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ABSTRACT

Berries of 13 Greek grape wine cultivars were evaluated for resistance to Botrytis bunch rot.
Artificial inoculations on detached berries revealed that the Greek cultivars tested varied
regarding their susceptibility to Botrytis cinerea. Cultivar (cv.) “Limnio” was found to be highly
resistant, while higher susceptibility was observed on berries of cv. “Roditis”. To determine the
molecular basis of the observed resistance or susceptibility of cv. “Limnio” and “Roditis”, an
expression analysis of 12 defence-related genes, was carried out on artificially inoculated berries
of the two cultivars at different time points after inoculation. Gene expression measurements
in the resistant cv. “Limnio” showed that the artificial inoculation with the pathogen triggered
the induction of genes encoding pathogenesis-related (PR) proteins such as chitinases (CHIT),
polygalacturonase-inhibiting protein (PGIP), serine proteinase inhibitor (P/N) and enzymes
involved in phytoalexin synthesis such as phenylalanine ammonia-lyase (PAL) and stilbene
synthase (S79). In contrast, on the susceptible cv. “Roditis”, most of the same genes were down-
regulated. Metabolomic analysis revealed significant differences in the initial metabolic profiles
of “Limnio” and “Roditis” berries. Furthermore, in response to inoculation, the abundance of
several metabolites increased in the resistant cultivar indicating intensification of metabolic
processes. Proline and mannitol accumulation, as well as the modification of metabolites related
to phenylpropanoid and lignin biosynthesis, are among the major players in defence responses
of the “Limnio” cultivar. The above findings enhance our understanding of the resistance of
Greek grape wine cultivars to B. cinerea and, at the same time, lay the foundation for breeding
wine grape cultivars in the future.
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INTRODUCTION

Greece is one of the oldest wine-producing countries in
the world (Koufos et al., 2014). Viticulture occupies
an area of about 117,000 ha, of which 67,300 ha yield
wine grapes, 21,700 ha table grapes and 28,000 ha raisin
grapes (Merkouropoulos et al., 2015). Greek vineyards
are characterised by a great number of indigenous
grape cultivars, as well as cultivars of eastern origin
(Stavrakaki and Biniari, 2016). The National Catalogue of
Grapevine cultivars includes 246 different Greek cultivars,
of which 210 are wine grapes and 36 are table grapes
(http://www.minagric.gr/images/stories/docs/agrotis/
Pollaplasiastiko_Yliko/nomothesia_pollaplasiastiko
yliko/2021/ya530 57378 020322.pdf). From the Greek
indigenous grapevine cultivars about 200 are cultivated in
the country and are characterised by unique oenological and
organoleptic properties that provide significant advantages
in the grape products market (Lacombe et al, 2011;
Kyraleou et al., 2020).

The yield and berry quality of grapevine is limited by a
range of biotic and abiotic factors (Li, 2015). Among them,
the polyphagous fungus Botrytis cinerea causes one of
the most serious diseases called Botrytis bunch rot, also
known as grey mould, in addition to cane and leaf spots
(Elad et al., 2016). Annual losses caused by Botrytis bunch
rot can range from 10 to 44 % (pre- and postharvest), with
most losses occurring postharvest (Reglinski et al., 2010).
In addition, apart from the yield losses, the pathogen
may reduce severely the quality of the produced wine
(Ribéreau-Gayon et al., 1998).

The most common method of controlling B. cinerea spread
in vineyards is by chemical means and approximately 8 % of
the global fungicide market is used to control this pathogen
(Naegele, 2018; Nishimoto, 2019). However, fungicide
use can be harmful to both environment and human health
(Droby et al., 2009). Additionally, excessive application
of fungicides over the last 50 years has contributed to
developing resistant strains of B. cinerea in vineyards
throughout the world (Hahn, 2014; Panebianco et al., 2015;
Rupp et al., 2017). Fungicide use in alternation schemes
or reduction in the number of applications can retard, but
not prevent, the selection of fungicide-resistant strains
or the evolution of resistance and subsequently loss or
reduction of fungicide efficacy. Cultural measures could be
a viable alternative method of minimising fruit rot damage.
Removal of excessive shoots and leaves reduces the
formation and spread of conidia and sclerotia (Gubler, 1987).
However, cultural control is often unrealistic for large
scale commercial farming (Cheung et al., 2020). Thus, the
use of Botrytis-resistant grape cultivars most likely could
complement the chemical practices leading to a more
effective crop protection system.

Recently, resistance to Botrytis bunch rot in Vitis vinifera
and other closely related Vitis spp., such as V. labrusca, V.
lincecumii and V. rotundifolia, has been identified (Naegele,
2018). Disease development depends on various genetic

and phenotypic characteristics of the host, such as bunch
compactness and morphological, anatomical, or chemical
features of the berry skin, which are dependent on the
grapevine cultivar (Latorre et al., 2015). Therefore, the
development of resistant, high-quality genotypes could
reduce the dependence of the viticulture industry on
fungicides or other plant disease control measures and
could have significant environmental and economic benefits
(Rahman et al., 2019a).

Plants have evolved several mechanisms to defend
themselves against pathogens (Saigne-Soulard et al., 2015).
Constitutive (passive) defences such as structural barriers
and pre-formed antifungal compounds help to delay
the infection process but are proved to be insufficient
(Saigne-Soulard et al, 2015). Induced (active) defence
mechanisms leading to the accumulation of antimicrobial
compounds such as phytoalexins (stilbenes in V. vinifera)
and pathogenesis-related (PR) proteins have also developed
in plants (Adrian ef al.,, 1997; Riviére et al., 2012;
Dufour et al., 2013). These active mechanisms are induced
only after the plant has recognised an attack by the
perception of signal molecules, also called elicitors, which
could be abiotic or biotic (Saigne-Soulard et al., 2015).
Abiotic elicitors can be physical stimuli like wounding
or UV light exposure (Douillet-Breuil et al, 1999;
Colas et al., 2012). On the other hand, the term “biotic elicitors”
usually refers to molecules secreted by microorganisms
derived from the cell walls of fungi, bacteria and host plants
(Ebel and Cosio, 1994). B. cinerea is one of the most
prevalent fungi that damage plants, and in return, plants
have developed the ability to recognise their elicitors and
to respond strongly to them by inducing defences as in Vitis spp.
(Langcake and Pryce, 1976).

Although in previous studies, Vitis spp. has been evaluated
for susceptibility to Botrytis bunch rot and defence reactions
have been investigated, this is the first study involving
Greek grape wine cultivars. Furthermore, only a few
researchers report the changes in the metabolic network of
grape berries after B. cinerea infection and they are focused
mainly on secondary metabolites. Hence, the objectives of
this study were to a) evaluate 13 Greek wine grape cultivars
for resistance against B. cinerea by artificial inoculation of
grape berries under controlled conditions, b) determine the
expression of defence-related genes of the most resistant and
susceptible cultivars to Botrytis bunch rot and ¢) elucidate
the changes in the metabolic network of the most resistant
and susceptible cultivars to Botrytis bunch rot.

MATERIALS AND METHODS

1. Sample collection and preparation

Thirteen Greek grape wine cultivars maintained in the
experimental vineyard of the Ampelographic Collection,
Laboratory of Viticulture, Aristotle University of
Thessaloniki, were evaluated for resistance to B. cinerea
in two consecutive years (2019-2020). The grape wine
cultivars chosen for this study were the main Greek wine
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grape cultivars that had never been evaluated before for their
resistance to Botrytis bunch rot.

The vine plants used for sampling were not treated with
botryticides during either the 2019 or 2020 growing seasons,
while they received regular copper or sulphur applications
early in the season for the control of downy and powdery
mildew, respectively. Visually healthy bunches were sampled
randomly at maturity. Details on the sampled cultivars,
their berry skin colour and the sampling date of each year
are provided in Table 1. According to the modified E-L
system, the experiment was performed using grape berries
of the same size and age (harvest stage) and E-L 38 stage
(Coombe, 1995). The bunches were harvested from the
vineyard and directly transferred to the laboratory for
artificial inoculations. Individual berries without blemishes
were cut from the rachis of each cultivar, leaving the pedicle
attached. Berries were surface disinfected with a 1 % sodium
hypochlorite solution for 5 min and thereafter rinsed with
distilled water and dried in a laminar airflow cabinet.

2. Pathogen isolate

A virulent single-spore isolate of B. cinerea, belonging to
the fungal collection of Plant Pathology Lab, AUTh, was
used in this study. The isolate was obtained from naturally
infected grape berries showing typical grey mould symptoms
for the requirements of a study conducted in our lab aiming
to determine the genetic variability of B. cinerea isolates
collected from several hosts in Greece (Samuel et al., 2012).

3. Artificial inoculations and disease
assessment

For the artificial inoculations of the grape berries, a
previously developed protocol wasused (Cilibertiezral.,2015).
Briefly, mycelial plugs (4 mm in diameter) were cut from the
edges of 4-day-old colonies of the B. cinerea isolate, grown
onto potato dextrose agar (PDA; Sigma-Aldrich, Germany).
Plugs were then placed on the point of rupture of each
berry, with the mycelium side touching the berry surface.

Grape berries inoculated with PDA plugs without mycelium
were kept as a control. Artificially inoculated berries were
placed onto plastic racks in plastic boxes (30 x 20 x 10 cm),
which contained absorbent paper in their base soaked with
sterile water. The boxes were placed in growth chambers at
23°C in the dark for 7 days. For each cultivar, 30 grape berries
were used, and the experiment was repeated three times.

On the seventh day after inoculation, grape berries were
assessed as healthy or rotten. The index of disease severity
was rated on a scale of 0—1 (0: no disease symptom,
1 = berries showing symptoms or signs of Botrytis bunch
rot), used previously for the evaluation of host resistance
to Botrytis bunch rot in 27 grape lines (Naegele, 2018).
Additionally, the diameter in mm of the spot produced on
inoculated grape berries was measured.

4. Plant material for gene expression
measurements and metabolite determination
Measurements of resistance levels to Botrytis bunch rot of
the 13 Greek grapevine cultivars revealed that cv. “Limnio”
was the most resistant cultivar, while cv. “Roditis” was the
most susceptible one. These two cultivars were selected
for defence-related gene expression measurements and
metabolite determination after artificial inoculation of
the berries with the pathogen. Grape berries of the two
cultivars were collected at the harvest stage (E-L 38) in
the first year of the experiment (2019) and inoculated with
the pathogen, following the same procedure as previously
described. Collection of plant material for RNA extraction
and metabolite analysis was carried out at 0, 12, 24 and
36 hours post-inoculation (hpi). For each time point,
10 berries were used and the whole experiment was repeated
three times. At each time point, all berries were cut in half
(two sub-samples), and after removing the seeds but not the
skin, they were briefly immersed in liquid nitrogen and kept at
-80 °C until further use. The first sub-samples (taken 0, 12, 24
and 36 hpi) were used for RNA extraction, while the second
ones (taken 0, 24 and 36 hpi) were analysed for metabolite

TABLE 1. Greek wine grape cultivars used for evaluation of resistance to Botrytis bunch rot and dates of sampling.

Cultivar Berry skin color Date of sampling (2019)  Date of sampling (2020)
Liatiko red 8/9/2019 8/19/2020
Robola white 8/9/2019 8/19/2020
Malagousia white 8/16/2019 8/19/2020
Kotsifali red 8/16/2019 8/19/2020
Roditis white 8/20/2019 8/19/2020
Vidiano white 8/20/2019 8/19/2020
Agiorgitiko red 8/20/2019 8/19/2020
Moschofilero red 8/20/2019 8/19/2020
Assyrtiko white 8/27/2019 8/19/2020
Savvatiano white 8/27/2019 8/25/2020
Mandilaria red 8/28/2019 8/25/2020
Limnio red 9/2/2019 8/31/2020
Xinomavro red 9/9/2019 9/4/2020
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profiling as the detection of changes in the metabolite profile
is expected in a later time point than detection of changes in
gene expression of the inoculated berries.

5. Selection of defence-related genes for
expression measurements

Intotal, 10 defence-related genes were selected for expression
measurements in the berries of these two cultivars. Among
them, genes encoding enzymes implicated in the synthesis of
stilbenes (PAL, STS), genes encoding PR proteins (CHITIa,
CHIT3, CHIT4c, PGIP, PIN) and genes encoding auxin-
induced protein 22D (4AUX22D), jasmonate ZIM domain-
containing protein in the TIFY gene family (VviJAZ2)
and glutathione-S-transferase 25 (GSTU7), related to
biotic stress responses and modulated in grape B. cinerea
interaction, were included. In addition, two B. cinerea genes
(Bcbot2 and Bcboa6), which are required to synthesise
phytotoxins associated with grey mould, were also amplified
(Supplementary Table 1).

6. RNA preparation

For RNA analysis, each biological sample was comprised
of RNA of 10 independent berries (i.c., separate berries
were used for each time point) and three technical replicates
per treatment. Collected berries were ground to a fine
powder using liquid nitrogen and total RNA was extracted
from 250 mg of frozen tissue using the Spectrum Total
RNA kit (Sigma-Aldrich, St. Louis, USA) according to
the manufacturer’s instructions. The concentration of the
extracted RNA was measured using a P330 nanophotometer
(Implen GmbH, Munich, Germany).

7. Quantification of gene expression levels
with RT-qPCR

Total RNA, extracted as described above, was used
as a template for RT-qPCR. The genes selected for
expression measurements and the primers used are listed
in Supplementary Table 1. Amplification conditions
were 55 °C for 10 min and 95 °C for 2 min, followed by
40 cycles of 95 °C for 5 s and 60 °C for 30 s, while
the melt curve stage consisted of 95 °C for 15 s, 60 °C
for 1 min and 95 °C for 15 s. The threshold cycle (Ct)
was determined using the default threshold settings.
The 2-AACt method was applied to calculate the relative gene
expression levels (Livak and Schmittgen, 2001). Actin gene
(ACT; Saigne-Soulard et al., 2015) and the B. cinerea
B-tubulin gene (BctubA; Mamarabadi et al., 2008) were used
as endogenous controls and gene expression levels were
expressed in a relative manner with respect to those in grape
berries inoculated with plugs without mycelium at 0 hpi.

8. Metabolites’ extraction, derivatisation, and
profiling after gas chromatography-mass
spectrometry (GC-MS) analysis

For primary polar metabolite extraction, five replicates
(0.5 g each) were analysed. Determination of primary
polar metabolites was conducted as described by
Ainalidou et al. (2016) by GC-MS analysis following
derivatisation =~ with ~ methoxy-amine  hydrochloride

(Sigma Aldrich, St. Louis, USA) in pyridine and
N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA
reagent; Supelco Bellefonte, USA). Chromatographic
separation and identification of metabolites were performed
on a Trace GC Ultra-Gas Chromatograph (Thermo Finnigan,
San Jose, USA) coupled with a Trace ISQ mass spectrometry
detector, a TriPlus RSH autosampler with a split—spitless
injector, and an Xcalibur MS platform. One-pl samples
were injected with a split ratio of 70:1. GC separations were
carried out on a 5 %phenyl-methylsiloxane-fused silica
capillary column (TR-5MS 30 m X 0.25 mm X 0.25 pum)
with helium as a carrier gas at a flow rate of 1 ml min™.
The peak area integration and chromatogram visualisation
were performed using the Xcalibur processing program.
For peak identification and mass spectra tic evaluation,
the NIST11 database (National Institute of Standards and
Technology, Gaithersburg, MD, USA) was used. Mass spectra
were cross-referenced with those of authentic standards in
the Golm metabolome database (gmd.mpimp-golm.mpg.de;
Nardozza et al., 2013; Ainalidou ef al., 2016). Quantification
of the detected metabolites was based on comparisons with
the internal standard adonitol and expressed as relative
abundances.

9. Data analysis

Disease incidence for each cultivar was calculated based
on the observed symptoms. All data for the three replicate
experiments were combined and subjected to analysis
of variance (ANOVA) to evaluate the resistance of the
13 Greek grape wine cultivars to Botrytis bunch rot.
Percentage values were arcsine transformed before statistical
analysis. Analysis of variance was performed with SPSS
v25.0 (SPSS Inc., Chicago, USA). Significant differences
were determined using Tukey’s multiple range test at the
P < 0.05 level. Data of metabolite profiling were subjected
to a one-way analysis of variance (ANOVA), followed by
Duncan’s Multiple Range Test (P < 0.05). The significance
level of all hypothesis testing procedures was predetermined
at o= 0.05.

RESULTS

1. Evaluation of resistance to Botrytis bunch
rot

Overall, 13 Greek wine grape cultivars were surveyed
against B. cinerea to evaluate their resistance level. Signs
and symptoms observed on inoculated grape berries included
rotten brown spots or sunken lesions and surface mycelial
growth of B. cinerea (Figure 1). Significant differences
(P < 0.05) were detected among the tested cultivars during
both years of the study. For the first year of evaluation
(2019), cv. “Limnio” and “Mandilaria” were consistently the
most resistant cultivars, considering both measurements of
disease incidence and disease severity. On the other hand,
cultivars “Vidiano” and “Roditis” were the most susceptible,
respectively. Cultivar “Limnio” had the lowest disease
incidence, followed by cv. “Xinomavro” and “Mandilaria”,
although no significant differences were detected among
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FIGURE 1. Infection of grape berries of the cultivars “Limnio” (A) and “Roditis” (B) seven days after artificial

inoculation with Botrytis cinerea.
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FIGURE 2. Mean disease incidence values (0-1), (A, C) and lesion diameter (mm), (B, D) on berries of different Greek
wine grape cultivars, artificially inoculated with Botrytis cinerea, 7 days post inoculation in the first (2019), (A, B),
and in the second (2020), (C, D), year of evaluation. Different letters on the columns indicate significant differences
according to Tukey’s Multiple Range Test at P = 0.05. Vertical lines indicate the standard error of the mean.

these three cultivars (Figure 2A). In terms of lesion diameter,
the smaller lesions were measured on cv. “Limnio” berries,
while on cv. “Vidiano” and “Roditis” were observed as the
larger lesions (Figure 2B).

In the second year of evaluation (2020), the most resistant
Greek cultivar to Botrytis bunch rot was “Xinomavro”,
followed by “Kotsifali” and “Limnio”, although there were
no significant differences (P > 0.05) between these three
cultivars (Figure 2C,D). On the contrary, cultivars “Vidiano”
and “Roditis” were evaluated as the most susceptible ones
(Figure 2C). No significant differences (P > 0.05) were
detected when evaluating lesion diameter on inoculated grape
berries among cvs. “Xinomavro”, “Limnio”, “Moschofilero”,

“Kotsifali” and “Mandilaria” on which low disease symptoms
were observed. The highest lesion diameter was measured on
cv. “Roditis”, followed by “Robola” and “Vidiano” with no
significant differences (P > 0.05) between these two cultivars
though (Figure 2D).

2. Defence-genes expression in one resistant
and one susceptible cultivar

To determine whether the observed differences in cultivar
susceptibility were related to biochemical resistance
mechanisms, the expression of 12 defence-related genes
was measured in artificially inoculated berries of the
most susceptible (cv. “Roditis”) and the most resistant
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FIGURE 3. Expression analysis of defence-associated genes in grape berries of one resistant (cv. “Limnio”) and
one susceptible (cv. “Roditis”) cultivar by realtime quantitative PCR (RT-qPCR) at 12, 24 and 36 h post inoculation
with Botrytis cinerea. The y-axis represents relative differences in gene expression compared to that of grape berries
before B. cinerea inoculation (time point O h). Actin and B-tubulin gene were used as endogenous controls. Asterisks
(*) on the columns indicate statistically significant difference (P < 0.05) between the two cultivars within the same

gene.

(cv.  “Limnio”) cultivars. Data on gene-expression
measurements are summarised in Figure 3. Expression of
phenylalanine ammonia-lyase (PAL) and stilbene synthase
(STS) genes was - induced in the resistant cv. “Limnio”, in
response to the pathogen. In elicited grape berries, PAL
and STS mRNA accumulation were transient. 24 hpi, the
transcription level of PAL showed a 4-fold increase, while
STS expression level was increased by 3-fold. Although these
genes were still up-regulated at 36 hpi, their transcription
started to decline. On the contrary, in the susceptible
cv. “Roditis”, PAL was down-regulated throughout the

three-time points, while S7, although up-regulated 12 hpi,
was then down-regulated 24 and 36 hours after the inoculation
with B. cinerea.

The chitinase genes CHITla, CHIT3 and CHIT4c showed
different expression patterns after inoculation with B.
cinerea. The highest induction level for CHITla was
observed at 12 hpi, and then its expression decreased,
exhibiting down-regulation in both cultivars. In the resistant
cv. “Limnio”, CHIT3 transcript accumulation started later
(24 hpi) and afterwards, it decreased during the susceptible
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cv. “Roditis” constantly showed down-regulated expression
levels for this gene. On the other hand, CHIT4c showed a
similar expression pattern to CHIT3, as it showed its highest
expression at 24 hpi for cv. “Limnio”, and it was down-
regulated 24 and 36 hpi in cv. “Roditis”.

The artificial inoculation of cv. “Limnio” with
the pathogen-induced an accumulation of
polygalacturonase-inhibiting protein (PGIP) gene and that
of the inhibitors of serine proteinases (PIN). The highest
expression was observed at 24 hpi for both genes, showing
a significant reduction in the last time point studied
(36 hpi).In the susceptible cv. “Roditis”, these two genes
were constantly down-regulated. The highest reduction was
observed at 24 hpi for the PGIP gene and 36 hpi for the PIN
gene.

The expression profile of the three grapevines and the two
B. cinerea genes measured by RT-qPCR are also shown
in Figure 3. Glutathione-S-transferase 25 (GSTU7) and
jasmonate ZIM domain-containing protein in the TIFY
gene family (VviJAZ2) genes were induced in cv. “Limnio”,
showing their highest up-regulation profile of 24 hpi.
Although the auxin-induced protein 22D (AUX22D) gene
was down-regulated at 12 hpi, it was thereafter up-regulated
at 24 and 36 hpi. In contrast, the expression level for these

Limnio Roditis

Sy > 1 - o~
.;3 ‘:9 ‘;eq‘;eq
IS &
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6-Deoxy-mannose
Xylose
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Sugars
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Meso-erythritol
5-Deoxy-d-ribitol
Xylitol

Ribitol

Sugar
alcohols

Mannitol
Myo-Inositol

-1 0 +1

three genes in cv. “Roditis” exhibited a totally different
pattern. GSTU7 gene was up-regulated at the three time
points, while V'viJAZ2 and AUX22D genes were up-regulated
at 12 hpi and then they were down-regulated at 24 and 36 hpi.
Surprisingly, the highest induction for the two B. cinerea
genes (Bcbot2 and Bcboa6) were observed at only 36 hpi for
both cultivars (Figure 3).

3. Metabolic responses of grape berries of the
most resistant and the most susceptible Greek
cultivar

To evaluate the metabolic profile of grape berries after
inoculation with B. cinerea, metabolites were extracted, and
after their derivatisation, they were subjected to GC-MS
analysis. By this technique, 50 metabolites were identified
and divided into five groups: soluble sugars (16), sugar
alcohols (7), organic acids (11), amino acids (11) and
other compounds (5) (Figure 4). To detect the changes in
the metabolomic profile of the grape berries in response to
inoculum, the relative metabolite content between control
(0 hpi) and samples at 24 and 36 hpi of the same cultivar is
presented in the heat map of Figure 4.

As for the metabolite background of the resistant
(“Limnio”) and the susceptible cultivar (“Roditis”),

Limnio

Roditis
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FIGURE 4. Heat map of metabolites indicating changes in grape berries of one resistant (cv. “Limnio”) and one
susceptible (cv. “Roditis”) cultivar at 24 and 36 h post inoculation with Botrytis cinerea, compared to the grape
berries of the same cultivar before inoculation (0 h post inoculation). Red colour indicates lower, whereas green
colour higher relative abundance; the full colour scale is shown at the bottom of the figure; /= non detectable.
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the most abundant compounds at 0 hpi were the sugars
fructose, glucose, and sucrose and their highest values were
recorded in “Roditis” berries (Supplementary Table 2).
Several other metabolites were significantly different between
“Limnio” and “Roditis”. In “Limnio”, higher abundance was
detected for 11 metabolites, including 5-deoxy-d-ribitol, the
acids erythronic, glutaric, gluconic and galactaric, the amino
acids valine, proline, glutamic and B-alanine as well as the
phosphoric acid and the ethyl-D-glucopyranoside, while in
“Roditis” berries aspartic acid, threonine and serine were
in excess compared to “Limnio” at the same time point
(Supplementary Table 2).

After inoculation, several metabolites were modified in
both cultivars in response to B. cinerea infection (Figure 4).
In particular, B. cinerea resulted in the increment of
B-alanine and the decrease of 3-o-mannobiose and glutamic
acid (Supplementary Table 2). Moreover, glutaric acid
decreased at 24 hpi and reverted to the initial level at 36 hpi
in both cultivars. On the other hand, “Roditis” and “Limnio”

exhibited a reverse trend for meso-erythritol at 24 hpi as this
metabolite increased in “Limnio” but decreased in “Roditis”
cultivar.

Only in “Limnio” berries the sugars xylose, glucose
and fructose increased at 36 hpi. Among sugar alcohols,
5-deoxy-d-ribitol and mannitol accumulated at 36 hpi, as
also the organic acids lactic, glyceric, malic, 2-deoxy-ribonic
and -erythronic acid. Inoculation with the pathogen also
resulted in proline accumulation, as also in the increment of
propanediol and phosphoric acid.

The metabolomic profile of “Roditis” berries was modified
early after inoculation, at 24 hpi, but the abundance of
several metabolites reverted to the initial level of 36 hpi
(Figure 4 and Figure 5). In particular, xylose, sorbose,
maltose, sucrose, and myo-inositol increased at 24 hpi, while
mannitol decreased at the same time point. Furthermore, the
higher content of xylitol and lower alanine were recorded at
36 hpi compared to 0 hpi.
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FIGURE 5. Schematic representation of metabolic pathways with metabolites in bold representing those identified
in grape berries of one resistant (cv. “Limnio”) and one susceptible (cv. “Roditis”) cultivar at O, 24 and 36 h post
inoculation with Botrytis cinerea. Metabolite quantitative participation is expressed as relative abundance compared
to the internal standard adonitol (see supplementary Table 2). Different letters above bars show significant differences
between treatments (Duncan’s Multiple Range Test; p < 0.05).
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DISCUSSION

Our study revealed that a high variation existed among the
evaluated wine grape cultivars in terms of their susceptibility
to B. cinerea. Most cultivars were consistent in their
response to the pathogen after two cycles of evaluation for
two consecutive years. Combining the data obtained from
the artificial inoculation of berries (disease incidence and
severity), we concluded that “Limnio” was the most resistant
cultivar, while “Roditis” was the most susceptible one. To the
best of our knowledge, this is the first report documenting
differences in Botrytis bunch rot susceptibility among
different V. vinifera cultivars originating from Greece.
Most of the widely cultivated V. vinifera cultivars are
considered susceptible to B. cinerea, while other Vitis spp.
such as V. rotundifolia, V. labrusca, or other complex hybrids,
such as V. aestivalus and V. arizonica, are moderately
to highly resistant (Gabler er al.; 2003; Naegele 2018).
However, despite the resistance of V. labrusca or
V. rotundifolia-derived lines to Botrytis bunch rot,
their poor fruit quality makes them undesirable for
breeding commercial cultivars (Gabler et al., 2003;
Kulakiotu et al., 2004; Naegele, 2018). Similarly, even
though V. vinifera cultivars are considered, in general,
highly susceptible to the pathogen, a certain degree
of intraspecific variability exists (Gabler et al., 2003;
Wan et al, 2015; Rahman et al, 2019a,
Rahman et al., 2019b).

To shed light on the biochemical basis of the observed
resistance of cv. “Limnio” or the susceptibility of cv.
“Roditis” to B. cinerea, berries of the two cultivars were
artificially inoculated with the pathogen and the expression
of genes encoding enzymes implicated in the synthesis
of stilbenes (PAL, STS) and genes encoding PR proteins
(CHITla, CHIT3, CHIT4c, PGIP, PIN) were analysed in
three different time points post-inoculation (12, 24 and
36 hpi).

Phenylalanine = ammonia-lyase = (PAL), being the
first enzyme of the phenylpropanoid pathway, is
involved in the biosynthesis of various defence-related
compounds (e.g., phenolics, lignin, and salicylic acid)
(Saigne-Soulard ef al., 2015). In the same pathway, stilbene
synthase (S7S) catalyses the synthesis of resveratrol,
which is the principal phytoalexin (Favaron et al., 2009)
produced by grapevine in response to biotic or abiotic
stresses (Lambert et al., 2013). Further, both PAL and STS
genes showing coordinated gene expression were also
induced in leaves infected by B. cinerea (Bézier et al., 2002,
Belhadj et al., 2008; Lambert et al., 2013), while modification
of the plant cell wall by the incorporation of phenolic
compounds is an important defence mechanism against
this pathogen (Curvers ef al., 2010; Bassolino et al., 2013).
In our study, expression of PAL and STS was highly induced
in response to B. cinerea in the resistant cultivar “Limnio”
in all sampling times. In contrast, our results showed that
PAL and STS were rapidly down-regulated in the susceptible
cultivar “Roditis”. In fact, as activation of phenylpropanoid

metabolism is one of the most important resistance reactions
observed in plants (Dixon and Paiva, 1995), the variant
response of the two cultivars reflects their different resistance
to the pathogen.

Pathogenesis-related proteins, glutathione-S-transferase,
stilbene synthase and phenylalanine ammonia-lyase were
up-regulated in Vitis vinifera cv. Trincadeira berries upon
infection with B. cinerea (Agudelo-Romero et al., 2015).
In grapevine, stilbenes such as resveratrol are phytoalexins
active against downy and powdery mildew and grey
mould (Chang et al., 2011; Malacarne et al., 2011) and
the resistance of Vitis spp. to B. cinerea infection was
found to be correlated with trans-resveratrol content
(Gabler et al, 2003). Additionally, in infected berries,
up-regulation of genes involved in the oxidative stress
response, such as those encoding glutathione-S-transferase,
glutaredoxin, and chitinase class IV, which play a
well-known role in abiotic and biotic stresses, was also
noticed (Agudelo-Romero et al., 2015).

On the other hand, chitinases play a direct role in plant
defence by degrading chitin, a major component of
fungal cell walls, and thus inhibit hyphal growth Collinge
et al., 1993). Moreover, chitinolytic breakdown products
induce the production of phytoalexins and systemic acquired
resistance (van Loon and van Strien, 1999). In our study,
the chitinase genes CHITla, CHIT3, and CHIT4c showed
differentexpression patternsafterinoculation with B. cinerea.
This finding is in accordance with the results of
Saigne-Soulard et al. (2015), who also noticed different
transcript accumulation of these chitinase genes. It is
known that although grapevine chitinases are induced by
various biotic stresses, their expression level depends on the
applied stress, the studied organ, and the grapevine cultivar
(Busam et al., 1997; Robert et al., 2002; Aziz et al., 2007).

Polygalacturonase-inhibiting proteins (PGIPs) are plant
defence proteins that reduce the hydrolytic activity of
fungal endopolygalacturonases (PGs), preventing, thus,
plant cell wall degradation and favouring the accumulation
of oligogalacturonides which elicit a variety of defence
responses (Rasul et al, 2012). In our study, artificial
inoculation of grape berries with B. cinerea induced a
maximum accumulation of PGIP gene at 24 hpi in the
resistant cultivar while in the susceptible cv. “Roditis” was
observed at its maximum down-regulation at this specific
time point. PGIP transcript accumulation also exhibited
a peak around 24 h in the extract of B. cinerea-treated
leaves (Saigne-Soulard et al., 2015). PGIP and PIN have
been shown to correlate in several cases with increased
resistance of plants to fungi (De Lorenzo and Ferrari, 2002;
Akagi et al., 2010; Wang et al., 2013).

Inhibitors of serine proteinases (PIN) have potent activity
against plant and animal pathogens (van Loon and van Strien,
1999). The RT-qPCR analysis revealed that the PIN gene
was up-regulated in the berries of the resistant cultivar, in
response to fungal inoculation, peaked at 24 hpi and then
started downregulating rapidly. A similar pattern of PIN

OENO One | By the International Viticulture and Enology Society

2022 | volume 56-2 ] 119


https://oeno-one.eu/
https://ives-openscience.eu/

George T. Tziros et al.

expression was observed in grapevine leaves treated with
B. cinerea extract, with increased accumulation initiated 5 h
after treatment and peaked within 24 h, which then decreased
slowly (Saigne-Soulard et al., 2015).

In a recent study, Lovato et al. (2019) confirmed their
RNA-seq data by analysing the expression profiles of
three genes with RT-qPCR. In this study, the induction of
GSTU7 and VviJAZ2 and the down-regulation of AUX22D
genes in Garganega berries inoculated with B. cinerea
were confirmed. However, our results showed that all these
three genes were up-regulated in the resistant cv. “Limnio”,
while the 4UX22D gene was down-regulated only in the
susceptible cv. “Roditis”. As expected in a pathogen—host
interaction, several genes related to biotic stress responses
are modulated, such as genes encoding glutathione-
S-transferases (GSTs) and TIFY (VviJAZ2), which most
likely are involved in the berry dehydration response, while
auxin pathways are mainly down-regulated (Lovato et al.,
2019).

Bcboa6 and Bcbot2? genes are required to synthesise the
two major phytotoxins associated with B. cinerea, namely
the sesquiterpene botrydial (Colmenares et al, 2002)
and the polyketide botcinic acid (Tani et al, 2005;
Tani et al, 2006). These two phytotoxins are
required to kill host cells and colonise plant tissues
(Lovato ef al., 2019). For example, a B. cinerea double mutant
lacking Bcboa6 and Bcbot2 showed a significantly reduced
virulence on bean leaves compared to the wild-type strain
(Dalmais et al., 2011). The fungal genes Bcboa3, Bcboa6
and Bcboall, involved in botcinic acid production,
exhibited increased expression during infection of grape
berries by B. cinerea (Kelloniemi et al., 2015). Interestingly,
in our study, Bchoa6 and Bcbot2 genes exhibited their
maximum transcript levels of 36 hpi in cultivar “Limnio”.
On the other hand, in the case of the susceptible cv. “Roditis”
Bcboa6 showed down-regulation during the progression
of infection, whereas Bchot2 was down-regulated at
12 hpi and 24 hpi but showed up-regulation at 36 hpi.
The down-regulation of Bcboa6 and Bcbot? was also
observed in Miiller-Thurgau artificially inoculated berries
with B. cinerea, pointing out the -cultivar-independent
suppression of fungal virulence-associated phytotoxin
synthesis during noble rot development (Lovato ez al., 2019).

Metabolite profiling revealed the initial differences in
metabolic processes of the resistant and the susceptible
cultivar in the absence of infection, reflecting the differences
in morphology and chemical characteristics in the berries
of the two cultivars. In particular, a higher abundance of
valine, B-alanine, proline, glutamate and 3-o-mannobiose
in “Limnio” at 0 hpi and at the same time, high levels of
aspartic acid, threonine and serine in “Roditis” were recorded.
After artificial inoculation with B. cinerea, metabolic
modifications were observed in both cultivars. Interestingly,
“Roditis” berries metabolism responded early (24 hpi) to
B. cinerea, but the accumulation in some metabolites was
reversed at 36 hpi, indicating the inability of an efficient
reaction by the “Roditis” cultivar (supplementary Table 2).

This aspect was also evident in the results of the relative
expression of the evaluated genes (Figure 3). In particular,
at 12 hpi, six genes of “Roditis” were up-regulated compared
to the control (0 hpi), and three of them were over-expressed
compared to “Limnio”, but none of them remained at a high
level at 24 hpi. On the other hand, in the “Limnio” cultivar,
most of the changes were recorded at 36 hpi Metabolites
from all groups, i.e., sugars, organic acids and amino acids
were up-regulated in this cultivar, indicating an enhancement
of metabolic processes upon infection.

Accumulation of the sugars glucose and fructose in the
resistant cultivar revealed the modification of fundamental
metabolic pathways, like glycolysis and pentose-phosphate
pathway, indicating an immediate and strong response to
the pathogen signals (Mutuku and Nose, 2012). Another
interesting finding was the accumulation of malic acid in
combination with the variations in abundance of derivatives
of the TCA cycle, such as aspartic and glutamic acids, which
indicate a regulation of the cycle in “Limnio” (Figure 5).
Furthermore, aspartic acid and glutamic acid are precursors
of other amino-acid biosynthesis affecting the resistance level
of each cultivar indirectly. For example, only in the “Limnio”
cultivar the decrease of glutamic acid was accompanied by
the accumulation of proline, a metabolite that is strongly
related to stress conditions of plants by triggering defence
responses (Fabro et al., 2004), supporting the importance
of glutamic acid catabolism in the exhibition of resistance
during pathogenesis in plant tissues (Seifi et al., 2013).
Another amino acid that probably contributed to the
observed resistance of “Limnio” berries was 3-alanine, which
was accumulated in infected berries of both cultivars, but its
abundance was higher in “Limnio” compared to “Roditis” at
all the time points. Previous studies have already indicated
the increment of this metabolite under biotic or abiotic stress
conditions (Mayeretal., 1990; Broeckling et al.,2005) whilst
itis involved in lignin biosynthesis (Broeckling ez al., 2005).
In this respect, remarkable was the increase of derivatives of
the pentose-phosphate pathway as sedoheptulose, erythritol
and erythronic acid, indicating the intensification of this
metabolic branch, from which erythrose-4-phosphate
is derived. It must be mentioned that this metabolite
operates as a precursor of the shikimic acid pathway
(Santos-Sanchez et al., 2019), known for its further
contribution to phenylalanine biosynthesis. Considering also
the up-regulation of PAL as well as the above-mentioned high
levels of B-alanine in “Limnio” berries, we hypothesised
that metabolism was activated towards phenylpropanoid
and subsequently to lignin biosynthesis as a response
to inoculation that is probably related to the resistance
of this cultivar. Remarkable was also the modification
of mannitol abundance, one of the major metabolites in
plant-pathogen interactions (Upadhyay et al., 2015), in
“Limnio” berries at 36 hpi. The accumulation of this
metabolite illustrates changes in mannitol dehydrogenase
activity, an enzyme crucial in mannitol metabolism that
belongs to pathogenesis-related proteins (PR proteins)
(Patel and Williamson, 2016) and is also probably related to
the pathogenesis status of the “Limnio” cultivar.
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CONCLUSIONS

From the findings of the present study, it is deduced for
the first time that indigenous Greek wine grape cultivars
exhibit different levels of resistance against Botrytis bunch
rot. This observation is important as indigenous Greek
wine grape cultivars could constitute a valuable genetic
resource for future disease resistance breeding programs.
Additionally, this differentiation allowed us to elucidate
the biochemical basis of resistance in grape berries against
the pathogen B. cinerea. Genes and metabolite evaluation
revealed the induction of plant metabolism, which allowed
resistant cultivar to respond strongly and in a timely manner
to the pathogen signals by producing signal molecules and
activating defence mechanisms such as phenylpropanoids,
lignin and PR proteins.

ACKNOWLEDGEMENTS

The authors would like to thank Serafeim Theocharis
(Laboratory of Viticulture, Aristotle University of
Thessaloniki) for his assistance with grape berries sampling.

This research was financially supported by the Project
“’Graperoutes” (Project Code:2018XE01300000, General
Secretariat of Research and Technology, GSRT, Greece).

REFERENCES

Adrian, M., Jeandet, P., Veneau, J., Weston, L. A., & Bessis, R.
(1997). Biological activity of resveratrol, a stilbenic compound
from grapevines, against Botrytis cinerea, the causal agent for gray
mold. Journal of Chemical Ecology, 23(7), 1689-1702. https://doi.
org/10.1023/B:JOEC.0000006444.79951.75

Agudelo-Romero, P., Erban, A., Rego, C., Carbonell-Bejerano, P.,
Nascimento, T., Sousa, L., ... & Fortes, A. M. (2015). Transcriptome
and metabolome reprogramming in Vitis vinifera cv. Trincadeira
berries upon infection with Botrytis cinerea. Journal of Experimental
Botany, 66(7), 1769-1785. https://doi.org/10.1093/jxb/eru517

Ainalidou, A., Tanou, G., Belghazi, M., Samiotaki, M., Diamantidis,
G., Molassiotis, A., & Karamanoli, K. (2016). Integrated analysis of
metabolites and proteins reveal aspects of the tissue-specific function
of synthetic cytokinin in kiwifruit development and ripening.
Journal of Proteomics, 143, 318-333. https://doi.org/10.1016/j.
jprot.2016.02.013

Akagi, A., Engelberth, J., & Stotz, H. U. (2010). Interaction
between polygalacturonase-inhibiting protein and jasmonic acid
during defense activation in tomato against Botrytis cinerea.
European Journal of Plant Pathology, 128(4), 423-428. https://doi.
org/10.1007/s10658-010-9684-z

Aziz, A., Gauthier, A., Bézier, A., Poinssot, B., Joubert, J. M.,
Pugin, A., ... & Baillieul, F. (2007). Elicitor and resistance-inducing
activities of -1, 4 cellodextrins in grapevine, comparison with -1,
3 glucans and o-1, 4 oligogalacturonides. Journal of Experimental
Botany, 58(6), 1463-1472. https://doi.org/10.1093/jxb/erm008

Bassolino, L., Zhang, Y., Schoonbeek, H. J., Kiferle, C., Perata, P.,
& Martin, C. (2013). Accumulation of anthocyanins in tomato skin
extends shelf life. New Phytologist, 200(3), 650-655. https://doi.
org/10.1111/nph. 12524

Belhadj, A., Telef, N., Cluzet, S., Bouscaut, J., Corio-Costet, M.
F., & Meérillon, J. M. (2008). Ethephon elicits protection against
Erysiphe necator in grapevine. Journal of Agricultural and food
chemistry, 56(14), 5781-5787. https://doi.org/10.1021/j£800578¢

Bézier, A., Lambert, B., & Baillieul, F. (2002). Study of defense-
related gene expression in grapevine leaves and berries infected
with Botrytis cinerea. European Journal of Plant Pathology, 108(2),
111-120. https://doi.org/10.1023/A:1015061108045

Broeckling, C. D., Huhman, D. V., Farag, M. A., Smith, J. T.,
May, G. D., Mendes, P., ... & Sumner, L. W. (2005). Metabolic
profiling of Medicago truncatula cell cultures reveals the effects of
biotic and abiotic elicitors on metabolism. Journal of Experimental
Botany, 56(410), 323-336. https://doi.org/10.1093/jxb/eri058

Busam, G., Kassemeyer, H. H., & Matern, U. (1997). Differential
expression of chitinases in Vitis vinifera L. responding to systemic
acquired resistance activators or fungal challenge. Plant Physiology,
115(3), 1029-1038. https://doi.org/10.1104/pp.115.3.1029

Chang, X., Heene, E., Qiao, F., & Nick, P. (2011). The phytoalexin
resveratrol regulates the initiation of hypersensitive cell death in
Vitis cell. PloS one, 6(10), e26405. https://doi.org/10.1371/journal.
pone.0026405

Cheung, N., Tian, L., Liu, X., & Li, X. (2020). The destructive
fungal pathogen Botrytis cinerea-Insights from genes studied with
mutant analysis. Pathogens, 9(11), 923. https://doi.org/10.3390/
pathogens9110923

Ciliberti, N., Fermaud, M., Roudet, J., & Rossi, V. (2015).
Environmental conditions affect Botrytis cinerea infection of
mature grape berries more than the strain or transposon genotype.
Phytopathology, 105(8), 1090-1096. https://doi.org/10.1094/
PHYTO-10-14-0264-R

Colas, S., Afoufa-Bastien, D., Jacquens, L., Clement, C., Baillieul,
F., Mazeyrat-Gourbeyre, F., & Monti-Dedieu, L. (2012). Expression
and in situ localization of two major PR proteins of grapevine
berries during development and after UV-C exposition. PloS one,
7(8), e43681. https://doi.org/10.1371/journal.pone.0043681

Collinge, D.B., Kragh, K.M., Mikkelsen, J.D., Nielsen, K.K.,
Rasmussen, U., Vad, K. (1993). Plant chitinases. The Plant Journal,
3(1), 31-40.  https://doi.org/10.1046/j.1365-313x.1993.t01-1-
00999.x

Colmenares, A. J., Aleu, J., Duran-Patron, R., Collado, 1. G.,
& Hernandez-Galan, R. (2002). The putative role of botrydial
and related metabolites in the infection mechanism of Botrytis
cinerea. Journal of Chemical Ecology, 28(5), 997-1005. https://doi.
org/10.1023/a:1015209817830

Coombe, B. G. (1995). Growth stages of the grapevine: adoption
of a system for identifying grapevine growth stages. Australian
Journal of Grape and Wine Research, 1(2), 104-110. https://doi.
org/10.1111/j.1755-0238.1995.tb00086.x

Curvers, K., Seifi, H., Mouille, G., De Rycke, R., Asselbergh, B.,
van Hecke, A., ... & Hofte, M. (2010). Abscisic acid deficiency
causes changes in cuticle permeability and pectin composition that
influence tomato resistance to Botrytis cinerea. Plant Physiology,
154(2), 847-860. https://doi.org/10.1104/pp.110.158972

Dalmais, B., Schumacher, J., Moraga, J., Le Pecheur, P., Tudzynski,
B., Collado, I. G., & Viaud, M. (2011). The Botrytis cinerea
phytotoxin botcinic acid requires two polyketide synthases for
production and has a redundant role in virulence with botrydial.
Molecular Plant Pathology, 12(6), 564-579. https://doi.org/10.1111/
j-1364-3703.2010.00692.x

De Lorenzo, G., & Ferrari, S. (2002). Polygalacturonase-inhibiting
proteins in defense against phytopathogenic fungi. Current Opinion
in Plant Biology, 5(4), 295-299. https://doi.org/10.1016/s1369-
5266(02)00271-6

OENO One | By the International Viticulture and Enology Society

2022 | volume 56-2 | 121


https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1023/B:JOEC.0000006444.79951.75
https://doi.org/10.1023/B:JOEC.0000006444.79951.75
https://doi.org/10.1007/s10658-010-9684-z
https://doi.org/10.1007/s10658-010-9684-z
https://doi.org/10.1023/A:1015061108045
https://doi.org/10.1111/j.1755-0238.1995.tb00086.x
https://doi.org/10.1111/j.1755-0238.1995.tb00086.x

George T. Tziros et al.

Dixon, R. A., & Paiva, N. L. (1995). Stress-induced phenylpropanoid
metabolism. The Plant Cell, 7(7), 1085. https://doi.org/10.1105/
tpc.7.7.1085

Douillet-Breuil, A. C., Jeandet, P., Adrian, M., & Bessis, R. (1999).
Changes in the phytoalexin content of various Vitis spp. in response
to ultraviolet C elicitation. Journal of Agricultural and Food
Chemistry, 47(10), 4456-4461. https://doi.org/10.1021/jf9900478

Droby, S., Wisniewski, M., Macarisin, D., & Wilson, C. (2009).
Twenty years of postharvest biocontrol research: is it time for a new
paradigm? Postharvest Biology and Technology, 52(2), 137-145.
https://doi.org/10.1016/j.postharvbio.2008.11.009

Dufour, M. C., Lambert, C., Bouscaut, J., Mérillon, J. M., & Corio-
Costet, M. F. (2013). Benzothiadiazole-primed defence responses
and enhanced differential expression of defence genes in Vitis
vinifera infected with biotrophic pathogens Erysiphe necator and
Plasmopara viticola. Plant Pathology, 62(2), 370-382. https://doi.
org/10.1111/5.1365-3059.2012.02628.x

Ebel, J.,, & Cosio, E. G. (1994). Elicitors of plant defense
responses. International Review of Cytology, 148, 1-36. https://doi.
org/10.1016/S0074-7696(08)62404-3

Elad ,Y., Pertot, 1., Cotes Prado, M.A., & Stewart, A. (2016).
Plant Hosts of Botrytis spp. Fillinger, S. and Elad, Y, Yigal (eds).
Botrytis — the Fungus, the Pathogen and its Management in
Agricultural Systems. Springer: Switzerland, pp. 413—486. https://
doi:10.1007/978-3-319-23371-0_20

Fabro, G., Kovacs, 1., Pavet, V., Szabados, L., & Alvarez, M. E.
(2004). Proline accumulation and AtPSCS2 gene activation are
induced by plant-pathogen incompatible interactions in Arabidopsis.
Molecular Plant-Microbe Interactions, 17(4), 343-350. https://doi.
org/10.1094/MPMI.2004.17.4.343

Favaron, F., Lucchetta, M., Odorizzi, S., da Cunha, A. P., & Sella, L.
(2009). The role of grape polyphenols on trans-resveratrol activity
against Botrytis cinerea and of fungal laccase on the solubility of
putative grape PR proteins. Journal of Plant Pathology, 579-588.

Gabler, F. M., Smilanick, J. L., Mansour, M., Ramming, D. W., &
Mackey, B. E. (2003). Correlations of morphological, anatomical,
and chemical features of grape berries with resistance to Botrytis
cinerea. Phytopathology, 93(10), 1263-1273. https://doi.org/
10.1094/PHYTO.2003.93.10.1263

Gubler, W.D. (1987). Control of Botrytis bunch rot of grape with
canopy management. Plant Disease, 71, 599-601. https:/doi.
org/10.1094/PD-71-0599

Hahn, M. (2014). The rising threat of fungicide resistance in plant
pathogenic fungi: Botrytis as a case study. Journal of Chemical
Biology, 7(4), 133-141. https://doi.org/10.1007/s12154-014-0113-1

Kelloniemi, J., Trouvelot, S., Héloir, M. C., Simon, A., Dalmais,
B., Frettinger, P., ... & Viaud, M. (2015). Analysis of the molecular
dialogue between gray mold (Botrytis cinerea) and grapevine (Vitis
vinifera) reveals a clear shift in defense mechanisms during berry
ripening. Molecular Plant-Microbe Interactions, 28(11), 1167-1180.
https://doi.org/10.1094/MPMI-02-15-0039-R

Koufos, G., Mavromatis, T., Koundouras, S., Fyllas, N. M., &
Jones, G. V. (2014). Viticulture—climate relationships in Greece:
the impacts of recent climate trends on harvest date variation.
International Journal of Climatology, 34(5), 1445-1459. https://doi.
org/10.1002/joc.3775

Kulakiotu, E. K., Thanassoulopoulos, C. C., & Sfakiotakis, E.
M. (2004). Biological control of Botrytis cinerea by volatiles of
‘Isabella’ grapes. Phytopathology, 94(9), 924-931. https://doi.
org/10.1094/PHYTO0.2004.94.9.924

Kyraleou, M., Kallithraka, S., Gkanidi, E., Koundouras, S.,
Mannion, D. T., & Kilcawley, K. N. (2020). Discrimination of

five Greek red grape varieties according to the anthocyanin and
proanthocyanidin profiles of their skins and seeds. Journal of Food
Composition and Analysis, 92, 103547. https://doi.org/10.1016/j.
jfca.2020.103547

Lacombe, T., Audeguin, L., Boselli, M., Bucchetti, B., Cabello, F.,
Chatelet, P., ..., & This, P. (2011). Grapevine European catalogue:
towards a comprehensive list. Vitis, 5, 65-68.

Lambert, C., Khiook, I. L. K., Lucas, S., Télef-Micouleau, N.,
Meérillon, J. M., & Cluzet, S. (2013). A faster and a stronger defense
response: one of the key elements in grapevine explaining its lower
level of susceptibility to esca?. Phytopathology, 103(10), 1028-
1034. https://doi.org/10.1094/PHYTO-11-12-0305-R

Langcake, P., & Pryce, R. J. (1976). The production of resveratrol
by Vitis vinifera and other members of the Vitaceae as a response
to infection or injury. Physiological Plant Pathology, 9(1), 77-86.
https://doi.org/10.1016/0048-4059(76)90077-1

Latorre, B. A., Elfar, K., & Ferrada, E. E. (2015). Gray mold caused
by Botrytis cinerea limits grape production in Chile. International
Journal of Agriculture and Natural Resources, 42(3), 305-330.
https://doi.org/10.4067/S0718-16202015000300001

Li, S. (2015). Grapevine breeding and genetics in China: history,
current status and the future. Acta Hortic, 1082, 165-176. https://
doi.org/10.17660/ActaHortic.2015.1082.22

Livak, K.J., & Schmittgen, T.D. (2001). Analysis of relative gene
expression using real time quantitative PCR. Methods, 25, 402-408.
https://doi.org/10.1006/meth.2001.1262

Lovato, A., Zenoni, S., Tornielli, G. B., Colombo, T., Vandelle, E., &
Polverari, A. (2019). Specific molecular interactions between Vitis
vinifera and Botrytis cinerea are required for noble rot development
in grape berries. Postharvest Biology and Technology, 156, 110924.
https://doi.org/10.1016/j.postharvbio.2019.05.025

Malacarne, G., Vrhovsek, U., Zulini, L., Cestaro, A., Stefanini, M.,
Mattivi, F., ... & Moser, C. (2011). Resistance to Plasmopara viticola
in a grapevine segregating population is associated with stilbenoid
accumulation and with specific host transcriptional responses. BMC
Plant Biology, 11(1), 1-13. https://doi.org/10.1186/1471-2229-11-
114

Mamarabadi, M., Jensen, B., Jensen, D. F., & Liibeck, M.
(2008). Real-time RT-PCR expression analysis of chitinase and
endoglucanase genes in the three-way interaction between the
biocontrol strain Clonostachys rosea 1K726, Botrytis cinerea and
strawberry. FEMS Microbiology Letters, 285(1), 101-110. https://
doi.org/10.1111/j.1574-6968.2008.01228.x

Mayer, R. R., Cherry, J. H., & Rhodes, D. (1990). Effects of
heat shock on amino acid metabolism of cowpea cells. Plant
Physiology, 94(2): 796-810. https://doi.org/10.1104/pp.94.2.796

Merkouropoulos, G., Michailidou, S., Alifragkis, A., Zioziou, E.,
Koundouras, S., Argiriou, A., & Nicolaou, N. (2015). A combined
approach involving ampelographic description, berry oenological
traits and molecular analysis to study native grapevine varieties of
Greece. VITIS-Journal of Grapevine Research, 54, 99-103.

Mutuku, J. M., & Nose, A. (2012). Changes in the contents of
metabolites and enzyme activities in rice plants responding to
Rhizoctonia solani Kuhn infection: activation of glycolysis and
connection to phenylpropanoid pathway. Plant and Cell Physiology,
53(6), 1017-1032. https://doi.org/10.1093/pcp/pcs047

Naegele, R. P. (2018). Evaluation of host resistance to Botrytis
bunch rot in Vitis spp. and its correlation with Botrytis leaf
spot. HortScience, 53(2), 204-207. https://doi.org/10.21273/
HORTSCI12655-17

Nardozza, S., Boldingh, H. L., Osorio, S., Hohne, M., Wohlers,
M., Gleave, A. P, ... & Clearwater, M. J. (2013). Metabolic

122 | volume 56-2 | 2022

OENO One | By the International Viticulture and Enology Society


https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1016/j.postharvbio.2008.11.009
https://doi.org/10.1111/j.1365-3059.2012.02628.x
https://doi.org/10.1111/j.1365-3059.2012.02628.x
https://doi.org/10.1016/S0074-7696(08)62404-3
https://doi.org/10.1016/S0074-7696(08)62404-3
https://doi.org/10.1094/PD-71-0599
https://doi.org/10.1094/PD-71-0599
https://doi.org/10.1002/joc.3775
https://doi.org/10.1002/joc.3775
https://doi.org/10.1016/j.jfca.2020.103547
https://doi.org/10.1016/j.jfca.2020.103547
https://doi.org/10.1016/0048-4059(76)90077-1
https://doi.org/10.4067/S0718-16202015000300001
https://doi.org/10.17660/ActaHortic.2015.1082.22
https://doi.org/10.17660/ActaHortic.2015.1082.22
https://doi.org/10.1016/j.postharvbio.2019.05.025
https://doi.org/10.1093/pcp/pcs047
https://doi.org/10.21273/HORTSCI12655-17
https://doi.org/10.21273/HORTSCI12655-17

analysis of kiwifruit (Actinidia deliciosa) berries from extreme
genotypes reveals hallmarks for fruit starch metabolism. Journal of
Experimental Botany, 64(16), 5049- https://doi.org/5063. 10.1093/
jxb/ert293

Nishimoto, R. (2019). Global trends in the crop protection
industry. Journal of Pesticide Science, 44(3), 141-147. https://doi.
org/10.1584/jpestics.D19-101

Panebianco, A., Castello, 1., Cirvilleri, G., Perrone, G., Epifani, F.,

Ferrara, M., ... & Vitale, A. (2015). Detection of Botrytis cinerea
field isolates with multiple fungicide resistance from table grape
in Sicily. Crop Protection, 77, 65-73. https://doi.org/10.1016/].
cropro.2015.07.010

Patel, T. K., & Williamson, J. D. (2016). Mannitol in plants, fungi,
and plant—fungal interactions. Trends in Plant Science, 21(6), 486-
497. https://doi.org/10.1016/j.tplants.2016.01.006

Rahman, M. U., Hanif, M., Wan, R., Hou, X., Ahmad, B., & Wang, X.
(2019a). Screening Vitis genotypes for responses to Botrytis cinerea
and evaluation of antioxidant enzymes, reactive oxygen species and
jasmonic acid in resistant and susceptible hosts. Molecules, 24(1),
5. https://doi.org/10.3390/molecules24010005

Rahman, M. U., Hanif, M., Shah, K., Ahmad, B., & Wang, X.
(2019b). In vitro evaluation of berries of various Vitis genotypes for
disease resistance to Botrytis cinerea. Vitis, 58(4), 123-130.

Rasul, S., Dubreuil-Maurizi, C., Lamotte, O., Koen, E., Poinssot,
B., Alcaraz, G., ... & Jeandroz, S. (2012). Nitric oxide production
mediates oligogalacturonide-triggered immunity and resistance to
Botrytis cinerea in Arabidopsis thaliana. Plant, Cell & Environment,
35(8), 1483-1499. https://doi.org/0.1111/j.1365-3040.2012.02505.x

Reglinski, T., Elmer, P. A. G., Taylor, J. T., Wood, P. N., & Hoyte, S.
M. (2010). Inhibition of Botrytis cinerea growth and suppression of
Botrytis bunch rot in grapes using chitosan. Plant Pathology, 59(5),
882-890. https://doi.org/10.1111/j.1365-3059.2010.02312.x

Ribéreau-Gayon, P., Dubourdieu, D., Doné¢che, B., Lonvaud,
A., Glories, Y., & Maugean, A. (1998). Trait¢ d’cenologie.
1-Microbiologie du vin. Vinifications. Ed. Dunod, Paris, 617.

Riviere, C., Pawlus, A. D., & Merillon, J. M. (2012). Natural
stilbenoids: distribution in the plant kingdom and chemotaxonomic
interest in Vitaceae. Natural product reports, 29(11), 1317-1333.
https://doi.org/10.1039/c2np20049j

Robert, N., Roche, K., Lebeau, Y., Breda, C., Boulay, M., Esnault,
R., & Buffard, D. (2002). Expression of grapevine chitinase genes
in berries and leaves infected by fungal or bacterial pathogens.
Plant Science, 162(3), 389-400. https://doi.org/10.1016/S0168-
9452(01)00576-3

Rupp, S., Weber, R. W., Rieger, D., Detzel, P., & Hahn, M. (2017).
Spread of Botrytis cinerea strains with multiple fungicide resistance
in German horticulture. Frontiers in Microbiology, 2075. https://
doi.org/10.3389/fmicb.2016.02075

Saigne-Soulard, C., Abdelli-Belhadj, A., Télef-Micouleau, M.,
Bouscaut, J., Cluzet, S., Corio-Costet, M. F., & Meérillon, J. M.

(2015). “Oligosaccharides from Botrytis cinerea and elicitation
of grapevine defense,” in Polysaccharides: Bioactivity and
Biotechnology, eds Ramawat J., Mérillon K. (Cham: Springer
International Publishing), 939-958. https://doi.org/10.1007/978-3-
319-16298-0_8

Samuel, S., Veloukas, T., Papavasileiou, A., & Karaoglanidis, G. S.
(2012). Differences in frequency of transposable elements presence
in Botrytis cinerea populations from several hosts in Greece. Plant
Disease, 96(9), 1286-1290. https://doi.org/10.1094/PDIS-01-12-
0103-RE

Santos-Sanchez, N. F., Salas-Coronado, R., Hernandez-Carlos,
B., & Villanueva-Canongo, C. (2019). Shikimic acid pathway
in biosynthesis of phenolic compounds. Plant Physiological
Aspects of Phenolic Compounds, 1, 1-15. https://doi.org/10.5772/
intechopen.83815

Seifi, H. S., van Bockhaven, J., Angenon, G., & Hofte, M. (2013).
Glutamate metabolism in plant disease and defense: friend or foe?.
Molecular Plant-Microbe Interactions, 26(5), 475-485. https://doi.
org/10.1094/MPMI-07-12-0176-CR

Stavrakaki, M., & Biniari, K. (2016). Genotyping and phenotyping
of twenty old traditional Greek grapevine varieties (Vitis vinifera
L.) from Eastern and Western Greece. Scientia Horticulturae, 209,
86-95. https://doi.org/10.1016/j.scienta.2016.06.021

Tani, H., Koshino, H., Sakuno, E., & Nakajima, H. (2005). Botcinins
A, B, C, and D, Metabolites produced by Botrytis cinerea, and their
antifungal activity against Magnaporthe grisea, a pathogen of rice
blast disease. Journal of Natural Products, 68(12), 1768-1772.
https://doi.org/10.1021/np0503855

Tani, H., Koshino, H., Sakuno, E., Cutler, H. G., & Nakajima, H.
(2006). Botcinins E and F and Botcinolide from Botrytis cinerea and
Structural Revision of Botcinolides. Journal of Natural Products,
69(4), 722-725. https://doi.org/10.1021/np06007 1x

Upadhyay, R. S., Meena, M., Prasad, V., Zehra, A., & Gupta, V.
K. (2015). Mannitol metabolism during pathogenic fungal-host
interactions under stressed conditions. Frontiers in Microbiology, 6,
1019. https://doi.org/10.3389/fmicb.2015.01019

van Loon, L. C., & van Strien, E. A. (1999). The families of
pathogenesis-related proteins, their activities, and comparative
analysis of PR-1 type proteins. Physiological and Molecular Plant
Pathology, 55(2), 85-97. https://doi.org/10.1006/pmpp.1999.0213

Wan, R., Hou, X., Wang, X., Qu, J., Singer, S. D., Wang, Y., &
Wang, X. (2015). Resistance evaluation of Chinese wild Vitis
genotypes against Botrytis cinerea and different responses of
resistant and susceptible hosts to the infection. Frontiers in Plant
Science, 6, 854. https://doi.org/10.3389/fpls.2015.00854

Wang, X., Zhu, X., Tooley, P, & Zhang, X. (2013).
Cloning and functional analysis of three genes encoding
polygalacturonase-inhibiting proteins from Capsicum annuum and
transgenic CaPGIP1 in tobacco in relation to increased resistance
to two fungal pathogens. Plant Molecular Biology, 81(4), 379-400.
https://doi.org/10.1007/s11103-013-0007-6.

OENO One | By the International Viticulture and Enology Society

2022 | volume 56-2 | 123


https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/5063.%2010.1093/jxb/ert293
https://doi.org/5063.%2010.1093/jxb/ert293
https://doi.org/10.1016/j.cropro.2015.07.010
https://doi.org/10.1016/j.cropro.2015.07.010
https://doi.org/10.1016/j.tplants.2016.01.006
https://doi.org/10.1111/j.1365-3059.2010.02312.x
https://doi.org/10.1016/S0168-9452(01)00576-3
https://doi.org/10.1016/S0168-9452(01)00576-3
https://doi.org/10.1007/978-3-319-16298-0_8
https://doi.org/10.1007/978-3-319-16298-0_8
https://doi.org/10.5772/intechopen.83815
https://doi.org/10.5772/intechopen.83815
https://doi.org/10.1016/j.scienta.2016.06.021
https://doi.org/10.1006/pmpp.1999.0213

