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Response of Vitis vinifera cell cultures to Phaeomoniella
chlamydospora: changes in phenolic production, oxidative
state and expression of defence-related genes
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Abstract Cell suspension cultures of Vitis vinifera cv.
Vinhao (Vv) were used to study the putative response
of V. vinifera to Phaeomoniella chlamydospora (Pc), a
fungus frequently associated with esca and grapevine
decline. Cells were elicited with a Pc autoclaved
biomass extract and methyl jasmonate (MeJ). Pheno-
lic production was evaluated by HPLC-DAD and
HPLC-MS/MS. Phenolic production of Vv cells
significantly changes after elicitation. Compared to
control, Vv cells elicited by Pc extract increase their
stilbene production 20-fold and those elicited by MelJ
increase stilbenic production 9-fold. In both cases,
there is de novo production of viniferin type com-
pounds. We also analyzed the oxidative burst of Vv
cells after elicitation with Pc extract and MelJ, using
the probe 2',7'-dichlorodihydrofluorescein diacetate.
Adding Pc extract induces an oxidative burst that
shows a biphasic pattern in Vv cells. Moreover, the
induction of 7 defence-related genes expression in Vv
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cell cultures upon Pc extract elicitation was investi-
gated employing semi-quantitative RT-PCR. Elicita-
tion increases the expression of class 6 and class 10
pathogenesis-related proteins, (3-1,3-glucanase, class
II chitinase, lipoxygenase, phenylalanine ammonia
lyase and stilbene synthase. Therefore, Vv in vitro
cell cultures could be an important tool to study esca
disease, since they offer a simple, rapid and selective
way to evaluate plant/fungus interactions.
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Introduction

Esca is a destructive disease that affects grapevines
worldwide. Although esca-like symptoms are reported
in ancient Greek and Latin works (Mugnai et al. 1999),
only recently has the disease became a major concern
due to its dramatic incidence increase. This recent
increase has been related to a variety of factors such as
changes in the management of vineyards, new cultural
practices, introduction of new grapevine cultivars and
rootstocks, reduced sanitary care of rootstocks and
vineyard propagation material, poor protection of
pruning wounds, increasing use of selective fungicides
and banishment of arsenite treatment due to its toxicity
(Graniti et al. 2000; Surico et al. 2006). Although
arsenite treatment did not appear to affect esca-related
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mortality, the treatments seemed effective in reducing
esca symptoms (Di Marco et al. 2000; Fussler et al.
2008). The incidence of esca might also be increased
as a result of climatic changes, namely variations in the
precipitation (Surico et al. 2006).

The etiology of esca is still not completely
understood. Several fungi have been associated with
the disease and it is thought that esca is the result of
the action of these microorganisms (Mugnai et al.
1999; Graniti et al. 2000). Fungi isolated from
grapevines showing esca symptoms commonly in-
clude Phaeomoniella chlamydospora, as well as
Phaeoacremonium aleophilum and Fomitiporia med-
iterranea or Fomitiporia punctata (Mugnai et al.
1996; Larignon and Dubos 1997; Mugnai et al. 1999;
Chicau et al. 2000; Bruno and Sparapano 2006b).
Pathogenicity tests have shown the capacity of P
chlamydospora to produce esca-like symptoms in the
laboratory (Tabacchi et al. 2000; Sparapano et al.
2001b; Gubler et al. 2004; Bruno and Sparapano
2006a), as well as in vivo (Sparapano et al. 2001a;
Feliciano et al. 2004; Gubler et al. 2004).

Information on the interaction of esca and grapevine
is scarce, namely concerning the defence mechanism of
the plant against the fungi associated with this disease. A
main reason for the lack of information is the difficulty of
host-pathogen field studies, due to the inherent com-
plexity of the disease (in which several fungi seem to be
involved), and the inconstancy of plant symptoms
(which are highly affected by environmental factors).
Furthermore, host—pathogen field trials frequently pose
some problems: (i) field results can be misleading and
they are frequently severely affected by seasonal
influences, (ii) they do not separate the effect of the
pathogen from effects induced by other biotic and/or
abiotic agents present in the environment, and (iii) many
field trial assays and breeding programs of woody plants
are frequently time consuming and selection of resistant
lines may take years (Smalley and Guries 1993). Instead,
these authors recommend the use of short term assays
in controlled conditions; the gathered information could
then be used for in vivo assays in the field. Particularly
in the study of esca, field studies may take several years
of observations due to discontinuity of disease symp-
toms (Sparapano et al. 2001a; Marchi et al. 2006). So,
in vitro cultures could represent an opportunity to study
the putative defence mechanisms against esca disease.
Nonetheless, reports on the infection of axenic grape-
vine plants or cells with esca-associated fungi are few.
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Some authors have co-cultured grapevine calli with
esca-associated fungi resulting in a decrease of calli
growth, the appearance of both symptoms and host
response in a few weeks, and the distinction of
susceptible and less susceptible cultivars (Sparapano et
al. 2001b; Santos et al. 2005; Bruno and Sparapano
2006a). However, the few in vitro experiments pub-
lished are consistent with ex vitro results, suggesting
that in vitro assays may replace, at least as a first
approach, the ex vitro assays (Santos et al. 2005 and
references therein). These systems offer some advan-
tages compared to the in vivo plant-pathogen interac-
tion, which includes the simplicity of manipulation and
a better control of external factors that can interfere
with the whole-plant tissue metabolic responses, en-
abling a precise cause-effect determination.

In this study, we report the evaluation of phenolic
compounds accumulation and reactive oxygen species
production in cell suspension cultures of V. vinifera cv.
Vinhado elicited with P. chlamydospora autoclaved
biomass extract. We also evaluate the putative role of
methyl jasmonate in these mechanisms, since jasmo-
nates have been described as a signal molecules
participating in defence responses. Particularly methyl
jasmonate has been shown to enhance grapevine
defences against fungal infections, and was even
suggested as an alternative approach to protect
grapevine against powdery mildew (Belhadj et al.
2006). Additionally, we investigate the molecular
response of these cell suspension cultures to fungal
extract elicitation by studying the activation of 7
defence-related genes transcription.

Materials and methods
In vitro cultures

Calli cultures were established from sterilized leaf
segments of V. vinifera cv. Vinhdo, collected in May/
2003, in a vineyard in Braga - Portugal (Vinho Verde
region). These cultures were initiated and maintained
on solid medium, constituted by Gamborg BS macro-
nutrients (Duchefa) and Murashige and Skoog micro-
nutrients (Duchefa) supplemented with 0.8% agar, 2%
sucrose, 250 mg/l casein hydrolysate, 0.1 mg/l «-
naphthaleneacetic acid and 0.2 mg/l kinetin. Before
autoclaving, the pH was adjusted to 6.0 with NaOH
1 M. Cultures were grown at 25+1°C, 16 h light/8 h
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dark photoperiod illuminated with fluorescent light
bulbs (Oshram-Fluora) with a photon flux of
30 pumol/m®s. The calli were routinely subcultured
with 4 week intervals. V. vinifera cv. Vinhdo cell
suspensions were initiated from calli obtained as
described above. The cell suspension cultures were
grown in 250 ml Erlenmeyer flasks containing 70 ml
of liquid culture medium prepared as described above,
except agar. The suspension cultures were maintained
at the same conditions as calli cultures and shaken at
100 rpm. Subculture occurred every 2 weeks by
transferring 10 ml of cell suspension into 70 ml of
fresh medium.

Elicitor preparation

The fungus P. chlamydospora (isolated from V. vinifera
plants showing esca symptoms in May/2003, in the
same vineyard where plant biological material was
collected) was maintained in the dark in solid Potato
Dextrose Agar medium at room temperature. To obtain
fungal biomass for the elicitor treatments, 1 1 Erlen-
meyer flasks containing 200 ml of fresh Mathur liquid
medium (1 mg/l yeast extract, 1 mg/l bacto peptone,
10 g/l sucrose, 2.5 g/l MgSO,7H,O and 2.7 g/
1 KH,PO,4, pH 5.8) were inoculated with plugs of
fungus culture and shaken at 250 rpm, at 26°C. After
2 weeks, the mycelium was harvested by filtration,
lyophilised for 48 h and ground using mortar and
pestle. The fungal elicitor was prepared by resuspend-
ing lyophilised fungal biomass in deionized water
(40 mg dry weight biomass (dwb)/ml) and autoclaving
for 15 min (120°C, 15 Ib/in?).

Determination of cell viability

Samples of cell suspension (150 pl) were mixed with
50 ul of trypan blue 0.4% (w/v) (Sigma) and
incubated in the dark for 15 min. Cells were observed
under a light microscope; non-viable cells were
stained blue.

Elicitation, sample preparation and HPLC analysis

V. vinifera cv. Vinhdo cell suspensions were divided
into 3 sets: a control group and two elicited groups, one
with 100 uM methyl jasmonate (Sigma) and the other
one with a P. chlamydospora autoclaved biomass
extract (40 mg dwb/culture flask). Elicitation occurred

on the 5™ culture day. At the 8" culture day the ¥/
vinifera cells were harvested by centrifugation, lyoph-
ilized for 48 h and the dried biomass stored at —20°C
until further analysis. Dried biomass of V. vinifera cells
(0.1-0.2 g) was extracted in the dark with 5 ml of a
70% methanol solution acidified with 0.5% formic
acid, during 1 day. The liquid phase was recovered,
filtered and samples were stored at 4°C until HPLC
analysis. The methanolic extracts were directly sub-
jected to HPLC-DAD analysis: chromatographic sep-
aration was carried on a chromatographic Beckman
Gold system equipped with a RP18 column
(25x0.4 mm, particle size 5 um, Merck), using water/
formic acid (99:1) and methanol as the mobile phases.
The elution gradient utilized was 5% of methanol at
time 0 min, and 95% methanol at time 45 min.
Quantification of stilbene type compounds was made
at 306 nm, as resveratrol (Extrasynthese) equivalents,
by the external standard method. Phenolic identifica-
tion was also performed by HPLC-DAD-MSn. Chro-
matographic separation was carried out on a RP C18
column (25x%0.4 mm, particle size 5 um, Merck), using
water/formic acid (99:1) and methanol as the mobile
phases. Elution was performed as described above. The
HPLC system was an Agilent HPLC 1100 instrument
series equipped with an Agilent DAD detector
(G1315B, Agilent Technologies) and mass detector in
series, controlled by software from Agilent Technolo-
gies. The mass detector was an ion-trap mass spec-
trometer (G2445A, Agilent Technologies) equipped
with an electrospray ionization (ESI) system and
operated as described elsewhere (Silva et al. 2005).

Elicitation, sample preparation and determination
of ROS levels

V. vinifera cv. Vinhdo cell suspensions were divided
into 3 sets: a control group and two elicited groups, one
with 100 uM methyl jasmonate (Sigma) and the other
with a P chlamydospora autoclaved biomass extract
(40 mg dwb/culture flask). On the 5™ culture day, cell
suspension cultures were elicited and several 1 ml
samples were taken from time 0O (corresponding to the
time of elicitation) until 7 h after elicitation. ROS
determination procedure was based on previous de-
scription (Parsons et al. 1999): after elicitation time
course samples (1 ml) were taken; these samples were
added to a 200 uM H,DCFDA (Molecular Probes)
solution to 2 uM final concentration and quickly
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vortexed. Samples were incubated in the dark, at room
temperature, for 15 min. Samples were quick-spinned
and 500 pl of supernatant was collected and diluted
with 2.5 ml of ultrapure water. Fluorescence was
measured at room temperature in a LS50 Lumines-
cence Spectrometer (Perkin Elmer), with excitation and
emission wavelengths of 488 nm and 525 nm, respec-
tively. Fluorescence data was analyzed as previously
described (Wang and Joseph 1999). Percentage of
fluorescence change was calculated using the formula
Yfluorescence change = ((Fx — F0)/ F0)*100; where
Fx represents fluorescence at x minutes and F0O
represents fluorescence at time 0.

Elicitation, sample preparation and molecular biology
procedures

V. vinifera cv. Vinhdo cell suspensions were divided
into 2 groups, a control and other elicited with a P,
chlamydospora autoclaved biomass extract (0.5 mg
dwb/ml—corresponding to 40 mg dwb/culture flask),
each one consisting of 2 pooled cell culture flasks.
The pooling occurred under sterile conditions on the
Sth culture day, prior to elicitation. After elicitation,
15-ml samples were taken 3, 12, 24 and 48 h post-
elicitation. Cells were recovered by centrifugation at
4°C, immediately frozen in liquid nitrogen, and stored
at —80°C. The frozen biomass was ground to powder
with mortar and pestle in the presence of liquid
nitrogen. Total RNA was extracted using the RNeasy
Plant Mini Kit (QIAGEN GmbH) following suppli-
er’s instructions with a minor alteration, which
consisted of addition of a 2% (w/v) polyvinylpyrro-
lidone (Sigma) solution to supplied buffer RLT.
According to the RNeasy Plant Mini Kit manufactur-
er, the purified RNA can be promptly used in
subsequent applications such as cDNA synthesis
without the need of DNase digestion, since RNeasy
technology efficiently removes most of the DNA. To
ensure that RNA extraction process was successful,
quantity and quality of RNA were assessed spectro-
photometrically in a NanoDrop 1000 Spectrophotom-
eter (Thermo Fisher Scientific). cDNA was
synthesized from extracted RNA using the First
Strand cDNA Synthesis Kit (Fermentas UAB),
according to supplier’s instructions. Quantity and
quality of cDNA were determined spectrophotometri-
cally in a NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific). Primer sequences of V.
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vinifera actin (ACT), phenylalanine ammonia lyase
(PAL), stilbene synthase (STSY), B-1,3-glucanase
(GLUC) and class 10 PR protein (PR-10) used were
previously described (Bonomelli et al. 2004).
Lipoxygenase-9 (LOX), class III chitinase (CH3)
and class 6 PR protein (PR-6) primer sequences were
designed based on V. vinifera nucleotide sequence
deposited in GenBank, using Primer3 (http://fokker.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). All
primer pairs ranged from 19 to 22 bp in length
(STAB Vida). A list of primer pairs used, as well as
the accession numbers of the nucleotide sequences on
which primer design was based, is given in Table 1.
The annealing temperature was optimized in a
MyCycler™ Thermal Cycler (Bio-Rad) using 40
amplification cycles and a temperature gradient
between 35 and 60°C. Amplification mixture con-
sisted of 1X Green Flexi Reaction Buffer (Promega),
2.5 mM MgCl, (Promega), | uM Primer sense, 1 pM
Primer antisense, 0.8 mM dNTPs (Fermentas UAB),
5u GoTaq" Flexi DNA Polymerase (Promega) and
2 ul ¢cDNA. PCR products were electrophoresed,
alongside with a GeneRuler™ 50 bp DNA Ladder
(Fermentas UAB), through a 3% (w/v) agarose
(Sigma) gel stained with SYBR Safe”" (Molecular
Probes). Images were captured using a ChemiDoc
XRS (Bio-Rad). Temperature 60°C was selected for
all genes in study to be the optimum temperature that
originates a specific PCR product. Following this,
cycle number was optimized for each gene in a
MyCycler™ Thermal Cycler using a cycle gradient
between 26 and 44 cycles in the amplification phase
(each amplification cycle being 45 s 95°C, 1 min 60°
C and 1 min 72°C). The amplification mixture was
that detailed above. PCR products were electrophor-
esed, as described above. Images were captured using
a ChemiDoc XRS and band intensities determined
with Quantity One® Software (Bio-Rad). The amount
of PCR product over the assayed range of cycles was
examined, and an appropriate cycle number falling in
the linear range was chosen for each gene. The
number of cycles found to be appropriate for STSY,
LOX, GLUC and CH3 were 34 cycles and 30 cycles
for PAL, PR-6 and PR-10. The amplification of ACT
was well within the linear amplification phase at both
30 and 34 cycles. All optimizations were made using
pooled cDNA of all samples. PCR reactions were
carried in a MyCycler™ Thermal Cycler using the
amplification mixture detailed above and the opti-


http://fokker.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://fokker.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi

Eur J Plant Pathol (2012) 132:133-146

137

Table 1 Primers used for semi-quantitative RT-PCR

Gene  Accession number Primer Sequence (5'-3")

Amplicon size (bp) Annealing temperature

°0)

ACT  AF369524 Sense AGC TGG AAA CTG CAA AGA GCA G 95 60
Antisense ACA ACG GAA TCT CTC AGC TCC A

PR-6  AY156047 Sense AGT TCA GGG AGA GGT TGC TG 165 60
Antisense CCG ATG GTA GGG ACA CTG AT

PR-10 AJ291705 Sense ACC ACA CCA AGG GCG ATG TA 93 60
Antisense CGT AGG CTT CGA TAG CCT TGA A

GLUC AF239617 Sense AAT TTG ATC CGC CAC GTC AA 101 60
Antisense TGC GGC TCC TTC TTG TTC TC

CH3 AJ291507 Sense AGA TGG CAT AGA CTT TGT CA 415 60
Antisense GTA CTT TGA CCA CAG CAT CA

LOX  AY159556 Sense CAT GGA CTC CGC CTA CTG AT 175 60
Antisense GAC CCT CTT CCC TGA CTT CC

PAL X75967 Sense TCC TCC CGG AAA ACA GCT G 101 60
Antisense TCC TCC AAA TGC CTC AAATCA

STSY X76892 Sense AGG AAG CAG CAT TGA AGG CTC 101 60

Antisense TGC ACC AGG CAT TTC TAC ACC

mized PCR program for each gene. PCR products
were electrophoresed, images were captured and band
intensities were measured as described above.

Statistical analysis

For HPLC assays, two independent experiments were
performed with three independent replicates each.
Average and standard deviations were calculated,
followed by single factor analysis of variance (ANOVA)
and Dunnett’s post-test for comparison of two or more
groups with control. For ROS determination assays,
three independent experiments with duplicates were
performed. Treatment averages and standard deviations
were calculated and averages used to determine % of
fluorescence change as described above. For gene
expression assays, two independent experiments were
performed. All samples were normalized by
corresponding actin gene expression. Control samples
of each time were defined as 1x expression level.

Results
In vitro cultures

V. vinifera cv. Vinhdo is an autochthonous recom-
mended red grape variety to produce the wine

denominated Vinho Verde. This variety is cultivated
in the entire demarcated region due to its quality,
being the only regional teinturier variety. Calli
cultures were established from leaf explants as
described in material and methods. These calli were
friable and easily dispersed in liquid medium. After
several subcultures (5-7 times) we obtained a
homogeneous cell suspension of V. vinifera cv.
Vinhao composed mainly by isolated or small cluster
of 3—4 cells. These cultures proved to be stable, casy
to manipulate, and showed an exponential growth
phase between 3™ and 12™ day after subculture.
These cell suspensions were utilized in the elicitation
experiments. Elicitation with P. chlamydospora au-
toclaved biomass extract induced browning of
cultures. However, cells remained viable during the
entire period of the experiment and biomass produc-
tion was similar to that of control condition (data not
shown).

Phenolics production

HPLC profiles of V. vinifera cell suspensions meth-
anolic extracts, at 306 nm, are shown in Fig. 1. In
control cultures the main compounds produced are the
piceid type stilbenes: trans-piceid-glucoside, trans-
piceid, trihydroxy-methoxy-stilben-glucoside and cis-
piceid, identified in Fig. la (numbers 1, 2, 3 and 4,
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Fig. 1 HPLC profiles of V. vinifera cultures methanolic
extracts, 306 nm, showing significant changes in phenolic
production upon elicitation with both fungal extract and methyl
jasmonate, including de novo production of viniferin type
compounds. a control; b P. chlamydospora autoclaved biomass
extract (0.5 mg/ml); ¢ methyl jasmonate (100 uM). 1 - trans-
piceid-glucoside; 2 - trans-piceid; 3 — trihydroxy-methoxy-
stilben-glucoside; 4 - cis-piceid; 5 - e-viniferin; 6 — e-viniferin-
diglucoside; 7 — e-viniferin-glucoside; 8 — e-viniferin polymer
(2 molecules). Black numbers - piceid type compounds. Grey
numbers - viniferin type compounds

respectively). Compound 1 has a similar UV-spectra
of compound 2 and a molecular ion m/z at 551.9 and -
MS? fragments at m/z 388.4 and 226.5 (resveraterol
aglycone) corresponding to the sequential loss of
glucose residues. Compound 2 and 4 have a similar
deprotonated molecular ion m/z at 389.7 and a -MS?
fragment at m/z 226.5 (resveraterol aglycon)
corresponding to the loss of a glucose residue.
Compound 2 (306, 318 nm) and 4 (284 nm) have a
UV-spectrum characteristic of a trans- and cis-piceid,
respectively. Compound 3 has a molecular ion m/z at
419.2 and a -MS? fragment at m/z 257.4 (trihydroxi-
methoxi-stilben aglycon) due to a loss of a glucose
residue.

Elicitation with P. chlamydospora autoclaved bio-
mass extract, as well as elicitation with methyl
jasmonate, induces significant changes in phenolic
production, when compared to control. Along with
the piceid type compounds identified with the
numbers 1, 2 and 4, elicitation with P. chlamydospora
autoclaved biomass extract also induces de novo
production of viniferin type compounds identified in
Fig. 1b with the grey numbers 5, 6, 7 and 8. These
compounds were later identified by HPLC-DAD-MSn
as a e-viniferin, e-viniferin-diglucoside, e-viniferin-
glucoside and a 2 molecule e-viniferin polymer,
respectively. Compound 5 has a deprotonated molec-
ular ion m/z at 452.5 (viniferin aglycon). Compound
6 has a deprotonated molecular ion m/z at 776.9 and -
MS? fragments at m/z 614.5 and 452.5, corresponding
to the sequential loss of glucose residues. Compound
7 has a deprotonated molecular ion m/z at 615.4 and -
MS? fragment at m/z 452.5 (loss of glucose, vineferin
aglycon). Compound 8 has a molecular ion m/z at
907.5 and a -MS? fragment at m/z 452.5 (viniferin
aglycon).

As with P. chlamydospora autoclaved biomass
extract, methyl jasmonate elicitation induces de novo
production of the viniferin type compounds 6, 7 and

8, along with the production of piceid type stilbenes
1, 2 and 4 (Fig. lc).

Total phenolic production also shows a significant
increase after elicitation (Fig. 2), either with methyl
jasmonate (9-fold increase) or, more markedly, with P
chlamydospora autoclaved biomass extract (20-fold
increase), comparatively to control conditions. Total
piceid production increases from 31.88 pg com-
pound/g dwb in control cultures to 183.90 pg
compound/g dwb in cultures elicited with methyl
jasmonate and to 456.24 pg compound/g dwb in
cultures elicited with P. chlamydospora autoclaved
biomass extract. Also, de novo viniferin production
occurs at a noteworthy level when cultures are elicited
with methyl jasmonate (110.00 pug compound/g dwb)
or with P. chlamydospora autoclaved biomass extract
(188.55 pg compound/g dwb); the total viniferin
production in these two conditions is not significantly
different from each other.

ROS production

The kinetics for the accumulation of ROS in ¥V
vinifera cell cultures is shown in Fig. 3. Both crude
fluorescence and % of fluorescence change relative to
0 (time of elicitation) are represented (Fig. 3a and b,
respectively). By calculating the % of fluorescence
change relative to the time of elicitation the data
reflects directly the percentage alteration in fluores-
cence with time since elicitation and once the
influence of background fluorescence is removed

800
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Fig. 2 Total phenolic production of V. vinifera cv. Vinhao cell
cultures showing significant increases of piceid and viniferin
production upon elicitation with both fungal extract and methyl
jasmonate. C Control; MeJ Mel (100 uM); Pch P. chlamydo-
spora autoclaved biomass extract (0.5 mg/ml). Results are
mean + standard deviation of three independent replicates.
Asterisks indicate significant statistical differences relative to
control (¥ p<0.05; ** p<0.01)
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Fig. 3 ROS levels of V. vinifera cv. Vinhao cell cultures after P
chlamydospora elicitation showing that a biphasic oxidative
burst is induced by fungal extract elicitation. a ROS levels
indicated by crude fluorescence (results are mean + standard
deviation of duplicates); b ROS levels indicated by % of
fluorescence change with time. C Control; MeJ MeJ (100 uM);
Pch P. chlamydospora autoclaved biomass extract (0.5 mg/ml).
Results represent typical data obtained in three independent
experiments

(Wang and Joseph 1999). ROS levels of cells elicited
with methyl jasmonate are similar to those observed
in control cells, during the entire experimental period.
However, elicitation with P chlamydospora auto-
claved biomass extract induces a biphasic oxidative
burst. A swift and smaller burst arises around 25 min
after elicitation followed by a second burst, more
intense and sustained, peaking around 230 min after
fungal elicitor addition.

Expression of defence-related genes

ACT was checked for its suitability to be the
housekeeping gene in this experiment. It was found
that ACT gene remains stable throughout the exper-
imental conditions; not showing major differences
after elicitation with P chlamydospora autoclaved
biomass extract or along the time, grapevine ACT
gene was considered suited to be the housekeeping
gene, and was used to normalize gene expression in
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different samples. Figure 4 shows expression levels of
PR-6, PR-10, GLUC, CH3, PAL, STSY and LOX
genes; control samples of each time were defined as
1x expression of that time. Although all these genes
are shown to be constitutively expressed in V. vinifera
cv. Vinhdo cell cultures, P. chlamydospora autoclaved
biomass extract elicitation increases the transcription
of all these genes. Also, the results suggest that these
genes are regulated during the time course of
infection. PR-6, CH3, PAL, STSY and LOX show a
biphasic pattern of induced expression, while PR-10
and GLUC induced expression peaks only once
during the time of experiment. PR-6, CH3 and PAL
transcripts have a peak at 3 h post elicitation followed
by a second stronger increase from 24 h on (Fig. 4a, d
and e). STSY and LOX transcripts reach a peak at
12 h post elicitation and show a new increase at 48 h
(Fig. 4f and g). PR-10 and GLUC transcripts seem to
hit the highest level at 12 h post elicitation, decreasing
from then on (Fig. 4b and c).

Discussion

Growth of grapevines is of great economical impor-
tance, particularly in countries where its culture is a
major component of national agriculture. Esca is one of
the major diseases affecting the vine trunk; recently, its
incidence has been increasing considerably, particularly
in the Mediterranean region (Chiarappa 2000). This
disease is characterized by both foliar and wood decay
symptoms, which become difficult to study as the
foliar symptoms can vary noticeably from year to year,
even in the same vines (Mugnai et al. 1999). Along
with the complexity of the symptoms, the identity of
the causal pathogen is controversial. Together, these
factors make the study of the disease in the field
particularly difficult. We report here the use of V.
vinifera cv. Vinhdo cell suspension cultures to study
the putative response of Vitis vinifera to P. chlamydo-
spora (a fungus frequently isolated from vines infected
with esca). We chose leaf explants to produce cell
cultures, since foliar tissue is one where the
symptoms of esca are evident in in vivo con-
ditions, and so might originate a better model to
study presumed V. vinifera defence mechanisms
against fungi associated with this disease. The
symptoms in leaves are believed to result from the
presence of phytotoxins of fungal origin that are
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transported to the leaves via xylem sap. Particularly
scytalone and isosclerone, both of which can be
produced by P. chlamydospora, seem to be very toxic
(Tabacchi et al. 2000; Bruno et al. 2007). The
cultivar we used (cv. Vinhdo) to generate the cell
cultures is considered to be less affected by esca in
the field, namely not showing external leaf symp-
toms so frequently, compared with other cultivars in
the area. Therefore, some level of resistance/toler-
ance was suspected which led us to use this variety
to investigate putative defence mechanisms against
esca-related fungi.

In this study, we show that elicitation of V. vinifera
cell cultures with the P. chlamydospora autoclaved
biomass extract, as well as elicitation with methyl
jasmonate, induces changes in the phenolic produc-
tion of V. vinifera cell cultures, including de novo
production of 3 viniferin type compounds identified
as e-viniferin-diglucoside, e-viniferin-glucoside and a
2 molecule e-viniferin polymer. The synthesis of
phenolic phytoalexins is a recognized defence mech-
anism in plants, namely in grapevine. In Vitis spp.
these substances accumulate in response to abiotic or
biotic elicitors, such as UV irradiation (Langcake and
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Pryce 1977; Douillet-Breuil et al. 1999; Adrian et al.
2000) or bacterial and fungal pathogens like Pseudo-
monas syringae, Botrytis cinerea, Rhizopus stolonifer
and Plasmopara viticola (Langcake 1981; Dai et al.
1995; Jeandet et al. 1995; Bavaresco et al. 1997; Sarig
et al. 1997; Goetz et al. 1999; Robert et al. 2001). In
grapevine, resveratrol and related compounds are the
major forms of phytoalexins (Langcake 1981; Jeandet
et al. 2002). Namely, accumulation of resveratrol, -
viniferin, «-viniferin and pterostilbene was reported
after inoculation of grapevine with the above men-
tioned pathogens (Langcake 1981; Dai et al. 1995;
Jeandet et al. 1995; Bavaresco et al. 1997; Sarig et al.
1997; Robert et al. 2001). Recently, changes in
phenolic production of grapevine calli (Bruno and
Sparapano 2006a), grape roots (Del Rio et al. 2001)
and young V. vinifera plants (Martin et al. 2009) in
response to P. chlamydospora infection have been
reported.

Therefore, it is possible that the de novo viniferin
type compounds produced by our cell cultures might
be involved in the defence mechanism against P.
chlamydospora, since these compounds have been
described as antifungal (Langcake 1981). Essentially,
viniferins had been shown to be more fungitoxic than
resveratrol. Resveratrol functions as a precursor of
viniferins, which are dimers and oligomers of resver-
atrol formed by an oxidative dehydrogenation con-
densation process (Amalfitano et al. 2000; Langcake
1981). Furthermore, our results seem to agree with
those obtained in vivo, since it was described an
increase in the production of trans-resveratrol and e-
viniferin in wood of grapevines showing esca symp-
toms, as well as an increase in phenolic compounds in
esca-diseased leaves (Amalfitano et al. 2000; Agrelli
et al. 2009; Lima et al. 2010). Nonetheless, and
considering the complexity that characterizes esca (a
disease in which additional factors other than fungi
may interfere), the possibility that an increase in
stilbenic production might be not sufficient to fight
the disease cannot be discounted. For example, an
increase in phenolic production was detected in esca-
affected leaves of V. vinifera cv. Alvarinho, which is
another Vinho Verde grapevine variety that is recog-
nizably susceptible towards esca; this suggested that
even esca-susceptible varieties could mount a defence
response against esca, but probably not in a timely
manner that would allow the plant to cope with
infection (Lima et al. 2010). Therefore, even if the
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plants are able to activate phenolic production as a
defence response, this may be not sufficient to
successfully fight the disease. So, although our cell
culture system suggests that the grapevine variety
Vinhdo may be able to successfully combat the
disease, namely because fungal elicitation induced
de novo production of likely fungitoxic compounds,
this must be confirmed in planta under natural
conditions. Nevertheless, our cell culture system also
showed that control cultures presented some amount
of stilbenic compounds, suggesting that stilbenic
production occurs even without elicitation in cv.
Vinhdo. Given the antifungal nature of these com-
pounds, one can hypothesized that a basal level of
preformed stilbenic compounds might be responsible
for the apparent tolerance of this grapevine cultivar
under natural conditions.

Jasmonates have been proposed as signal mole-
cules involved in several biological processes, includ-
ing the response to a variety of biotic and abiotic
stresses (Creelman and Mullet 1997). For example,
exogenous application of methyl jasmonate induces
the synthesis of phytoalexins in several plant species,
as well as induces de novo transcription of genes,
including the gene of phenylalanine ammonia lyase,
the key enzyme in the phenylpropanoid pathway
(Gundlach et al. 1992). Application of methyl
jasmonate to the surface of grapevine leaves results
in the formation of lesions that mimic the typical
hypersensitive response, and in the activation of
associated defence responses like increase of salicylic
acid production, accumulation of phenolic com-
pounds and expression of defence-related genes
(Repka et al. 2001). Moreover, elicitation of V.
vinifera cell suspension cultures with methyl jasmo-
nate results in phytoalexin accumulation, namely
stilbene accumulation (Krisa et al. 1999). In this
work, methyl jasmonate induced the production of the
same phenolics stimulated by P. chlamydospora
elicitation. Hence, it is possible that methyl jasmonate
is involved in the direct defence mechanisms against
P. chlamydospora, possibly as a signal molecule.

We also report that elicitation of V. vinifera cell
cultures with the P. chlamydospora autoclaved bio-
mass extract induces a biphasic oxidative burst profile
after infection, with a smaller and swift first burst
followed by a more intense and sustained second
burst, which is typical of incompatible interactions.
These results are, therefore, consistent with some
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level of resistance/tolerance suspected in the grape-
vine cultivar we used. The rapid generation of ROS is
considered one of the earliest events following
elicitation, namely, an oxidative burst profile with
two phases; generally, compatible interactions induce
a single nonspecific burst while incompatible inter-
actions provoke a biphasic oxidative burst, the second
burst being correlated to disease resistance (Lamb and
Dixon 1997). Nonetheless, the information published
in the literature concerning pathogen-induced oxida-
tive burst is very diverse, regarding time of occur-
rence and intensity, depending on plant system
studied or challenging factor used. Usually, ROS
accumulation appears sooner in cell cultures, within a
few minutes—which is consistent with our results,
than in whole tissues or in vivo conditions, in which
oxidative burst occurs after several hours (Wojtaszek
1997).

In addition, the expression of 7 recognized
defence-related genes was investigated in our cell
culture system. We report here early results on the
activation of a defence response at the molecular level
in V. vinifera cell cultures upon elicitation with P
chlamydospora autoclaved biomass extract. Investi-
gation on the role of methyl jasmonate in modulating
the transcription of defence-related genes is ongoing.
The expression of all genes studied was shown to be
enhanced in cell suspensions after fungal elicitor
addition. The expression of PR proteins, namely PR-
6, PR-10, PR-2 (f3-1,3-glucanase - GLUC) and PR-
8 (class III chitinase — CH3) was investigated.
Expression of genes encoding enzymes of the
octadecanoid (lipoxygenase — LOX) and phenylpro-
panoid (phenylalanine ammonia lyase — PAL — and
stilbene synthase — STSY) pathways was also studied.
The expression of all these genes was already shown
to be induced in Vitis in response to several stresses.
However, the timings and patterns of induction vary
with experimental system or elicitor used. PR-6, PR-
10, PR-2 and PR-3 expression has been shown to
increase in grapevine leaves after UV-C irradiation
(Bonomelli et al. 2004). Also, PR-6, PR-10, [3-1,3-
glucanase and class III chitinase transcripts were
shown to accumulate in grapevine, and in grapevine
cell cultures, in response to infection with several
known pathogens, B. cinerea-derived elicitors, yeast
extract, salicylic acid or related compounds (Busam et
al. 1997; Jacobs et al. 1999; Robert et al. 2001; Bézier
et al. 2002; Robert et al. 2002; Kortekamp 2006;

Repka 2006; Fung et al. 2008). The importance of
LOX in grapevine defence was already suggested by
its up-regulation in leaves in response to UV-C
irradiation (Bonomelli et al. 2004), as well as in
grapevine cells elicited with laminarin or challenged
with the B. cinerea-derived elicitors botrycin and
cinerein (Aziz et al. 2003; Repka 2006). Because the
production of stilbenic phytoalexins is one of the most
common defence mechanisms in grapevine, it becomes
obvious the importance of PAL and STSY (the enzyme
that synthesizes resveratrol using the cinnamic acid p-
coumaroyl-CoA derived from the phenylpropanoid
pathway) in grapevine defence (Jeandet et al. 2002).
In this way, PAL and STSY up-regulation has been
reported in grapevine in response to several stresses,
such as UV irradiation (Bonomelli et al. 2004; Borie
et al. 2004), P. viticola, B. cinerea, P. syringae and E.
necator infections (Robert et al. 2001; Bézier et al.
2002; Kortekamp 2006; Fung et al. 2008) and other
elicitors including fungal cell walls, methyl jasmonate
or B. cinerea-derived elicitors (Melchior and Kindl
1991; Repka et al. 2001; Repka, 2006). STSY was also
shown to be induced in grapevine cell cultures
challenged with fungal elicitor (Wiese et al. 1994).
Our results point towards the presence of a
modulation of expression of the genes under study
along the time course of infection, given that a
biphasic pattern of induced expression is observed
for PR-6, CH3, PAL, STSY and LOX genes, while
PR-10 and GLUC genes appear to have only one
phase of increased induced expression (at least during
the time period investigated). It has been suggested
that the biphasic gene accumulation may allow the
plant to adapt to a specific attack and modulate the
defence response; the biphasic shape results of the
consecutive expression of two types of genes: a first
type quickly expressed after elicitation with a rapid
degrading mRNA, followed by a second slowly
expressed gene type (Wiese et al. 1994). Particularly
in what concerns increased expression of PAL and
STSY after infection, the results here obtained in cell
cultures agree with results obtained in vivo in esca-
affected grapevines - in which the presence of P
chlamydospora was confirmed (Letousey et al. 2010).
Understanding the infection process involved in
esca is an important step in order to develop strategies
to fight the disease. However, studies on defence
mechanisms of Vitis plants to esca are still scarce, in
spite of the well documented presence of the disease
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in the field, particularly since the eighties of last
century (and even before). In this study, V. vinifera cell
suspension cultures elicited with both P. chlamydo-
spora autoclaved biomass extract and methyl jasmo-
nate changed their phenolic production when
compared to control cultures. The increase in stilbene
production after elicitation, specifically the production
of viniferin type compounds already described as
antifungal, the biphasic oxidative burst and the
induction of several defence-related genes expression
after elicitation with P. chlamydospora autoclaved
biomass extract seem to indicate that V. vinifera cell
suspension cultures, could be an important tool to
study esca disease, particularly when considering that
the results here obtained in vitro agree with observa-
tions in vivo in esca-affected plants. Therefore, these
V. vinifera cell suspension cultures allow us to select-
ively study host defence response to esca-associated
fungi without interference of external factors in a
short period of time (2-3 weeks), leading to reliable
results. Also, the experimental system allows the
analysis of a large number of plants and/or cultivars.
In conclusion, V. vinifera cv. Vinhdo cell suspension
cultures offer a simple, rapid and selective way to
investigate the interaction between Vitis vinifera and
esca-associated fungi, therefore representing a valuable
model to study esca disease. Data acquired with
this in vitro system can be further useful to design and
conduct the more expensive and time-consuming field
trials.
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