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Abstract Grapevine trunk diseases (Eutypa dieback, esca
and Botryosphaeria dieback) are caused by a complex of
xylem-inhabiting fungi, which severely reduce yields in
vineyards. Botryosphaeria dieback is associated with
Botryosphaeriaceae. In order to develop effective strategies
against Botryosphaeria dieback, we investigated the molecu-
lar basis of grapevine interactions with a virulent species,
Neofusicoccum parvum, and a weak pathogen, Diplodia
seriata. We investigated defenses induced by purified secreted
fungal proteins within suspension cells of Vitis (Vitis rupestris
and Vitis vinifera cv. Gewurztraminer) with putative different
susceptibility to Botryosphaeria dieback. Our results show
that Vitis cells are able to detect secreted proteins produced
by Botryosphaeriaceae, resulting in a rapid alkalinization
of the extracellular medium and the production of reactive
oxygen species. Concerning early defense responses,
N. parvum proteins induced a more intense response com-
pared to D. seriata. Early and late defense responses, i.e.,
extracellular medium alkalinization, cell death, and expres-
sion of PR defense genes were stronger in V. rupestris
compared to V. vinifera, except for stilbene production.
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Secreted Botryosphaeriaceae proteins triggered a high
accumulation of d-viniferin in V. vinifera suspension
cells. Artificial inoculation assays on detached canes with
N. parvum and D. seriata showed that the development of
necrosis is reduced in V. rupestris compared to V. vinifera cv.
Gewurztraminer. This may be related to a more efficient
induction of defense responses in V. rupestris, although
not sufficient to completely inhibit fungal colonization.
Overall, our work shows a specific signature of defense
responses depending on the grapevine genotype and the
fungal species.
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Abbreviations
gRT-PCR  Reverse transcription quantitative
real-time PCR

SOD Superoxide dismutase

STSI Stilbene synthase 1

PRI Pathogenesis-related protein 1

PR6 Pathogenesis-related protein 6
PRI10.1 Pathogenesis-related protein 10.1
GLU Glucanase

Chitdc Chitinase 4c

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
EFla Elongation factor 1o

PGIP Polygalacturonase-inhibiting protein
PIN Serine protease inhibitor

MAMPs Microbe-associated molecular pattern
PRRs Pattern recognition receptors

MTI MAMP-triggered immunity

ROS Reactive oxygen species
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PR protein  Pathogenesis-related protein

HR Hypersensitive response

LC-MS Liquid chromatography—mass spectrometry
FW Fresh weight

SAR Systemic acquired resistance
Introduction

Trunk diseases are major grapevine diseases and a true
challenge for viticulture. Eutypa dieback, esca, and
Botryosphaeria dieback are harmful diseases caused by a
complex of xylem-inhabiting fungi generating severe yield
reduction in vineyards (for review, see Bertsch et al. 2013).
The occurrence of these diseases has increased, leading to
massive economic losses estimated to exceed one billion
dollars per year (Hofstetter et al. 2012). Trunk diseases are
generally associated with various symptoms, such as sec-
torial and/or central necrosis in woody tissues (Larignon
2012), brown stripes or canker (Rovesti and Montermini
1987; Larignon and Dubos 2001), and leaf discolorations
and wilt of inflorescences and berries resulting in plant
death (Larignon 2012). Grapevine trunk diseases are con-
sidered as major threat to winegrowers, since effective
plant protection strategies are not available to date.
Mycelium of the causal fungi is detected in the trunk and
other woody parts of the vines (cordons, spurs, canes),
whereas it has never been isolated from symptomatic leaves
or berries of infected plants (Larignon and Dubos 1997). It
hasbeen hypothesized thatthe fungi secrete toxins, which are
translocated to the aerial organs via the xylem sap (Mugnai
etal. 1999). While the symptoms and epidemiology of trunk
diseases have been extensively studied in the past (for
review, see Bertsch et al. 2013), the molecular and cellular
mechanisms driving the interactions between host plant and
fungal pathogens remain obscure. In this study, we focused
on Botryosphaeria dieback, which is known to be associated
with a wide range of Botryosphaeriaceae species (for review,
see Urbez-Torres 2011). Botryosphaeria dieback causes
wood discolorations, gray sectorial necrosis, and orange/
brown area just beneath the bark, dead spurs, and canes and
foliar discolorations that vary from red to white cultivars,
leading to premature plant death (for review, see Larignon
2012). Both in vitro and in vivo pathogenicity assays showed
that Neofusicoccum parvum was one of the most virulent
species whereas Diplodia seriata was one of the least viru-
lent (Niekerk et al., 2004; Martos et al. 2008; Urbez-Torres
et al. 2008; Luque et al. 2009; Ramirez-Suero et al. 2014;
Bénard-Gellon et al. 2015; Bellée et al. 2017).
Botryosphaeria dieback-associated fungi synthesize sev-
eral virulence factors such as different metabolites induc-
ing plant cell death (toxins), as well as hydrolytic en-
zymes responsible for wood degradation. Among the
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phytotoxic secondary metabolites produced by the main
fungi associated with Botryosphaeria dieback, mellein,
cis, trans-4-hydroxymellein, 4,7-dihydroxymellein, and
naphthalenone-related compounds have been described
(for review, see Andolfi et al. 2011). Moreover, Bellée
et al. (2017) showed that an isolate of N. parvum
(PER20) had characteristic metabolite profiles with the
presence of salicylic acid derivatives and terremutin.
Toxins also belong to the family of exopolysaccharides:
a hydrophilic high-molecular-weight compound secreted
by five Botryosphaeriaceae showed phytotoxic properties
(Martos et al. 2008). Proteins were also identified as
toxins in fungal invasion during trunk diseases. Bénard-
Gellon et al. (2015) investigated the activity of secreted
proteins produced by N. parvum and D. seriata on Vitis
vinifera cv. Chardonnay calli. Compared to D. seriata,
N. parvum Bourgogne S-116 produced extracellular pro-
teins in higher quantity and with a higher biological
activity, by inducing cell death in Vitis calli.

It is important to know if grapevine is able to rapidly rec-
ognize pathogens associated with trunk diseases and to iden-
tify the associated responses. The first line of plant defense is
the recognition of conserved microbe molecules known as
microbe-associated molecular pattern (MAMPs) through pat-
tern recognition receptors (PRRs); for review, see Newman
et al. 2013). This recognition leads to MAMP-triggered im-
munity (MTI) associated with the intracellular signal trans-
duction and activation of early defense responses (Newman
et al. 2013). MTI is characterized by ion flux modifications
resulting in influxes of H* and Ca®* and effluxes of K* and
CI'" through the plasma membrane (Garcia-Brugger et al.
2006). H fluxes will trigger an extracellular alkalinization,
which was proven toxic for the pathogen and associated with
the activation of basal defense responses (for review, see Ebel
and Scheel 1997). ROS production, also called oxidative
burst, is another hallmark of MTT; it is toxic for the path-
ogen and involved in MAP kinase and defense gene acti-
vation, in cell wall reinforcement, and in hypersensitive
reaction (for review, see Garcia-Brugger et al. 2006). The
early signaling events will in turn lead to the production of
secondary signals and phytohormones involved in the set-
up of local defense responses such as phytoalexin accumu-
lation and PR protein synthesis, both having antimicrobial
activity especially against fungi (for review, see Kissen and
Bones 2012; Van Loon et al. 2006a). In addition to MAMP
recognition, the plant immune system can also be activated
by endogenous molecules released due to cellular damage
or pathogen attack; these molecules are referred as
damage-associated molecular patterns (DAMPs). In con-
trast to MAMPs which are derived from microorganisms,
DAMPs are host cell derived and both initiate and perpet-
uate innate immune responses, helping the protection of
damaged tissue (Choi and Klessig 2016). The perception
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of DAMPs (altered self) allows plant cells to recognize a
greater diversity of pathogens (Boutrot and Zipfel 2017).

In this study, to know if grapevine cells are able to perceive
directly or indirectly secreted proteins of Botryosphaeriaceae,
we used the experimental model grapevine suspension cells
that have been already used for defense response studies. This
model was demonstrated as a reproducible model system
for the study of early grapevine responses to infection with
Phaeomoniella chlamydospora, a fungus responsible for
esca. Lima et al. (2012) showed a biphasic oxidative burst,
an increase in stilbene production and the induction of
genes encoding PR proteins and stilbene synthase in Vitis
vinifera cv. Vinhao cells after addition of Phaeomoniella
chlamydospora biomass extract. Grapevine suspension
cells were also used to study the responses to Botrytis
cinerea, Eutypa lata, and Trichoderma atroviride, a biocon-
trol agent for grapevine trunk disease fungi (Dadakova et al.
2015; Mutawila et al. 2016).

We used cell cultures of Vitis vinifera cv. Gewurztraminer
and Vitis rupestris, with putative different susceptibility to
Botryosphaeriaceae based on wood assays. For these two ge-
notypes, we studied defense reactions induced by secreted
proteins produced by different isolates of N. parvum and
D. seriata, which have differential virulence. We analyzed
H* fluxes via extracellular alkalinization, a rapid method to
study the perception of a pathogen in suspension cells (Felix
et al. 1993): oxidative burst, cell death, and phytoalexin pro-
duction as well as defense gene expression.

Material and methods
Plant material

Suspension cell cultures of V. vinifera cv. Gewurztraminer
were established from anthers and maintained in adapted lig-
uid MS medium with half strength major salts (Maillot et al.
2006) and 0.5 mg L ™" nicotinic acid, 0.5 mg L' pyridoxine
HCI, 0.1 mg L™" thiamine HCI, 100 mg L™ myo-inositol,
2 mg L' glycine, 0.1 mg L™ 6-benzylaminopurine (BAP),
and 30 g L' sucrose, at pH 5.8. Suspension cell cultures of
V. rupestris were established from leaves (Qiao et al. 2010)
and kindly provided by Pr. Peter Nick (KIT, Karlsruhe,
Germany). V. rupestris cells were maintained in liquid MS
medium containing 4.3 g L' Murashige and Skoog basal salts
(Duchefa™, The Netherlands), 30 g L ! sucrose, 200 mg L!
KH,PO,, 100 mg L™ myo-inositol, 1 mg L™ thiamine, and
0.2 mg Lt 2.4-dicholorophenoxy-acetic acid (2,4-D), at pH
5.8. Cells were subcultured every 7 days by transferring
20 mL of stationary cells into 80 mL of fresh medium in
250 mL Erlenmeyer flasks. Cells were propagated in the dark
under shaking (120 rpm), at 25 °C for V. vinifera cv.
Gewurztraminer cells and 26 °C for V. rupestris cells. For

the different experiments, 50 mL of 6-day-old cells was used.
Calli of V. vinifera cv. Gewurztraminer and V. rupestris were
obtained from the same tissues as the suspension cells were
subcultured every 2 weeks on the above described solid media
in the dark at 25 + 0.5 °C, with a 70 + 10% relative humidity.
For each tested condition, 15 calli with a diameter of
10 + 2 mm were used. Inoculation experiments were conduct-
ed on detached canes, which consisted 0of 0.8 x 10 ¢m sections
between two nodes of 1-year-old dormant lignified canes col-
lected from Vitis vinifera cv. Gewurztraminer and Vitis
rupestris. Both accessions were obtained from a collection
in INRA Colmar, France.

Fungi

N. parvum isolate Bourgogne S-116 (Bourgogne, France),
N. parvum isolate Bt-67 (Estremadura, Portugal), and
D. seriata isolate 98.1 (Pyrénées Orientales, France) were
isolated from vineyards. According to Ramirez-Suero
et al. (2014), all fungi were grown on Petri dishes contain-
ing Potato Dextrose Agar (PDA) solid medium at 26 °C in
the dark. After 10 days, the solid cultures were transferred
in liquid medium by introducing three mycelia plugs
(2.5 x 2.5 cm) from each fungus in 250 mL malt medium.
Liquid cultures were grown at 220 rpm, at 28 °C in the
dark. After 21 days, culture media were retrieved and ster-
ilized by successive filtrations at 0.8, 0.45, and 0.2 pm.

Detached-cane inoculations

Inoculation experiments were conducted on detached canes,
which consisted of 0.8 x 10 cm sections of 1-year-old shoots
harvested from a collection from INRA Colmar, France
(December 2015 and 2016, February 2017). Data were obtain-
ed from three independent experimental series of seven inter-
nodes for each genotype and fungi combination. A power drill
no. 5 (Bosch PSB 500R) was used to wound the woody stems
(5 mm in diameter, 3 mm in depth) at the center point between
nodes. Cuttings were inoculated by filling the wound with a 6-
mm-diameter plug collected from a 14-day-old fungal culture
on PDA and then sealing this inoculation site with Para-film
(American National Can). After inoculation, detached inter-
nodes were incubated in saturating humidity at 28 °C in dark-
ness. After 21 days of incubation for D. seriata 98.1 and 7 days
in the case of N. parvum Bt-67, the stems were debarked and
necrotic areas were quantified from digital images using the
Image] software (Schneider et al. 2012). We used a multifac-
torial ANOVA and a comparison of means using the Tukey
test to compare the percentages of necrosed internode area
between V. vinifera cv. Gewurztraminer and V. rupestris
following inoculation with Neofusicoccum parvum Bt-67
(7 days post-inoculation) and Diplodia seriata 98.1
(14 days post-inoculation).
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Extracellular protein preparation

Total extracellular proteins were precipitated from 250 mL
filtered culture medium during 2 h at 4 °C with 60% (w/v)
ammonium sulfate, according to Bénard-Gellon et al. (2015).
After centrifugation (30 min at 10,000 rpm), the protein pellets
were resuspended in deionized water and dialyzed in 3.5 kDa
cutoff tubbing against deionized water for 20 h at 4 °C.
Collected proteins were freeze-dried and resuspended in
ultra-pure water. The protein concentration was measured
with a BioSpec-nano Micro-volume Spectrophotometer
(Shimadzu™, Japan) at 280 nm.

Measurement of alkalinization and ROS production in cell
cultures

In order to determine the optimal protein concentration to
apply, we first carried out a dose-response assay on both
grapevine cell suspension cultures with various protein
concentrations (10 to 200 ug mL™") secreted by the highly
virulent N. parvum Bourgogne S-116 strain (Ramirez-
Suero et al. 2014; Bénard-Gellon et al. 2015). We deter-
mined that the protein concentration of 50 pg mL™" is
adequate to obtain a significant pH response in both cell
suspensions (Online Resource 1).

Extracellular medium alkalinization was assessed by mea-
suring the extracellular medium pH of 6-day-old suspension
cultures after addition of extracellular proteins (50 pg mL ™).
Before treatment, cells were equilibrated on an orbital shaker
for 30 min. The pH value of the culture medium was recorded
every 10 s for 30 min with a Handylab 12 pH meter (SI
Analytics™, Germany), combined with a liquid electrolyte
glass electrode (BlueLine Electrodes, SI Analytics™,
Germany). In order to measure the pH increase, the pH of
the extracellular medium at the beginning of the experiment
(TO) was subtracted from all successive measures.

General oxidative stress response was assessed with the
CM-H,DCFDA substrate (ThermoFisher™, USA). The day
before the experiments, cells were filtered and resuspended in
their respective culture medium at concentrations of
0.2 g fresh weight mL™" for V. vinifera cv. Gewurztraminer
and 0.4 g fresh weight mL™" for V. rupestris. Then, 485 uL of
the cell suspension was distributed in a 24-well plate and
incubated with CM-H,DCFDA (ThermoFisher™, USA at a
1 uM final concentration. Four technical replicates were real-
ized for each measure. After orbital shaking (1 mm) for 1 hour,
extracellular proteins were dispensed at a 50 g mL ™' concen-
tration and plates were placed in a TriStar® LB 942
Multidetection Microplate Reader (Berthold Technologies™,
GmbH & Co. KG, Germany). The excitation filter was set at
485 nm, and the emission filter was set at 530 nm. The fluo-
rescence from each well was measured and recorded by
MikroWin software (Berthold Technologies™, GmbH &
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Co. KG, Germany). Data points were acquired each minute
for 3 h. Data are mean and SD of four technical and two
biological replicates.

Determination of cell viability

Determination of cell viability was assessed according to
Lima et al. (2012). After treatment of a 6-day-old cell culture
with extracellular fungal proteins for 24 and 48 h, 150 uL of
cells was mixed with 50 uL of 0.4% (w/v) trypan blue
(Sigma™, USA) and incubated in the dark for 15 min. Cells
were then counted under a light microscope (x400;
Alphaphot-2 YS2-H, Nikon®, Japan). Percentage of dead
cells (stained blue) was calculated using the formula [(blue
cells/total cell number) x 100]. Cell death was also assessed
on V. vinifera cv. Gewurztraminer and V. rupestris calli.
Fungal proteins were added to the callus medium at a concen-
tration of 50 pg mL™'. Two-week-old Vitis vinifera cv.
Gewurztraminer and V. rupestris calli were subcultured on
the medium containing fungal proteins and incubated at
25 °C in the dark. The toxicity of secreted proteins was eval-
uated by visual observation of necrosis on calli at three time
points (0, 3, and 6 days).

Measurement of stilbene production

Stilbene production was assessed by liquid chromatography—
mass spectrometry. After treatment with extracellular proteins,
cells were vacuum filtered at 3, 6, 24, and 48 h, frozen in
liquid nitrogen, and stored at — 80 °C. Cells were ground in
a mortar with liquid nitrogen, and then, methanol (5 mL mg™'
of fresh cells) and 5-methyl salicylate (1 pg) as an internal
standard were added. Cells were agitated for 3 h at 4 °C with a
Tube Rotator (Thermo Scientific™, USA). After centrifuga-
tion (2 x 20 min, 14,000 rpm), supernatant was collected and
dried in a vacuum concentrator (Concentrator 5301,
Eppendorf™, Germany), resuspended in a 40 pl methanol/
water (90:10) solution, filtered at 0.2 pum, and kept at
—20 °C until LC-MS analysis. Trans-resveratrol, trans-piceid,
5-methylsalicylic acid, and trans-pterostilbene were pur-
chased from Sigma-Aldrich™ (Saint-Quentin-Fallavier,
France). Trans-8-viniferin was purchased from Polyphenols
Biotech™ (Villenave d’Ornon, France). Trans-e-viniferin
was kindly provided by Prof. Waffo-Téguo (University of
Bordeaux). Cis-isomers of these five stilbenes were obtained
by photoisomerization at 350 nm using a Rayonet photochem-
ical reactor (Southern New England Ultraviolet Co.™). All
solutions were prepared in 18 MS2 deionized water. LC-MS
grade water, methanol, and formic acid were purchased from
Fisher Scientific™ (Illkirch, France). The analytical system
used was high-performance liquid chromatography Agilent
1100 series coupled with Agilent 6510 accurate-mass
Quadrupole-Time of Flight (Q-TOF) mass spectrometer with
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ESI interface in negative ionization mode (Agilent
Technologies™, California, USA). Data acquisition system
software was Agilent MassHunter version B.02.00. An
Agilent Zorbax C18 column (3.1 x 30 mm, 3.5 um; Agilent
Technologies™) was used at 35 °C, and the injected volume
was 3 pL. The elution gradient was carried out with binary
solvent system consisting of 0.1% formic acid in H,O (solvent
A) and 0.1% formic acid in MeOH (solvent B) at a constant
flow rate of 0.35 mL min . The gradient elution program was
as follows: 0—4.0 min, 23-40% B, held for 2.0 min; 6.0—
7.0 min, 40-70% B, held for 3.0 min; then up to 100% B;
and kept at 100% of B during 4 min, followed by 4 min of
stabilization at 23% B. The mass spectrometer operated by
detection in the single ion monitoring (SIM) mode at the fol-
lowing settings: drying gas 13.0 L min~ ' at 325 °C; nebulizer
pressure 35 psi; capillary voltage — 3500 V; and fragmentor
150 V. Negative mass calibration was performed with stan-
dard mix G1969-85000 (Agilent Technologies™). Data pro-
cessing was performed with Agilent MassHunter Qualitative
and Quantitative software version B.07.00. Absolute contents
of stilbenes were estimated from external calibration curves
prepared with pure standards and internal standard (5-
methylsalicylic acid) for extraction recovery.

Transcriptomic analysis

Defense gene expression was assessed by quantitative real-
time (qQRT) PCR analysis. After treatment with extracellular
proteins, cells were vacuum filtrated at 3, 6, 24, and 48 h and
stored at — 80 °C. RNA extraction, DNase treatment, and
cDNA synthesis were achieved according to Bénard-Gellon
et al. (2015). Cells were ground in liquid nitrogen, and total
RNA was isolated using the RNeasy Plant Mini Kit
(Qiagen™, Germany) according to the manufacturer’s in-
structions and quantified using a BioSpec-nano Micro-
Volume Spectrophotometer (Shimadzu™, Japan). Residual
genomic DNA was removed by DNasel digestion on extrac-
tion column with the RNase-free DNase set (Qiagen™,
Germany) at 25 °C for 15 min; 1 ug of DNase-treated RNA
was reverse transcribed with the iScript TM Reverse transcrip-
tion supermix following the manufacturer’s instructions (Bio-
Rad™, France). For real-time PCR, reactions were carried out
on the CFX96 system (Bio-rad™, France). qPCR reactions
were carried out in triplicates in a reaction buffer containing
2x1Q SYBR® Green Supermix, 0.2 mM of forward and re-
verse primers, and 10 ng of reverse transcribed RNA in a final
volume of 25 ul. Thermal cycling conditions were as follows:
30 s at 95 °C followed by 40 cycles of 15 s at 94 °C, 30 s at
60 °C, and 30 s at 72 °C. The calibration curve for each gene
was obtained by performing real-time PCR with serial dilu-
tions of the purified PCR product (from 102 to 108 cDNA
copy number). The specificity of the individual PCR amplifi-
cation was checked using a heat dissociation curve from 55 to

95 °C following the final cycle of the PCR and by sequencing
the final PCR products. The results obtained for each gene of
interest were normalized to the expression of two reference
genes, VvEF[a, an elongation factor 1« gene, and
VWGAPDH, glyceraldehyde 3-phosphate dehydrogenase gene
(Reid et al. 2006). Fold induction compared to appropriate
controls (see legend of figures) was calculated as described
by Hellemans et al. (2007). Mean values and standard devia-
tions were obtained from three technical and three biological
replicates. Primers used for quantitative real-time PCR are
listed in Table 1.

Statistical analysis

Data were analyzed by using a multifactorial ANOVA and a
multiple comparison of the means using the Tukey test
(p <0.05) performed with R 3.3.2 software (R Development
Core Team 2016). We used a multifactorial ANOVA to exam-
ine the effects of extracellular proteins from three fungal iso-
lates (Neofusicoccum parvum Bourgogne S-116,
Neofusicoccum parvum Bt-67, and Diplodia seriata 98.1) on
ROS production, cell viability, defense gene expression, and
stilbene production for cell lines of two plant genotypes (Vitis
vinifera cv. Gewurztraminer and Vitis rupestris) at different
time points according to the figure legends. Principal compo-
nent analysis (PCA) was performed with the Mass Profiler
Professional software (Agilent Technologies™, California,
USA) where values are normalized by log2 transformation.

Results

Secreted Botryosphaeriaceae proteins induced rapid
extracellular medium alkalinization in Vitis cells

Extracellular alkalinization is an early event following the per-
ception of a pathogen molecular signal in suspension-cultured
cells (Felix et al. 1993). Adding secreted proteins (50 pg mL ™"
concentration) from the three Botryosphaeriaceae strains to
grapevine cell suspensions induced a rapid increase in extra-
cellular medium pH (Fig. 1). These results show that
V. vinifera cv. Gewurztraminer and V. rupestris cells are able
to respond to secreted proteins of fungi associated with
Botryosphaeria dieback. Alkalinization intensity and velocity
depends on both the fungus and the grapevine genotype,
with N. parvum Bourgogne S-116 inducing the higher
ApH on both Vitis cells, followed by N. parvum Bt-67 and
D. seriata 98.1. For V. vinifera cv. Gewurztraminer cells
(Fig. la), ApH increased around 7 min after addition of
secreted proteins for N. parvum Bourgogne S-116, reaching
a maximum of 0.5 unit above the initial pH (value of 4.5-5)
within 30 min. For N. parvum Bt-67, the increase in ApH
was recorded 9 min after treatment to reach a maximum of
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Table 1 Sequences of the

Forward primers 5'—3) Reverse primers 5'—3)

primers used for RT-qPCR Gene Gene bank accession
number

WEFI-a CB977561
WGAPDH  CB973647

VWSOD AF056622

WSTS1 DQ366301

WChitdc AY137377

VvPRI GSVIVT00038575001
VvPR6 AY156047

WPRI10.1 ~ AJ291705

ACTCCAAGGCAAGGTACGAT GGGGACAAATGGAA
GATGA TCTTATC
TTCTCGTTGAGGGCTATTCCA CCACAGACTTCATC
GGTGACA
TGCCAGTGGTAAGGCTAAGT GTGGACCTAATGCA
TCA GTGATTGA
TACGCCAAGAGATTATCACT CTAAAGAGTCCAAA
GCATCT
TCGAATGCGATGGTGGAAA TCCCCTGTCGAAAC
ACCAAG
GGAGTCCATTAGCACTCCTT CATAATTCTGGGCG
TG TAGGCAG
AGGGAACAATCGTTACCCAAG CCGATGGTAGGGAC
ACTGAT
CTGTGGTTGACGGAGATGTT CCCTTAACGTGCTC
TTCAGAG

0.4 after 30 min. Adding D. seriata 98.1 extracellular pro-
teins led to a later and lower ApH, starting after 11 min and
only reaching a maximum of 0.14 at 30 min. In V. rupestris
cells (Fig. 1b), the initial pH was around 4.5-5, and proteins
from the various fungi induced a faster and higher level of
alkalinization. Compared to V. vinifera cv. Gewurztraminer,
the pH increase started much earlier, from 2 to 3 min after
treatment, to reach at 30 min a maximum ApH of 1 for
N. parvum Bourgogne S-116, 0.93 for N. parvum Bt-67,
and 0.7 for D. seriata 98.1. We further examined if the
effect of the secreted fungal proteins on pH is due to their
biological activity or tridimensional structure by adding
heat denaturated proteins (50 pg mL™") of the three fungi
to both V. vinifera and V. rupestris suspension cells. No

(V)

Extracellular ApH
o
(=]

V. vinifera cv. Gewurztraminer

Time (min)
Water control
N. parvum Bourgogne S-116
------- N. parvum Bt-67
D. seriata 98.1

Fig. 1 a, b Extracellular medium alkalinization in V. vinifera cv.
Gewurztraminer suspension cells (a) and V. rupestris (b) in response to
secreted proteins at a 50 ug mL™' final concentration of N. parvum
Bourgogne S-116 (black lines), N. parvum Bt-67 (black dotted lines),
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change in extracellular alkalinization was recorded with
heat-denaturated proteins (data not shown).

Secreted Botryosphaeriaceae proteins induced ROS
production in Vitis cells

Production of ROS in Vifis cells was evaluated by the fluores-
cence measure of CM-H,DCFDA. The production of ROS
was different according to both fungus and grapevine geno-
type (Fig. 2). N. parvum Bt-67 induced the higher ROS pro-
duction in both Vitis cells, followed by N. parvum Bourgogne
S-116 and D. seriata 98.1. In V. vinifera cv. Gewurztraminer
cells (Fig. 2a), ROS production started about 11 min after
addition of secreted proteins for N. parvum Bt-67, reaching

b V. rupestris
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g
0.8 4
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3
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<
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and D. seriata 98.1 (gray dotted lines). Control cells (black dotted lines)
were treated with water. Representative time lines from three independent
series are shown
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Fig. 2 a, b Production of ROS measured by the fluorescence of CM-
H,DCFDA in V. vinifera cv. Gewurztraminer suspension cells (a) and
V. rupestris (b) in response to secreted proteins of N. parvum
Bourgogne S-116 (gray dotted lines), N. parvum Bt-67 (black lines),
and D. seriata 98.1 (light gray lines). Proteins were added to a
50 ug mL™" final concentration. For each data points, values of water

a maximum at 83 min and decreasing thereafter. For
N. parvum Bourgogne S-116 and D. seriata 98.1, ROS pro-
duction was measured 21 min after treatment to reach a max-
imum at 120 and 145 min respectively. In V. rupestris cells
(Fig. 2b), proteins from different fungi induced a faster but
lower ROS production. ROS production started from 10 min
after treatment and reached a maximum more rapidly com-
pared to V. vinifera cv. Gewurztraminer, at 30 min for
N. parvum Bourgogne S-116, 45 min for N. parvum Bt-67,
and D. seriata 98.1. Maximum of relative fluorescence
(258000) was measured with N. parvum Bt-67 (compared to
approximately 1000 000 in V. vinifera cv. Gewurztraminer).

Secreted Botryosphaeriaceae proteins induced cell death
only in V. rupestris cells

To determine if Botryosphaeriaceae extracellular proteins are
able to induce cell death in Vitis cells, we followed cell viabil-
ity with trypan blue staining at 24 and 48 h after treatment
(Fig. 3). In V. vinifera cv. Gewurztraminer, no significant dif-
ference (p <0.236) in cell death was observed between protein
and water control treatments (about 11% of cell death)
(Fig. 3a). By contrast, in V. rupestris cells, all protein treat-
ments induced cell death with significant (p < 0.001) but var-
ious intensities, depending on the fungus. Extracellular pro-
teins of N. parvum Bourgogne S-116 induced the highest cell
mortality, 34% at 24 h and 40% at 48 h. N. parvum Bt-67
secreted proteins induced 18 and 23% of cell death at 24 and
48 h respectively, whereas D. seriata 98.1 caused a less in-
tense cell death (15% at 24 h and 17% at 48 h) (Fig. 3b). To
complete these results, we evaluated the toxicity of these se-
creted proteins on V. vinifera cv. Gewurztraminer (Fig. 3c) and
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control were subtracted to values of protein treated cells. Each data point
represents means of four technical and two biological replicates. Error
bars represent the standard deviation of the mean. The asterisks indicate
significant difference between treatments with the different fungal
proteins at p < 0.05 (Tukey Contrasts)

V. rupestris (Fig. 3d) calli through necrosis observations.
Proteins of each fungus were added to the callus culture me-
dium at 50 pg mL ™', and their impact was observed after 3
and 6 days of contact. Partial necrosis was only observed after
3 days in V. rupestris with proteins from both N. parvum iso-
lates. After 6 days, all V. rupestris calli in contact with secreted
proteins showed partial necrosis (Fig. 3d). In contrast, secreted
Botryosphaeriaceae proteins did not induce any necrosis in
V. vinifera cv. Gewurztraminer.

Defense genes are differentially expressed in V. vinifera
and V. rupestris cells in response to secreted
Botryosphaeriaceae proteins

We further studied the expression of defense genes in
V. vinifera cv. Gewurztraminer and V. rupestris suspension
cells after treatment with secreted proteins from N. parvum
and D. seriata (Fig. 4). These genes encode stilbene syn-
thase (VvSTS1), a key enzyme involved in phytoalexin
synthesis; superoxide dismutase (VvSOD), an enzyme in-
volved in ROS scavenging and cellular detoxification; and
several pathogenesis-related proteins (VvPRI, VvPRG,
VvPRI10.1, and VvChit4c) (Table 1). Our results show that
three genes out of six in V. vinifera cv. Gewurztraminer
(VvPR6, VvSTSI, and VvChit4c) and five genes in
V. rupestris (VvPRI1, VvPR6, VvPRI10.1 VvSTSI, and
VvChit4c) are induced by extracellular protein treatment.
Overall, induction of defense genes is much stronger in
V. rupestris cells, especially for VvPR6, VvChit4c, and
VVvPRI10.1 (see the scale of graphs in Fig. 4).

VvPRI, encoding pathogenesis-related protein 1 is induced
in response to a variety of pathogens and represents a useful
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Fig. 3 a, d Induction of cell death in Vitis suspension cells by
Botryosphaeriaceae proteins. Cell death assays were performed with
cells of V. vinifera cv. Gewurztraminer (a) and V. rupestris (b) treated
with secreted proteins (50 pg mL™") of N. parvum Bourgogne S-116
(black bars), N. parvum Bt-67 (gray bars), and D. seriata 98.1 (light
gray bars) compared to water control (white bars). Quantitative
measurement of dead cells was performed by trypan blue staining at 24
and 48 h after treatment. Each data point represents means of three

molecular marker for the SAR response. In V. vinifera cv.
Gewurztraminer, no significant difference in VwPRI expres-
sion (p < 0.436) was observed after addition of extracellular
proteins from the different fungi (Fig. 4a). In V. rupestris cells,
VvPRI expression was slightly induced by N. parvum
Bourgogne S-116 proteins at 3 and 6 h and highly induced
by N. parvum Bt-67 proteins after 6 h (Fig. 4a).

VvPR6 encoding for a protease inhibitor is induced both in
V. vinifera cv. Gewurztraminer and V. rupestris in response to
Botryosphaeriaceae proteins (Fig. 4b). In V. vinifera cv.
Gewurztraminer, induction of VwPR6 expression is significant
at 24 h and maximal at 48 h (induction ratio of ~ 30) for the
two N. parvum isolates, while VvPR6 peaked at 24 h post-
treatment with D. seriata 98.1 and decreased at 48 h. The
induction of VvPRG6 expression is significantly higher in
V. rupestris cells, but only with the addition of N. parvum
Bourgogne S-116 proteins: VvPR6 induction began as soon
as 6 h and increased until 48 h post-treatment to reach a max-
imal induction ratio of ~ 700.
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technical and two biological replicates. Error bars represent the standard
deviation of the mean. Means with the same letter are not significantly
different at p < 0.05 (Tukey Contrasts). ¢, d V. vinifera cv.
Gewurztraminer (¢) and V. rupestris (d) calli subcultured for 6 days on
MC+ medium supplemented with water (water control) or secreted fungal
proteins. Pictures were taken after 0, 3, and 6 days of contact (dpi day
post-inoculation)

VWPRI0.1 was previously demonstrated to be upregulated
in the interaction between V. vinifera Ugni blanc and
Pseudomonas syringae (Robert et al. 2001). Expression of
VvPR10.1 was only upregulated in V. rupestris cells, induction
beginning at 6 h post-treatment for both N. parvum and
D. seriata proteins. Upregulation of VvPR10.1 by D. seriata
was lower compared to N. parvum (Fig. 4c).

WChit4dc encodes a class IV chitinase that could be
involved in the fungal cell wall degradation. VvChitdc is
the most upregulated gene in both V. vinifera cv.
Gewurztraminer and V. rupestris cells, although upregula-
tion was significantly higher in V. rupestris (Fig. 4f).
Furthermore, the difference between the protein treat-
ments is significant regardless of the genotypes
(p < 0.0001 for V. vinifera cv. Gewurztraminer and
p < 0.0001 for V. rupestris). The highest expression of
VvChit4c was observed early, at 3 and 6 h post-treatment.
In V. vinifera cv. Gewurztraminer, expression of VvChit4c
was maximal 3 h after treatment with proteins of both
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Fig. 4 a—f Defense gene WPR1 . WPR6
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N. parvum and D. seriata and decreased thereafter. In
V. rupestris, expression of VvChit4c peaked 6 h post-
treatment with all fungal proteins and decreased at later
time points.

VWSTS1 encodes a stilbene synthase, a key enzyme in
the production of phytoalexins. Compared to control
cells, induction of VvSTS/ expression is much higher
in V. rupestris cells compared to V. vinifera cv.
Gewurztraminer. The intensity of VvSTS/ expression is
also significantly different in both grapevine genotypes
according to the different fungal protein treatment
(Fig. 4d). Upregulation of VvwSTSI occurred as soon as
3 h post-treatment and was maximal with D. seriata
proteins in V. vinifera cv. Gewurztraminer cells. In
V. rupestris cells, proteins from N. parvum Bourgogne
S-116 induced the highest expression of VvSTS! with a
peak at 6 h post-treatment.

VWSOD, which encodes a superoxide dismutase, is in-
volved in ROS scavenging. VvSOD expression is not sig-
nificantly affected by treatment with Botryosphaeriaceae
proteins, although it is weakly and lately induced by
N. parvum Bt-67 proteins at 48 h (Fig. 4e).
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Overall, our results show that expression of several defense
genes (VvPR6, VvChitdc, and VvSTS1) are more strongly up-
regulated in V. rupestris compared to V. vinifera cv.
Gewurztraminer. In addition, some defense genes such as
VWPRI and VWPRI0.1 are only induced in V. rupestris cells.
Concerning the different fungi, N. parvum and especially
N. parvum Bourgogne S-116 proteins were generally the most
efficient in triggering defense responses compared to
D. seriata, except for VwvPR6 and VvSTS! in V. vinifera cv.
Gewurztraminer.

Secreted Botryosphaeriaceae proteins induced a different
stilbene signature in V. vinifera and V. rupestris

In grapevine, the major phytoalexins belong to the family
of stilbenes. We studied the production of resveratrol, d-
and e-viniferins, pterostilbene, and piceid in suspension
cells treated with Botryosphaeriaceae proteins (Fig. 5).
In control V. vinifera cv. Gewurztraminer cells, we ob-
served a very low concentration of -viniferin (0.67 ug g '
fresh weight (FW) after 24 h, Fig. 5c), pterostilbene
(0.037 ug g ' FW after 24 h, Fig. 5e), and e-viniferin
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(0.006 pg g ' after 24 h, Fig. 6d), whereas the concentration
of resveratrol and piceid were relatively high (3.7t0 6.4 ug g "
FW for resveratrol and 4.4 to 11.4 ug g ' FW for piceid,
Fig. 5a, b). Addition of N. parvum and D. seriata 98.1 proteins
led to a similar stilbene pattern: levels of resveratrol tend to
decrease (Fig. 5a), whereas there was a high increase in 0-
viniferin overtime, reaching ~ 15 ug g ' FW at 2448 h
post-treatment (Fig. 5c). The levels of the other stilbenes
(piceid, pterostilbene, and e-viniferin) were not significantly
affected by the addition of secreted Botryosphaeriaceae
proteins.

Control V. rupestris cells had a different stilbene profile
compared to V. vinifera cv. Gewurztraminer. Levels of resver-
atrol were lower (0.016 to 0.1 pg g ' FW) whereas levels of
piceid were higher (13.4 to 23.2 pg g '). Treatment of
V. rupestris cells with proteins from N. parvum induced a
decrease in piceid, whereas after addition of D. seriata pro-
teins, levels of piceid remained stable (Fig. 5b). Addition of
proteins from N. parvum Bt-67 and D. seriata 98.1 induced a
significant increase in 8- and e-viniferin production at 24 and
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48 h post-treatment. However, levels of e-viniferin (app.
40 ng g ' FW) were very low compared to §-viniferin
(app. 5 ug g ' FW). Accumulation of &-viniferin is also
lower in V. rupestris compared to V. vinifera cv.
Gewurztraminer (15 pg g ' FW). In contrast to V. vinifera
cv. Gewurztraminer, N. parvum Bourgogne S-116 proteins
did not induce significant changes in 6-viniferin in
V. rupestris. The levels of resveratrol and pterostilbene
remained low and were not significantly affected by the
addition of fungal proteins.

The difference in production of d-viniferin, e-viniferin,
piceid, and resveratrol was found significantly different
between V. vinifera cv. Gewurztraminer and V. rupestris
cells regardless of the treatment with fungal proteins
(p <£0.001). Principal component analysis (PCA) used to
visualize stilbene profile between the two genotypes fur-
ther indicated that the first two principal components (com-
ponent 1 and component 2) explained 69% of the total data
variability (Fig. 6), confirming that stilbene profiles dif-
fered significantly according to the genotype.



Secreted proteins produced by fungi associated with Botryosphaeria dieback trigger distinct defense... 623

———aa—

_—

Component 2 (20,92%)

Component 1 (48,73%)
m V//{is rupestris wm ®m W Vitis vinifera cv. Gewurztraminer

N. parvum .
Water N. parvum D. seriata
.control ‘ g(_)1u1rgogne . Bt-67 e 98.1

Fig. 6 Principal component analysis (PCA) of V. rupestris (black line)
and V. vinifera cv. Gewurztraminer (black dotted line) stilbene profiles
after inoculation with secreted proteins (50 pg mL™") from N. parvum
Bourgogne S-116 (triangles), N. parvum Bt-67 (circles), D. seriata 98.1
(squares), and water control (diamonds) in the two major components.
Distribution of stilbene production defined by the first two axes
(component 1 and component 2) was obtained with PCA of stilbenoid
content using all data. The two major principal components explaining
~ 69% of the expression variance are plotted

In summary, our results show a different stilbene profile
between V. vinifera cv. Gewurztraminer and V. rupestris. In
comparison to control, the main difference is the accumulation
of d-viniferin in the two genotypes at a high level, which could
indicate an important role of this stilbene in the defense re-
sponse of Vitis cells.

Levels of necrosis induced by artificial internode
inoculation with N. parvum and D. seriata are lower
in V. rupestris compared to V. vinifera cv. Gewurztraminer

To know if the differential induction of defense responses in
V. rupestris and V. vinifera cv. Gewurztraminer that we ob-
served in suspension cells could be related to a different sus-
ceptibility to Botryosphaeria dieback associated fungi, we arti-
ficially inoculated 1-year-old canes from both genotypes with
N. parvum and D. seriata. The area of necrosis was measured
with ImageJ software 7 days post-inoculation for N. parvum
and 14 days post-inoculation for D. seriata (Fig. 7). For both
fungi, the area of necrosis was slightly smaller in V. rupestris
compared to V. vinifera cv. Gewurztraminer (p <0.05). The area
of necrosis was also higher after inoculation with N. parvum Bt-
67 compared to D. seriata 98.1, showing that this fungus has a
higher capacity to rapidly colonize grapevine wood.

Discussion

The molecular dialog between grapevine cells and fungi as-
sociated with trunk diseases remains poorly understood,
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N. parvum Bt-67 D.seriata 98.1
V. vinifera cv. Gewurztraminer | W V. rupestrs

Fig.7 Development of N. parvum (a) and D. seriata (b) in V. vinifera cv.
Gewurztraminer and V. rupestris 1-year-old internodes after artificial
inoculation. The percentage of necrosed area relative to total internode
area was calculated for each internode using ImagelJ software 7 days after
inoculation for N. parvum and 14 days after inoculation for D. seriata.
Mean + SE was calculated from three independent experiments each
comprising 7-8 internodes. The asterisks indicate significant difference
between V. vinifera and V. rupestris at p < 0.05 (Tukey contrasts)

although it is essential to determine if plant cells can perceive
the invader and set up appropriate defense responses. Most of
the studies on defense responses induced by fungi associated
with trunk diseases have been conducted on vineyard plants,
showing differential expression of foliar symptoms (Bertsch
et al. 2013). Host-pathogen field trials are complex since
several pathogens are involved. Moreover, field studies are
affected by a number of environmental factors such as other
biotic/abiotic stresses and climatic conditions. In this re-
spect, controlled inoculations either using greenhouse cut-
tings or plantlets have been used as standard assays. It is
important to notice that artificial wood inoculation with
trunk disease fungi induces a wound response that can mask
any effect of pathogen perception on gene induction at early
times after infection (Pierron et al. 2016). In the present
study, the simplified model we developed allows to better
understand the molecular dialog between grapevine and
trunk disease fungi.

Non-self-perception in plant innate immunity initially re-
lies on the recognition of microbe-associated molecular pat-
terns (MAMPs) (Boller and Felix 2009; Dodds and Rathjen
2010). Perception of pathogen attack can also be realized in-
directly through the perception of DAMPs (altered self),
which are endogenous molecules released by the host stressed
cells (Boutrot and Zipfel 2017). MAMP and DAMP-triggered
immunity results in the activation of a wide range of defense
responses and confers a basal level of resistance to pathogens.
We first investigated whether Vitis cells were able to perceive
secreted proteins produced by Botryosphaeriaceae and to sub-
sequently activate early defense responses. Extracellular alka-
linization is an essential component of ion fluxes involved in
plant defense and has been used as an efficient method to
monitor chemosensory perception in cultured plant cells
(Felix et al. 1993).
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Several studies have shown that grapevine cells are able
to react to several MAMPs such as chitin, rhamnolipids,
and peptides such as flagellin and harpin (Delaunois et al.
2014). Following perception, early defenses such as ion
fluxes and ROS production were activated but reports on
such responses in the case of the interaction between grape-
vine and fungi associated with trunk diseases, especially
Botryosphaeriaceae, are scarce. Our results show that both
V. vinifera cv. Gewurztraminer and V. rupestris cells are
able to recognize secreted proteins of fungi associated with
Botryosphaeria dieback and respond very rapidly with
modification of ion fluxes and ROS production. Since no
difference in ApH was observed when heat-denaturated
proteins of both N. parvum and D. seriata were applied
on Vitis cells, we propose that induction of defense re-
sponses by these Botryosphaeriaceae proteins is not due
to the recognition of a peptide motif. Defense induction
could be triggered by fungal protein biological activity
(through the release of DAMPs) or result from the recogni-
tion of MAMP tridimensional structure as previously
shown for elicitins from Pythium oligandrum (Takenaka
et al. 2011). In another previous study, Bénard-Gellon
et al. (2015) also showed that heat-denaturated proteins
from N. parvum failed to induce necrosis on Vitis vinifera
calli, in contrast to native proteins. In addition, several
DAMPs identified in the literature and recognized by plants
belong to the protein family (for example systemin,
subtilase, or ATP synthase (Boutrot and Zipfel 2017)).

It is important to point out that the extracellular medium
alkalinization was more rapid and intense in V. rupestris cells
compared to V. vinifera cv. Gewurztraminer. A higher and
faster extracellular medium alkalinization was also measured
in Vitis rupestris cells after challenge with harpin, a bacterial
elicitor, compared to V. vinifera cv. Pinot Noir (Qiao et al.
2010). It has also been reported that elicitation of cell cultures
of Vitis vinifera cv. Vinhao, an esca tolerant grapevine, with a
crude extract of P. chlamydospora induced a biphasic oxida-
tive burst, which may be characteristic of an incompatible
reaction (Lima et al. 2012). The monophasic oxidative burst
observed in our cells may indicate a compatible interaction
between Vitis cells and Botryosphaeriaceae fungi. Overall,
our results show that early defenses are triggered more rapidly
in V. rupestris compared to V. vinifera cv. Gewurztraminer.

Since proteins produced by Botryosphaeria species induce
cell death in V. rupestris, they could also represent toxins
promoting fungal invasion in plant organs. For instance, in
Eutypa dieback, proteins of variable molecular weight (6 to
200 kDa) are secreted by Eutypa lata and have been as-
sumed to induce physiological imbalance resulting in cellu-
lar damages (Octave et al. 2006a, b). Similarly, a set of
proteins secreted by Phaeomoniella chlamydospora and
Phaeoacremonium minimum triggered cell death and tran-
sient H* flux modifications in grapevine 41B cells (Luini
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et al. 2010). The authors demonstrated that H -ATPase is
targeted by these polypeptides, resulting in its inhibition.
Another study demonstrated that V. rupestris responded to
the harpin elicitor with a massive hypersensitive response
(HR) type of cell death occurring within 48 h, whereas no
cell death was observed in V. vinifera cv. Pinot Noir (Chang
etal. 2011). HR cell death thus seems to be a hallmark of the
defense responses in North American Vitis (Chang et al.
2011). In our system, Botryosphaeriaceae proteins induce
cell death only in V. rupestris cells and not in V. vinifera cv.
Gewurztraminer, and a higher oxidative burst was measured
in Gewurztraminer compared to V. rupestris, which may
seem contradictory. Indeed, massive ROS production under
biotic and abiotic stresses is generally thought to trigger
plant cell death. However, relation between ROS produc-
tion and cell death is very complex and still a matter of
debate (De Pinto et al. 2012). It was also previously shown
that timing of ROS production (which is much more rapid in
V. rupestris), as well as interaction with antioxidant sys-
tems, is very important for cell death induction (De Pinto
et al. 2012). In our system, it remains to be further deter-
mined the role of ROS in cell death induction, which kind of
cell death is triggered by our fungal proteins (necrosis or
apoptotic HR cell death), and whether cell death favors fun-
gal progression or contributes to plant resistance.

The rapid response of Vitis cells to secreted
Botryosphaeriaceae proteins is in accordance with other
studies using artificially inoculated whole plants as mod-
el. Recent RNA-Seq analysis revealed that inoculation of
N. parvum triggered the expression of 20 candidate genes,
which were rapidly induced in the leaves within minutes
of inoculation and persisted throughout the disease latent
phase, in the absence of infection development or change
in wood anatomy (Czemmel et al. 2015). In another study,
characterization of the transcriptional dynamics of grape-
vine genes in the woody stem and in the leaves during
Neofusicoccum parvum colonization revealed that both
stems and leaves undergo extensive transcriptomic
reprogramming in response to infection of the stem, espe-
cially 24 h after inoculation (Massonnet et al. 2017).
Analysis of the early perception of P. chlamydospora
and P. minimum by measuring early expression of defense
genes further suggested that grapevine perceives esca
pathogens (Pierron et al. 2016). From all these studies, it
appears that grapevine has the ability to sense very rapid-
ly trunk disease invaders.

Our results further demonstrate that differences in early
defense response activation in the two grapevine genotypes
are further transduced into qualitative and quantitative differ-
ences in cell death, defense gene induction, and secondary
metabolite signature. Concerning expression of defense
markers, a higher number of defense genes are activated in
V. rupestris compared to V. vinifera cv. Gewurztraminer and to
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a significant higher level. In V. rupestris, addition of secreted
Botryosphaeriaceae proteins triggered the induction of PRI,
PR6, PRI10.1, Chit4C, and STS1, whereas in V. vinifera, only
PR6, Chit4C, and STS! are activated. The timing and level of
induction also depend on the Botryosphaeriaceae strain, with
N. parvum generally inducing defense genes to a higher level
compared to D. seriata. Induction of defense markers is most-
ly rapid, beginning as soon as 3—6 h post-treatment. In another
study, elicitation of grapevine cells with P. chlamydospora
crude extract resulted in a rapid (3 h post-treatment) increase
in the expression of PR6, PRI10, 3-1,3-glucanase, class III
chitinase, lipoxygenase, phenyalanine ammonia lyase, and
stilbene synthase (Lima et al. 2012). At the whole plant scale,
the expression of PR protein genes was upregulated in the
leaves of grapevines affected by Eutypa dieback and grape-
vine leaf stripe disease (Valtaud et al. 2009b; Camps et al.
2010; Letousey et al. 2010; Magnin-Robert et al. 2011;
Spagnolo et al. 2012). In Botryosphaeria dieback affected
vines, a proteome comparison of the brown striped wood
showed the abundance of PR proteins (PR2, PRS, and
PR17) and members of the antioxidant system (GSTS,
cysPEROX) in the brown striped wood of three V. vinifera
cultivars (Spagnolo et al. 2014). An interesting study focused
on defense responses induced by absorbed culture filtrates
from P. minimum and P. chlamydospora on cuttings from
grapevine cultivars showing differential susceptibility to esca
disease (Lambert et al. 2013). Genes encoding PR proteins
(GLU, PIN, CHIT4C, and PGIP) are highly stimulated in
the less susceptible cultivars after fungal filtrate treatment.
Accumulation of PR proteins could represent an important
line of defense towards trunk disease fungi in V. rupestris,
since a fungi-toxic activity has been described for many
PR proteins (Van Loon et al. 2006a). Moreover, PR pro-
teins generally show a greater accumulation in inoculated
resistant plants compared with susceptible ones and a
strong constitutive accumulation of PR proteins in plants
with a high level of natural disease resistance is observed
(for review, see Edreva 2005).

We also analyzed stilbene production in both grapevine
suspension cells after treatment with secreted fungal pro-
teins. Stilbenes are a family of secondary metabolites de-
rived from the phenylpropanoid pathway and produced by
a number of plants. Stilbenes have been implicated in both
inducible and constitutive plant defenses to bioagressors,
in a number of studies (Chong et al. 2009). In our system,
synthesis of stilbenes and especially of the potent antifun-
gal compound §-viniferin was activated in both genotypes
by all fungal strains. However, V. rupestris cells were char-
acterized by a constitutive higher level in piceid, and lower
levels in &-viniferin were measured after treatment with
fungal proteins compared to V. vinifera. In addition, accu-
mulation of e-viniferin, although to low levels compared to
d-viniferin, was only measured in V. rupestris following

treatment with secreted fungal proteins. These results con-
trast with those from Chang et al. (2011), showing that
V. rupestris produced massive d-viniferin compared to
V. vinifera cv. Pinot Noir after treatment with the bacterial
elicitor harpin. However, it is possible that perception of
different MAMPs by different receptors results in a dif-
ferent stilbene profile. We can also notice that resveratrol
and piceid contents, respectively, in V. vinifera cv.
Gewurztraminer and V. rupestris control cells, tend to
decrease after addition of fungal proteins, suggesting that
these two stilbenes could be further metabolized in other
active forms such as viniferins.

Another point is that stilbene synthase expression is higher
in V. rupestris compared to V. vinifera cv. Gewurztraminer
after treatment with fungal proteins and this does not result
in higher stilbene levels in this genotype. One possibility is
that stilbenes are secreted into the extracellular medium,
where they could be degraded by extracellular fungal enzymes
or by reacting with ROS. Another possibility is that activation
of stilbene synthase, responsible for resveratrol synthesis, is
not the limiting factor resulting in stilbene accumulation, since
resveratrol is further metabolized in other stilbenes.

Our results show that 6-viniferin accumulation could be
an important component of grapevine response to
Botryosphaeria dieback fungi. Other studies suggest the
implication of stilbenes in the grapevine responses to trunk
disease fungi. For example, hydroxystilbenes such as resver-
atrol and &-viniferin, as well as more complex stilbenoids
accumulate in brown red wood of grapevines showing esca
symptoms (Amalfitano et al. 2011). Resveratrol and 6-
viniferin also accumulate in grapevine plants after artificial
inoculation with P minimum and P. chlamydospora (Martin
et al. 2009). Two phenylpropanoid biosynthesis genes (PAL)
and stilbene synthase (S7'S) were highly expressed in asymp-
tomatic leaves before the appearance of the apoplectic esca
form (Letousey etal. 2010). Concerning the inhibiting activ-
ity of stilbenes on trunk disease fungi, a direct antifungal
effect by inhibiting the in vitro growth of E. lata,
S. hirsutum, and F. mediterranea was shown afterapplication
of resveratrol (Mazzullo et al. 2000). In a recent work,
Lambert et al. (2012) evaluated the impact of 24 grapevine
phenolic compounds on major wood decay fungi by in vitro
agar plate assay. This study revealed that stilbenoids were
the most active on fungal growth inhibition, especially on
the Botryosphaeriaceae N. parvum and D. seriata. Among
the tested compounds, piceatannol, e-viniferin, and
pterostilbene were the most actives, whereas d-viniferin
was not tested. Resveratrol oligomer content was also sig-
nificantly higher in wood after inoculation of foliar cuttings
with N. parvum, in contrast to D. seriata that did not induce
significant changes in stilbenoids (Lambert et al. 2012). In
our suspension cells, N. parvum and D. seriata proteins
triggered a similar stilbene profile (Fig. 5).
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In summary, our work shows that perception of proteins
secreted by Botryosphaeriaceae by both grapevine geno-
types is likely to be related to a biological activity or tridi-
mensional structure and results in different signature of
early and late defense responses depending on both grape-
vine genotype and fungal strain. V. rupestris is character-
ized by higher medium alkalinization, cell death, and more
intense induction of PR genes, whereas V. vinifera cv.
Gewurztraminer shows a higher production of antifungal
d-viniferin. A major question when using simplified model
systems, such as cell cultures, is to define to what extent
the results can be transposed to a whole plant, even if the
molecular responses we studied probably occur. Indeed,
based on artificial internode inoculation, we show that
V. rupestris is somewhat more tolerant than V. vinifera cv.
Gewurztraminer based on the area of necrosis in the wood.
It is possible that lower fungal development in V. rupestris
is related to cell death and higher PR induction.
Comparison of defense responses in cultured cells versus
inoculated wood could be performed in the future.
However, it is important to point out that even if grapevine
is able to sense rapidly trunk disease invaders, induction of
defense responses is seemingly not strong enough to con-
tain pathogen growth, since both N. parvum and D. seriata
develop in the wood of both grapevine genotypes.
N. parvum has been shown as much more aggressive com-
pared to D. seriata (for review, see Urbez-Torres 2011),
although we show here that its secreted proteins are also
more efficient in inducing grapevine defense responses.
Generally, D. seriata, which was shown as a fungus with
low aggressiveness, also induced the lower ion fluxes,
ROS production, and expression of defense genes. But it
is also important to consider that Botryosphaeriaceae fungi
likely possess different enzymatic equipment that could
explain wood and phytoalexin degradation, as well as toxin
synthesis, resulting in the bypass of plant defense and lead-
ing to fungal progression.

As a conclusion, our work contributes to a better
understanding of different Vitis genotype responses to
Botryosphaeriaceae fungi and future studies will focus
on aggressiveness factors (enzymatic degradation of
wood and phytoalexins), as well as on the identification
and characterization of secreted proteins and their mode
of action.
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