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Induction of Defense-related Responses and
Suppression of Grey Mold in Grapevines Treated
with Defense Response Signaling Mulecules
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Abstract

The induction of defense responses in grapevines to fungal pathogens was studied on leaves of the cultivars
‘Campbell Early’ and ‘Kyoho’ which were treated with ethephon, hydrogen peroxide (H,0,), methyl jasmonate
(MeJA), and salicylic acid (SA). Applying the chemicals resulted in an increase in expression of several defense-
related genes and accumulation of stilbene compounds and gamma-aminobutyric acid (GABA). The expression
of plant defense-related genes such as catalase (Caf), chalcone synthesis (CHS), chitinase-like protein (CLP),
flavonol synthase gene (FLS), glutathione-S-transferase (GS7), stilbene synthase (S7SY), and thaumatin-like pro-
tein (7LP), as well as signal transduction-related genes including lipoxygenase (LOX), was variously induced
by the treatments in both cultivars. Additionally, cell wall modification-related genes such as polygalacturonase-
inhibiting protein (PG/P) and proline rich protein (PRP2) were slightly upregulated by treatment with signaling
molecules in both ‘Campbell Early’ and ‘Kyoho’. Stilbenoid glucosides, including #rans- and cis-piceid, accumu-
lated to high concentrations in grapevines that were subjected to chemical treatment. The concentration of GABA
in leaves increased following pretreatment with all of the signaling molecules tested. Additionally, pretreatment
with signaling molecules resulted in reduced lesion size after inoculation of leaves with Botrytis cinerea. These
results indicate that plant signaling molecules can be used to elicit a resistance responses against infection by

pathogens in grapevine and might offer a tool to manage certain diseases.

Grapes (Vitis vinifera) are one of the most
economically important fruit crops world-
wide (Pearson and Goheen, 1998). However,
cultivated grapevines are subject to a number
of bacterial, fungal, and viral diseases (Wang
et al., 2011). Grey mold caused by the necro-
trophic pathogen Botrytis cinerea is one of
the most common diseases that afflict grapes,
resulting in serious economic damage during
grape production from bud break to harvest
in protected cultivation in Korea (Jang et al.,
1995). In grapevines, botrytis rot has been
associated with infections of mature grapes
following late season rains or prolonged peri-
ods of high relative humidity (McClellan and
Hewitt, 1973). However, owing to the diffi-
culty in controlling this fungus by fungicides
due to the appearance of fungicide resistant
strains (Kim et al., 1993; Kim and Kwon,

1993), the development of eco-friendly man-
agement systems including the use of induced
resistance is being considered (Belhadj et al.,
2008; Jeandet et al., 2002).

Plant defense responses are regulated
through a complex network of signaling
pathways that involve endogenous plant
signaling molecules including salicylic acid
(SA), jasmonic acid (JA), ethylene (ET), and
hydrogen peroxide (H,0,) (Hung et al., 2005;
Kunkel and Brooks, 2002). These signaling
molecules are important regulators known to
induce disease resistance against many plant
pathogens (Chong et al., 2008; Koehl et al.,
2007; Malamy et al., 1990; Repka, 2006;
Walters et al., 2002). Moreover, exogenous
application of SA, JA and ET induces the
production of antimicrobial compounds such
as phytoalexins and pathogenesis-related
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(PR) proteins (Belhadj et al., 2006; Lamb
and Dixon, 1997; Larronde et al., 2003; Piet-
erse and van Loon, 1999).

Phytoalexins are defined as low molecular
weight, anti-microbial secondary metabolites
that are both synthesized and accumulated
by plants in response to fungal infection or
abiotic stresses such as UV irradiation and
heavy metal ions (Adrian et al., 1996; Bailey,
1982; Paxton, 1981). Stilbene compounds,
resveratrol (trans-3,5,4’-trihydroxystilbene)
(Jeandet et al., 1995; Langcake and Pryce,
1977) and its oligomers (Waterhouse and
Lamuela-Raventos, 1994), viniferins and
trans-pterostilbene (3,5 dimethoxy-4’-hy-
droxystilbene) are produced as phytoalexins
in grapevines as a response to infection with
various pathogens including Botrytis cinerea
(Adrian et al., 1997), Plasmopara viticola
(Pezet et al., 2004), and Erysiphe necator
(Schnee et al., 2008).

Gamma-aminobutyric acid (GABA) is
a non-protein amino acid that is present in
a number of plant species (Steward et al.,
1949) and is synthesised from glutamate by
glutamate decarboxylase, whose activity is
highly regulated by calmodulin (Baum et
al., 1996). The role of GABA in plants has
remained unclear over the past 60 years fol-
lowing its discovery (Park et al., 2010), but
GABA is known to play a role in pH regu-
lation (Bown and Shelp 1997), nitrogen
storage (Selman and Cooper, 1978), plant
development (Baum et al., 1996), and plant
defense responses (Bown et al., 2006).

Exogenous application of signaling mole-
cules to plants is assumed to increase the de-
fense response and accumulation of stilbene
compounds and GABA have been shown to
occur in response to environmental stress
(Shelp et al., 1999; Wang et al., 2010) and
pathogen attack (Schnee et al., 2008; Solo-
mon and Oliver, 2001, 2002).

This study was conducted to evaluate the
inhibition of disease development and to
screen expression of defense-related genes
and accumulation of various stilbenes and
GABA as a resistance response in grapevine
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leaves that have been treated with different
signaling molecules.

Materials and Methods

Application of signaling molecules to
grapevine leaves. Shoots with 15-20 leaves
from rooted cuttings of ‘Campbell Early’ and
‘Kyoho’ grapevines, which are both suscep-
tible to gray mold, were grown in a green-
house at 25°C and a 16 h photoperiod and
sprayed to run-off with either ethephon (500
and 1000 ppm), or hydrogen peroxide (H,O,,
5 and 10 mM), or methyl jasmonate (MeJA;
0.1 and 0.5 mM), or salicylic acid (SA; 0.5
and 1 mM) dissolved in distilled water.
Leaves were then harvested at 0, 1, 6, 24, 48,
and 72 h after treatment, immediately frozen
in liquid nitrogen, and stored at -80°C for fu-
ture evaluation.

RNA isolation and semi-quantitative RT-
PCR analysis. At each harvest time, total
RNAs were extracted from grapevine leaves
using a modified pine tree method (Chang
et al., 1993). The differential expressions of
genes were confirmed by semi-quantitative
RT-PCR using 15 gene specific primer pairs
(Table 1). First-strand cDNA was synthesized
from the total RNA (500 ng) using a Prime-
ScriptTM 1st strand cDNA synthesis kit (Ta-
kara Bio Inc., Japan) and subsequently used
as the template for PCR. Actin gene primers
were used as an internal control. The PCR
reaction was as follows: initial denaturation
at 94°C for 5 min, followed by 30 cycles at
94°C for 45 sec, 55°C for 45 sec, and 72°C
for 1 min and then final extension at 72°C for
7 min. The PCR products were identified by
1% (W/V) agarose gel electrophoresis with
0.5X TBE running buffer. After taking the
gel picture using a benchtop variable trans-
illuminator (UVP, CA, USA), the images
were analyzed and the amount of expression
was assessed using a public domain image
analysis system (NIH ImageJ, NIH Image,
Bethesda, USA).

Stilbene quantification and analysis of
stilbene using HPLC. A 1 g sample of fresh
grapevine leaves treated with each signal-
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Table 1. Gene accession numbers and sequences of gene primers used for RT-PCR analysis.

Name (Accession no.)

Primer sequences

Cell wall protein (XM002277798.1)

Chalcone isomerase (CHI) (XM002282072.2)
Chalcone synthase (CHS) (EF192464.1)
Chitinase-like protein (CLP) (XM002269123.1)
Cold induced protein (CI) (XM002283501.2)
Cytochrome p450 (CYP) (CAB85635.1)
Flavonol synthase (FLS) (XM002285805.1)
Glutathione-S-transferase (GST) (AY 156048)
Lipoxygenase (LOX) (XM002285538.2)
Meiosis 5 (Mei5) (XM002283847.2)

Polygalacturonase-inhibiting protein (PGIP)
AF305093.1)

Proline rich protein 2 (PRP2) (XR078193.2)
Sirtuin (AK227432)

Stilbene synthase (S7SY) (X76892.1)
Thaumatin-like protein (7LP) (XM002282928.2)

B-actin (AB372563)

5’-GCCCTCCTTGTCATCTTCAA-3’
5’-GTAAATGCAGGGGCAAGGTA-3’
5’-TCCCATCTCTCCTTCAACCA-3’
5’-TATCCCCGAAGATGTCTCCA-3’
5’-TCCAACTACCACAAGCCTCA-3’
5’-GAGCAGACAACAAGGACACG-3’
5’-GAAGCCATTGGTGAAGGTGT-3’
5’-GGGTGGCGTTCTGTTCTATG-3’
5’-CCAAGTGTTTGGGAGTCCAT-3’
5’-GCAGAACCCCTCTTCTTTGA-3’
5’-AAGCAACGGTTACAGCTAAG-3’
5’-GCCATATCTGTCTTCCATGT-3"
5’-AGCGGTACTCAGCAAAGGTT-3’
5’-TGAGAAGGTTGAGTGGGTTG-3’
5’-GGCGATCAAAGTCCATGGTAG-3’
5’-GCTTCTCCAATCCCTTAACCC-3’
5’-TAACCTTAAGAGGAGATGGAACTG-3’
5’-TATCCTCTTGAATAACCTGAGGAG-3’
5’-AGGCTTCACCATTCATCACC-3’
5’-TCCCTTCCCGGTATAGTTCC-3’

5’-CTCTCCTCCTCTCTCCTCCT-3”
5’-CGGTGAGGTTAGAGAGCTTG-3’

5’- TTGCTAGTGGTGTTGCTTGG-3’
5’-ACACCATATCCATGGTAGCC-3’
5’-CTTCAGRMAACWCCRAARGAYAARAARGC-3’
5’-AWRRTCWRTWCKKAYAWATGGAGGAAT-3’
5’-TTAACATACGCCAAGAGATTATCA-3’
5’-CCTGCAGAATTAGGAATAAATGTT-3’

5’- GTCAACCAATGCACCTAC-3’

5’- GGTGGATCATCCTGTGGA-3’
5’-ACGAGAAATCGTGAGGGATG-3’
5’-ATTCTGCCTTTGCAATCCAC-3’

ing chemical from both cultivars and at each
time point was extracted with 4 ml methanol
(80%) for 3 min in the dark and the extracts
centrifuged for 20 min (25,000 g). The su-
pernatant was transferred into a new tube for
HPLC analysis and stored at -20°C. Stilbene
compounds were analyzed by HPLC-mass
spectrometry (model 2695 HPLC, model
3100 MS, Waters, USA), according to the
method described by Choi (2011). Three
leaves were used per treatment and each

treatment was performed in triplicate.
v-Aminobutyric acid (GABA) quantifica-
tion and analysis of GABA using HPLC. A
0.5 g sample of grapevine leaves from both
cultivars at each harvest time was air dried
prior to extraction in 10 mL of 3% trichloro-
acetic acid (TCA) at room temperature for 1
h (samples were vortexed (Genie 2, Scientif-
ic Industries, Inc., USA)). The samples were
subsequently centrifuged (15,000 g) for 30
min, after which the supernatants were col-
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lected, filtered through 0.45 pm membranes,
and analyzed by HPLC (2690, Waters Co,
USA) according to the method described by
Lee and Lee (2004). The HPLC analysis con-
ditions were as described in Table 2. Three
leaves were used per treatment and each
treatment was performed in triplicate.
Evaluation of grey mold severity on plants
treated with signaling molecules. Leaves were
sprayed with various signaling molecules 24
h before inoculation with B. cinerea. Botrytis
cinerea was grown in petri-dishes at 25°C on
potato dextrose agar (PDA, potato starch 4 g,
dextrose 20 g, and agar 15 g-L") under 12/12
h light/dark conditions. Spores of B. cinerea
were collected from the plates and suspended
in 0.24% potato dextrose broth at a concen-
tration of 10¢ spores'mL™' (after centrifuga-
tion (3,000 g) for 5 min to remove debris). A
mycelial block (5§ mm in diameter) was ex-
cised from the pathogenic isolate of B. cine-
rea grown on PDA, and used for inoculation.
The spore suspensions and mycelial blocks
were inoculated to compare the development
of symptoms caused by B. cinerea. The up-
per fourth or fifth leaves from the shoot apex
were detached, and the underside injured by
slightly scratching the epidermis with a pen-
cil tip. The injured leaves were inoculated
either with 20 pL of spore suspension or with
a myecelial block on both the wounded and
non-wounded areas. Leaves inoculated with
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the pathogen were placed on two layers of
moist paper towel in a closed box, and kept in
the dark at 25°C for 4 d, when the diameter of
the lesions was measured. Five leaves were
used for each treatment, and the experiment
was repeated twice.

Results

Expression profiles of defense-related
genes following treatment with plant signal-
ing molecules. In both ‘Campbell Early’ and
‘Kyoho’, the expressions of the plant de-
fense-related genes catalase (Cat), chitinase-
like protein (CLP), glutathione S-transferase
(GST), stilbene synthase (S7SY), thaumatin-
like protein (TLP), and signal transduction-
related genes such as lipoxygenase (LOX),
were strongly induced by treatment with the
signaling molecules (Fig. 1). The flavonol
synthase gene (FLS) and cell wall modifica-
tion-related genes such as polygalacturonase-
inhibiting protein (PGIP) and proline rich
protein (PRP2) were slightly upregulated in
response to these treatments.

JA-dependent response genes such as
CLP, LOX and TLP were strongly induced in
response to all signaling molecules in both
grapevine cultivars.

Analysis of stilbene and GABA accumula-
tion. In both grapevine cultivars, trans- and
cis-piceid, which are stilbenoid glucosides
showing low biological activity compared to

Table 2. HPLC conditions for detection and quantification of stilbene compounds and y-aminobutyric acid

(GABA) (Choi, 2011; Lee and Lee, 2004).

Condition
Item
For STS compounds For GABA
Column XTerra MS C18 Waters AccQ-tag column
150 x 2.1mm 150 x 3.9 mm
Column temperature 40°C 37°C

Eluent A: 0.1% formic acid A: acetate-phosphate buffer
(AccQ-tag eluent A)
B: acetonitrile B: 60% ACN solution
Flow rate 0.2 mL / min. 1.0 mL / min.
Wavelength Cis: 285 nm, trans: 307 nm Ex: 250 nm, Em: 395 nm
Injection volume SuL SuL
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1000 ppm ethephon 10 mM H,0, 0.5 mM methyl jasmonate 1 mM salicylic acid
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Fig. 1. RT-PCR analysis for evaluation of the expression of ten defense- and stress-related genes in grapevine
leaves of cultivars ‘Campbell Early’ and ‘Kyoho’ treated with different signaling molecules. Total RNA was
extracted at the indicated time points (hours). Equal volume usage of total RNA was identified by comparing
the expression levels of the actin gene. Cat; catalasel, CHS; chalcone synthase, CLP; chitinase-like protein,
FLS; flavonol synthase, GST; glutathione-S-transferase, LOX; lipoxygenase, PRP2; proline rich protein 2, PGIP;
polygalacturonase-inhibiting protein, STSY; stilbene synthase, 7LP; thaumatine-like protein.

resveratrol and piceatannol accumulation in
response to application of the signaling mol-
ecules (Tables 3 and 4). Among these, trans-
piceid concentration was higher compared
to cis-piceid in ‘Campbell Early’ grapevine
leaves. However, in ‘Kyoho’, while resvera-
trol concentration was low, the concentration
of piceatannol, a hydroxylated derivative of
resveratrol, was high. Although, the concen-
trations of both trans and cis-resveratrol and
piceatannol were low, they declined rapidly
after a peak at between 6 and 24 h, whereas
trans-piceid reached a peak 48-72 h after
treatment.

The concentration of GABA in leaves
treated with each signaling molecule in-
creased compared to untreated leaves (Fig.

2), with a two-fold increase occurring in eth-
ephon-treated leaves at 48 h after treatment.
With other signaling molecules the concen-
tration of GABA was typically higher 48 h
after treatment compared to that at 24 h.
Inhibition of grey mold disease by Botrytis
cinerea. Grapevine leaves pretreated with the
signaling molecules were assessed for the de-
velopment of grey mold symptoms 4 d after
inoculation with B. cinerea. Treatment with
the signaling molecules reduced the develop-
ment of lesions when leaves were inoculated
with either mycelia blocks or spore suspen-
sions of B. cinerea on both ‘Campbell Early’
and ‘Kyoho’ grapevine leaves (Fig. 3). The
development of lesions in response to in-
oculation with the pathogen was higher in
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Table 3. Concentrations of stilbene compounds in ‘Campbell Early’ grapevine leaves treated with different sig-

naling molecules.

pg-0.1 g fresh wt.

Sample
Signaling  time trans- cis- trans-
molecule (h) Resveratrol ~ Resveratrol ~ Piceatannol  frans-Piceid cis-Piceid Total
ET” 0 1.5+£0.1cd" 0.2+0.0b 1.2+0.3b 54.2 £0.8d 13.6 £ 1.0c 70.7 + 1.4e
1000 ppm 1 1.8+ 0.3¢c 0.1+£0.1b  09+0.2b 482+42e 453+29d 96.4+7.1d
6 10.7+1.1a 2.0+1.5a 1.5+£0.1b 87.5+23c 64.6+1.0a 166.2+28a
24 0.8+0.2d 02+0.1b 22+0.5a 83.1+2.6¢ 7.4+1.9d 93.6+4.8d
48 2.8+ 0.4b 0.3+0.1b 14+04b 123.8+2.3a 7.4+£23d 135.6+4.2b
72 0.7+0.3d 02+0.1b 1.1£0.6b 96.0£2.2b 9.6+22d 107.7+1.5¢
H,0, 0 1.5+0.1ab 0.2+0.0b 1.2+0.3b 54.2 +0.8¢e 13.6 £ 1.0c 70.7 + 1.4f
1 mM 1 0.6+0.2b 02+0.1b 3.0+14a 183.7+3.6a 4.7+£05d 192.0+1.4a
6 1.3+£0.6b 1.6 £0.6a 1.6 £0.2b 53.9+£23e¢ 39.3+£2.0a 97.8+3.0d
24 1.5 +0.6ab 1.9+0.5a 0.9 +0.4b 83.2+2.6d 3.5+1.5d 90.9 +0.7¢
48 24+1.2a 0.3+0.1b 12+05b  111.54+2.8¢c 114+1.0c 126.8+2.5¢c
72 0.9 £0.4b 0.2+0.1b 0.8 £0.4b 122.1+2.5b 204+3.5b 1444+ 1.7b
MeJAY 0 1.5+0.1cd 0.2+ 0.0b 1.2+03a 54.2 £0.8¢ 13.6 +1.0d 70.7 £ 1.4e
0.5 mM 1 55+1.8a 23+13a 1.7+£0.2a 33.2+£3.0f 39.5+0.7b 822+ 1.6d
6 3.6+0.9b 2.9+0.4a 1.8+0.2a 96.0+28d 60.7+1.1a 165.1+1.5b
24 1.9 + 0.6bcd 30+2.2a 1.8+13a 199.5+2.8a 103+23e 216.5+6.5a
48 3.2+ 1.0bc 42+0.5a 09+06a 189.0+42b 193+19c 216.6+3.4a
72 1.0+0.7d 0.4+0.1b 1.3+£04a 1043+ 1.5¢ 6.5+ 0.8f 113.4 £2.6¢
SA* 0 1.5+0.1a 0.2+0.0d 1.2+03ab  5424+0.8d 13.6+1.0bc 70.7+1.4e
1 mM 1 <0.1 +£0.0b 1.2+0.5¢cd <0.1+£0.0c 457+1.5¢ 17.2+2.2b 64.1 +4.1e
6 1.5+0.2a 2.1+0.7bc  1.5+0.5a 85.1+3.2¢ 31.7+25a 121.8+5.6b
24 1.1+0.6a 3.6+0.6a 0.9=+0.6ab 98.6+5.7b 8.1+2.1d 112.2 +8.3¢
48 0.9+0.3a 02+0.1d 0.8+0.2ab 138.2+3.0a 93+12d 1494+3.7a
72 1.0£0.5a 33+13ab 0.7+0.4b 849+14c 10.1+3.1cd 100.1+4.1d

# Ethephon; YMethyl jasmonate; *Salicylic acid.

* Means+SE (n=3). Mean separation within columns and within each signaling molecule treatment by the Duncan’s multiple

range test, P<0.05.

wounded leaves than in non-wounded leaves.
Among the treatments, there was a trend for
MeJA to most effectively suppress lesion de-
velopment.

Discussion

Exogenous application of ethylene, methyl
jasmonate, hydrogen peroxide, and salicylic
acid induced the expression of PR and GST
genes and induced acquired immunity in
grapevine plants, as has been previously re-
ported in other different hosts (Chen et al.,
1996; Enyedi et al., 1992; Malamy et al.,

1990; Marrs, 1996; Picterse and van Loon,
1999; Wagner et al. 2002; Zhou and Golds-
brough, 1993).

Ethylene has been reported to play a role in
disease resistance by inducing the formation
of phenolic compounds, phytoalexins, lig-
nin, ethylene-induced enzymes such as -1,
3-glucanase, chitinase, phenylalanineam-
monia-lyase (PAL), peroxidase (Abeles et
al.,, 1992; Archer and Hislop, 1975), and
zeta-GST (Meyer et al., 1991). Jasmonates
have been shown to induce genes encoding
pathogenesis-related (PR) proteins in to-
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bacco (Fukuda and Shinshi, 1994)
and tomato (Enkerli et al., 1993).
Our results showed that the expres-
sion of defense related genes such
as CLP and GST were activated in
both ethylene and MeJA treated
leaves.

The mRNA expression levels of
several defense-related genes in-
cluding TLP, CHS, and LOX, were
higher in grapevine leaves that had
been inoculated with Rhizobium vi-
tis and treated with SA (Choi et al.,
2008). Grapevine chitinase genes
are known to be inducible under
stress conditions or in response
to exposure to ethylene, jasmonic
acid, and salicylic acid (Graham
and Sticklen, 1994; Kombrink and
Somssich, 1995). According to
previous reports (Aziz et al., 2003;
Busam et al., 1997; Jacobs et al.,
1999) the induction of the chitinase
gene was dependent on the stress
applied, the organ studied, and the
grapevine cultivar. However, in
this study, CLP was slightly upreg-
ulated in response to all treatments
in both of the grapevine cultivars.

STSY genes, which have been
reported to be involved in the regu-
lation of fungal growth and devel-
opment in grapevines (Hammer-
schmidt, 1999), were induced by all
of the chemical treatments. PGIP,
which is regulated by pathogen at-
tack, fungal elicitors, and salicylic
acid (Maleck et al., 2000; Rushton
et al., 1996; Schenk et al., 2000),
was also slightly upregulated in re-
sponse to all of the treatments that
were studied. In ‘Campbell Early’
grapevines, the SA concentrations
increased sharply within 1 h of in-
oculation with downy mildew and
anthracnose (Roh et al., 2005).
Consistently, defense- and stress-
related genes regulated by SA
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Table 4. Concentrations of stilbene compounds in ‘Kyoho’ grapevine leaves treated with different signaling

molecules.
pg-0.1 g fresh wt.
Sample
Signaling  time trans- cis- trans-
molecule (h) Resveratrol ~ Resveratrol ~ Piceatannol  frans-Piceid cis-Piceid Total
ET” 0 0.4 +£0.2dv 0.3 +0.2ab 4.0 £2.0e 39.5+3.3¢e  26.7+1.3b 70.9 £ 2.6d
1000 ppm 1 0.9 £0.3cd 0.4 +0.2ab 3.9+0.2¢ 43.7+13e¢ 293+3.8ab  782+5.3d
6 3.1+£l1.2a 0.4 +0.1ab 7.8 £0.5d 79.1+1.2d 31.1£1.9a 121.5+1.3¢
24 2.7 £0.5ab 0.5 +0.2a 27.84+0.4a 193.3+43.0c 16243.1c  240.5+£6.2b
48 0.6 £0.1d 0.1+0.1b 20.3+2.3c  200.3+£6.9b 14.8+1.4cd 236.1+10.7b
72 1.9 £0.4bc 0.5+0.2a 24.8+1.4b 234.6+2.8a 10.8+1.4d 272.6+3.1a
H,0, 0 0.4 +£0.2b 0.3 +0.2b 4.0 £1.0c 39.5432e 26.7+2.2a 70.9+0.1e
1 mM 1 0.5+0.3b 0.4 £0.1b 9.4+29b 108.8+2.4b  11.0+2.2cd 130.1 +7.8b
6 1.3 +0.4a 0.4+03ab  12.5£2.5b 105.5+£3.2b 149+£1.9b 134.6+7.7b
24 0.9 +£0.2b 0.3 +£0.1b 8.1+2.2b 62.442.5d 12.6£1.9bc 84.3+6.8d
48 0.8 £0.4b 0.3 +£0.2b 10.4 £1.2b 97.2 £2.0c 8.5+1.8de 117.2+4.5¢
72 0.7 £0.5b 0.7 £0.1a 20.542.7a  180.6 +2.6a 7.8 +0.4e  210.3+4.6a
MelJ¥ 0 0.4 £0.2b 0.3 +0.3ab 4.0 £3.0d 39.5+42.8¢  26.7+l1.5a 70.9 £ 1.3¢
0.5 mM 1 0.5+0.2b 0.5 +0.1ab 4.2 +0.5d 40.5+1.7¢  21.0£2.1b 66.7 £+ 4.4¢
6 42+13a 0.6 £0.3a 19.54£2.5b  137.6+0.7b 269 +1.la  188.8+5.2b
24 0.4 £0.2b 0.2 +0.1b 11.7 £0.5¢ 133 +£2.2¢ 8.0+0.7d  153.3+3.6¢c
48 <0.1 +£0.0b 0.4+0.1ab  13.5+1.8c 103.3+23d 123+l.6c 129.5+5.7d
72 0.7 £0.7b 0.3+0.2ab  24.9+1.3a 205+0.3a  12.1+l.4c 243.0+0.4a
SA* 0 0.4 £0.1b 0.3 +0.1d 4.0+2.2d 39.5£1.2f  26.7+2.4c 70.9 £ 1.0f
ImM 0.4 £0.2b 0.5 +0.2cd 5540.5cd  642+04e 34.1+1.8b 104.7+1.9d
6 5.242.7a 4.0 +£0.2a 7.1 £1.4c 81.9+£2.1d 58.6 +1.6a 156.8 +4.8b
24 1.0 £0.8b 0.3 +£0.2d 24.1+1.5a 181.4+2.4a 5.9+0.4d 212.7+2.2a
48 <0.1 +0.0b 1.3 +0.2b 1.7 £0.2e 91.9+24¢c  <0.1 +0.0e 94.9 £ 2.4¢
72 0.3 £0.1b 0.8 £0.2¢ 9.8+04b 104.5+3.3b 26.0+1.3c 141.4+4.7c

# Ethephon; YMethyl jasmonate; *Salicylic acid.

v Means+SE (n=3). Mean separation within columns and within each signaling molecule treatment by the Duncan’s multiple

range test, P<0.05.

were up-regulated in both ‘Campbell Early’
and ‘Kyoho’ grapevines in the present study,
providing further evidence of their role in in-
duced resistance responses.

Treatment with SA, chitosan, MeJA, and
elicitor released from B. cinerea has been
shown to highly stimulate accumulation of
PR proteins and key enzymes of the phen-
ylpropanoid pathway (Renault et al., 1996;
Repka, 2001). In grapevine cells, oligoga-
lacturonide (OGA) induced the expression
of nine defense-related genes, and treatment
of grapevine leaves with OGA also reduced
infection by B. cinerea development (Aziz

et al., 2004). Oligoglucuronans as elicitors
have also been demonstrated to induce de-
fense reactions dependent on degree of po-
lymerization and the nature of substituents
in grapevine. Acetylated oligoglucuronans
with different degrees of polymerization in-
duced transient production of H,0,, induced
expression of some defence-related genes
(PAL, STS, Chit4c and PGIP), and reduced
the infection of grapevine leaves by B. ci-
nerea (Caillot et al., 2012). Belhadj et al.
(2008) also reported that ethephon treatment
triggered the protection of grapevine against
powdery mildew.
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In many previous reports, treatment with
elicitors has been reported to induce defense-
related responses and to protect grapevines
against pathogen infection. However, in our
research, differential expression patterns of
specific defense-related genes were shown
in response to particular signal molecules
including the activation of CAT, CLP, GST,
LOX, PGIP, STSY, and TLP. These responses
were common in the two grapevine cultivars.

Stilbene compounds exhibit a wide range
of biological activities including antioxidant
and radical scavenging properties. Their ef-
fectiveness is related to the degree of hy-
droxylation. For example, the hydroxylated
derivative of resveratrol, piceatannol, has
more effective antioxidant activity than res-
veratrol (Lorenz et al., 2003). A significant
proportion of total stilbenes was reported to
be accumulated as glucosides in stilbene-
producing plant species (Chong et al., 2009).
In our study, the total concentration of stil-
bene-related compounds increased and the
development of grey mold was reduced in
both cultivars when treated with either ET,
H,0,, MeJA, or SA. Accumulation of stil-
bene phytoalexin by chemical treatments
was considered to inhibit grey mold devel-
opment through enhanced disease resistance
to B. cinerea in grapevines, as evidenced by
the concentration of resveratrol being posi-
tively correlated with resistance (Adrian et
al., 1997; Bavaresco et al., 1997; Langcake,
1981; Stein and Blaich, 1985). Jeandet et al.
(2002) reported that phytoalexin gene ex-
pression in various transgenic plants, such
as Arabidopsis thaliana, Nicotiana taba-
cum, Hordeum vulgare, Actinidia deliciosa,
and Malus domestica as well as Vitis vinif-
era, was related to antifungal activity. These
previously reported results are in agreement
with the results of the present study where
the concentration of stilbene metabolites
increased subsequent to application of the
resistance induction signaling molecules. In
this study, five types of stilbene derivatives
were shown to be accumulated differentially
in the time courses tested in grapevine leaves
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in response to the application of signaling
molecules.

It has been reported that trans/cis-res-
veratrol, piceatannol, and trans/cis-piceid
concentrations increased in the initial stag-
es after UV irradiation and that trans/cis-
resveratrol and piceatannol concentrations
decreased gradually, while trans/cis-piceid
concentrations were maintained consistently
for 7 to 9 days following treatment (Choi,
2012; Schnee et al. 2008; Wang et al., 2010).
The results from our study showed similar
patterns.

GABA increased in the treated grapevine
leaves, which has been reported previously
in plants exposed to various environmental
stresses (Kinnesley and Turano, 2000) lead-
ing to the suggestion that GABA plays a role
in protecting yeast against oxidative stress
(Coleman et al., 2001), tomato leaves from
virus attack (Cooper and Selman, 1974), re-
sistance to the root-knot nematode and tobac-
co budworm larvae in tobacco plants (Mac-
Gregor et al., 2003; McLean et al., 2003),
and in the pathogen-induced oxidative burst
in asparagus cells (Janzen et al., 2001).

Although there have been few reports that
have shown that accumulation of GABA is
correlated with induction of resistance to
pathogens in plants, in this study, the con-
centration of GABA in leaves treated with
signaling molecules increased, particularly
in SA-treatments. This increase in GABA, in
response to exogenous application of signal-
ing molecules, is likely due to the induction
of a similar disease resistance mechanism.

Exogenous application of various chemi-
cals is considered to induce defense respons-
es to inhibit disease development in many
plants (Ryals et al., 1996; Xu et al., 1994).
This study showed that pretreatment with the
signaling molecules ethephon, H,O,, MeJA
and SA induced the expression of pathogen-
and stress-related genes including S7SY, as
well as the accumulation of stilbene com-
pounds and GABA, which have been re-
ported to inhibit plant pathogens (Schnee et
al., 2008; Solomon and Oliver, 2002). The
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results of the present study suggest that treat-
ment with signaling molecules might be used
as an alternative to conventional fungicides
by inducing resistance responses to diseases,
including grey mold of grapevines. Apart
from reducing the risk of pathogen resistance
to fungicides, the use of induced resistance is
likely to have lower environmental impact.
However, these laboratory-based responses
on leaves require validation on berries and
on field-grown grapevines.
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Call for Wilder Silver Medal Nominations

The Wilder Committee of the American Pomological Society (APS) invites nominations for
the 2013 Wilder Silver Medal Award. All active members of APS are eligible to submit
nominations. The award was established in 1873 in honor of Marshall P. Wilder, the founder
and first president of APS. The award consists of a beautifully engraved medal which is
presented to the recipient at the annual meeting of APS, held during the ASHS Annual
Meeting.

The Wilder medal is presented to individuals or organizations that have rendered outstanding
service to horticulture in the area of pomology. Special consideration is given to work relating
to the origination and introduction of meritorious fruit cultivars. Individuals associated
with either commercial concerns or professional organizations will be considered if their
introductions are truly superior and have been widely planted. Significant contributions
to the science and practice of pomology other than through fruit breeding will also be
considered. Such contributions may relate to any important area of fruit production such as
rootstock development and evaluation, anatomical and morphological studies, or noteworthy
publications in any of the above subjects. Information about the award, past recipients, etc.
can be found on the APS website at:

http://americanpomological.org/wilder].html

To obtain nomination guidelines, please contact committee chairperson,
Dr. John R. Clark
Dept. of Horticulture, University of Arkansas
phone: 479-575-2810
fax 479-575-8619
e-mail: jrclark@uark.edu





