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In an incompatible interaction between Colletotrichum fra-
gariae and strawberry plants, the accumulation of phenolic
compounds in plant leaves was observed. A particularly
abundant penta-esterified ellagitannin that accumulated in
response to pathogen attack was identified as 1-0-galloyl-
2,3;4,6-bis-hexahydroxydiphenoyl-B-D-glucopyranose (HeT)
by mass spectroscopy and nuclear magnetic resonance. Fo-
liar application of purified HeT prior to inoculation with a
virulent pathogen was shown to increase resistance toward
C. acutatum in strawberry plants and to Xanthomonas citri
subsp. citri in lemon plants. The induced resistance in
strawberry was associated with a rapid oxidative burst,
callose deposition, a transient increase of salicylic acid in
phloem, and induction of gene expression responsive to
salicylic acid. Results obtained suggested that HeT could
be a common plant defense response molecule capable of
inducing pathogen resistance in different plant species.

Production of plant secondary metabolites can be develop-
mentally regulated and they can be differentially produced in
various tissues and organs. Among numerous metabolic and
physiological functions, secondary metabolites are also involved
in plant-environment interactions. Secondary metabolites can
serve to attract animals for pollination and seed dispersal, as
protection against UV, and as key components of active and
potent defense mechanisms that help plants to protect them-
selves against pathogens (viruses, bacteria, and fungi) and her-
bivores (arthropods and vertebrates) (Wink 2003; Wu and
Baldwin 2009). Although many secondary metabolites involved
in plant defense are constitutive (Bednarek and Osbourn 2009;
Filippone et al. 1999), some are specifically induced upon chal-
lenge by a hostile organism (Van Etten et al. 1994). Secondary
metabolites may act directly by exerting toxic effects on the
aggressor (Dixon 2001) or indirectly as elicitors of plant de-
fense (Dangl and Jones 2001).

Defense responses may be specifically induced as in gene-
for-gene-type interactions, leading to what is called effector
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triggered immunity (ETI). This type of response often but not
always involves a form of localized cell death termed hyper-
sensitive response which can effectively prevent pathogen
spread. In addition, defense responses can also be triggered
upon recognition of conserved microbial elicitors called patho-
gen-associated molecular patterns (PAMPs), leading to PAMP-
triggered immunity (Dodds and Rathjen 2010). Despite differ-
ences in activation mechanisms, molecules, and signaling path-
ways involved in response to distinct elicitors within different
plant species, a number of physiological reactions and accu-
mulation of specific compounds are common features associ-
ated with defense responses. These include, among others, a
rapid influx of calcium ions from external stores, production of
reactive oxygen species (ROS), reinforcement of the cell wall
by deposition of callose and lignin at sites of attempted infec-
tion, accumulation of soluble and cell-wall-bound phenolic
compounds, and activation of gene expression, in both local
and distant parts of the plant. A multitude of molecules of bi-
otic, abiotic or synthetic origin have been reported to induce re-
sistance in plants, including 2,6-dichloroisonicotinic acid, sali-
cylic acid (SA), jasmonic acid (JA), benzothiadiazole (BTH),
aminobutyric acid, and inorganic salts (Cohen 2001; Kessman
et al. 1994; Ton et al. 2005). The SA and JA-ethylene (ET)
hormone pathways have been shown to be important regulators
of defense-gene expression (Bari and Jones 2009). Whereas SA
is considered to be involved in resistance to biotrophic patho-
gens, the JA-ET pathway is activated in response to necrotro-
phic pathogens and insects. Although there is considerable
crosstalk between these different signaling pathways, several
genes have been shown to act as specific markers for the
activation of each of the pathways (Bostock 2005; Kunkel and
Brooks 2002).

Strawberry fruit is exceptionally rich in phenolic compounds
such as flavonols (kaempferol and quercetin derivatives), an-
thocyanidins (cyanidin and pelargonidin derivatives), proan-
thocyanidins, hydrolyzable tannins (galloylglucoses and ellagi-
tannins), and phenolic acids, some of which (i.e., flavonoids)
contribute to plant defense (Halbwirth et al. 2006; Hanhineva
et al. 2009; Maittd-Riihinen et al. 2004; Terry et al. 2004). Al-
though accumulation of phenolic compounds has been corre-
lated with resistance against several pathogens in strawberry,
potential mechanisms involved are poorly understood (Amil-
Ruiz and associates [2011] provide an extensive and compre-
hensive review). Yamamoto and associates (2000) reported that
(+)-catechin, which is a normal component of strawberry leaves,
was accumulated in response to inoculation with nonpatho-
genic spores of Alternaria alternata inhibiting the formation



of infectious hyphae from fungal appressoria. Hukkanen and
associates (2007) reported that BTH induced the accumulation
of phenolic compounds, particularly ellagitannins, in leaves
and fruit of ‘Jonsok’ strawberry, improving resistance toward
powdery mildew infection under greenhouse conditions. How-
ever, most studies in strawberry have been done principally in
the fruit, and relatively little is known about phytochemical
accumulation in other organs such as root and flower
(Hanhineva et al. 2008; Nemec 1976) or leaves (Himanen et al.
2005; Hukkanen et al. 2007), which have more relevance in
the health of the whole plant.

We have previously reported that the inoculation of Fraga-
ria x ananassa ‘Pdjaro’ with an avirulent isolate (F7) of the
pathogen Colletotrichum fragariae 72 h prior to inoculation
with a virulent isolate (M11) of C. acutatum (responsible for the
anthracnose disease in ‘Pdjaro’) prevented the growth of the lat-
ter and disease development (Salazar et al. 2007). In this work,
we describe that an ellagitannin is accumulated in leaves during
the incompatible interaction with the avirulent isolate F7. The
biosynthesis of hydrolyzable tannins (ellagitannin and gallotan-
nin) has been extensively reviewed by Niemetz and Gross
(2005) and by Feldman (2005). We characterized this compound
as 1-0-galloyl-2,3;4,6-bis-hexahydroxydiphenoyl-B-D-glucopy-
ranose (HeT) and obtained evidence that treating plants with
HeT not only protected the strawberry plants against the infec-
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tion of the virulent pathogen M11 but also lemon plants against
Xanthomonas citri subsp. citri, the causal agent of citrus bacte-
rial canker disease. This effect is accompanied in the strawberry
plants by a rapid oxidative burst, callose deposition, stomatal
closure, increased levels of SA, and changes in gene expression
typically associated with plant defense.

RESULTS

An ellagitannin is the major phenolic compound induced
in the incompatible interaction
between strawberry and F7 isolate of C. fragariae.

Leaves of strawberry ‘Pdjaro’ plants were inoculated with
conidia of the avirulent isolate F7 or the virulent isolate M11
of Colletotrichum spp. Leaf methanolic extracts were obtained
and total soluble phenolic compounds were analyzed during
the first 9 days after inoculation (dai). Total soluble phenolic
content in leaves of plants inoculated with the avirulent F7 iso-
late transiently increased approximately fourfold 2 dai, com-
pared with leaves of plants inoculated with the virulent M11
isolate or water-treated controls (Fig. 1A). A high-performance
liquid chromatography (HPLC) elution profile of the leaf phe-
nolic fraction showed one major peak, which was noticeably
increased in the incompatible interaction (F7) (Fig. 1B). Elec-
trospray ionization (ESI) and atmospheric pressure chemical
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Fig. 1. Purification of phenolic compounds accumulated during an incompatible interaction between strawberry and Colletotrichum spp. A, Total phenolic
content from leaf methanolic extracts from plants inoculated with an avirulent isolate F7 of Colletotrichum fragariae (filled circle), a virulent isolate M11 of
C. acutatum (empty circle), and water-treated control plants (filled square), determined by the Folin-Ciocalteu method. Determinations were carried out until
9 days after inoculation, when disease symptoms were evident. B, Reverse-phase high-performance liquid chromatography analysis of strawberry leaf phe-
nolic fraction 2 days after inoculation with the avirulent isolate F7 of C. fragariae. Compounds were detected by UV light absorbance at 280 nm. Chroma-
tography was performed using a gradient methanol/water. The major peak (arrow) eluted at 48 min. A chromatogram of a leaf fraction from noninoculated
plants assayed under the same experimental conditions is shown in dotted line. C, Electrospray ionization—mass spectrometry analysis of the pure chromato-
graphically majority compound exhibited a prominent (MNa+) signal at m/z 959.0770. D, Chemical structure of the pure compound based on 'H-nuclear
magnetic resonance (NMR) (500 MHz) and '*C-NMR (125 MHz) analysis. This compound corresponds to an ellagitannin named 1-O-galloyl-2,3:4,6-bis-

hexahydroxydiphenoyl-f-D-glucopyranose.

Vol. 25, No.11, 2012 / 1431



ionization (APCI) (Na*)-mass spectrometric detection (MS)
analysis of the pure compound exhibited a peak at m/z of
959.0770, which corresponded to a molecular formula of
C41H,304¢ Na (Fig. 1C). UV spectral analysis of the compound
in methanol indicated absorption peaks at 220 and 275 nm,
suggesting a molecule with an ellagitannin skeleton. The *C
and 'H-nuclear magnetic resonance (NMR) spectra showed
signals corresponding to a glucosyl group which was identified
as PB-D-glucopyranose by the coupling constant JH-H (8.5 to
10 Hz). Further heteronuclear multiple bond correlation
(HMBC) NMR analyses showed that the glucosyl group was
fully esterified with galloyl groups (R). The correlations
among the C-carbonilic groups of each R unit with the four
aromatic H (H6) enabled us to establish two hexahydroxydi-
phenoyl (HHDP) units at 2,3 and 4,6 positions. Thus, the pure
compound corresponded to an 1-0-galloyl-2,3;4,6-bis-hexahy-
droxydiphenoyl-B-D-glucopyranose (Fig. 1D) of the ellagitan-
nin group, named as HeT in this work. Two isomers, casuaric-
tin and potentillin (Gupta et al. 1982; Haddock et al. 1982;
Okuda et al. 1981, 1982, 1983), which respond to the same
molecular formula and chemical structure as HeT have previ-
ously been reported in strawberry (Fait et al. 2008; Hukkanen
et al. 2007; Oertel et al. 2001).

HeT protects strawberry plants against
a virulent pathogen by induction of defense responses.

In order to study the potential role of HeT in the resistance
of strawberry to Colletotrichum spp. infection, plants were
treated with the purified compound by foliar application prior
to infection with the virulent pathogen. An aqueous solution of
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20 uM HeT was sprayed only onto the oldest trifoliated leaf of
strawberry plants (Fig. 2A) and, in order to rule out any possi-
ble direct effects of HeT on the pathogen, evolution of symp-
toms was evaluated in the rest of the plant. Seven days after
HeT treatment, the entire canopy of plants was sprayed with a
conidia suspension of the virulent isolate of C. acutatum
(M11). Plants treated with HeT showed high levels of protec-
tion 2 weeks after inoculation (Fig. 2B), compared with water-
treated plants that exhibited severe disease symptoms. Control
experiments carried out with plants treated with SA prior to
inoculation with isolate M11 showed some degree of protec-
tion, indicating that SA can activate defense responses in
strawberry plants, as previously was reported in strawberry
fruit, which enhanced resistance to pathogens such as Botrytis
cinerea (Asghari and Aghdam 2010; Babalar et al. 2007). The
degree of protection obtained with the different treatments was
quantified as percentage of healthy leaves (Fig. 2C). Pretreat-
ment with HeT gave the highest protection levels, resulting in
plants showing 80% healthy leaves, whereas SA-treated plants
only showed approximately 40% of nonaffected leaves. Non-
inoculated control plants pretreated with water were considered
as 100% protection. Additionally, when plants were treated with
a crude methanolic extract (0.5% wt/vol) containing phenolic
compounds, a protection level similar to that for plants treated
with purified HeT was obtained (data not shown). The extract
concentration was determined based on the actual content of
HeT in the crude methanolic extract, in order not to exceed the
concentration of purified HeT used in plant treatments.

Cellular and molecular markers related to plant defense re-
sponses were investigated in distal young leaves of strawberry
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Fig. 2. Effect of 1-0-galloyl-2,3;4,6-bis-hexahydroxydiphenoyl-B-D-glucopyranose (HeT) protecting strawberry plants against a virulent isolate of Colleto-
trichum acutatum (M11). A, One trifoliated leaf of a 16-week-old strawberry plant was pretreated by spraying with a 20 uM HeT aqueous solution 7 days
before whole-plant inoculation with a 1.5 x 10° conidia ml~! suspension of the virulent M11 strain. B, Appearance of plants pretreated with water (W), sali-
cylic acid (SA), and HeT and later inoculated with the M11 pathogen. NI = not inoculated, plant pretreated with water. The image shows disease symptoms
at 20 days after pathogen inoculation. C, Plant protection obtained by different treatments expressed as percentage of healthy plants. Bar graphs represent
mean * standard deviation from three independent experiments using six plants for each treatment. Different letters indicate statistically different values

(Tukey’s test, P < 0.05).
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plants treated with HeT, in order to study the induced defense
mechanism. The production of ROS has been shown to precede
or accompany the development of defense responses (Apel and
Hirt 2004; Doke 1983). Thus, accumulation of hydrogen perox-
ide and anion superoxide was determined in strawberry leaves at
different times after spray treatment with 20 uM HeT. High
amounts of ROS in localized areas of mesophyll and vascular
bundles of leaves were detected within the first hours after treat-
ment, with maximum production at 4 h after treatment (hat) and
returning to basal levels at 8 hat (Fig. 3A). No ROS were pro-
duced at detectable levels in water-treated control plants or
M1 1-inoculated plants (data not shown).

Callose is a B-(1,3)-glucan with (1,6) modifications, whose
biosynthesis is enhanced by mechanical wounding and physio-

HeT+M11

logical stress and as part of the defense response against some
pathogens (Donofrio and Delaney 2001; Hamiduzzaman et al.
2005; Luna et al. 2011). Therefore, to test whether callose syn-
thesis is associated with the protection observed in strawberry
plants treated with HeT, leaves were stained with aniline blue
to detect callose deposition. Cytological observations were
performed using ultraviolet fluorescence microscopy. In leaves
of plants treated with HeT, brilliant points corresponding to
callose deposits were observed compared with leaves of water-
treated control plants. When plants were inoculated with the
virulent isolate M11 7 days after HeT treatment (HeT+M11),
a greater density of brilliant points was observed. In contrast,
no staining was detected in Ml1-inoculated control plants
(Fig. 3B).

Fig. 3. Cellular and biochemical changes associated with 1-0-galloyl-2,3;4,6-bis-hexahydroxydiphenoyl-B-D-glucopyranose (HeT)-induced pathogen resis-
tance in strawberry. A, Histochemical detection of reactive oxygen species (ROS) induced in leaflets of strawberry ‘Pdjaro’ treated with HeT. The temporal
production of ROS was evaluated until 8 h after treatment. Superoxide anion was determined as blue spots after nitroblue tetrazolium (NBT) dying. The hy-
drogen peroxide appeared as a brilliant green area through 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) detection. In both cases, the increase of
ROS was coincident, showing a maximum 4 h after HeT treatment. Scale bar equals 100 um. B, Detection of callose deposits by staining with aniline blue,
observed as brilliant dots by fluorescence microscopy (white arrows), was evaluated in strawberry plants pretreated with HeT or water and later inoculated
with M11 strain (HeT+M11 and W+M11), and in plants pretreated with HeT or water but not inoculated with M11 (HeT and W). Scale bar corresponds to
100 um. C, Stomata appearance (black arrows) captured by photography was taken after the same treatments as outlined in B. Scale bar corresponds to 10 um.
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In a plant—pathogen interaction study, it was reported that
stomata can play an active role in limiting pathogen invasion
as part of the plant defense and that the stomata status can be
mediated by ROS and SA (Melotto et al. 2006). Because ROS
levels increased in plants treated with HeT, the stomata status
was investigated. Treatment with HeT results in stomata clo-
sure (Fig. 3C), an effect that was even more pronounced in
plants treated with HeT and later inoculated with M11 (HeT+
M11). In water-treated control plants or M11-inoculated plants,
most of the stomata were open.

It is well known that SA plays a central role in mediating
systemic acquired resistance (SAR) (Ryals et al. 1996; Vlot et
al. 2009). Therefore, we conducted experiments to determine
whether SA was involved in HeT-mediated protection measur-
ing free SA levels in phloem fluid from strawberry. SA in-
creased in the phloem after treatment with HeT, reaching a
maximum concentration at 48 hat, and water-treated or M11-
inoculated plants did not accumulate SA (Fig. 4A). This re-
sult is consistent with a potential role for SA in HeT-induced
resistance.

With the aim of gaining insight into SA-signaling pathways
involved in the HeT-induced defense responses, expression of
the SA-associated molecular marker Fa-PRI gene (Grellet-
Bournonville et al. 2012) was evaluated. Fa-PRI exhibited a
rapid and significant increase in expression during the first 48
hat, in concordance with the levels of free SA in the phloem,
followed by a decrease of mRNA accumulation after that time
point (Fig. 4B).

HeT protects lemon plants against X. citri subsp. citri.

To evaluate whether HeT could induce defense responses in
plant species other than strawberry and generate resistance to-
ward other plant pathogens, lemon (Citrus limon) plants were
sprayed with a 20 uM HeT solution 15 days before inoculation
with X. citri subsp. citri. X. citri subsp. citri is the etiological
agent of citrus canker, a serious disease in many citrus species
causing lesions on leaves, stems, and fruit. Bacterial inocula-
tion was performed by spraying leaves with a suspension of
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108 CFU/ml. Plants were maintained under controlled condi-
tions for 35 dai and disease progression was monitored both
phenotypically (Fig. 5A) and by measuring bacterial growth at
different time points (Fig. 5B). A clear decrease of disease
symptoms was observed in leaves of HeT-treated plants com-
pared with water-treated ones (Fig. SA). This result was con-
sistent with the bacterial growth, determined as CFU per
square centimeter of leaf. Thus, the population of X. citri
subsp. citri in HeT-treated leaves never exceeded 107 bacteria
at any time tested, whereas water-treated control plants
showed bacterial growth above 10° at all times and, in most
time points, reached growth levels as high as 10'"' CFU/cm?.

DISCUSSION

The induction of biosynthetic pathways leading to produc-
tion of phenolic compounds is one of the reactions associated
with plant defense responses (Dixon 2001; Dixon and Paiva
1995; Dixon et al. 2003). Phenolic compounds can participate
directly in plant defense as induced or preformed antimicrobial
agents (e.g., phytoalexins and phytoanticipins, respectively),
whereas others participate indirectly as regulatory signals of
the defense response (Bellés et al. 1999; Vlot et al. 2009).
Transgenic plants with altered levels of phenolic compounds
have provided direct evidence for their importance in mecha-
nisms of plant defense (Hanhineva et al. 2009; Hipskind and
Paiva 2000; Shadle et al. 2003, 2007).

We have previously reported that strawberry plants (‘Pajaro’)
inoculated with an avirulent isolate of Colletotrichum
fragariae (F7) prior to a second inoculation with a virulent iso-
late of C. acutatum (M11) acquires resistance to the virulent
strain and shows no disease symptoms (Salazar et al. 2007).
This response was correlated with the occurrence of a strong
oxidative burst, accumulation of SA, callose deposition, and
anatomical changes such as modification of parenchyma cells
and accumulation of pigments and amorphous crystals, sug-
gesting that this plant defense response was triggered by the
avirulent isolate, resulting in an immunity associated with ETL
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Fig. 4. Salicylic acid (SA) accumulation and Fa-PR1 expression in strawberry plants treated with 1-0-galloyl-2,3;4,6-bis-hexahydroxydiphenoyl-B-D-gluco-
pyranose (HeT). A, Free SA accumulation in phloem of plants treated with HeT (filled square), treated with water (empty circle), or inoculated with M11
(filled triangle), determined by reverse-phase high-performance liquid chromatography. Levels of free SA were determined at 0, 12, 24, 48, 72, and 96 h after
treatments by comparing the fluorescence with an SA standard solution. Each data point shows the average of three replicate samples using three plants per
sample. B, Transcript accumulation of Fa-PRI was characterized after HeT or water (W) spraying on strawberry plants at time points indicated, visualized in
agarose gel. To ensure equal loading of cDNA for each sample in polymerase chain reactions, the expression level of GaPDH1 gene was used as loading
control. Fa-PR1 expression levels were quantified by analyzing band intensities on gel digital images using Total Lab Quant software, and plotted in

reference to the expression level of water-treated plants.
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In this study, we demonstrate that, during the incompatible in-
teraction between strawberry plants and the avirulent isolate
F7, an increased production of total soluble phenolic com-
pounds was detected in leaves of inoculated plants. By using
MS and UV spectral analyses, and available literature, the
compound that showed the most significant increase was iden-
tified as HeT, an ellagitannin with two units of HHDP. This
result suggested a possible role for this phenolic compound in
strawberry defense response.

Tannins are usually present in plants in much larger amounts
than other phenolics, and are believed to be major components
of plant chemical defenses. They have been shown to act as
antioxidants; regulate the plant cell redox balance; provide
protection against UV; and act as antimicrobials, insecticides,
and feeding deterrents (Lattanzio et al. 2009; McAllister et al.
2005; Salminen and Karonen 2011). However, to our knowl-
edge, there is no report showing that these compounds directly
participate in the activation of plant defense as either direct
inducers or mediators of the response. Instead, phenolic com-
pounds other than tannins have been associated with induction
of plant defense responses. One of the best-characterized com-
pounds is SA, which plays a central role in mediating SAR
(Ryals et al. 1996). Bellés and associates (1999) reported that,
in tomato, in addition to SA, gentisic acid strongly accumu-
lated upon non-necrotizing infections and that, when applied
exogenously, induced the activation of antifungal pathogenesis-
related (PR) proteins as part of a plant defense response.

Because HeT showed the most significant increase in the in-
compatible interaction, we directed our investigation to char-
acterize the participation of this compound in the induction of
strawberry defense responses. We show that foliar application
of purified HeT on strawberry plants, without the intervention
of the pathogen, elicits a defense response in a spatial-tem-
poral way similar to those involved in the ETI response trig-
gered by the avirulent pathogen, resulting in protection against
the virulent pathogen. This response includes an early oxida-
tive burst, callose deposition, an increase of free SA in the
phloem, and induction of a defense gene associated with the
SA-signaling pathway. Taking these results into account, we

30 dai

A 10 dai

suggest that HeT plays an active role in the defense response
in strawberry. Nevertheless, it remains to be tested whether the
HeT is part of the signal transduction cascade or indirectly
modulates some common compound or event such as the re-
dox potential.

It has been reported that compounds that result from the
hydrolysis of HeT, such as gallic acid, could induce ROS
(Rudrappa et al. 2007) and, theoretically, a defense response.
However, we suggest that the results presented in this study
originate from the complete molecule of HeT because an aque-
ous solution of HeT is both light and heat stable (60°C) and
HPLC analysis of HeT used in our experiments confirmed the
absence of free gallic or ellagic acid. However, we cannot com-
pletely rule out the possibility that those products from hydroly-
sis of HeT could be released later than 2 dai with the avirulent
pathogen or that a hydrolysis of HeT could occur inside the
plant tissues (if HeT is incorporated once in the exogenous ap-
plication), as reported for plants exogenously treated with aspi-
rin, methyl JA, or methyl indole-3-acetic acid ester (Popova et
al. 1997; Wu et al. 2008; Yang et al. 2008). In order to corrobo-
rate these two hypotheses, more experiments are required.

In addition, we showed that foliar application of SA, a sim-
ple phenolic compound with a similar structure of released
phenolics after HeT hydrolysis, protects against virulent patho-
gens but gives a lesser protection compared with HeT treatment.
Therefore, we could speculate that the defense response ob-
served in strawberry when treated with HeT is at least partly
different and more efficient compared with the effects observed
in plants only treated with SA.

It is well known that hydrolyzable tannins can work as plant
cell antioxidants that may function as free-radical scavengers
to modulate redox balance (Yoshida et al. 1989). The high con-
tent of phenolic hydroxyl groups in the HeT molecule indi-
cates that this compound could readily quench free radicals
(Rice-Evans et al. 1997). Therefore, it can be speculated that
the increase in HeT during the incompatible interaction could
indicate a direct participation of HeT in the protection of the
plant cell by modulating the redox balance. However, it has
also been demonstrated that the anti-oxidative properties of
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Fig. 5. 1-0-Galloyl-2,3;4,6-bis-hexahydroxydiphenoyl-B-D-glucopyranose (HeT) protection of Citrus limon ‘Eureka’ plants against Xanthomonas citri subsp.
citri infection. A, Macroscopic symptoms (canker) on lower surfaces of lemon leaves 10 and 30 days after inoculation (dai) with X. citri subsp. citri. Plants
were treated by spraying leaf buds of lemon plants with a 20 uM HeT aqueous solution (HeT) or sterile water (control) 15 days before inoculation with a X.
citri subsp. citri suspension of 108 CFU/ml. B, Bacterial population was determined over the course of 35 dai by homogenizing leaf tissues (1 cm?) of plants
pretreated with HeT (square) or sterile water (triangle) in 10 mM MgCl, solution followed by dilution plating. Values are expressed as means * standard

deviation from three separate measurements.
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tannins may change to pro-oxidative activities at high concen-
trations and high oxygen partial pressures (Labieniec et al.
2003) or when the cellular pH is changed (Salminen and
Karonen 2011). Thus, in the protection against the virulent
pathogen observed in strawberry plants treated with HeT, this
compound could act as a pro-oxidant, generating the early oxi-
dative burst and leading to the activation of plant defense. In
addition, the ROS production could be related to the ability of
these compounds to dissociate the cell membrane potential
(Choi and Gu 2001; Sirk et al. 2008), creating a proton gradi-
ent across the cell membrane. However, the exact mechanism
of induction or mediation of the defense response through HeT
remains to be determined.

It is noteworthy that, because the HeT pretreatment was ap-
plied to a single leaf and the pathogen protective effect was
observed in the whole strawberry plant, the induced defense
response can be considered systemic. Our results agree with
previous reports of plants treated with SA or other compounds
used as activators of a systemic defense (Bellés et al. 1999,
2006). The accumulation of free SA and the Fa-PR] induction,
associated with ROS accumulation observed in leaves distant
from the HeT treated leaf, indicates that SA is involved in the
systemic defense induced by HeT.

Interestingly, the resistance induced in strawberry by foliarly
applied HeT is not specific against Colletotrichum spp. because
the HeT treatment also increased resistance against a bacterial
pathogen in Citrus limon. It has been suggested that, although
immunity generated in an ETI is induced by a specific effector
produced by the pathogen, which is recognized by a host-spe-
cific receptor, the signal branches into multiple signaling path-
ways and, as a consequence, multiple signals enter from differ-
ent points of the common defense network (Katagiri and
Tsuda 2010). In concordance with this hypothesis, we propose
that HeT is part of this multiple signal flow and operates as a
common signal molecule among plant species.

Our results contribute directly to improving knowledge about
mechanisms underlying plant defense responses in strawberry
and will undoubtedly initiate increased interest in tannin com-
pounds and their specific role in signaling of defense responses
in other plant species. In addition, foliar application of HeT
offers an interesting alternative to be used in sustainable crop
disease management, because its nonpathogen specificity in-
creases the possibility that HeT-induced resistance will not be
readily overcome.

MATERIALS AND METHODS

Plant material.

Micropropagated plants of Fragaria x ananassa ‘Péajaro’ (14
to 16 weeks old) were maintained in cabinets at 28°C and 70%
relative humidity (RH) with a light cycle of 16 h/day and a
light irradiance of 150 umol s™! m™. Plants were watered every
other day with distilled water. All senescent leaves and petioles
were removed periodically until 20 days before the experi-
ments, leaving only four to five young healthy leaves.

Buds were collected from pathogen-free lemon plants, C.
limon (L.) Burm ‘Eureka Frost Nucelar’, grown at the Sanita-
tion Center at Estacion Experimental Agroindustrial Obispo
Colombres, Tucuman, Argentina. Collected buds were grafted
on C. reshni Hort. ex Tanaka ‘Cleopatra Mandarin’ seedlings
and grown for 6 to 12 months in a greenhouse (18 to 27°C, 16-h
light photoperiod, 70% RH). The resulting grafted lemon plants
were then used for the experiments.

Plant pathogens.

Strain M11 of Colletotrichum acutatum and F7 of C. fra-
gariae used in this work correspond to local isolates character-
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ized in our laboratory. Isolates were single-spore propagated
to obtain pure cultures on potato dextrose agar (PDA) supple-
mented with streptomycin (300 ug ml™) and maintained on
PDA slants at 4°C.

The wild-type strain of X. citri subsp. citri was obtained
from cankerous leaves of infected lemon trees in the province
of Tucuman, Argentina. The X. citri subsp. citri strain was cul-
tured at 28°C in a peptone-yeast extract-malt extract nutrient
medium (Vojnov et al. 2001), supplemented with D-glucose to
a final concentration of 2% (wt/vol). Bacterial growth was
monitored in a spectrophotometer by optical density measure-
ments at 600 nm.

HeT extraction and purification.

Leaves of Fragaria x ananassa were frozen at —70°C, lyophi-
lized, and ground by a mortar and pestle. The dried plant tissue
powder was extracted three time with 80% methanol for 24 h
with continuous agitation at 25°C. The homogenate was fil-
tered through a Whatman number 1 paper (Springfield Hill,
UK), and the resulting filtrate was thereafter concentrated in a
rotary evaporator under reduced pressure at 50°C (Speed Vac
Plus SC110A; SAVANT, Hobrook, NY, U.S.A.) The dry ex-
tract was resuspended in distilled water and named “crude polar-
solvent extract” (CPE). Total phenolic content was determined
by the Folin-Ciocalteu method (Singleton and Rossi 1965) and
concentration was expressed as gallic acid equivalent (milli-
grams per gram fresh weight). The CPE was extracted sequen-
tially with n-hexane, chloroform, and ethyl acetate. The soluble
phenolic compounds present in the ethyl acetate subextract
(EASE) were purified by HPLC (Analytical HPLC System,
Gilson, Middleton, ID, U.S.A.). EASE was dried in a rotary
evaporator and suspended in a final methanol concentration of
20%. Purification was carried out using a C18 column (Prodigy
5 ODS-2; Phenomenex, Torrance, CA, U.S.A.) and solvent A,
water in 0.1% trifluoracetic acid (TFA); and solvent B, methanol
in 0.1% TFA. Chromatography was performed initially in sol-
vent A, then with a linear gradient of 0 to 40% solvent B over
60 min, followed by a second linear gradient of 40 to 100% B
over 30 min. The elution was monitored spectrophotometri-
cally at 280 nm. The major peak dissolved in methanol was
analyzed with a Beckman DU 7500 spectrophotometer by
measuring the absorbance at 200 to 400 nm.

HeT structure determination.

HeT structure was determined by LC with MS and 'H- and
BC-NMR, together with two-dimensional NMR spectroscopy
analyses (correlation spectroscopy, heteronuclear single-quan-
tum correlation, and HMBC). High-resolution mass spectra
were recorded on a VG ZAB SE spectrometer. The molecular
mass and elemental formula (C, H, and O) were determined
with ESI and APCI techniques. Spectral assignment and struc-
ture identification was carried out by NMR spectroscopy using
a Bruker AVANCE DRX 500 (Bruker BioSpin GmbH, Rhein-
stetten, Germany) spectrometer operating at 500.13 MHz for
proton and 125.77 MHz for carbon, equipped with a 5-mm in-
verse triple-resonance probe. The samples obtained from prep-
arative HPLC were dissolved in methanol-d4 (CD30OD,
99.96% D). Chemical shifts were referenced to the residual
solvent peak at 3.31 ppm for proton and 49.00 ppm for carbon.

Inoculums, inoculations, and plant treatments.

For strawberry inoculations, fungal isolates were grown on
PDA for 10 days under continuous fluorescent light at 28°C to
induce conidia formation (Smith and Black 1990). The conidia
were collected from the culture surface, suspended in sterile
distilled water (SDW), diluted to a concentration of 1.5 x 10°
conidia mI™! in SDW with 0.02% Silwet L-77, and sprayed



onto strawberry plants. Immediately after inoculation, plants
were placed in an infection chamber at 100% RH, 28°C, and
48 h of darkness. Plants were then returned to a growth cham-
ber with 70% RH, 28°C, and a photoperiod (white fluorescent,
450 umol m™ s7') of 16 h light day'. Treated plants were
monitored for disease development for 30 dai, in which symp-
tom appearance versus control of disease were reported as the
relation between number of healthy leaves compared with total
number of leaves. For experiments with HeT in strawberry,
only the oldest leaves of plants were sprayed with 20 uM HeT
in distilled water, 5 mM SA, or water, 7 days prior to inocula-
tion with C. acutatum.

For assays with lemon, plants were treated with either a solu-
tion of 20 UM HeT or sterile water by spraying the leaf buds
15 days before the inoculation with X. citri subsp. citri. Inocu-
lation was carried out by spraying a X. citri subsp. citri sus-
pension of 108 CFU ml™ in 10 mM MgCl, and 0.02% Silwet
L-77 onto the lamina of younger lemon leaves. This inocula-
tion method mimics the natural X. citri subsp. citri infection
process, in which bacteria enter the leaf via stomata, followed
by colonization of the apoplasm. Inoculated plants were main-
tained for 35 days in a growth cabinet, with temperatures of 25
to 28°C, high humidity, a photoperiod of 16 h of light, and a
light intensity of 150 to 200 (umol m™ s7!). Disease progres-
sion was monitored both phenotypically and by bacterial
population growth analysis (Siciliano et al. 2006). To assess
bacterial development in a plant, three 1-cm? leaf disks were
selected randomly from the inoculated leaves at different days
after inoculation and bacterial populations were monitored by
triplicate as previously described (Yun et al. 2006). Ten young
leaves per plant and three plants per treatment were inoculated.
All experiments were carried out in triplicate.

Oxidative burst.

Determination of ROS was performed on plant leaves
treated with 20 uM HeT, water, or C. acutatum (M11) as con-
trols at 0, 2, 4, and 6 hat. Generation of superoxide anion was
detected using a superoxide-dependent reduction of nitroblue
tetrazolium according to Doke (1983). Microscopic observations
and images were taken with an Olympus BH-2 microscope.
Hydrogen peroxide was detected by a peroxidase-dependent in
situ histochemical staining procedure using 2’,7’-dichloro-
dihyrofluorescein diacetate (H,DCFDA). For determinations,
leaves were submerged in loading buffer (Tris KCI at 10 and
50 mM, pH 7.2) and 50 ul of 10 mM H,DCFDA, infiltrated by
vacuum for 3 min, and maintained in the dark for 20 min.
Leaves were then removed and placed in fresh loading buffer
to wash off excess dye and examined under fluorescence mi-
croscopy using a Leica MZ FLIII fluorescence stereomicro-
scope (Leica, Rueil Malmaison, France) (excitation filter 470/40
nm, barrier filter 515 nm).

Determination of SA.

Phloem exudates were collected with 50-ul capillary pipettes
from the cut ends of petioles of strawberry plants. Known vol-
umes of exudates were collected into three volumes of cold ab-
solute ethanol to precipitate proteins and other high molecular
weight compounds, and the insoluble materials were removed
by centrifugation (5 min at 10,000 x g). The ethanol extract
was vacuum-dried and dissolved in methanol (100%). Free SA
present in the phloem was determined by reverse-phase HPLC
by comparison with a standard solution of known concentra-
tion, using a C18 column eluded with a linear water-methanol
gradient of 20 to 100% in 0.1% TFA over 20 min. The elution
was monitored at 302 nm. The peak corresponding to the elu-
tion time of the SA standard was collected, vacuum dried, and
suspended in 30% methanol for subsequent quantification.

Quantitative analysis was performed with a PC1 fluorometer
(Photon Counting 1, ISS, Owingen, Germany) at excitation
wavelength = 296 nm and emission wavelength = 406 nm.
Each data point reported corresponds to the average value of
three replicate samples (three plants per sample). The value of
each replicate is the average of 20 fluorescent readings taken
over 20 s. The detection limit of SA in a final volume of 1 ml
was 0.2 nmol.

Callose staining and stomata status determination.

Strawberry plants pretreated with HeT or water were inocu-
lated with C. acutatum (M11) strain 7 days after treatment,
placed in an infection chamber (28°C, 100% RH without light)
for 2 days, and thereafter transferred back to normal growth
conditions (28°C, 70% RH, and a photoperiod of 16 h).
Twenty-four hours later, callose and stomata status were ana-
lyzed. Plants pretreated with HeT or water but not inoculated
with M11 were subdued to exactly the same conditions as de-
scribed above. Callose staining was performed as described by
Hauck and associates (2003). Chlorophyll was removed from
leaves using ethanol and then placed in water before staining
for 30 min with 0.01% aniline blue (Sigma-Aldrich, St. Louis)
in 150 mM K,HPO, (pH 9.5). Samples were mounted in 50%
glycerol and examined with a Nikon Eclipse E800 photomi-
croscope with an A4 fluorescence cube. For the stomata status
determination, epidermis strips from the underside of fully ex-
panded young leaves were peeled off, stained with a neutral
red dye, and immediately mounted in a drop of oil on a micro-
scope slide and examined with an optical microscope (Leica
DM IL, Wetzlar, Germany). For each determination, three strips
were taken from three different leaves and 10 microscope fields
chosen at random were analyzed. The experiment was repeated
twice and images were captured with a digital camera (COOL-
PIX990; Nikon, Japan).

RNA isolation and evaluation of Fa-PR-1 gene expression.

Total RNA from leaves of strawberry treated with HeT was
isolated at 24, 48, 72, and 96 hat following the protocol de-
scribed by Iandolino and associates (2004). Retrotranscription
reactions were carried out using 5 (g of DNase-treated total
RNA using SuperScript I RT (Invitrogen, Carlsbad, CA,
U.S.A.) according to the manufacturer’s instructions. To evalu-
ate the relative level of expression of genes, a reverse-tran-
scriptase polymerase chain reaction (PCR) method was used
(Tian et al. 2007). Expression of Fa-PRI (AB462752) was in-
vestigated using the glycealdehyde-3-phosphate dehydrogen-
ase transcript (GaPDH1) gene (AF421492) as internal control
to standardize amounts of cDNA loaded for each sample in
PCR reactions.

Specific primers used were GaPDH]1 sense (5-CTACAGC
AACACAGAAAACAG-3’) and antisense (5-AACTAAGTGC
TAATCCAGCC-3’) and Fa-PRI sense (5'-TGCTAATTCACA
TTATGGCG-3") and antisense (5-GTTAGAGTTGTAATTAT
AGTAGG-3"). PCR parameters were: initial hold, 7 min at
94°C; cycles (number of cycles depended on each primer) of
45 s at 94°C, 1 min of primer annealing (temperature depended
on each primer), and 1.5 min at 72°C; and 10 min at 72°C for
final extension. Annealing temperatures and cycle number of
each primer pair were adjusted to obtain a specific band within
the exponential phase of the PCR reaction. Results were ana-
lyzed in ethidium-bromide-stained (10 pg ml™) agarose gel
(2%) and photographed; band intensities were calculated from
digital images using Total Lab Quant software (Total Lab Ltd.,
version 11.5; Newcastle, U.K.). To ensure the absence of ge-
nomic DNA in each cDNA sample, GaPDH] primer sequences
were designed to encompass an intronic region, whose ge-
nomic amplification product would be longer. Plants treated
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with distilled water were used as controls. Standard deviations
were calculated from at least three independent experiments in
which GaPDH1 was used as an internal control. Differences
were considered significant when the P values were <0.05
(Student’s £ test).

ACKNOWLEDGMENTS

This work was supported by the Universidad Nacional de Tucumain
(CIUNT 26/423), Estaciéon Experimental Agroindustrial Obispo Colom-
bres (EEAOC), Agencia Nacional de Promocién Cientificas y Tecnolégica
(grants 08-10740 and PICT 2008-2105), and the Consejo Nacional de In-
vestigaciones Cientificas y Técnicas (CONICET). M. P. Filippone, J. C. D.
Ricci, and A. P. Castagnaro are Career Investigators of the CONICET; A.
Mamani is an Investigator at the UNT; and B. Welin is an Investigator at
the EEAOC. We thank F. G. Olmedo and S. Vidal for constructive criti-
cism of the manuscript and continuous support.

LITERATURE CITED

Amil-Ruiz, F., Blanco-Portales, R., Muiioz-Blanco, J., and Caballero, J. L.
2011. The strawberry plant defence mechanism: A molecular review.
Plant Cell Physiol. 52:1873-1903.

Apel, K., and Hirt, H. 2004. Reactive oxygen species: Metabolism, oxida-
tive stress, and signal transduction. Annu. Rev. Plant Biol. 55:373-399.
Asghari, M., and Aghdam, M. S. 2010. Impact of salicylic acid on post-
harvest physiology of horticultural crops. Trends Food Sci. Technol.

21:502-509.

Babalar, M., Asghari, M., Talaei, A., and Khosroshahi, A. 2007. Effect of
pre- and postharvest salicylic acid treatment on ethylene production,
fungal decay and overall quality of Selva strawberry fruit. Food Chem.
105:449-453.

Bari, R., and Jones, J. D. 2009. Role of plant hormones in plant defence
responses. Plant Mol. Biol. 69:473-488.

Bednarek, P., and Osbourn, A. 2009. Plant-microbe interactions: Chemical
diversity in plant defense. Science 324:746-748.

Bellés, J. M., Garro, R., Fayos, J., Navarro, P., Primo, J., and Conejero, V.
1999. Gentisic acid as a pathogen-inducible signal, additional to sali-
cylic acid for activation of plant defenses in tomato. Mol. Plant-Mi-
crobe Interact. 12:227-235.

Bellés, J. M., Garro, R., Pallds, V., Fayos, J., Rodrigo I., and Conejero, V.
2006. Accumulation of gentisic acid as associated with systemic infec-
tions but not with the hypersensitive response in plant-pathogen interac-
tions. Planta 223:500-511.

Bostock, R. M. 2005. Signal crosstalk and induced resistance: Straddling
the line between cost and benefit. Annu. Rev. Phytopathol. 43:545-580.

Choi, S. H., and Gu, M. B. 2001. Phenolic toxicity-detection and classifi-
cation through the use of a recombinant bioluminescent Escherichia
coli. Environ. Toxicol. Chem. 20:248-255.

Cohen, Y. 2001. The BABA story of induced resistance. Phytoparasitica
29:375-378.

Dangl, J. L., and Jones, J. 2001. Plant pathogens and integrated defense
responses to infection. Nature 411:826-833.

Dixon, R. A. 2001. Natural products and plant disease resistance. Nature
411:843-847.

Dixon, R. A., and Paiva, N. L. 1995. Stress-induced phenylpropanoid me-
tabolism. Plant Cell 7:1085-1097.

Dixon, R. A., Achnine, L., Kota, P,, Liu, C. J., Reddy, M. S., and Wang, L.
2003. The phenylpropanoid pathway and plant defense—A genomics
perspective. Mol. Plant Pathol. 3:371-390.

Dodds, P., and Rathjen, J. 2010. Plant immunity: Towards an integrated
view of plant—pathogen interactions. Nat. Rev. Genet. 11:539-548.

Doke, N. 1983. Generation of superoxide anion by potato tuber protoplasts
during the hypersensitive response to hyphal wall components of Phy-
tophthora infestans and specific inhibition of the reaction by suppres-
sors of hypersensitivity. Physiol. Plant Pathol. 23:359-367.

Donofrio, N. M., and Delaney, T. P. 2001. Abnormal callose response phe-
notype and hypersusceptibility to Peronospora parasitica in defense
compromised Arabidopsis nim1-1 and salicylate hydoxylase-expressing
plants. Mol. Plant-Microbe Interact. 14:439-450.

Fait, A., Hanhineva, K., Beleggia, R., Dai, N., Rogachey, 1., Nikiforova, V.,
Fernie, A., and Aharoni, A. 2008. Reconfiguration of the achene and
receptacle metabolic networks during strawberry fruit development.
Plant Physiol. 148:730-750.

Feldman, K. 2005. Recent progress in ellagitannin chemistry. Phytochem-
istry 66:1984-2000.

Filippone, M. P., Diaz Ricci, J., Mamani de Marchese, A., Farfas, R. N.,

1438 / Molecular Plant-Microbe Interactions

and Castagnaro, A. 1999. Isolation and purification of a 316 Da pre-
formed compound from strawberry (Fragaria x ananassa) leaves active
against plant pathogens. FEBS Lett. 459:115-118.

Grellet-Bournonville, C. F., Martinez-Zamora, M. G., Castagnaro, A. P.,
and Diaz-Ricci, J. C. 2012. Temporal accumulation of salicylic acid
activates the defense response against Colletotrichum in strawberry.
Plant Physiol. Biochem. 54:10-16.

Gupta, R. K., Al-Shafi, S. M. K., Layden, K., and Haslam, E. 1982. The
metabolism of gallic acid and hexahydroxydiphenic acid in plants. Part
2. Esters of (S)-hexahydroxydiphenic acid with D-glucopyranose (4C
1). J. Chem. Soc. Perkin Trans. 1:2525-2534.

Haddock, E. A., Gupta, R. K., Al-Shafi, S. M. K., Layden, K., Haslam, E.,
and Magnolato, D. 1982. The metabolism of gallic acid and hexahy-
droxydiphenic acid in plants: Biogenic and molecular taxonomic con-
siderations. Phytochemistry 21:1049-1062.

Halbwirth, H., Puhl, 1., Haas, U., Jezik, K., Treutter, D., and Stich, K.
2006. Two-phase flavonoid formation in developing strawberry (Fraga-
ria x ananassa) fruit. J. Agric. Food Chem. 54:1479-1485.

Hamiduzzaman, M. M., Jakab, G., Barnavon, L., Neuhaus, J. M., and
Mauch-Mani, B. 2005. 3-Aminobutyric acid-induced resistance against
downy mildew in grapevine acts through the potentiation of callose for-
mation and jasmonic acid signaling. Mol. Plant-Microbe Interact. 18:819-
829.

Hanhineva, K., Rogachev, 1., Kokko, H., Mintz-Oron, S., Venger, I.,
Kérenlampi, S., and Aharoni, A. 2008. Non-targeted analysis of spatial
metabolite composition in strawberry (Fragaria x ananassa) flowers.
Phytochemistry 69:2463-2481.

Hanhineva, K., Kokko, H., Siljanen, H., Rogachev, I., Aharoni, A., and
Kérenlampi, S. 2009. Stilbene synthase gene transfer caused alterations
in the phenylpropanoid metabolism of transgenic strawberry (Fragaria X
ananassa). J. Exp. Bot. 60:2093-2106.

Hauck, P., Thilmony, R., and He, S. Y. 2003. A Pseudomonas syringae
type III effector suppresses cell wall-based extracellular defense in sus-
ceptible Arabidopsis plants. Proc. Natl. Acad. Sci. U.S.A. 100:8577-
8582.

Himanen, S., Vuorinen, T., Tuovinen, T., and Holopainen, J. K. 2005. Ef-
fects of cyclamen mite (Phytonemus pallidus) and leaf beetle (Galeru-
cella tenella) damage on volatile emission from strawberry (Fragaria X
ananassa Duch.) plants and orientation of predatory mites (Neoseiulus
cucumeris, N. californicus, and Euseius finlandicus). J. Agric. Food
Chem. 53:8624-8630.

Hipskind, J. D., and Paiva, N. L. 2000. Constitutive accumulation of a
resveratrol-glucoside in transgenic alfalfa increases resistance to Phoma
medicaginis. Mol. Plant-Microbe Interact. 13:551-562.

Hukkanen, A. T., Kokko, H. I., Buchala, A. J., McDougal, G. J., Stewart,
D., Kérenlampi, S. O., and Karjalainen, R. O. 2007. Benzothiadiazole
induces the accumulation of phenolics and improves resistance to pow-
dery mildew in strawberries. J. Agric. Food Chem. 55:862-1870.

Tandolino, A. B., Goes da Silva, F., Lim, H., Choi, H., Williams, L. E., and
Cook D.R. 2004. High-quality RNA, cDNA, and derived EST libraries
from grapevine (Vitis vinifera L.). Plant Mol. Biol. Rep. 22:269-278.

Katagiri, F., and Tsuda, K. 2010. Understanding the plant immune system.
Mol. Plant-Microbe Interact. 23:1531-1536.

Kessmann, H., Staub, T., Hofmann, C., Maetzke, T., Herzog, J., Ward, E.,
Uknes, S., and Ryals, J. 1994. Induction of systemic acquired disease
resistance in plants by chemicals. Annu. Rev. Phytopathol. 32:439-459.

Kunkel, B. N., and Brooks, D. M. 2002. Cross talk between signaling
pathways in pathogen defense. Curr. Opin. Plant Biol. 5:325-331.

Labieniec, M., Gabryelak, T., and Falcioni, G. 2003. Antioxidant and pro-
oxidant effects of tannins in digestive cells of the freshwater mussel
Unio tumidus. Mutat. Res. Gen. Toxicol. Environ. Mutagen. 539:19-28.

Lattanzio, V., Kroon, P., Quideau, S., and Treutter, D. 2009. Plant phenol-
ics—Secondary metabolites with diverse functions. Pages 1-14 in:
Recent Advances in Polyphenol Research. F. Daayf and V. Lattanzio,
eds. Wiley-Blackwell, Oxford.

Luna, E., Pastor, V., Robert, J., Flors, V., Mauch-Mani, B., and Ton, J.
2011. Callose deposition: A multifaceted plant defense response. Mol.
Plant-Microbe Interact. 24:183-193.

Maiittd-Riihinen, K. R., Kamal-Eldin, A., and Torronen, A. R. 2004. Iden-
tification and quantification of phenolic compounds in berries of
Fragaria and Rubus species (family Rosaceae). J. Agric. Food Chem.
52:6178-6187.

McAllister, T. A., Martinez, T., Bae, H.D., Muir, A. D., Yanke, L. J., and
Gones, G. A. 2005. Characterization of condensed tannins purified from
legume forages: Chromophore production, protein precipitation and
inhibition of cellulose digestion by Fibrobacter succinogens. J. Chem.
Ecol. 31:2049-2068.

Melotto, M., Underwood, W., Koczan, J., Nomura, K., and He, S. Y. 2006.
Plant stomata function in innate immunity against bacterial invasion.
Cell 126:969-980.



Nemec, S. 1976. Response of three root rot fungi to strawberry phenolics
and the relation of phenolics to disease resistance. Mycopathology
59:37-40.

Niemetz, R., and Gross, G. 2005. Enzymology of gallotannin and ellagi-
tannin biosynthesis. Phytochemistry 66:2001-2011.

Oertel, B., Keutgen, N., and Lenz, F. 2001. Responses of strawberry to
long-term elevated atmospheric ozone concentrations. II. Changes of
soluble phenol contents in leaves. Gartenbauwissenschaft 66:164-171.

Okuda, T., Yoshida, T., and Ashida, M. 1981. Casuarictin and casuarinin,
two new ellagitannins from Casuarina stricta. Heterocycles 16:1681-
1685.

Okuda, T., Yoshida, T., Kuwahara, M., Memon, M. U., and Shingu, T.
1982. Agrimoniin and potentillin, an ellagitannin dimer and monomer
having an o-glucose core. J. Chem. Soc. Chem. Commun. 3:163-164.

Okuda, T., Yoshida, T., Ashida, M., and Yazaki, K. 1983. Tannins of Casu-
arina and Stachyurus species. I: Structures of pedunculagin, casuaric-
tin, strictinin, casuarinin, and stachyurin. J. Chem. Soc. Perkin Trans.
8:1765-1772.

Popova, L., Pancheva, T., and Uzunova, A. 1997. Salicylic acid: Properties,
biosynthesis and physiological role. Bulg. J. Plant Physiol. 23:85-93.
Rice-Evans, C. A, Miller, N. J., and Paganga, G. 1997. Antioxidant prop-

erties of phenolic compounds. Trends Plant Sci. 2:152-159.

Rudrappa, T., Bonsall, J., Gallagher, J. L., Seliskar, D. M., and Bais, H. P.
2007. Root-secreted allelochemical in the noxious weed Phragmites
australis deploys a reactive oxygen species response and microtubule
assembly disruption to execute rhizotoxicity. J. Chem. Ecol. 33:1898-
918.

Ryals, J., Neuenschwander, U. H., Willits, M. G., Molina, A., Steiner, H.-
Y., and Hunt, M. D. 1996. Systemic acquired resistance. Plant Cell
8:1809-1819.

Salazar, S. M., Castagnaro, A. P., Arias, M. E., Chalfoun, N., Tonello, U.,
and Diaz Ricci, J. C. 2007. Induction of a defense response in straw-
berry mediated by an avirulent strain of Colletotrichum. Eur. J. Plant
Pathol. 117:109-122.

Salminen, J., and Karonen, M. 2011. Chemical ecology of tannins and other
phenolics: We need a change in approach. Funct. Ecol. 25:325-338.

Shadle, G., Wesley, V., Korth, K., Chen, F., Lamb, C., and Dixon, R. 2003.
Phenylpropanoid compounds and disease resistance in transgenic to-
bacco with altered expression of L-phenylalanine ammonia-lyase.
Phytochemistry 64:153-161.

Shadle, G., Chen, F., Reddy, S., Jackson, L., Nakashima, J., and Dixon, R.
2007. Down-regulation of hydroxycinnamoyl CoA: Shikimate hydroxy-
cinnamoyl transferase in transgenic alfalfa affects lignification, devel-
opment and forage quality. Phytochemistry 68:1521-1529.

Siciliano, F,, Torres, P., Sendin, L., Bermejo, C., Filippone, P., Vellice, G.,
Ramallo, J., Castagnaro, A., Vojnov, A., and Marano, M. R. 2006. Analy-
sis of the molecular basis of Xanthomonas axonopodis pv. citri patho-
genesis in Citrus limon. Electron. J. Biotechnol. 9:200-204.

Singleton, V. L., and Rossi, J. 1965. Colorimetry of total phenolics with

phosphomolybdic-phosphothungstic acid reagents. Am. J. Enol. Vitic.
16:144-158.

Sirk, T., Brown, E., Sum, A., and Friedman, M. 2008. Molecular dynamics
study on the biophysical interactions of seven green tea catechins with
lipid bilayers of cell membranes. J. Agric. Food Chem. 56:7750-7758.

Smith, B. J., and Black, L. L. 1990. Morphological, cultural, and patho-
genic variation among Colletotrichum species isolated from strawberry.
Plant Dis. 74:69-76.

Terry, L. A., Joyce, D. C., Adikaram, N. K. B., and Khambay, B. P. S.
2004. Preformed antifungal compounds in strawberry fruit and flower
tissues. Postharvest Biol. Technol. 31:201-212.

Tian, S. P, Yao, H. J, Deng, X., Xu, X. B., Qin, G. Z., and Chan, Z. L.
2007. Characterization and expression of B-1,3-glucanase genes in ju-
jube fruit induced by the microbial biocontrol agent Cryptococcus lau-
rentii. Phytopathology 97:260-268.

Ton, J., Jakab, G., Toquin, V., lavicoli, A., Flors, V., Maeder, M. N., Métraux,
J. P, and Mauch-Mani, B. 2005. Dissecting the B-aminobutyric acid
induced priming pathways in Arabidopsis. Plant Cell 17:987-999.

Van Etten, H. D., Mansfield, J. W., Bailey, J. A., and Farmer, E. E. 1994.
Letter to the editor. Two classes of plant antibiotics: Phytoalexins versus
“Phytoanticipins”. Plant Cell 6:1191-1192.

Vlot, C., Dempsey, A., and Klessig, D. 2009. Salicylic acid, a multifaceted
hormone to combat disease. Annu. Rev. Phytopathol. 47:177-206.

Vojnov, A. A, Slater, H., Daniels, M. J., and Dow, J. M. 2001. Expression
of the gum operon directing xanthan biosynthesis in Xanthomonas cam-
pestris and its regulation in planta. Mol. Plant-Microbe Interact.
14:768-774.

Wink, M. 2003. Evolution of secondary metabolites from an ecological
and molecular phylogenetic perspective. Phytochemistry 64:3-19.

Wu, J., and Baldwin, 1. 2009. Herbivory-induced signalling in plants: Per-
ception and action. Plant Cell Environ. 1161-1174.

Wu, J., Wang, L., and Baldwin, I. T. 2008. Methyl jasmonate-elicited her-
bivore resistance: Does MeJA function as a signal without being hydro-
lyzed to JA? Planta 227:1161-1168.

Yamamoto, M., Nakatsuka, S., Otani, H., Kohmoto, K., and Nishimura, S.
2000. (+)-Catechin acts as an infectional inhibiting factor in strawberry
leaf. Phytopathology 90:595-600.

Yang, Y., Xu, R., Ma, C. J,, Vlot, A. C., Klessig, D. F., and Pichersky, E.
2008. Inactive methyl indole-3-acetic acid ester can be hydrolyzed and
activated by several esterases belonging to the AfMES esterase family
of Arabidopsis. Plant Physiol. 147:1034-1045.

Yoshida, T., Mori, K., Hatano, T., Okumura, T., Uehara, I., Komagoe, K.,
Fujita, Y., and Okuda, T. 1989. Radical-scavenging effects of tannins
and related polyphenols on 1,1-diphenyl-2-picrylhydrazyl radical.
Chem. Pharm. Bull. 37:1919-1921.

Yun, M., Torres, P., El Oirdi, M., Rigano, P, Gonzalez-Lamothe, R.,
Marano M. R., Castagnaro, A. P., Dankert, M., Bouarab, K., and
Vojnov, A. A. 2006. Xanthan induces plant susceptibility by suppressing
callose deposition. Plant Physiol. 141:178-187.

Vol. 25, No.11, 2012 / 1439




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Black Ink - ISO Coated v2 300% \050ECI\051)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for submission to The Sheridan Press. Configured for Adobe Acrobat Distiller v8.0 02-28-07.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


