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The worldwide-distributed leaf peach curl disease is caused by the biotroph Taphrina deformans. To
characterize the plant-fungus interaction, resistant and susceptible Prunus persica genotypes grown in
the orchard were studied. Asymptomatic leaves were tested for fungal presence. In all resistant leaves
analyzed the fungus was not detected. Conversely, leaves from the susceptible genotype were catego-
rized according to the presence or absence of the pathogen.

Comparative metabolomic analysis disclosed the metabolite composition associated with resistant and
susceptible interactions, and of compounds involved in fungal growth inhibition such as chlorogenic
acid, whose in vitro antifungal activity was verified in this work.

Differential proteome studies revealed that chloroplasts are important site of plant defense responses
against T. deformans. Members of the Bet-v1-like family protein differentially responded to the pathogen.
Extracellular pathogenesis-related proteins, evaluated by qRT-PCR, and an enone oxidoreductase are
constitutively present in leaves of resistant trees and could be related to fungal resistance.

This study is a global view of the changes in the metabolome, proteome and transcripts related to plant
defense in naturally infected leaves of susceptible plants during the asymptomatic stage. Additionally, it
provides clues to the successful molecular mechanisms operating in resistant plants, which neither
develop the disease nor harbor the pathogen.

© 2017 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Prunus persica L. (Batsch) is a model species for the Rosaceae
family (Shulaev et al., 2008). It is the third temperate fruit in
cultivated surface area, and its production is of great economic
importance. Its genome has been sequenced, and many resources
are available enabling progress in the study of the inheritance of
many major genes with impact on fruits, tree architecture, flower
morphology and disease resistance (Arús et al., 2012).

Among different pathogens infecting peach trees, the fungus
Taphrina deformans is responsible for leaf curl disease. Under severe
infections, twigs, flowers and fruits are attacked. Leaf curl disease of
stone fruit trees is distributed in virtually all fruit growing regions
of the world (Fonseca and Rodrigues, 2011). Typical symptoms of
the disease, which are evident across spring and summer seasons,
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include leaves that curl inward and downward and are intensively
distorted, wrinkled and thickened. The initial sign of the disease is
the change in the color firstly pale green or yellow and subse-
quently to reddish or purplish (Fonseca and Rodrigues, 2011).
T. deformans enters the host cells through the stomata (Svetaz et al.,
2017). Light and electron-microscopic studies described the
mycelial form of the fungus growing in the intercellular spaces and
below the cuticle. T. deformans does not form haustorium; in
contrast, the interface between the fungus and leaf cell wall is
modified to enable fungal nutrition (Bassi et al., 1984). Modifica-
tions in the cell host anatomy have also been described during the
infection (Giordani et al., 2013).

Rossi et al. (2007) studied the conditions favoring fruit and
shoot infection, and established infection foretelling models
(Giosu�e et al., 2000). The risk of serious leaf curl outbreaks is high
when wet and cold conditions are prolonged during bud develop-
ment (Giosu�e et al., 2000). Disease incidence being up to 89% for
shoot and 50% for fruit under these conditions (Rossi et al., 2006,
2007). Severe attacks often lead to premature defoliation weak-
ening tree vigour and diminishing fruit yield and quality (Rossi
et al., 2007).

The high level of pesticides used annually to prevent this disease
is concerning from the perspectives of the environment and human
health. Thus, reduction of fungicide use is a priority for intensively
sprayed agricultural systems such as orchards. In this context, the
development of trees resistant to the pathogen is a sustainable
alternative. Almost all commercial cultivars are susceptible
(Simeone, 1987) with only a few being resistant to the pathogen
(Scorza, 1992; Bellini et al., 2002; Zhivondov et al., 2016). A leaf curl
resistance-breeding program started at the University of Florence
in the 1990s generated a T. deformans resistant genotype (Bellini
et al., 2002). Further studies identified that this resistance was a
qualitative trait (Padula et al., 2008). The genotype DOFI-
84.364.089 of the same program by contrast is susceptible to
T. deformans.

In the current study, in order to gain insight into the molecular
mechanisms involved in plant resistance to the disease, healthy
leaves from both genotypes were compared to seek for differences
in abundance of pre-existing proteins and metabolites that prevent
the disease. Furthermore, to investigate the molecular responses of
P. persica against T. deformans in early stages, when symptoms of
the disease have not yet developed, leaves from susceptible DOFI-
84.364.089 were classified according to whether the pathogen
was present or absent and their metabolomes and proteomeswere
analyzed. In addition, transcriptional analysis of pathogenesis-
related (PR) and other proteins involved in defense mechanisms
were conducted. Changes in transcripts, proteins and metabolites
were interpreted in the context of their participation in the defense
and infection processes. The combined data are discussed with
regard to the ability of P. persica to deal with T. deformans and
provide comprehensive data pertaining to the molecular mecha-
nism(s) operating within this pathosystem.

2. Materials and methods

2.1. Plant material

Leaves of Prunus persica L. Batsch from the advanced selections
DOFI-84.364.089 and DOFI-84.364.060, generated by breeding in
University of Florence (Bellini et al., 2002), were harvested from
plants grown at the Estaci�on Experimental Agropecuaria INTA, San
Pedro, Argentina, located at latitude S 33� 440 12.100, longitude W
59� 47’ 48.0”. Regarding the pedigree of assayed genotypes, DOFI
84.364.060 and DOFI 84.364.089 belong to the progeny DOFI-
84.364. This family was obtained by self-pollination of DOFI
71.043.018. In addition, DOFI 71.043.018 was generated from the
self-pollination of cv. Cesarini (“Cesarini x Cesarini”).

Plants of each genotype were monitored for at least five years
and evaluated according the degree of infection. Selection DOFI-
84.364.089 (DS) always resulted susceptible to T. deformans and
DOFI-84.364.060 was resistant (DR). Leaves were collected and
verified for integrity, absence of any lesions or signs of disease; that
is, only healthy leaves were collected. Material was washed with
sterile water, dried and individually frozen in N2(l) and kept
at �80 �C.

Each leaf sample was homogenized in N2(l) using mortar and
pestle. An aliquot of 100 mg was used for DNA extraction followed
by T. deformans detection by PCR. Remaining material was
employed for the rest of analysis.

2.2. Fungal detection in leaves of P. persica by PCR

Fungal DNA was extracted from leaves by using the modified
CTAB method and glass beads, which simultaneously extracts DNA
from leaf and fungus (Sampaio et al., 2001).

PCR detection of T. deformans was conducted amplifying the
ITS1 region from fungal genomic DNA, which is the standard
marker for fungal DNA barcoding (Chase and Fay, 2009), using
TDITS1 forward (50TCTCCGGATGGTTTCAA30) and NL4 reverse
primers (50GGTCCGTGTTTCAAGACGG30) (Tavares et al., 2004).
Amplification was conducted as previously (Tavares et al., 2004)
using a Px2 Thermal cycler (Thermo Electron Corporation). Tested
DNA ranged between 20 and 80 ng. The quality of each sample was
tested for putative PCR inhibitors by adding T. deformans DNA
(20 ng) as internal control. Positive (T. deformansDNA) and negative
(ddH2O) amplification controls were run in each experiment. Re-
actions were performed, at least, twice. PCR products were
analyzed on 1% (w/v) agarose gels stained with SYBR Safe
(Invitrogen).

Control DNA was isolated from T. deformans strain (PYCC 5894,
Portuguese Yeast Culture Collection, Lisboa, Portugal) grown as in
Sampaio et al. (2001).

2.3. Metabolite measurements

Metabolite profiling was assessed by GC-MS following the
procedures described in Roessner-Tunali et al. (2003) and in Monti
et al. (2016), and employing 100 mg of leaf material. Ribitol was
used as internal standard and methoxyamine hydrochloride in
pyridine followed by N-methyl-N-[trimethylsilyl]tri-
fluoroacetamide were employed for derivatization. Mass spectra
were cross-referenced with those in the Golm Metabolome Data-
base. Biological quintuplicates were analyzed. Data sets were sub-
jected to principal component (PCA) and Pearson correlation
analyses using XLSTAT package. Heat map was constructed using
MultiExperiment Viewer software (MeV v4.4.1). Data was
normalized and expressed as log2 ratios to DS-. Metabolite data
was presented (Supplementary Table S1) according to Fernie et al.
(2011).

2.4. Fungal growth inhibition

Leaf extracts were prepared from P. persica DS (11.9 g) and DR
(13 g), freeze-dried, ground in mortar and extracted three-times
with 150 ml methanol for 24 h at room temperature. Solvent
evaporation under reduced pressure at 40 �C, gave 4.7 and 4.8 g of
semisolid methanol extracts, respectively.

Micro-plate broth microdilution technique was performed (Rex
et al., 2008). Chlorogenic acid and extracts were prepared with
stock solutions in DMSO (�1%) and diluted with RPMI-1640.
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Inoculum suspension of 1e5. 104 CFU ml�1 was used. Growth
(compound/extract-free) and sterility (inoculum-free) controls
were included. Dicopper chloride trihydroxide was used as positive
control. Microplates were incubated in a moist, dark chamber at
30 �C, 48 h and read in a VERSA Max microplate reader (Molecular
Devices, CA, USA). Tests were performed in triplicate.

2.5. Pigment analysis

Carotenoids, chlorophylls, phenolic compounds and anthocya-
nins were quantified as in Svetaz et al. (2017). Briefly, carotenoids
and chlorophylls were extracted in 96% (v/v) methanol during 24 h,
clarified and spectrophotometrically measured. For phenolic com-
pounds and anthocyanins extraction, 10 mg of fresh leaves were
homogenated in the presence of N2 (l) with 2 ml of 80% (v/v) acidic
methanol (0.5 N HCl). After overnight incubation at 4 �C and clar-
ification the supernatant was directly employed for anthocyanins
quantification using spectrophotometry or for phenolics determi-
nation using the Folin reagent (Merck). A calibration curve was
conducted using phenol as standard.

2.6. Differential proteome analysis

Protein extraction under denaturing conditions was conducted
as in Lara et al. (2009) using the phenol method and 0.5 g of leaf.

Protein resuspension, quantification and labelling, and two-
dimensional PAGE (2-DE) were conducted using the equipment
and conditions described in Lara et al. (2009), 75 mg of Alexa 488
(Invitrogen)-labeled protein, precast immobilized pH 4e7 linear
gradient strips (17 cm, Bio-Rad) and 15% (w/v) SDS-PAGE. To excise
samples for MS analysis, a preparative gel loaded with 1 mg of
protein was run.

For gel image analysis, Image Master 2D-Platinum (GE Health-
care) softwarewas used as before (Lara et al., 2009). The differential
proteome was assessed comparing leaves of DS in which
T. deformans was confirmed by molecular methods vs. those in
which the fungus was not detected (DS þ vs. DS-). In addition, the
proteome of DR that also resulted negative for the presence of the
fungus (DR-) was contrasted with that of DS-. To obtain biological
replicates, each sample was run in at least 3 different gels using
different protein preparations from different leaves. Normalized
spot volumes were compared between samples run in different
gels. Difference thresholds were then applied to identify the pro-
teins with a statistically significant 1.5-fold difference in normal-
ized spot volume (t-test, P < 0.05).

In-gel digestion andMSwere performed as previously described
(Casati et al., 2006) using the matrix assisted laser desorption
ionization time of flight MS (MALDI-TOF-TOF/MS) spectrometer,
Ultraflex II (Bruker) from CEBIQUIEM facilities (FCEyN, UBA,
Argentina). Data searching was conducted using MASCOT (Matrix
Science Ltd.) and National Center for Biotechnology Information
databases. Candidate peptides were considered as matches
following the considerations described in Casati et al. (2006).

2.7. Gene expression analysis

RNA was extracted from 50 to 100 mg of leaves using the Trizol
(Invitrogen) method and checked for integrity using agarose elec-
trophoresis. The quantity and purity of RNA were assessed spec-
trophotometrically. Three micrograms of RNA, oligo(dT) and M-
MLV-reverse transcriptase were used to synthesize first-strand
cDNA following manufacturer's instructions (Promega, Madison,
WI, USA).

Quantitative Real time- RT-PCR (qRT-PCR) was used to evaluate
gene expression using a MiniOpticon™ System (Bio-Rad), the
fluorescent reporter dye SYBRGreen I (Invitrogen) and the software
CFX Manager 1.6 (Bio-Rad). Reactions, primer design, controls, and
PCR specificity confirmation were performed as previously
described (Lara et al., 2009). Relative gene expression was esti-
mated using the 2�DDCt method. Supplementary Table S2 shows the
primers sequences used. Elongation factor 1a was employed as
reference gene. Three technical replicates were run in each assay
and at least three biological replicates were conducted.

2.8. Statistical analysis

Datawere expressed as mean ± SD of at least three independent
replicates and analyzed using One-Way ANOVA. Minimum signifi-
cance differences were calculated by the Bonferroni, Holm-Sidak,
Dunett, or Fisher tests (a ¼ 0.05) using the Sigma Stat Package.

3. Results

3.1. T. deformans detection in leaves of DOFI-84.364.060 (DR) and
DOFI-84.364.089 (DS)

The first step towards the analysis of leaves from the two ge-
notypes with contrasting susceptibility to T. deformans was to
detect the fungus in asymptomatic leaves harvested from the
experimental field, where no fungicide is applied. A representative
fraction of the homogenated material was used for DNA extraction
while the remaining fraction was kept at �80 �C for further anal-
ysis. The DNA obtained was subjected to PCR amplification of ITS1
region of T. deformans (Supplementary Fig. 1A). Amplification of
ITS1 using the primers unequivocally indicates the presence of
T. deformans in the tissue.

In all samples analyzed, the absence of putative inhibitors of
amplification was tested. Using this approach all samples from the
DR genotype were negative and thus indicated as DR-. Samples
from the DS genotype were classified as DSþ and DS-, according to
whether the 1132 bp ITS1 fragment was amplified or not. Negative
samples were re-tested using different amounts of DNA
(Supplementary Fig. 1B).

In addition, information regarding the phenotypic evaluation of
DOFI-84.364.060 (DR) and DOFI-84.364.089 (DS) is provided
(Supplementary Table S3).

3.2. Metabolomic analysis of P. persica leaves

Metabolomic profiling conducted by GC-MS allowed the iden-
tification of 67 different metabolites in P. persica leaves that were
classified, according to their biochemical properties and functions
in amino acids (19 metabolites), organic acids (15), sugars (16),
sugar alcohols (5), fatty acids (2) and miscellaneous compounds
(10). Metabolites were expressed in relation to the amounts in DS-
(Supplementary Table S3). The metabolome of DS- leaves differs
from that of DR-, and it is affected by the presence of the pathogen
(DSþ) (Fig. 1).

The data were subjected to principal component analysis (PCA),
in which two components explain 100% of the global variance of
metabolites profiles (71.83% and 28.17% for PC1 and PC2, respec-
tively). Fig. 2 clearly depicts that the metabolome of DS is modified
upon T. deformans infection. It also denotes that the genotypes can
be separated based on their metabolite profiles.

Among the metabolites that contribute the most to PC1 are the
amino acids b-Ala, Asp, Glu, Val, Asn and Ser, the fatty acid octa-
decanoic acid; cis-caffeic and galactonic acids and the sugar alco-
hols myo-inositol and maltitol; the sugars Ara, Gal, isomaltose and
Xyl, and 3-trans-caffeoyl-quinic acid. The metabolites that
contribute the most to PC2 include the amino acids His and 4-OH-



Fig. 1. Representation of metabolite profiling conducted by GC-MS. The heat map
displays the relative level of each metabolite to its amount found in leaves of a sus-
ceptible genotype (DOFI-84.364.089) in which T. deformans was not detected (DS-) by
PCR. Normalized values are shown on a color scale (shown at the bottom of the figure),
which is proportional to the content of each metabolite. Values are the mean of five
biological independent determinations expressed in relation to the values in DS- and
expressed as log2. DSþ: leaves of DOFI-84.364.089 positive PCR for T. deformans
detection. DR-: leaves of DOFI-84.364.060 without T. deformans (negative PCR). Rep-
resentation was generated using the MultiExperiment Viewer software (MeV v4.4.1).
Relative values for each metabolite peak area ±SD are displayed in Supplementary
Table S3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Principal component analysis (PCA) of the metabolite data obtained by GC-
MS. The variance explained by each component (%) is indicated in parentheses.
Metabolome of leaves of the susceptible genotype DOFI-84.364.089 not infected with
T. deformans (negative PCR, DS-) clearly differs from that of the resistant genotype (DR-
: DOFI-84.364.060 not infected with T. deformans (negative PCR)). In leaves of the
susceptible genotype in which the pathogen was detected (DSþ: DOFI-84.364.089,
positive PCR) the metabolome is reconfigured. The metabolites that contribute the
most to each component are indicated on the top (PC1) and on the right (PC2). In red
are shown the metabolites that positive contribute and in green those that negative
contribute to each PC. 2-KG: oxo-glutarate; Put: putrescine; Octadec: Octadecanoic
acid; IsoM: Isomaltose; Galact: Galactonic/Gluconic acid; Sp: Spermidine; 1P2C: 1-
Pyrroline-2-carboxylate; DHAA: Dehydroascorbic acid dimer; trans-3-CQ: trans-3-
caffeoyl-Quinic acid. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Pro, the organic acids 4-amino-butyrate (GABA), citrate, 2-oxo-
glutarate, glycolate and pyruvate, glycerol 3-phosphate and treha-
lose and the miscellaneous compounds 1-pirroline-2-carboxylate,
dehydroascorbic acid dimer, putrescine and spermidine
(Supplementary Table S5).

Correlation analysis was conducted using Pearson's correlation
coefficient. Among the 2211 metabolite pairs analyzed 188 resulted
in significant correlation coefficients (P < 0.05). Of these,125 and 63
were positive and negative, respectively (Supplementary Fig. S2).
Positive correlations between sugars and most of the aminoacids
were observed (except for Arg, Trp, Tyr, glucoheptose, glucose 6-
phosphate). Urea and a-tocopherol negatively correlated with the
majority of metabolites.

Metabolite profiling of leaves (Figs. 1 and 3, Supplementary
Table S3), revealed that various amino acids (Ala, b-Ala, Asn, Asp,
Glu, Ile, Phe, Pro, Ser, Thr and Val) were between 1.5- and 8.4-fold
higher in the resistant (DR-) than in the susceptible genotype
(DS-). On the other hand, other amino acids such as Arg, Trp and
Tyr, exhibit higher relative levels in the susceptible genotype in
both DS- and DS þ than in the resistant. By contrast, other amino
acids such as Gly, His and Orn were invariant between genotypes.

With respect to sugars, most of them (Ara, Fuc, Fru, Gal, Glc,
isomaltose, Man,1-O-methyl-mannopiranoside, Rha, Suc, trehalose
and Xyl) show between two- and three-fold higher levels in DR-
than in DS-. On the other hand, it is worth mentioning that while
raffinose was not detected in the resistant genotype (DR-), its
presence was detected in the susceptible genotype both in the
presence (DSþ) and absence of T. deformans (DS-).

In addition, with respect to the sugar alcohols glycerol and
galactinol were invariant between genotypes, while maltitol in
susceptible genotypes (DSþ and DS-) were three-fold higher than
the levels observed in DR-. By contrast,myo-inositol is almost three
times higher in DR with respect to DS.

Organic acids also show a differential behavior depending on
the level of susceptibility to the pathogen. The relative levels of
galactonate, pyruvate, quinate and 2-oxo-glutarate were higher in
DR-than in DS-. By contrast, the susceptible genotype exhibits
higher levels of benzoic, trans-caffeic, GABA, fumaric and glyceric
acids. In addition, both fatty acids detected by GC-MS, were present
at double the level in DR than in DS.

Regarding miscellaneous compounds, 3-cis- and 3-trans-caf-
feoyl-quinic acids were three-fold higher in DR-than in DS-. By
contrast, the relative amounts of 1-pirroline-2-carboxylate and a-
tocopherol were higher in DS-.

From the comparison between samples of the susceptible
DS þ vs. DS-, it is observed that Phe is induced in DSþ with respect
to DS-. On the other hand, leaves containing T. deformans (DSþ)
show lower levels of His, Lys, 4-OH-Pro, Trp and Tyr than DS-
(Figs. 1 and 3, Supplementary Table S3). While the sugars



Fig. 3. Metabolite profiling conducted by GC-MS. Values represent the mean of five independent determinations using asymptomatic leaves of P. persica, which are expressed as
the ratio with respect to DS-. Error bars represent the standard deviation. Bars with at least one same letter are not statistically different (P < 0.05). DS-: leaves of DOFI-84.364.089 in
which T. deformans was not detected (negative PCR). DSþ: leaves of DOFI-84.364.089 containing T. deformans (positive PCR). DR-: leaves of DOFI-84.364.060 not infected with
T. deformans (negative PCR). a: aminoacids; b: sugars; c: alcohol sugars; d: organic acids; e: lipid; f: miscellaneous.
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maltotriose, Man, raffinose and trehalose are induced in DSþ with
respect to DS-, the sugar alcohols glycerol and galactinol are
decreased (Figs. 1 and 3, Supplementary Table S3).

Organic acids also display the most prominent changes in PCR
positive leaves; with 2-oxo-glutarate and pyruvate being ten-fold
and thirteen-fold induced, respectively when the pathogen in
present (DSþ) whereas citrate, quinate and GABA being decreased
in the same samples (Fig. 1 and Supplementary Table S3). In addi-
tion, DS þ samples display lower levels of the two fatty acids
detected than DS- (Fig. 1 and Supplementary Table S3).

Finally, in leaves inwhich T. deformanswas detected, the relative
levels of a-tocopherol, is slightly increased with respect to DS- an
observation that is concordant with the carotenoid profile. Urea
and putrescine are also induced in this tissue, while nicotinic acid,
cis-3-caffeoyl-quinic acid and spermidine are repressed in DSþ
with respect to DS-.
3.3. Pigment analysis

The analysis of the different leaf pigments revealed that DR-
shows lower levels of chlorophylls a and b, carotenoids and an-
thocyanins than DS-. By contrast, DR-exhibits higher levels of total
phenolic compounds than DS- (Fig. 4).

An induction of chlorophylls and carotenoids is detected in
asymptomatic PCRþ leaves of DS (DSþ) with respect to DS-. On the
other hand, total phenolics and anthocyanins decrease in the tissue
with T. deformans (DS þ vs. DS-, Fig. 4).
3.4. Growth inhibition curves

To test the antifungal activity of the both genotypes, leaf extracts
from DR and DS plants were tested with regard to their capacity to
inhibit T. deformans growth. Differences between genotypes were
observed.While 0.5 mg/ml of DR extract was necessary to cause the
50% inhibition of fungal growth, the IC50 of DS was 250% higher
than that of DR (Fig. 5A).

Since caffeoyl-D-quinic acid (chlorogenic acid) was higher in
DR-than in both DS- and DSþ, its potential role in the resistance to
T. deformans was tested in a bioassay which gave an IC50 of 250 mg/
ml (Fig. 5B). Dicopper chloride trihydroxide (TBCC), which is
currently used in the orchards, was used as positive control
(Fig. 5B).
3.5. 2-DE analysis of proteins differentially expressed between
resistant and susceptible genotypes and in DS in which T. deformans
is detected

Differentially expressed proteins between leaves where the



Fig. 4. Pigment content. The graph show the levels of each pigment in relation to the amount in DS-. Values represent the mean of at least three independent determinations in
leaves expressed as the ratio to DS-. Error bars represent the standard deviation. Bars with at least one same letter are not statistically different (P < 0.05). DS-: leaves of DOFI-
84.364.089 negative test for T. deformans. DSþ: leaves of DOFI-84.364.089 with T. deformans (positive PCR). DR-: leaves of DOFI-84.364.060 free from T. deformans (negative PCR).

Fig. 5. In vitro T. deformans growth inhibition by broth microdilution technique. a.
Fungal growth inhibition percentage determination of extracts of P. persica leaves from
DS and DR genotypes. b. In vitro antifungal activity of chlorogenic acid against
T. deformans. Dicopper chloride trihydroxide (TBCC) was used as positive control.
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pathogen was not detected of the resistant (DR-) and susceptible
(DS-) genotypes, and between leaves of DS where T. deformans was
not (DS-) and was detected (DSþ), were examined using 2-DE.
About 400 spots were detected on each 2-DE map conducted with
soluble protein from DS-, DSþ and DR- P. persica leaves. The left
panel of Supplementary Fig. S2 shows the typical protein pattern
obtained for peach leaf proteome (representative gel of protein
from DS-).

Twenty four polypeptides were differentially expressed in DS-
compared to DR- or DS þ by a factor ±1.5 (Table 1). Twenty-one
differential proteins were identified by fingerprinting mass anal-
ysis (Table 1). Missing identifications could be explained by the low
abundance of the spots or the fact that the protein was not present
in available databases. Among the identified spots, 71% were pro-
teins already described in the Prunus spp. genus, with the majority
of them (80%) already described in peach. A high proportion (67%)
of the identified proteins are chloroplast localized. Differences in
the analyzed proteomes included proteins involved in photosyn-
thesis, immune and stress defense responses, protein metabolism
(synthesis, folding and degradation) and redox metabolism. The
significant modification in proteins related to the photosynthetic
process were represented by changes in Rubisco (spots 102, 103,
104 and 224), Rubisco Activase (spot 77), triose phosphate isom-
erase (spots 276 and 277), and the PSII oxygen evolving enhancer
protein 2 (spots 256 and 247).

Eight proteins were differentially expressed in leaves of the two
genotypes in the absence of the pathogen (DR-vs. DS-), of which
twowere lower in DR-than in DSþ (spots 250 and 77), and six were
only present in DR- (Table 1). The 67% of spots identified were
associated with various aspects of chloroplast physiology. Among
the proteins exclusively expressed in the resistant genotype, and
localized to the cytosol, spot 286 is a Bet-v1-like protein involved in
plant defense and spot 280 is a 2-methylene-furan-3-one
reductase.

When comparing samples from the susceptible genotype free
from T. deformans (DS-) with those in which the pathogen was
detected by PCR (DSþ) sixteen differential spots were identified,
fromwhich three varied their relative expression (spots 250, 22 and
47), eight were uniquely expressed after infection (DSþ) and other
five spots were exclusively expressed in leaves where the pathogen
was not detected (DS-, Table 1). Only one spot was not identified.
Some proteins such as Rubisco comprised several different spots of
the same molecular mass and different isoelectric point indicating
probable post-translational modification. On the other hand,
various spots corresponding to different P. persica pathogenesis-
related proteins Bet-v1-like (spots 47, 94 and 302) and others
involved in protein metabolism (spots 22, 228 and 116) were
detected in the comparison between DSþ and DS- 2-DE
comparison.



Table 1
Identification of differentially expressed proteins as well as the trend observed in the protein abundances in Prunus persica leaves.

Spot
Nº

Fold
change

MWE

(kDa)
pIE MWT

(kDa)
pIT Protein name NCBI

Accession nº
QM Score SC

(%)
SL

DR- vs. DS-
250 �1.59 52.4 5.5 49.9 6.1 Chloroplast elongation factor TuA (EF-TuA) [Nicotiana sylvestris] 218310 4 276 12 Chl
77 �2.27 49.6 6 48.1 5.7 Hypothetical protein PRUPE_ppa005158 mg [Prunus persica]RuBisCO activase (RCA) 596057870 10 256 23 Chl
280 þ 43.9 5.7 34.4 5.4 Hypothetical protein PRUPE_ppa008712 mg [P. persica] 2-methylene-furan-3-one

reductase
595938703 9 134 36 Cyt

276 þ 32 5.4 38.4 8.8 Hypothetical protein PRUPE_ppa007813 mg [P. persica] Triosephosphate isomerase 595798321 6 171 17 Chl
277 þ 29.1 5.4 34.1 8.2 Triosephosphate isomerase [P. mume] XP_008236196.1 645261233 3 138 12 Chl
281 þ 24.4 5.7 nh nh no hit e e e e e

283 þ 27.6 5.8 nh nh no hit e e e e e

286 þ 16.6 6.2 17.3 5 Hypothetical protein PRUPE_ppa012646 mg [P. persica] Bet_v1-like 596288657 3 139 28 Cyt
DS þ vs. DS-
250 �2.54 52.4 5.5 49.9 6.1 Chloroplast elongation factor TuA (EF-TuA) [N. sylvestris] 218310 4 276 12 Chl
22 �2.36 53.9 6 52.2 6.1 Hypothetical protein PRUPE_ppa005137 mg [P. persica] 26S proteasome regulatory

complex, ATPase RPT4
595823828 11 140 33 Cyt

47 4.24 18.8 5.1 17.6 5.8 Hypothetical protein PRUPE_ppa012651 mg [P. persica] Bet_v1like 596198148 7 133 45 Cyt
102 þ 62.1 5.4 53.1 6.2 RuBisCO [Suriana maritima] 464024 15 104 29 Chl
103 þ 62.1 5.4 53.4 6.1 RuBisCO [Typha domingensis] 218175482 17 119 32 Chl
104 þ 62.1 5.3 54.3 6.5 RuBisCO [Myxopyrum hainanense] 108773686 21 123 43 Chl
224 þ 62.1 6.1 53.5 6.2 RuBisCO [Guzmania vittata] 848237486 10 60 18 Chl
228 þ 72.9 6.1 62 5.1 Hypothetical protein PRUPE_ppa003328 mg [P. persica] Chaperonin 60 subunit alpha1 595822952 4 69 8 Chl
116 þ 25.8 5.4 26.4 7.8 Hypothetical protein PRUPE_ppa010359 mg [P. persica] 20 kDa chaperonin 595820873 4 76 11 Chl
94 þ 17.5 6 17 5.2 Hypothetical protein PRUPE_ppa012809 mg [P. persica] MLP-like protein 423-related

Bet_v1-like
596298706 4 91 24 Cyt

191 þ 16.1 5.9 nh nh no hit e e e e e

302 e 13.5 4.9 16.9 6 hypothetical protein PRUPE_ppa012870 mg [P. persica] Bet_v1-like 596198911 4 68 41 Cyt
299 e 13 5.3 15.4 5.9 PREDICTED: glutaredoxinC4 [P. mume] XP_008223820.1 645234458 5 72 42 Chl
326 e 28.5 5.2 27.5 5.8 Hypothetical protein PRUPE_ppa010431 mg [P. persica] ascorbate_peroxidase 595828925 4 116 22 Cyt
247 e 24.8 5.4 28.5 8.3 PREDICTED: oxygen-evolving enhancer protein 2 [P. mume] 645246940 6 106 33 Chl
256 e 23.8 5.7 28.6 8.3 Hypothetical protein PRUPE_ppa010093 mg [P. persica] PSII oxygenevolving enhancer

protein 2 PsbP
595940575 3 215 17 Chl

Proteins were extracted from a resistant (DR-) and a susceptible genotype in which T. deformanswas (DSþ) or wasn't detected (DS-) by molecular methods. Fold change: Ratio
of increase or decrease of target protein as indicated in the table. When the spot is found in only one condition of the comparison,þ denotes the presence in DR-in DR-vs. DS-;
and the presence in DSþ in DS þ vs. DS- comparison, while e indicates the presence in DS- in both comparisons. The same meaning is giving for the þ and e signs
accompanying the ratios for proteins present in both samples of the comparison. MWE: estimatedmolecular weight; pIE: estimated isoelectric point; MWT: theorical molecular
weight; pIT: theorical isoelectric point; Score: Mascot-MOWSE score; QM: Queries matched, number of peptides matched in databases; SC: sequence coverage; nh: No se-
quences were found in databases; SL: Subcellular localization; Chl: chloroplastic; Cyt: cytosolic.
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3.6. Differences in the expression of transcripts encoding
pathogenesis-related proteins

The relative expression of genes related to plant defense was
evaluated by qRT-PCR and expressed in relation to the value ob-
tained using DS- material (Fig. 6). Genes tested included: Lipid-
Transfer Protein 1 (LTP1, PR14), Phenylalanine Ammonia Lyase-1
and -2 (PAL1-2), Thaumatin-Like Protein (TLP1, PR5), Catalase-1
and -2 (CAT1-2), b-1,3-endoglucanase (Gns4, PR2), Defensin 1
(DFN1, PR12) and Ribonuclease-like protein (Pp 1.06A, PR10).

On comparison of DS- with DSþ, variations in mRNA levels of
PpCAT1-2, PpPAL1-2, PpLTP1, PpTLP1 and PpPR10 were detected.
Inductions of between 2- and 6.9- fold in leaves with vs. without
T. deformans were recorded (Fig. 6). By contrast, there were no
statistically significant differences in the relative levels of PpGns4
and PpDFN1.

The comparison of transcripts levels in PCR negative leaves from
the two genotypes (DS- vs. DR-) revealed that most of the tran-
scripts that are induced upon T. deformans infection in DS (DS- vs.
DSþ) are also expressed at higher levels in DR-than in DS- and even
than in DSþ. This is the case for PpCAT1, TpLTP1, PpPAL2 and PpGns4,
which in DR-are 14.9-, 36.9-, 10.5-, and 5.9-fold higher, respectively,
than in DS-. PpPR10 accumulation in DR-is higher than in DS-, but
expressed to a similar level as in DSþ. In the case of PpCAT2, the
relative levels of DR-are higher than in DS- but lower than in DSþ.
By contrast, PpPAL1 transcript levels are considerably lower in DR-
than in DS-. However, in the case of PpLTP1, there are no differences
in the relative expression between the genotypes on comparison of
leaves without T. deformans (Fig. 6).
4. Discussion

Peach leaf curl caused by T. deformans is one of the most
important diseases of this species. In order to gain molecular level
knowledge into the P. persica e T. deformans interaction two
different approaches were taken. On one hand, to gain insight into
the factors involved in the resistance to the disease heathy leaves
free from T. deformans from two genotypes with contrasting sus-
ceptibility to the pathogen were compared. Two advanced selec-
tions from the self-pollinating DOFI 71.043.018 program with
shared progenitors (Bellini et al., 2002) were investigated. DOFI-
84.364.089 (DS) is susceptible to the pathogen, with infected
trees showing typical signs of the disease. By contrast, DOFI-
84.364.060 (DR) is resistant to the pathogen, with neither
reddening nor leaf curl being observed across several years, even
when surrounded by sick trees in the orchard. In this line, in the
present work while the analysis of asymptomatic leaves of DS
rendered both leaves in which the pathogenwas present and those
inwhich it was absent, that of DR was always negative. While in DR
leaves inoculated with the pathogen under laboratory conditions
the fungal load tend to decrease after 120 h post inoculation; in DS
it greatly increased (Svetaz et al., 2017).

On the other hand, to understand the early biochemical changes
that take place in leaves when the pathogen is present and the
disease is not evident, leaves from the DSwere contrastedwhen the
pathogen is detected by a molecular method (DSþ) with those in



Fig. 6. Relative expression of transcripts encoding PR proteins involved in plant defense. Transcript amount was assessed by quantitative real time RT-PCR, using P. persica
elongation factor 1a (PpEF1a) as reference gene. Y-axes show the fold difference in a particular transcript level relative to its amount in leaves of DOFI-84.364.089 in which
T. deformans was not detected by molecular methods (DS-). Values represent the mean of at least three replicates ± SD. Bars with at least one same letter are not statistically
significant (P < 0.05). DSþ: leaves of DOFI-84.364.089 with T. deformans (positive PCR). DR-: leaves of DOFI-84.364.060 without T. deformans (negative PCR).
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which the pathogen is absent (DS-).
4.1. Leaves of DR possess metabolites with anti-T. deformans
activity

A considerable number of metabolites constitutively found in
plants exhibit antifungal activity (Pusztahelyi et al., 2015). Phenolic
compounds are included within this group. Antifungal activity of
methanol extracts of the two P. persica genotypes against the
pathogen clearly shows a differential behavior. Growth inhibition
curves indicate the presence of compounds with anti-T. deformans
properties. Part of this activity may be attributed to chlorogenic
acid that is present in healthy leaves of DR-. Moreover, its inhibitory
effect on T. deformans was demonstrated (Fig. 5B). The minimum
inhibitory concentration value determined for this compound
when tested on T. deformans was similar to values indicated in the
literature for other pathogenic fungi (Sung and Lee, 2010). A strong
correlation between chlorogenic acid in peach fruits and reduction
in infection due toMonilinia laxa has been reported (Villarino et al.,
2011). Preformed inhibitors may be effective against a wide range
of pathogens, including T. deformans and M. laxa. Moreover, DR-
shows higher accumulation of PpPAL2 than DS-. PAL encodes the
first committed step of the phenylpropanoid pathway using Phe to
synthetize many metabolites involved in fungal plant defenses
(Ferreira et al., 2007).

b-alanine may also contribute to P. persica defense. This non-
protein amino acid has also been suggested to have a role in the
defense response; it was only detected in elicitor-treated cultures
of opium poppy cells (Zulak et al., 2008) and it was accumulated in
MeJA-treated Medicago truncatula cells (Broeckling et al., 2005).
Here, b-alanine is higher in DR-than in DS- but is not induced in the
susceptible genotype when is colonized by T. deformans.

Trehalose is a non-reducing sugar that has a protective role in
abiotic stresses. The synthesis of this disaccharide is stimulated by
some plantepathogen interactions. Nevertheless, its role in plant
defense is not clear yet (Fernandez et al., 2010). On the other hand,
putrescine is a polycationic amine that participates in several
cellular and developmental processes, including various stress re-
sponses. Moreover, its participation in fugal resistance was
demonstrated in tomato fruits (Hazarika and Rajam, 2011). In PCR
negative leaves of P. persica, putrescine and trehalose in the resis-
tant genotype (DR-) almost doubles the amount in the susceptible
genotype (DS-), and both metabolites are induced in DS þ to the
same extent as in DR-, indicating that they indeed may be as part of
the defense response against the pathogen.

The PCA scores plot (Fig. 2) reveals that PC1 separates the
metabolome of the resistant genotype (DR-) from those of the
susceptible genotype where T. deformans was not (DS-) and was
detected (DSþ). Interestingly, the maximum individual metabolite
contribution to this component is 2.12%, with 31 compounds
contributing in more than 2% each to PC1 and thereby accumu-
lating a 65% contribution to this component. In other words, the
contrasting profiles among metabolomes of resistant and suscep-
tible genotypes is due to the combined composition of the whole
metabolome and not to a major contribution of a few differentially
abundant metabolites. Moreover, the separation of DR-from DSþ in
the PCA plot reveals that DR-possess an unique profile which is not
reached in DS even after the fungus is present (DSþ).
4.2. Metabolome of asymptomatic DS leaves varies when
T. deformans is present

The mere presence of T. deformans significantly affects the plant
metabolic profileincluding significant modifications in the levels of
amino acids, sugars, citric acid cycle intermediates and miscella-
neous compounds including polyamines. This change in part re-
flects the induction of metabolites involved in plant defense, such
as putrescine and trehalose, which are induced to the same extent
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as the pre-exiting levels apparent in DR-. Additionally, it also re-
veals the modifications in the host cell to fuel fungal metabolism.
Intriguingly more than 60% of the amino acids remained un-
changed, with Phe being the only one increased, probably at
expense of a decrease in Tyr in DSþ. These observations are
concordant with the observed induction of PpPAL-1 and -2 tran-
scripts. Thus, increased Phe denotes increased flux through phe-
nylpropanoid metabolism when T. deformans is present.

Interestingly, there were no significant changes in Glc, Fru or
Suc, metabolites indicative of the energy status of the cell. Never-
theless, a great induction in pyruvate was observed. Moreover, the
increase in maltotriose is suggestive of starch degradation, which
could provide Glc to feed the energy demands required for the
activation of plant defenses and/or to support fungal growth, and
thus keep the homoeostasis of these sugars. In addition, the pro-
nounced decrease in glycerol may indicate that this metabolite is
being metabolized to Glycerol 3-P and then to dihydroxyacetone
phosphate to fuel glycolysis, resulting in the increased pyruvate
detected. Moreover, the slight increase in Glc 6-P suggests stimu-
lation of pentose phosphate pathway to produce reductive power
to be used by NADPH oxidases at the plasma membrane as well as
in the cell-wall fortification (Scheideler et al., 2002). On one hand,
both glycolytic and pentose phosphate pathways influence the
shikimic pathway; and thus, its derivatives. On the other hand, and
in agreement with the increased levels of chlorophylls and carot-
enoids, the higher levels of pyruvate in DSþ, may be used together
with glyceraldehyde 3-phosphate to fuel the isoprenoid biosyn-
thesis in the chloroplast using the non-mevalonate pathway
(Vranova et al., 2012). Furthermore, in symptomatic leaf curl an
increase in isopentenyltransferase involved in zeatin synthesis was
recorded and related to the hyperplasia typical of the disease
(Testone et al., 2008). Thus, in the asymptomatic leaves analyzed
here, increased flux thought this pathway might also fuel cytokinin
biosynthesis.

The increase 2-oxo-glutarate in DSþ in comparison with DS- is
worth of mention. It is surprising that this metabolite is the only
Krebs cycle intermediate induced in the presence of T. deformans.
However, further research is likely needed to explain the reason for
this specific change.

The induction of raffinose in DSþ with respect to DS- is statis-
tically significant, and in agreement with the decrease in its pre-
cursor, galactinol. Although in some cases, raffinose accumulation
was proposed to act as a signaling molecule for defense (ElSayed
et al., 2013); here, it is remarkable that raffinose was not detected
in leaves of the resistant genotype (DR-) thus rather supporting the
hypothesis that this trisaccharide serves as nutrition for the fungi.
Given that the genome of the pathogen encodes a SIP2 enzyme
putatively involved in raffinose degradation (TAPDE_002196g.01;
http://genome.jgi.doe.gov/pages/search-for-genes.jsf?
organism¼Tapde1_1), provides further support for this theory.

Finally, urea could act as a nitrogen source for T. deformans since
a distinctive feature of this fungus is its urease activity (Fonseca and
Rodrigues, 2011).

4.3. Proteome analysis reveals the chloroplast to be an important
site of plant defense responses and differential behavior of Bet-v1-
like proteins against T. deformans

Numerous studies have shown the benefits of the proteomics
approach for elucidating underlying plant defense response (Mehta
et al., 2008). The current work is, however, the first comparative
proteomic study regarding the P. persica-T. deformans interaction.

Among proteomic changes observed, photosynthesis seems to
be majorly affected in leaves with the pathogen. Up-regulation of
Rubisco (spots 102e104, 224) agrees with rises in chlorophylls and
carotenoids, which are structural components of PSI and PSII re-
action center complexes also measured in the asymptomatic phase.
Nevertheless, decreases in a putative PSII oxygen evolving
enhancer protein II (spots 247, 256) were also detected. Metab-
olomics studies revealed that sugars such as Fru, Glc or Suc are not
affected in this asymptomatic stage of the infection and suggest
that modifications at protein and pigment levels are enough to
maintain photosynthetic products homeostasis. During early stages
of naturally occurring infection (in the asymptomatic phase), there
are increased demands for resources to support defense and thus
photosynthesis may be enhanced. As the disease progresses, there
is a reduction of photosynthetic capacity, as accounted by a net
decrease in carbon fixation and a moderate decrease in the
photochemical reactions in symptomatic curled leaves (Raggi,
1995).

Chloroplast protein control, through the activities of elongation
factor Tu (EF-Tu, spot 250) and chaperonins (spots 228 and 216), is
involved in the response or homeostasis against T. deformans. Be-
sides its role in peptide elongation, chloroplast EF-Tu plays an
important function in heat tolerance, acting as a molecular chap-
erone in maize (Ristic et al., 2007), whilst abiotic factors and hor-
mones regulate it in pea. EF-Tu was depressed and interacted with
leucine-rich repeat receptor-like kinases in Chinese cabbage
following infection with turnic mosaic virus (Peng et al., 2014). The
high proportion of proteins localized to the chloroplast that change
upon T. deformans infection reveals the function of this organelle is
crucial to defense responses against the pathogen. Location of most
of the differentially expressed proteins in DR-vs. DS- indicates that
chloroplast proteome may be important in the resistance. For
example, portions of jasmonic and salicylic acid biosynthesis occur
at the chloroplasts (Acosta et al., 2009; Chen et al., 2009), whilst
precursors of cytokinins, related to disease symptoms, are also
synthesized in the chloroplast (Sakakibara, 2006).

Bet-v1 is the main allergen of the birch (Betula verrucosa, Bufe
et al., 1996). Homologues to this protein are found not only in
pollen but also in latex and fruits (Vanek-Krebitz et al., 1995;
Scheurer et al., 1997). These proteins possess a common b-a2-b6-
a fold, the “Bet v1-like fold”, and are homologues to the PR10
family. Regardless of the immunological importance of Bet-v1 and
Bet-v1-like proteins, little is known about their biological role.
While some members possess RNase activity, others bind ligands
such as homocastasterone, fatty acids and cytokinins (Mogensen
et al., 2002). This last binding capacity could be of relevance since
cytokinins enhanced production is related to disease symptoms of
hyperplasia (Testone et al., 2008). Many Bet-v1 proteins show
enhanced expression during disease and/or stress situations (Gupta
et al., 2015). Here, several of the differentially expressed proteins
correspond to Bet-v1-like family and show variable response
against the pathogen. Spot 286 (ppa012646 mg) may be related to
resistance against T. deformans. Moreover, PpPR10 (ppa012627m)
analyzed at transcriptional level also belong to the same family and
it is accumulated to the same extent in both DSþ and in healthy
leaves of the resistant genotype (DR-). Therefore, the diverse
members of the family exhibit a differential behavior against the
pathogen; while some may function as pre-formed defense pro-
teins against a broad range of pathogens, after challenge with
T. deformans those specifically involved in the defense against this
fungus are increased, or even de novo synthesized, while others are
repressed.

Interestingly, the differential proteome of resistant vs. suscep-
tible genotypes identified a putative 2-methylene-furan-3-one
reductase (spot 280). In strawberry, this protein is a ripening-
induced, negatively auxin-regulated enzyme (Schiefner et al.,
2013). Different furanones present antifungal activity against
plant pathogens such as Pythium ultimum, Fusarium solani and

http://genome.jgi.doe.gov/pages/search-for-genes.jsf?organism=Tapde1_1
http://genome.jgi.doe.gov/pages/search-for-genes.jsf?organism=Tapde1_1
http://genome.jgi.doe.gov/pages/search-for-genes.jsf?organism=Tapde1_1
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Thielaviopsis basicola (Paulitz et al., 2000). Here, exclusive occur-
rence of the reductase in DR-may produce volatiles contributing to
T. deformans resistance.

4.4. P. persica pathogenesis-related proteins play a role in the
defense against T. deformans

Pathogenesis-related proteins (PRs) comprise a large group of
proteins with significant function in induced and in some cases
constitutive resistance. According to their biochemical and bio-
logical features, they are groupedwithin 17 families (van Loon et al.,
2006). Results obtained at the protein level were discussed above;
the transcriptional analysis is discussed below. Thaumatin-like
proteins (TLPs, PR5) are proposed to act as antifungal by creating
pores in the plasma membrane of the pathogen increasing its
permeability (Koiwa et al., 1997). In the pathosystem under study,
PpTLP1 is induced upon infection and its presence in a greater
magnitude in DR-than in both DS- and DS- reveals its relevant role
in fighting against T. deformans.

b-Glucanases (PR2) have diverse activity and localization
(Simmons, 1994). PpGns4 is a 1,3-b-D-glucanase expressed at
higher levels in DR-than in DS- which may also contribute to the
resistance of DR-. This could be an effective mechanism against
T. deformans, considering its cell wall contains a 60e70% of b-glu-
canes and chitin only represents less than 2‰ of cell wall (Petit and
Schneider, 1983).

Lipid-Transfer Proteins (LTPs) are antibacterial and antifungal
peptides formerly assumed, yet currently considered unlikely, to
participate in intracellular lipid trafficking (Yeats and Rose, 2008).
In P. persica, PpLTP1 is accumulated in the epicarp of fruits chal-
lenged with Monilia (Botton et al., 2002). Here, PpLTP1 is more
abundant in leaves in the presence of the pathogen than in its
absence. By contrast to PpGns4 and PpTLP1, there are no differences
in PpLTP1 levels between leaves of both genotypes in which the
pathogen is not detected.

Bioinformatic analysis (Supplementary Table S6) reveals
PpGns4, PpTLP1 and PpLTP1 putative proteins are likely to be
extracellular. Given that T. deformans hyphal growth takes place in
intracellular spaces and between cuticle and epidermal cells, the
presence of PpGns4, PpTLP1, PpLTP1 in this location would be of
relevance for fungal cell wall degradation, thus increasing the
permeability of the pathogen and providing a mechanism to
combat T. deformans and/or confer resistance to it.

5. Conclusions

Disease resistance in plant depends on complex integrated
mechanisms. In P. persica resistance against T. deformans is a poly-
genic trait mediated by several factors. Here, some protective
compounds and proteins such as chlorogenic acid, furanones,
PpGns4, PpTLP1 and Bet-v1-like proteins are constitutively present
in leaves of resistant peach trees. Since many of these preformed
antimicrobial compounds and proteins are effective in plant de-
fense against other pathogens, in future studies it would be inter-
esting to test the response of the resistant genotype against other
pathogens of economic importance such as M. laxa. Moreover, the
DOFI-84.364.060 genotype analyzed in this work could be used in
future breeding programs as a source of T. deformans’ resistance to
improve already commercial cultivars that exhibit satisfactory
yields, produce fruit of quality and are adapted to different climatic
conditions. On one hand, accessibility of cultivars that are tolerant
to the pathogen is key to reduce losses in production and money
invested in fungicides. On the other hand, there is an environ-
mental benefit, avoiding negative impacts on human and livestock
health and diminishing the risks of pathogen resistance due to the
use of pesticides. This study also explored the defense mechanisms
operating in susceptible trees. In asymptomatic leaves in which
T. deformanswas detected, some defensemechanisms are activated,
such as an induction of catalase, PAL and PR proteins. Nevertheless,
they exhibit altered primary metabolism and modification of
photosynthetic apparatus components, revealing that induced de-
fenses are not sufficient to fully counteract the fungal attack.
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