of pathogens including the ascomycetesPhaeomoniella chlamy-
dospora and Phaeoacremonium aleophilumand the basidi-
omycete Fomitiporia mediterranea. These xylem-inhabiting
fungal pathogens infect the plants through large wounds and
produce cankers or rot in the wood (3). Eutypa dieback and
esca disease pathogens produce several toxic compounds, the
majority of which have an aldehyde function as an active site
(Figure 1). Some of these toxins were detected in the inflo-

rescences, in the sap, and in the leaves of diseased grapevine
plants but were absent in the healthy plants (8, 9). Several in
vitro-produced toxins have been chemically characterized (9-
14) and tested for their toxicity on protoplasts or calli of different
Vitis cultivars (9, 15). Foliar symptoms can be reproduced
through the absorption of culture filtrates ofE. lata (8, 15) or
of esca pathogens (3) by detached grapevine leaves.

Among these toxins, the mode of action of 4-hydroxy-3-(3-
methyl-3-butene-1-ynyl)benzaldehyde, commonly named eu-
typine and secreted byE. lata, is largely documented. Eutypine
is a lipophilic weak acid. It enters the grapevine cells through
passive diffusion and damages the membrane systems by
inserting lipids (16,17). Eutypine, as a mobile proton transporter
(protonophoric activity) due to the dissociable alcohol function,
disturbs the respiration (uncoupling effect of the oxidative
phosphorylation) and the energy balance of the cells by
decreasing the membrane potential (18). Another toxic com-
pound, 4-hydroxybenzaldehyde, is believed to be the common
precursor of several aromatic toxins (12).

The response of various grape plants to trunk disease pathogen
attacks, and especially to trunk toxins, reveals large differences.
No Vitis cultivar is resistant to trunk diseases. In contrast to
Cabernet Sauvignon, which is highly susceptible, Merlot shows
a high tolerance to Eutypa dieback, probably because of the
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presence of an aldehyde reductase that metabolizes the eutypine
to the nontoxic eutypinol (19). This NADPH-dependent eutypine
reductase enzyme (VR-ERE) was isolated, purified, and cloned
from the plantVigna radiata. VR-ERE cDNA was expressed
in Escherichia coliK38 and inVitis Vinifera cv. Gamay cells
usingAgrobacterium tumefaciensC58-mediated transformation
(20). This transformation was found to confer resistance to
eutypine in grapevine cells (21).

The absence of direct control of grapevine trunk diseases
requires the development of new control strategies to reduce
their incidence. In fact, it is not possible to avoid the synthesis
and the transportation of the toxins. The only effective approach
to control trunk diseases effectively seems to be partial
detoxification, the same mechanism as in the tolerant cultivar
Merlot. Microorganisms are already known to be efficient in
metabolizing biotic toxins (22). Tomato plants can be protected
from Fusarium wilt by fusaric acid-degrading mutant strains of
Pseudomonas solanacearum(actual nameRalstonia solan-
acearum) (23). Other bacterial strains, such asKlebsiella oxytoca
(24),Pseudomonas cepacia, andPseudomonas aeruginosa(25)
and the fungiCladosporium werneckii(26), are also reported
to be able to degrade fusaric acid.

The purpose of this study was to screen some potential
biocontrol fungal strains for their ability to transform the
different toxins tested. To evaluate the most effective strains,
we aimed to perform a kinetic analysis of the toxin consump-
tions, to identify the transformation products and to assess their
toxicity. To our knowledge, this study is the first report of
microbial transformation of the toxins produced by the patho-
gens that cause Eutypa dieback and esca disease and of the
consumption of the metabolic intermediates.

MATERIALS AND METHODS

Fungal Cultures and Growth Conditions. Four well-known
biocontrol fungal species were chosen for this study.Trichoderma
polysporumstrains 503.82 (isolated fromAbies alba) and 997.87 (from
Picea abies),Trichoderma harzianumstrains 753.68 (fromPopulus
sp.) and 389.36 (fromPinussp.), andFusarium lateritiumstrains 633.95
(from Corylus aVellana), 268.51 (fromPopulussp.), and 541.88 (from
Pyruscommunis) were obtained from Centraalbureau voor Schimmel-
cultures (CBS, Utrecht, The Netherlands).T. polysporumstrain 657
andF. lateritium strains 146 and 825 (fromMalussp.) were obtained
from the culture collection of the Phytopathology group of the Institute
of Plant Sciences (Federal Institute of Technology, Zurich, Switzerland).
Trichoderma atroViridestrain P1 (ATCC 74058) was obtained from
LGC Promochem (Molsheim, France), andT. harzianumstrain 616
was obtained from the collection of the Swiss Federal Research Station
for Plant Production (Agroscope RAC, Changins, Switzerland). The
strains were maintained on malt extract agar (15 g/L malt extract, 12
g/L agar) (Oxoid) or potato dextrose agar [4.8 g/L potato dextrose broth
(Difco), 12 g/L agar (Oxoid)] and were grown at 24°C. Fungal growth
was assessed by inoculation of four agar plugs of the fungal strains in
flasks containing 30 mL of malt extract (0.7%) liquid cultures and
incubated in the dark at 24°C on a rotary shaker (180 rpm). After 17,
29, 41, 53, 65, and 96 h, the mycelium was filtered and lyophilized,
and the dry weight was measured relative to the mycelium dry weight
at time 0.

Toxins and Chemicals.Eutypine and the reference transformation
products eutypinol and eutipinic acid were synthesized as described
previously (27,28). 3-Phenyllactic acid, 4-hydroxybenzaldehyde, the
reference transformation products 4-hydroxybenzyl alcohol and 4-hy-
droxybenzoic acid, the organic solvents (analytical quality), the salts,
the vitamins, and the sucrose, if not specified, were purchased from
Fluka Chemie GmbH (Buchs, Switzerland) and used without further
purification.

Instrumentation. Qualitative and quantitative analyses were per-
formed by high-performance liquid chromatography (HPLC)-UV-MS
using an Agilent 1100 series LC/MSD (Agilent Technologies, Palo Alto,
CA) with an electrospray ion source equipped with an autoinjector
(Agilent G1313A) and a degasser unit (Agilent G1379A) and coupled
with a UV diode array detector (Agilent 1315A). The samples were
injected (10µL) onto a 250 mm× 4.6 mm i.d., 7µm, Nucleosil-C18
analytical column (Bischoff GmbH, Leonberg, Germany), using a flow
rate of 1 mL/min (0.7 mL/min for the analyses of 4-hydroxybenzal-
dehyde and its metabolites). The mobile phase consisted of solvent A
(water/acetic acid, 98:2, v/v) and solvent B (acetonitrile) or, for
4-hydroxybenzaldehyde, solvent C (acetonitrile/tetrahydrofuran, 75:25,
v/v). For the analyses of eutypine and its derivatives, an isocratic solvent
system was used, consisting of 40% B for 20 min, followed by 4 min
at 95% B. For 4-hydroxybenzaldehyde, elution started at 30% of solvent
C rising to 70% in 10 min and maintained for 4 min. Finally, for
3-phenyllactic acid, the analyses were carried out under isocratic
conditions at 17% B. The toxins and their derivatives were detected at
254 nm (270 nm for 4-hydroxybenzaldehyde) with diode array on-line
detection. UV spectra were recorded between 200 and 400 nm.

Toxin Consumption and Extraction of the Metabolites.Four agar
plugs of well-known biocontrol fungal isolates were added to flasks
containing 30 mL of malt extract (0.7%) liquid cultures with 225µM
eutypine, 550µM 4-hydroxybenzaldehyde (dissolved in ethanol), and
550 µM 3-phenyllactic acid (dissolved in bidistilled water) and
incubated in the dark at 24°C for 4 days on a rotary shaker (180 rpm).

Figure 1. Chemical structures of eutypine and 4-hydroxybenzaldehyde
and their derivatives and of 3-phenyllactic acid. (A) Reduction of the
aldehyde function to the corresponding alcohol; (B) oxidation of the
aldehyde function to the corresponding acid.
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As control, the same toxin concentration was added to culture medium
without fungi. After 17, 29, 41, 65 (53 for 4-hydroxybenzaldehyde),
and 96 h, 4 mL of each culture medium was removed. These aliquots
were then acidified with 200µL of 1 N HCl, extracted with 2.5 mL of
ethyl acetate by shaking (400 rpm) for 30 min at room temperature,
and stored at-20°C. One milliliter of the organic phase was transferred
into HPLC vials (8002-CV-H/V15µ) (Infochroma AG, Zug, Switzer-
land) and dried by vacuum evaporation (Hetovac; Heto-Holten A/S,
Allerød, Denmark). The residues were used for HPLC-UV analysis.
All transformation time courses were performed twice with two
replicates each. Both experiments provided similar results. The results
shown are averages of one experiment.

Calibration and Recovery. To perform calibration curves, 30 mL
of malt extract liquid cultures (0.7%) containing 550, 330, 110, 77,
33, and 11µM 3-phenyllactic acid, 4-hydroxybenzaldehyde, 4-hy-
droxybenzyl alcohol, or 4-hydroxybenzoic acid were prepared. For
eutypine, eutypinol, and eutypinic acid, concentrations of 225, 135,
45, 31.5, 13.5, and 4.5µM were used. For the calibrations, samples
were removed after 17 and 96 h only and used for HPLC-UV analysis.
The HPLC peak area was correlated to the compound concentration.
Equations andR2 values were calculated using Systat version 10. To
assess the recovery of each compound, the same amount of metabolite,
as for the calibration, was diluted in ethanol and directly dried by
vacuum evaporation without extraction. For the calibration and recovery
experiments, the same protocol as the kinetic analyses of toxin
transformation was used.

Analysis of the Metabolites.The residues were suspended in 300
µL of acetonitrile, and 10µL was injected in HPLC-UV for quantitative
analyses. Qualitative analysis was performed by HPLC-MS [electro-
spray ionization (ESI) mode]. Metabolite concentrations were deter-
mined by reference to standard calibration curves, which were linear
(R2 > 0.99) for each compound. Biotransformation velocity (reaction
kinetics) was estimated between the end of the lag phase and the time
of the complete disappearance of the toxin, or after 96 h, when the
toxin was not completely consumed. The linear transformation rates
are defined as the changes of concentration in time and are expressed
in µM/h.

Toxicity Assays onV. Winifera cv. Chasselas Cells.Biotests were
performed to confirm the toxicity of the toxins and to check the toxicity
of the transformation products.V. Vinifera cv. Chasselas cells, origi-
nating from callus, were grown in NOVER-MSMO medium [4.4 g/L
Murashige and Skoog Basal Salts with minimal organics (29) (Sigma);
30 g of sucrose; 170 mg of KH2PO4; 5 mg of 1-naphthyl acetate diluted
in ethanol and 2 mg ofN6-benzyladenine diluted in 2 N KOH (30); 1
mL of the stock solution of vitamin AT 1.000× (31); adjusted to pH
5-5.5 and autoclaved]. Cells were subcultured at 1 week intervals by
diluting 15 mL of the suspension in 50 mL of fresh NOVER-MSMO
medium and grown on a rotary shaker (150 rpm) at 24°C with a 16 h
light/8 h dark system. After 8 days of incubation, grapevine cells were
rinsed three times and resuspended in a minimal isotonic NOVER-
MSMO medium (MSMO, sucrose and KH2PO4 only) and aliquots of
0.5 mL were distributed in separated wells of a 24 well tissue culture
test plate (TPP AG, Trasadingen, Switzerland) containing 1 mL of
minimal NOVER-MSMO medium supplemented with the toxins or the
transformation products at different concentrations. As control, ethanol
(or water for the control test of 3-phenyllactic acid) was added to one
well. The toxicity was assessed by testing for cell death and membrane
integrity, using the vital dye neutral red. Accumulation of the dye in
the vacuoles and plasmolysis was observed after 24 h by light
microscopy. A neutral red aqueous stock solution of 5 mg/mL was
diluted for staining to a final concentration of 0.05% in minimal
NOVER-MSMO medium. Four repetitions were performed, for each
metabolite concentration, by examining 60µL of cell suspension, and
the results are reported as an average.

RESULTS

HPLC Analysis. In the present study, the HPLC analytical
conditions were determined after investigating the effect of
various combinations of solvents, flow rates, and gradient elution
conditions on the separation of standard compounds. The use

of LC-ESI-MS method provided a sensitive and powerful
technique for the identification of the metabolites. All com-
pounds were quantitatively analyzed by a diode array detector
and characterized by the UV spectra, the retention time, and
the mass spectra of reference compounds. The unconventional
solvent system and the reduced flow rate of 0.7 mL/min, used
for 4-hydroxybenzaldehyde, allowed a better separation of the
metabolites and consequently a precise quantification. Acidifica-
tion, with HCl, of the liquid medium prior to ethyl acetate
extraction permitted a level of recovery to be obtained, which
was linear for every metabolite, independently of the concentra-
tion in the range of interest.

Kinetic Analyses of Eutypine Consumption and Identifi-
cation of Its Derivatives. The kinetic analyses of eutypine
transformation were monitored for up to 96 h by quantification
of the toxin and its metabolites with HPLC-UV, following
inoculation in the dark of the different fungi in liquid culture
medium containing 225µM eutypine. No change of eutypine
concentration was observed in the control sample without fungi
(data not shown). In liquid medium, eutypine is therefore stable
for 96 h in the dark. Every fungal strain tested showed at least
a partial conversion of eutypine (Figure 2). The different strains
were grown similarly in the absence of the toxin (data not
shown). Therefore, fungal growth and transformation ability
were not correlated.

Major differences in reaction kinetics were found at the strain
level (Table 1). T. polysporumstrains 657 and 503.82,T.
harzianum389.36, andF. lateritium268.51 converted the toxin
slowly (2.8-3.5 µM/h), but onlyT. polysporum503.82 started
the transformation with a delay. Rapid reaction kinetics (11.9-
13.2 µM/h) was exhibited byT. atroViride P1 and byT.
harzianum616 and 753.68. The other strains tested showed
intermediate reaction kinetics (4.7-7.7 µM/h). T. polysporum
997.87 andF. lateritium 825 highlighted a two-phase kinetics,
beginning with a 40 h slow rate (1µM/h). F. lateritium 825
andT. polysporum503.82 were able to convert eutypine only
partially.

Eutypine was reduced to eutypinol by every strain. The
oxidation of eutypine producing eutypinic acid was also found
when using many strains, except forT. polysporum657 andT.
harzianum753.68 (Table 2and Figure 2). The HPLC-UV
analysis provided the following retention times:RT eutypine
) 16.7 min,RT eutypinol) 8.0 min, andRT eutypinic acid)
9.6 min (elution profile not shown). The reduction of eutypine
to eutypinol occurred, in many kinetic analyses, earlier than
the oxidation to eutypinic acid but not in those ofF. lateritium
146 andF. lateritium 541.88. No emergence of other aromatic
structures was detected in the medium by HPLC-UV. At the
end of the time course,T. harzianum389.36 formed a yellow
product, which was not identified. The regression curves of the
concentration ranges showed aR2 of 0.9992, 0.9998, and 0.9999
for eutypine, eutypinol, and eutypinic acid, respectively, allow-
ing an accurate quantification of the three metabolites between
4.5 and 225µM.

In the presence ofT. harzianumand T. atroViride strains,
eutypinol disappeared within 96 h. Eutypinic acid disappeared
only in the presence ofT. harzianum389.36. The disappearance
of eutypinol with T. harzianum753.68 was more rapid than
for other strains (Figure 2). For both transformation products,
the maximal production (µM) and the percentage of consump-
tion after 96 h are shown inTable 2. To analyze these
supplementary metabolisms, time course transformations byF.
lateritium 825 and 633.95, byT. polysporum503.82, and byT.
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harzianum389.36 were prolonged to 150 h (data not shown).
Trichoderma strains were able to convert>98% of both
derivatives, whereasFusariumstrains only converted eutypinol
(>98% consumption byF. lateritium 825 and 50% byF.
lateritium 633.95).

Kinetic Analyses of 4-Hydroxybenzaldehyde Consumption
and Identification of Its Derivatives. The protocol described
for eutypine modification analysis was used for the kinetic
experiment of the 4-hydroxybenzaldehyde transformation. The
initial toxin concentration used in this experiment was 550µM.

The control without fungi revealed no change of 4-hydroxy-
benzaldehyde concentration for 96 h (data not shown), which
proves the stability of the toxin in the dark. Every strain tested
was able to convert 4-hydroxybenzaldehyde completely (Figure
3).

All fungal species exhibited transformation velocity differ-
ences among the strains (Table 1). The consumption generally
occurred in two phases, with a reaction kinetics of 1.2-6.6µM/h
(slow phase) at first, followed by more rapid rates of 18-40
µM/h.

Figure 2. Time course of eutypine ([) transformation by potential biocontrol agents and production of eutypinol (9) and eutypinic acid (2) in eutypine-
containing liquid medium.

7046 J. Agric. Food Chem., Vol. 53, No. 18, 2005 Christen et al.



Every strain tested metabolized 4-hydroxybenzaldehyde to
both 4-hydroxybenzyl alcohol and 4-hydroxybenzoic acid
(Table 2 andFigure 3). The HPLC-UV retention times of the
metabolites were as follows:RT 4-hydroxybenzaldehyde) 8.6
min, RT 4-hydroxybenzyl alcohol) 5.8 min, andRT 4-hy-
droxybenzoic acid) 7.7 min (elution profile not shown).
Several analyses revealed a faster production of 4-hydroxyben-
zoic acid than of 4-hydroxybenzyl alcohol, except forT.
harzianum389.36. Unidentified yellow compounds were pro-
duced during the reactions byT. polysporum503.82, T.
harzianum389.36, andF. lateritium146. The regression curves
of the concentration range exhibited aR2 of 0.9999, 0.9988,
and 0.9993 for 4-hydroxybenzaldehyde, 4-hydroxybenzyl al-
cohol, and 4-hydroxybenzoic acid, respectively, permitting a
precise quantification of each compound between 11 and 550
µM.

In the presence of every strain, 4-hydroxybenzoic acid
disappeared within 96 h, while for every strain, except byT.
polysporum657 and 503.82 andT. atroViride P1, 4-hydroxy-
benzyl alcohol disappeared (Table 2). The disappearance of the
metabolic intermediates was rapid and occurred simultaneously
with the toxin consumption, resulting in a relatively low
production of 4-hydroxybenzyl alcohol and 4-hydroxybenzoic
acid (Figure 3). The maximal production (µM) and the
percentage consumption (after 96 h) of both derivatives are
reported inTable 2. No other aromatic compound was found
in the culture medium after total consumption of the derivatives.

Kinetic Analyses of 3-Phenyllactic Acid Consumption.The
same protocol as for eutypine was used for the analysis of the
utilization of 3-phenyllactic acid. The toxin was diluted in water
and used at an initial concentration of 550µM. No utilization
of 3-phenyllactic acid was observed in the control without fungi
up to 96 h (data not shown), which proves the stability of the
toxin in the dark. Most of the strains tested exhibited only a
partial conversion of 3-phenyllactic acid (Table 1 andFigure
4).

In general, the transformation occurred slower than for the
other toxins.F. lateritiumstrains andT. polysporum657 showed
a limited reaction rate after 96 h (1.3-3.1µM/h). T. polysporum
strains 503.82 and 997.87 andT. harzianumstrains 616 and
753.68 were more efficient and exhibited reaction rates between
3.9 and 5.3µM/h. T. harzianum389.36 andT. atroViride P1
transformed 3-phenyllactic acid completely in 65 h, which
represents reaction kinetics of 8.3µM/h (Table 1).

The retention time of 3-phenyllactic acid was 12.9 min with
the HPLC system used (elution profile not shown).T. harzianum
753.68 andF. lateritium 146 produced yellow-colored com-
pounds, which were not identified. The calibration curve of
3-phenyllactic acid was linear in the range of the concentrations
tested (R2 ) 0.9998). The toxin detection limit was therefore
under the lowest calibration concentration of 11µM.

Toxicity Assays onV. Winifera cv. Chasselas Cells.Biotests
were performed onV. Vinifera cv. Chasselas cells by using
neutral red to check for cell viability. The concentration range

Table 1. Transformation Rates (µM/h) and Percentage Consumption after 96 h of Eutypine, 4-Hydroxybenzaldehyde, and 3-Phenyllactic Acid by
Potential Biocontrol Fungal Strains

eutypine 4-hydroxybenzaldehyde 3-phenyllactic acid

biocontrol agents
transformation
rates (µM/h)

consumption
(%)

transformation
rates (µM/h)

consumption
(%)

transformation
rates (µM/h)

consumption
(%)

F. lateritium 541.88 7.5 >98 19.7 >98 1.4 24
F. lateritium 146 7.0 >98 35.6 >98 1.6 27
F. lateritium 825 4.7 93 20.3 >98 1.9 32
F. lateritium 633.95 7.7 >98 20.4 >98 3.1 55
F. lateritium 268.51 3.5 >98 19.7 >98 1.9 33
T. polysporum 657 3.3 >98 23.4 >98 1.3 22
T. polysporum 503.82 2.8 76 18.2 >98 3.9 68
T. polysporum 997.87 7.5 >98 36.7 >98 4.8 75
T. atroviride P1 11.9 >98 39.9 >98 8.3 >98
T. harzianum 616 13.2 >98 33.8 >98 4.9 86
T. harzianum 753.68 13.2 >98 32.7 >98 5.3 94
T. harzianum 389.36 3.5 >98 25.3 >98 8.3 >98

Table 2. Analysis of the Derivatives Produced (µM) after 96 h in the Transformation of Eutypine and of 4-Hydroxybenzaldehyde by Different
Biocontrol Agents

eutypine 4-hydroxybenzaldehyde

eutypinol eutypinic acid 4-hydroxybenzyl alcohol 4-hydroxybenzoic acid

biocontrol agents
yield
(µM)

consumption
(%)

yield
(µM)

consumption
(%)

yield
(µM)

consumption
(%)

yield
(µM)

consumption
(%)

F. lateritium 541.88 95 0 140 0 20 >98 180 >98
F. lateritium 146 90 0 130 0 60 >98 280 >98
F. lateritium 825 130 0 80 0 20 >98 160 >98
F. lateritium 633.95 150 0 75 0 50 >98 180 >98
F. lateritium 268.51 125 0 70 0 20 >98 250 >98
T. polysporum 657 260 0 0 120 0 120 60
T. polysporum 503.82 80 0 80 0 60 0 50 >98
T. polysporum 997.87 40 0 150 0 10 >98 290 >98
T. atroviride P1 190 20 40 0 50 0 280 >98
T. harzianum 616 250 15 15 0 100 40 80 >98
T. harzianum 753.68 250 >98 0 20 >98 80 >98
T. harzianum 389.36 120 80 20 >98 130 90 50 60
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used for the toxicity test was 550, 275, 137, and 55µM for
3-phenyllactic acid and for 4-hydroxybenzaldehyde and its
derivatives and 225, 112, 56, and 22µM for eutypine and its
derivatives. The results presented are averages of four repetitions
and are expressed as remaining living cells in percent of the
control (Figure 5). The control without toxin exhibited about
10% of dead cells. Cytotoxicity was metabolite dependent as
well as concentration dependent. Eutypine showed a high
toxicity at a low concentration (90% dead cells at 225µM),

3-phenyllactic acid exhibited an intermediate toxicity (38% dead
cells at 275 µM and 62% dead cells at 550µM), and
4-hydroxybenzaldehyde was only moderately toxic (22% dead
cells at 275µM and 27% dead cells at 550µM). The substitution
of the aldehyde function of eutypine and 4-hydroxybenzaldehyde
with an alcohol or an acid resulted in a prominent diminution
of dead cells. This loss of toxicity could even be observed at a
low level of toxin (at 56µM for eutypine and its derivatives
and at 55µM for 4-hydroxybenzaldehyde and its derivatives).

Figure 3. Time course of 4-hydroxybenzaldehyde ([) transformation by potential biocontrol agents and production of 4-hydroxybenzyl alcohol (9) and
4-hydroxybenzoic acid (2) in 4-hydroxybenzaldehyde-containing liquid medium.
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DISCUSSION

The causal agents of Eutypa dieback and esca disease of
grapevine produce numerous toxins (e.g., eutypine, 4-hydroxy-
benzaldehyde or 3-phenyllactic acid).V. Vinifera cv. Merlot cells
are able to transform eutypine, the main toxin ofE. lata. This
detoxification is thought to confer on Merlot a good tolerance
to Eutypa dieback (19). On the basis of this detoxification by
the cultivar Merlot, we screened potential microbial biocontrol
agents for their ability to modify not only eutypine but also
other trunk disease toxins.

All strains tested in our study were able to convert totally at
least one toxin of the trunk disease pathogens investigated.
Detoxification by microorganisms has frequently been docu-
mented, especially the fungusTrichoderma, which is known to
degrade xenobiotics (32-35), mycotoxins (36,37), fatty acids
(38), amines (39), or cyanides (40). Concerning the other stains
used in our study,F. lateritium is a cyanide degrader (41).

In our experiments, the biotransformation of eutypine and of
4-hydroxybenzaldehyde was rapid for all strains; however,
3-phenyllactic acid was consumed slowly. The lower transfor-
mation rates of this toxin can probably be explained by the
previously known antifungal activity of 3-phenyllactic acid
againstPenicillium spp.,Aspergillusspp., andFusariumspp.
(42). T. atroViride P1 exhibited a rapid transformation rate for
all three toxins tested, andF. lateritium 268.51 was a slow
transformer of all three toxins tested. Thus, the reaction kinetics
were influenced by the metabolites as well as by the degrader
strains.

The reduction of eutypine to eutypinol could be observed in
our experiments and confirmed a similar detoxification ability
by microorganisms, as is known by plants (20). However,
surprisingly, we could also identify a second derivative,
eutypinic acid, that is the oxidized form of eutypine. The
biotransformation of this intermediate has never been described
until now. The absence of the oxidative pathway in the tolerant
Merlot cultivar (19) suggests that fungi are more efficient than
plants in metabolizing aldehyde toxins with this alternative
pathway. Both reduction and oxidation were also found in the
metabolism of the other aldehyde toxin, 4-hydroxybenzaldehyde.

In the kinetic analyses of eutypine transformation byF.
lateritium and byT. polysporumisolates, the metabolic inter-
mediates recovered were not consumed. The quantification of
the metabolites was precise, i.e., the molar quantity of eutypine
that disappeared was closely correlated with the sum of eutypinol
and eutypinic acid produced. This equivalence suggests that no
other mechanism beside detoxification (e.g., passive diffusion
in the fungal cells) was involved in the consumption of eutypine.
On the contrary, inV. Vinifera cells, eutypine does diffuse
passively (16).

In the transformation of eutypine byT. atroViride and byT.
harzianumand in every transformation of 4-hydroxybenzalde-
hyde, the metabolic intermediates were further consumed during
the time course of the experiments. Therefore, the stoichiometric
equality was not valid. Furthermore, no other aromatic com-
pound could be detected by HPLC in the culture medium at
the end of the period. Consequently, the use of the alcohol and
acid derivatives in other metabolic pathways or a putative
sequestration certainly took place in the fungal cells. To our
knowledge, this study is the first report of biological utilization
of eutypinol and eutypinic acid. In contrast, the consumption
of 4-hydroxybenzyl alcohol and of 4-hydroxybenzoic acid is
in accordance with other studies. 4-Hydroxybenzoate is ac-

Figure 4. Time course of 3-phenyllactic acid transformation by (A) T.
atroviride P1 ([), T. harzianum 616 (9), F. lateritium 633.95 (2) and F.
lateritium 146 (b); (B) T. harzianum 389.36 ([), T. polysporum 997.87
(9), F. lateritium 268.51 (2), and F. lateritium 541.88 (b); and (C) T.
harzianum 753.68 ([), T. polysporum 503.82 (9), F. lateritium 825 (2),
and T. polysporum 657 (b) in liquid medium.

Figure 5. Cytotoxicity of (A) 3-phenyllactic acid (b) and of 4-hydroxy-
benzaldehyde ([) and its derivatives 4-hydroxybenzyl alcohol (9) and
4-hydroxybenzoic acid (2) and of (B) eutypine ([) and its derivatives
eutypinol (9) and eutypinic acid (2) expressed as percent reduction of
living cells relative to the control.
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cumulated against a concentration gradient inE. coli (43).
4-Hydroxybenzyl alcohol and especially 4-hydroxybenzoic acid
are intermediates in several metabolic pathways. The hydroxy-
lation of 4-hydroxybenzoate leads to protocatechuate, one of
the important intermediates in the aromatic ring cleavage of
the â-ketoadipate pathway (44). 4-Hydroxybenzoate also par-
ticipates as precursor in ubiquinone biosynthesis (45) and in
the benzoate degradation pathway via CoA ligation (46, 47).
Yellow compounds occurred at the end of the transformation
by T. polysporum503.82 (4-hydroxybenzaldehyde), byT.
harzianum389.36 (eutypine and 4-hydroxybenzaldehyde), by
T. harzianum753.68 (3-phenyllactic acid), and byF. lateritium
146 (4-hydroxybenzaldehyde and 3-phenyllactic acid). For the
biotransformation by the other strains, the formation of yellow
compounds was not observed. In the absence of toxin,F.
lateritium146 also produced undetermined yellow compounds.
Therefore, it is likely that they are produced by some potential
biocontrol agents and are not metabolic intermediates in the
consumption of the alcohol and acid derivatives.

The structure of eutypine differentiates it from 4-hydroxy-
benzaldehyde by the substitution of the hydrogen positioned at
C3 of the aromatic ring with an aliphatic chain. Despite this
structural distinction, the reaction velocity of eutypine and
4-hydroxybenzaldehyde transformation was relatively close.
Nevertheless, this difference could explain the delay of any
further conversion of eutypine biotransformation intermediates
when compared with the 4-hydroxybenzaldehyde intermediates.

Our toxicity test used cell suspension cultures originated from
callus ofV. Vinifera cv. Chasselas. Eutypine was found to be
highly toxic and the transformation of its carbonyl group to an
acid or to an alcohol resulted in a reduced toxicity. The lower
cytotoxicity of eutypinic acid has not been described until now.
On the contrary, the decreased toxicity of eutypinol is consistent
with other studies presenting biotests performed on cell suspen-
sion cultures ofV. Vinifera cv. Gamay, originated from the skin
of grape berries and on leaf protoplasts (19), on grapevine calli
(48), or on grapevine leaves (49, 50). The sensitivity of our
test was similar to the biotests carried out on cell suspensions
from berry skin, on leaf protoplasts, and on calli but was higher
than tests on grapevine leaves. Furthermore, our biotest was
more rapid and necessitated a lower amount of toxic compounds
than assays on calli and was easy-to-handle comparatively to
tests on leaf protoplasts and on leaves. We also showed an
intermediate toxicity of 3-phenyllactic acid and a low toxicity
of 4-hydroxybenzaldehyde. Like eutypine, the metabolism of
the aldehyde function of 4-hydroxybenzaldehyde in alcohol or
in acid also resulted in a reduced toxicity. These results are
comparable with toxicity assays on calli ofV. Vinifera cv.
Gamay (9).

Microbial detoxification and consumption of the metabolic
intermediates were established for the fungi used in our research,
which are known to be implicated in different biological control
systems (51-54). Differences were shown at the strain and
species level. For eutypine transformation, some strains exhib-
ited one pathway and other strains two pathways. This second
new transformation pathway was revealed with 10 of the 12
strains tested. Therefore, the selection of potential new biocon-
trol agents, especially some endophytic strains, could be based
on the ability to effectively consume trunk disease toxins and
the choice of biocontrol microbial strains could consequently
be enlarged.
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