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For plant pathogenic bacteria, adaptation to the apoplast is considered as key in the
establishment of the parasitic lifestyle. Pseudomonas syringae pv. actinidiae (Psa), the causal
agent of the bacterial canker of kiwifruit, uses leaves as the entry site to colonize plants.
Througha combined approachbased on2-DE,nanoLC-ESI-LIT-MS/MSandquantitativePCR,we
investigated Psa colonization of the Actinidia deliciosa “Hayward” leaf apoplast during the
bacterial biotrophic phase. A total of 58 differentially represented protein species were
identified in artificially inoculated leaves. Although the pathogen increased its population
density during the initial period of apoplast colonization, plant defensemechanismswere able
to impede further disease development. We identified a concerted action of different proteins
mainly belonging to the plant defense andmetabolism category, which intervened at different
times andparticipated in reducing the pathogenpopulation.On the otherhand, bacterial BamA
was highly represented during the first week of leaf apoplast colonization, whereas OmpA and
Cpn60 were induced later. In addition to presenting further proteomic information on the
molecular factors actively participating in this pathosystem, our data characterize the early
events of host colonization and will promote the eventual development of novel bioassays for
pathogen detection in kiwiplants.

Biological significance
This original study evaluates on a proteomic perspective the interaction occurring into the
leaf apoplast between Actinidia deliciosa and its specific pathogen Pseudomonas syringae pv.
actinidiae. Despite the initial bacterial multiplication, a concerted action of the plant defense
mechanisms blocked the infection during 21 days of apoplast colonization, as revealed by
the number of differentially-represented proteins identified in artificially-inoculated and
control leaves. Three bacterial proteins were also recognized among the over-represented
molecules in infected plants. This study may contribute to improve breeding programs
aimed at selecting resistant/tolerant kiwifruit cultivars toward P. syringae pv. actinidiae,
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which present a high representation of the plant proteins here shown to be involved in
resistance mechanisms. In addition to present additional information on the molecular
players actively participating in this pathosystem, our data will also facilitate the
technological development of future bioassays for the detection of this pathogen in
kiwiplants.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Pseudomonas syringae pv. actinidiae (Psa), the causal agent of
kiwifruit bacterial canker, is a destructive pathogen of Actinidia
deliciosa and Actinidia chinensis cultivation worldwide. This micro-
organism is currently under a pandemic phase of infection [1].
Genomic studies have revealed the main genetic features of this
bacterium and its geographical origin [2–5], and epidemiological
investigations have noted the capability of the pathogen to
colonize “at a different extent” all plant organs through the entire
year [6]. Leaf colonization is considered to be a fundamental
phaseof thepathogencycle of diseasebecause, after the stomatal
penetration, Psa can systemically migrate within the leaf veins
[7–9], allowing the bacterium to reach the shoots and further
colonize the leader, thereby establishing the endophytic phase.
This feature also has important consequences for the prevention
and control of the disease; indeed, the effectiveness of contact
bactericides is greatly reduced when Psa colonizes internally the
plant.

Similar to other P. syringae pathovars, Psa can be consid-
ered a genuine hemibiotrophic pathogen, which shows an
early asymptomatic biotrophic phase (i.e., colonization of the
leaf without causing apparent symptoms), followed by a
subsequent necrotrophic phase (when successfully overcom-
ing the plant defense mechanisms) that is characterized by
tissue degradation and the appearance of the disease
symptoms (e.g., leaf spotting, twig wilting) [10]. When inside
the leaf, Psa colonizes and inhabits the apoplast, the inter-
cellular space surrounding the plant cells. The apoplast is
considered a dynamic compartment involved in different
plant physiological functions under both normal and stress
conditions [11].

For many plant pathogenic bacteria, the adaptation to the
apoplast environment is regarded as a keypoint for establishing
theparasitic lifestyle [12]. In fact, experiments performedon the
causal agent of tomato bacterial speck, P. syringae pv. tomato, in
the presence of the apoplastic fluid from tomato (Lycopersicon
esculentum) leaves showed that this extract wellmimics some of
the environmental, nutritional, and defense conditions that the
pathogen encounters during interior leaf colonization [13]. In
addition, it has recently been shown that the leaf apoplast
represents a particular environment for phytopathogenic
pseudomonads differentially adapted to living on the surface
and the interior of leaves [14]. In fact, these bacteria exhibit a
different transcriptional response according to their location.
The xylem sap of herbaceous plants can also be considered as
part of the apoplast [15].Within this context, a recent proteomic
study on the xylem sap from rice leaves revealedmanyproteins
secreted by Xanthomonas oryzae pv. oryzae, the causal agent of
bacterial leaf blight of rice (Oryza sativa), during the first 4 h of
infection [16].
In a previous study, we described the major proteomic
changes in the A. chinensis shoot following Psa inoculation in
the leaf, with a number of differentially represented protein
spots identified in infected and control shoots [9]. Proteins
related to plant protection, such as pathogenesis-related
polypeptides or components involved in basal protection,
oxidative stress, heat shock, and related transport and
signaling processes, were characterized as the most repre-
sented category of induced species. Proteins involved in
carbohydrate metabolism and energy regulation were also
differentially expressed upon infection. Conversely, very few
data are available on the microbe-plant molecular interac-
tions present during the biotrophic phase of Psa, a time when
the pathogen colonizes the leaf apoplast and attempts to
overcome the plant defense machinery. Thus, we performed
a proteomic study with the aim of identifying differentially
represented plant and bacterial proteins in the leaf apoplast
of A. deliciosa during biotrophic colonization by P. syringae pv.
actinidiae. To this purpose, we used a leaf inoculation system
that highly mimics the natural way of Psa dispersal within
and between the orchards (i.e., leaf colonization through
wind-driven bacterial cells) [1]. A time-course proteomic
analysis revealed the early induction of bacterial outer mem-
brane proteins and chaperones, which were secreted from the
pathogen to assist in leaf apoplast colonization, and the
differential expression of plant proteins involved in various
defense mechanisms and in energy or carbohydrate metabo-
lism, factors that acted in a concertedmanner to impede further
leaf infection.
2. Materials and methods

2.1. Plant inoculation

Two-year-old, self-rooted, pot-cultivated A. deliciosa “Hayward”
plants and the pandemic P. syringae pv. actinidiae strain
CRA-FRU 8.43 [2] were used in this study. This bacterial strain
was originally isolated from A. chinensis leaf spot and further
characterized [17,18].

Plants were maintained in an aseptic room, with 95%
relative humidity, having natural light and no further fertiliza-
tion after their transfer from the nursery. They were watered
regularly also during the entire experiment. For inoculation in
spring, bacteria were grown for 48 h on nutrient agar (Oxoid)
with 3% of sucrose added (NSA), at 25 ± 1 °C. Subsequently, a
bacterial suspension (1 × 104 cfu/ml) was prepared in sterile,
distilled water. To avoid wounding, the inoculation occurred by
gently spraying this suspension on the abaxial surface of
fully-expanded, healthy, young leaves, until the appearance of
homogenous water-soaked areas in the leaf lamina. Control
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plantswere treated in the samewaywith sterile, distilledwater.
After inoculation, plantswere coveredwith plastic bags for 24 h.
For proteomic analysis of the apoplastic fluid, leaves were
sampled from infected and control plants 3, 6, 12 and 21 days
after inoculation (Supporting Information Fig. S1).

2.2. Extraction of the apoplastic fluid from plant leaves

A. deliciosa leaves (30 g) taken from 5 infected or 5 control
plants were randomly detached and the midrib was removed.
Leaves were washed in sterile, de-ionized water in order to
prevent contaminations deriving from other cell compart-
ments and aseptically blotted dry. The leaf apoplastic fluid
was extracted by using an ad hoc-developed vacuum infiltra-
tion procedure [19], with some modifications. Leaves were
submerged into a chilled extraction buffer (100 mM Tris–HCl,
pH 7.5, 10 mM KCl, 1 mM phenylmethanesulfonyl fluoride);
then, they were subjected to vacuum infiltration at a pressure
of 70 kPa, for 15 min, for two periods. The vacuum was then
gradually released for 5 min, until the atmospheric pressure
was reached. Infiltrated leaves were gently removed from the
solution, washed twice with sterile, de-ionized water and
quickly dried again by aseptic blotting. Subsequently, the
leaves were rolled and placed in a 20 ml sterile syringe placed,
in turn, into a larger centrifugation tube. The apoplastic fluid
was recovered by centrifugation at 2000 ×g for 10 min, at 4 °C.
For proteomic analysis, 3 biological replicates for each sampling
were prepared. Possible cytosolic contaminations of apoplastic
fluid were evaluated by assaying the marker enzyme malate
dehydrogenase (MDH), whose activity was determined in
a reaction mixture containing 0.17 mM oxaloacetic acid,
0.094 mM β-NADH disodium salt, and 0.1 mM Tris–HCl buffer,
pH 7.4, according to Husted and Schjoerring [20]. MDH activity
was evaluated by adding 50 μl of apoplastic fluid to 1 ml of
assay medium, at 25 °C, and by measuring the corresponding
spectrophotometric absorbance (340 nm). At each sampling,
the pH value of the fluid was determined.

2.3. Evaluation of bacterial concentration in the apoplastic fluid

To determine the population trend of Psa in theA. deliciosa leaf
apoplastic fluid, bacterial isolates were counted by plating
100 μl of this fluid undiluted or ten-fold, serially-diluted into
sterile, double-distilled water, onto 3% NSA agar. Plates were
incubated for 48 h, at 23–25 °C. Circular, creamy-white, levan-
positive colonies putatively belonging to Psa were counted in
the plates showing single, distinct colony forming units. For
each plate, some putative colonies were also streaked in purity
on NSA to confirm their identity, according to a standardized
procedure [17,18]. The counting was performed at each leaf
sampling, with 3 replicates.

2.4. Protein sample preparation and quantification

Leaf apoplastic fluid was mixed (1:1 v/v) with ice-cold 500 mM
EDTA, 100 mM Tris–HCl, pH 8.0, 30% w/v sucrose, 1% w/v
polyvinylpolypyrrolidone, 100 mM KCl, 2% w/v SDS, and 5% v/v
β-mercaptoethanol, containing protease inhibitors (complete
cocktail — Roche), and stirred for 30 s. Each sample was then
added with ice-cold Tris–HCl buffered phenol, pH 8.0, and
stirred thoroughly for 30 s; samples were then centrifuged at
17,000 ×g for 5 min, at 4 °C. After centrifugation, the upper
phenolic phasewas collected and precipitatedwith 5 vol of cold
100 mM ammonium acetate in methanol, at −20 °C, overnight;
proteins were recovered by centrifugation at 17,000 ×g for
10 min, at 4 °C. After the removal of the supernatant, the pellet
was rinsed 3 times with 100 mM ammonium acetate in
methanol and twice with ice-cold 80% v/v acetone. The pellet
was air-dried and suspended in 2 M thiourea, 7 M urea, 4% w/v
CHAPS, 65 mMdithiothreitol (DTT), 10%v/v glycerol, 0.002%w/v
bromophenol blue, and 0.5% w/v ampholytes pH 3–10 (Bio-Rad,
Hercules, CA, USA). Protein concentration was quantified by
using the Bio-Rad protein assay kit, which is based on the
Bradford method [21], and bovine serum albumin as standard.

2.5. Two-dimensional gel electrophoresis

First dimension electrophoresis was performed by using
immobilized pH gradient (IPG) strips on an Ettan II IPGphor
isoelectric focusing (IEF) system (GE Healthcare). IPG strips
(7 cm, 3–10 linear pH gradient) (Bio-Rad) were rehydrated
passively with proteins (100 μg) dissolved in 125 μl of 2 M
thiourea, 7 M urea, 4% w/v CHAPS, 65 mM DTT, 10% v/v
glycerol, 0.002% w/v bromophenol blue, and 0.5% w/v
ampholytes pH 3–10, at 20 °C, for 12 h. Focusing was per-
formed by applying a constant current of 50 μA per strip,
under the same experimental conditions, by using the
following program: a liner increase from 0 to 500 V over 1 h,
from 500 V to 10,000 V over 5 h, and then held at 10,000 V for a
total of 100 kVh. After IEF, proteins were reduced by incubat-
ing the IPG strips with equilibration buffer (50 mM Tris–HCl,
pH 8.8, 6 M urea, 2% w/v SDS, 30% v/v glycerol, 0.002% w/v
bromophenol blue) containing 1% w/v DTT, for 10 min, and
alkylatedwith 2.5%w/v iodoacetamide in equilibration buffer, for
10 min. IPG strips were then transferred onto 12% T SDS-PAGE
gels for the second dimension electrophoresis, which was per-
formed in a Mini-PROTEAN II cell system (Bio-Rad), using 25 mM
Tris, pH 8.3, 0.2 M glycine, and 35 mM SDS as running buffer.
SDS-PAGE was performed at 30 mA/gel for 50 min, until the
bromophenol blue marker reached the end of the gel. Gels were
stained with colloidal Coomassie Blue R-350 (GE Healthcare) and
then de-stained according to themanufacturer's recommenda-
tions. To account for experimental electrophoretic variations,
triplicate gels for each biological sample were analyzed in
parallel. Gel images were acquired by using a Image Scanner III
flatbed scanner (GE Healthcare). Molecular mass and pI values
were estimated by running a control sample together with
protein standards (Bio-Rad).

2.6. Gel image analysis

Digitized images of Coomassie-stained gels were analyzed by
using the ImageMaster™ 2D Platinum software (GE Healthcare),
which allowed spot detection, landmark identification, aligning/
matching of spots within gels, quantification of matched spots
and their analysis. Manual inspection of the spots was per-
formed to verify the accuracy of the automatic gel matching;
any error in the automatic procedure was manually corrected
prior to the final data analysis. The spot volume was used as
the analysis parameter for quantifying protein expression.
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The protein spot volume was normalized to the spot volume
of the entire gel (i.e., of all the protein spots). Fold-changes in
protein spot levels were calculated between spot volumes in
the infected group relative to that in the control one. Statisti-
cally significant changes in protein abundance were deter-
mined by using two sequential data analysis criteria. First, a
protein spot had to be present in all gels for each sample to be
included in the analysis. Next, statistically significant quanti-
tative changes were determined by using the distribution of
fold-change values in the data. Spot changes were determined
to be statistically significant if the difference between the
average intensity of a specific protein spot in the infected and
control plants (3 technical replicates of 3 biological samples)
was greater than one standard deviation of the spot intensities
for both groups. An absolute two-fold change in normalized
spot densities was then considered as indicative of a significant
quantitative variation. For statistical analysis, data were ana-
lyzed by using the Statistical Package for Social Science (SPSS)
software (IBM Spss Statistics) through missing value imputation
via K-nearest neighbors analysis, followed by log-transformation
of the imputed data and comparison of control and treated
values to evaluate with statistical validation by analysis of
variance (ANOVA), with a non-linear mixed-effects model.
p values <0.05 were considered to be significant.

2.7. In-gel digestion and mass spectrometry

Spots were manually excised from gels, alkylated and digested
with trypsin, as previously reported [22,23]. Digest aliquots were
removed and subjected to a desalting/concentration step on
μZipTipC18 (Millipore, Bedford, MA, USA) using acetonitrile as
eluent before nanoLC-ESI-LIT-MS/MS analysis. Peptidemixtures
were analyzed by nanoLC-ESI-LIT-MS/MS using a LTQ XL mass
spectrometer (Thermo) equipped with a Proxeon nanospray
source connected to an Easy-nanoLC (Proxeon) [24]. Peptide
mixtureswere separated onanEasyC18 column (10 × 0.075 mm,
3 μm) (Proxeon) using a linear gradient of 0.1% v/v formic acid,
acetonitrile in 0.1% v/v formic acid from 5 to 35% over 15 min,
and from 35 to 95%, over 2 min, at a flow rate of 300 nl/min.
Spectra were acquired in the range ofm/z 300–1800. Acquisition
was controlled by a data-dependent product ion scanning
procedure over the threemost abundant ions, enabling dynamic
exclusion (repeat count 2 and exclusion duration 1 min). The
mass isolation window and collision energy were set to m/z 3
and 35%, respectively.

2.8. Protein identification

Raw data files from nLC-ESI-LIT-MS/MS experiments were
searched by MASCOT search engine (version 2.2.06, Matrix
Science, UK) against two updated databases from NCBI (2011/
10/27), which contained availableActinidia EST and Pseudomonas
protein sequences, respectively. Database searching was per-
formed by using a mass tolerance value of 1.4 Da for precursor
ion and 0.5 Da for MS/MS fragments, trypsin as proteolytic
enzyme, a missed cleavage maximum value of 1, carbamido-
methylation (at Cys), oxidation (at Met) and pyroglutamic acid
formation (at Gln and Glu) as fixed and variable modifications,
respectively. Candidates with more than 2 assigned peptides
with an individualMASCOTsignificance threshold p value <0.05
were considered as confidently identified. Definitive peptide
assignment was always associated with manual spectral
visualization and verification. Where appropriate, protein
identification was further evaluated by the comparison with
their calculated mass and pI values, using the experimental
values obtained from 2-DE. Identified Actinidia spp. EST entries
were associatedwith specific enzymes/proteins from other plant
species by sequence alignment, which was performed by using
the BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.9. Reverse transcriptase PCR and quantitative real-time
PCR analyses

RNA was isolated from apoplastic fluid of A. deliciosa leaves
inoculated with P. syringae pv. actinidiae as well as from control
leaves by using the RNeasy plant mini kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions.
RNA concentration was assessed by UV/visible spectroscopy,
while its structural integrity was checked on a non-denaturing
agarose gel, followed by ethidium bromide staining. First-strand
cDNA was synthesized from 3 ng of total RNA using oligo(dT)20
primers and the ThermoScript RT-PCR System (Invitrogen Life
Technologies, Carlsbad, CA, USA), according to the manu-
facturer's recommendations. For reverse transcriptase PCR
analysis, 2 μl of cDNA was amplified with 1 unit of Platinum®
Taq High Fidelity (Invitrogen) in 1× PCR buffer containing 2 mM
MgCl2, in the presence of 200 μM of each dNTP and one
gene-specific primer pair; final reaction volume: 50 μl. Primer
oligonucleotide pairs of bacterial outer membrane protein
assembly factor (bamA), ompA family protein and 60 kDa
chaperonin (cpn60) genes were designed by using Primer3
software [25] (Supporting Information Table S1). The gene rpoD,
encoding sigma factor 70, was used as bacterial housekeeping
gene. To detect differences in cDNA expression levels for each
sample set, a variable number of amplification cycles (25–30
depending on gene templates) was tested (Supporting Informa-
tion Table S1). PCR reaction conditions were: 94 °C for 3 min,
followed by n amplification cycles (optimized for each gene) at
94 °C for 30 s, the appropriate annealing temperature for 1 min
(see Supporting Information Table S1) for 2 min, and a final
extensionof 7 minat 72 °C. Amplifiedproductswere resolved on
1.8% agarose gels containing ethidium bromide and visualized
by using a GelDoc Imaging system (Bio-Rad, Hercules, CA).
Experiments were performed with three independent biological
replicates, each of them with three technical replicates.

Quantitative real-time PCR was performed using a CFX
Connect Real-Time PCR Detection Systems (Bio-Rad). cDNA
was amplified in 96-well plates using the SsoAdvancedTM
SYBR® Green Supermix (Bio-Rad), 25 ng of cDNA and 300 nM
specific sense and anti-sense primers (20 μl-final volume); each
sample was analyzed in triplicate. A sample non containing the
template was used as negative control; a sample having retro-
transcribedmRNA instead of template cDNAwas used as control
for genomic DNA contaminations. Cycling parameters were:
denaturation at 95 °C, for 10 s; annealing/extension as specified
in Supporting Information Table S1, for 30 s (repeated 40 times).
To verify the specificity of the amplification, a melt-curve
analysis was performed immediately after the amplification
protocol. Relative quantification of the gene expression was
normalized to the reference housekeeping gene.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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3. Results and discussion

3.1. Plant inoculation and biotrophic colonization of the
leaf apoplast

The inoculation of A. deliciosa “Hayward” leaves with a Psa
suspension (1 × 104 cfu/ml) did not induce any visible symp-
toms of disease during the entire study (i.e., 21 days). The
water-soaking that was observed immediately after inocula-
tion by spraying was no longer noticeable after several days.
However, we did observe an increase in the Psa concentration
in the leaf apoplast fluid (Fig. 1); at 3 days after infiltration,
the Psa population density was increased to approximately
105 cfu/ml, reaching a plateau of approximately 106 cfu/ml
3 days later. At 12 days after the inoculation, the density
returned to a value of about 105 cfu/ml, remaining constant
for the rest of the experiment. Despite the rather stable
presence of Psa in the apoplastic fluid for the duration of the
experiment, the pathogen was not capable of overcoming the
plant defense mechanisms and remained in a biotrophic
phase. Thus, it is reasonable to speculate that the type of
inoculation used (i.e., gentle spraying of the abaxial surface of
the leaves) promoted a lower increase in the multiplication
trend of Psa, when compared to inoculation performed using
a needleless syringe directly pressed onto the leaf surface [2].
It is likely that the latter technique may also cause cell
wounding that, in turn, might enhance the multiplication of
the pathogen.

Rico and Preston [13] showed that the tomato leaf apoplast
extract is a complete growthmedium for P. syringae pv. tomato;
in fact, this microorganism rapidly multiplies in purified
apoplastic fluid as a bacterial culture medium. Similarly, the
tomato and tobacco leaf apoplasts even support the growth of
non-host pathogen and non-pathogenic bacteria [13]. Our
data demonstrate how the initial increase in Psa growth into
the A. deliciosa leaf apoplast was effectively reduced by plant
defense mechanisms, which impeded the progress of the
infection and the appearance of visible disease symptoms.
Therefore, this study confirms the hypothesis that the ability
of P. syringae pathovars to initiate infection in plants is
primarily determined by their ability of overcoming/tolerating
the induced host resistance [12,13].
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Fig. 1 – P. syringae pv. actinidiae colonization of the apoplastic
fluid as obtained from Actinidia deliciosa cv. Hayward leaves.
3.2. The A. deliciosa leaf apoplast proteome after P. syringae
pv. actinidiae infection

The infiltration–centrifugation approach is one of the most
used methods of collecting soluble proteins from leaf/root
apoplastic fluid. Although many protocols have been report-
ed within this context, defining the optimal conditions for
sample preparation using different plant species, large dif-
ferences with respect to infiltrability of the leaves are evident
and also correlate inversely with stomatal and mesophyll
resistance [26–29]. In this study, the infiltration–centrifuga-
tion method was optimized for the apoplastic fluid from A.
deliciosa leaves with the aim of obtaining the corresponding
enriched protein extract. As reported in previous studies, the
extraction of apoplastic proteins from plant tissues is
technically challenging, primarily because of their relatively
reduced concentration in this fluid, compared to the corre-
sponding intracellular counterparts [30]. In addition, the
different procedures developed thus far can damage plant
cells and contaminate the apoplastic fluid with cytosolic
proteins. Accordingly, the leakage of symplastic components
into the apoplast fluid is a critical issue that often cannot be
completely avoided during the infiltration–centrifugation
procedure [30]. We assayed the corresponding MDH activity
to test the eventual symplastic contamination of our leaf
apoplast fluid samples; our experiments indicated no detect-
able MDH activity in any of the infected and control apoplast
fluid samples we prepared for the proteomic analysis, thus
indicating a negligible cytosolic contamination. An estima-
tion of the protein yield for all samples on a time-course basis
showed an average value of 73 ± 8 and 62 ± 5 μg/g fresh
weight in the infected and control samples, respectively. No
significant differences in the challenged and control samples
were registered during the entire experiment, as already reported
for the Arabidopsis/Verticillum longisporum pathosystem [31].

Proteins extracted from infected apoplastic fluid at 3, 6, 12,
and 21 days after inoculation were then resolved by 2-DE and
compared to the corresponding control samples, which were
analyzed in the same experimental set up. For the above-
mentioned time points, 233 ± 15, 285 ± 19, 224 ± 20, and 215 ±
18 protein spots were detected in the infected samples,
respectively, whereas 226 ± 12, 211 ± 18, 243 ± 15 and 253 ± 21
protein spots were observed in the control samples, respective-
ly. Two representative Coomassie-stained gels are shown in
Fig. 2, with the apoplast proteins resolvedwithin pI 3–10 andMr
10–100 kDa ranges. To assess the reproducibility of the corre-
sponding proteinquantification, the coefficient of variation (CV)
in the biological and technical replicates was then calculated
for all proteins, at all the time-points examined. In infected
samples, CV was 16% and 19% in the biological and technical
replicates, respectively; in control, CVwas 17% and 20% in the
biological and technical replicates, respectively. Three indepen-
dent experiments were performed to ensure that the changes in
protein abundance at each time point were reproducible and
significant. The software quantification showed that, although
the protein expression profiles between the infected and control
samples were similar, the abundance of certain spots changed
significantlywith infection over time. Sixty protein spots showed
significant differences in spot volume (p < 0.05); in particular, 40
spots showed quantitative changes, whereas other 17 and 3



Fig. 2 – Two-dimensional gel electrophoresis of proteins from the apoplastic fluid from leaves of Actinidia deliciosa cv. Hayward.
Representative gels for control and infected plants are shown in panels A and B, respectively.
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occurred solely in the infected and control plants, respectively.
All the corresponding gel portionswere excised, trypsin digested,
and characterized by nanoLC-ESI-LIT-MS/MS (Table 1 and
Supporting Information Table S2). In most cases, each protein
spotwas identified as aunique protein; however, 7 spots (spots 8,
11, 12, 13, 15, 17 and 28) yielded more than one confident
identification, suggesting the co-migration of multiple protein
species. Four spots were identified as a P. syringae gene products,
and the remaining were associated with plant components. In
general, most of the identified A. deliciosa and bacterial proteins
showed experimental pI and Mr values in good agreement
with the theoretical values, as also calculated for the corre-
sponding counterparts from other plant species (Table 1). The
Bevan classification [32]was followed for categorization of plant
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proteins, which allowed their grouping into 10 functional
classes. Energy, defense, destination and storage, cell structure,
and metabolism protein groups were the most represented
ones (Fig. 3).

To determinewhether the proteomic results indeed reflected
a gene expression pattern during Psa infection, target validation
of the bacterial expressed genes was performed using reverse
transcriptase PCR and quantitative real-time PCR analyses.
Thus, we analyzed the mRNA expression level of the identified
bacterial proteins in the leaf apoplast of the infected plants on a
time-course basis: 60 kDa chaperonin (cpn60), OmpA family
protein (ompA) and outer membrane protein assembly factor
BamA (bamA) (Supporting Information Table S1). As shown in
Fig. 4, the transcriptional activation of these bacterial genes
paralleled the corresponding increase in protein accumula-
tion (Table 1), suggesting that these bacterial components are
differentially regulatedat a transcriptional level duringbiotrophic
colonization by this pathogen.

3.3. Plant proteins involved in defense mechanisms

The protein species that were found to be enhanced during the
A. deliciosa leaf apoplast colonization by Psa included members
of different plant defense categories, such as oxidative stress-
responsive and heat shock proteins, pathogenesis-related (PR)
polypeptides, and proteins involved in basal protection, sug-
gesting the involvement of different (but co-regulated) molecu-
lar pathways in the kiwifruit response to pathogen challenge.
Accordingly, 11 over-represented defense-related proteins were
identified during the 21 days of Psa biotrophic colonization of
the A. deliciosa leaf apoplast. Some, namely PR-4, PR-5, PR-17
(spots 28, 47, 48, 50, 52 and 53), heat shock protein 90 (spot 46),
and peroxidase 4 (spot 49), were over-represented for the
duration of the experiment, though to different degrees
(Table 1). In contrast, β-glucosidase (spots 40, 41, and 42)
presented increased levels only at 3 days after inoculation;
β-1-3-glucanase (spots 38 and 39) and tumor-related proteins
(spots 54, 55, 56, 57 and 58) were over-represented after 6–
12 days, whereas endochitinase B (spots 44 and 45) and chitinase
class IV (spot 43) were induced at 12 days after inoculation and
thereafter (Table 1). In addition,most proteins (i.e., endochitinase
B, β-1-3-glucanase, β-glucosidase, PR-4, PR-17, tumor-related
protein, and thaumatin-like protein) occurred as multiple gel
spots, in agreement with the presence of different protein
isoforms, most likely due to post-translational modifications
(PTMs).

Notably, peroxidase 4 was found to be over-represented in
the initial phase of leaf apoplast colonization (Table 1). Recently,
it has been shown that peroxidases, key components generat-
ing reactive oxygen species (ROS) involved in basal plant
defense mechanisms [33,34], catalyze the production of oxida-
tive species upon the recognition of microbe-associated molec-
ular pattern (MAMPs) elicitors by the cell wall [35]. In particular,
Arabidopsis mutants defective for two peroxidase genes were
more susceptible to P. syringae infection, displaying reduced
ROS generation and callose deposition. Our results, clearly
showing the induced expression of peroxidase 4 during the first
week of apoplast colonization, support the hypothesis that the
apoplastic peroxidase-dependent oxidative burst also plays a
fundamental role in the A. chinensis defense response to leaf
pathogen attack [35]. It is also worth noting that peroxidases
were not identified during Psa twig infection of plant shoots [9].

When the Psa population in the leaf apoplast began to
decline (i.e., at 6–12 days after inoculation), we observed β-1-3
glucanase and chitinase (i.e., endochitinase B and chitinase
class IV) isoforms as induced proteins. Plant β-1-3 glucanases
are responsible for rather diverse physiological functions,
such as carbon utilization, cell-wall organization, and patho-
gendefense [36]. They are classified as PR components in various
plants, which are highly induced after microbial challenge
[37–40]. Similar to the tomato/Cladosporium fulvum pathosystem
with foliar inoculation [41], we found that β-1-3-glucanase is
mainly expressed at 12 days post-inoculation. Analogously,
chitinases are involved in promoting a broad resistance to fungal
pathogens [42] but also degrade the bacterial cell wall [43]. They
have also been reported to elicit ROS production by generating
chitin oligomers [44]. These enzymes are generally induced by
pathogenic bacteria and are involved in early plant basal
resistance [45]; in fact, they are increased in the tobacco leaf
apoplast even at 2.5 h post-inoculation with Pseudomonas avenae
flagellin [30]. Interestingly, we found that endochitinases B and
chitinase class IV were highly expressed at 12 days after leaf
apoplast inoculation; thus, a more durable functional role
should also be considered for these enzymes during
biotrophic apoplast colonization.

Among PR proteins, a putative PRp27-like protein (belong-
ing to the PR-17 family) was found to be over-represented
during the entire experiment, though mainly at 12 days
post-inoculation (Table 1). The homologous protein in Nicotiana
benthamiana has been shown to elicit a protease activity in the
leaf apoplast, contributing to plant basal resistance toward
P. syringaepv. tabaci [46]; the silencing of the corresponding gene
enhanced bacterialmultiplication [46]. Thaumatin-like proteins
(i.e., PR-5) are reported to be involved in promoting pore
formation in the bacterial membrane [47]. Indeed, we found
bacterial outer membrane proteins to be over-represented
during leaf apoplast colonization (see below), and an active
role(s) for PR-5 proteins in counteracting microbial infection is
also apparently confirmed in this pathosystem.

Heat shock protein (HSP) 70 plays a major role in basal
defense mechanisms in Arabidopsis thaliana, N. benthamiana,
and Nicotiana tabacum during P. syringae infection [48]. In fact,
HSP70 is a major target of the type III effector protein HopI1, a
common P. syringae virulence effector that is also present in
the genome of Psa CRAFRU 8.43 [2]. In compatible interactions,
this effector induces and recruits cytosolic HSP70 to the
chloroplasts, forming large complexes and suppressing the
defensive function(s) of this plant protein. HSP70-depleted
mutant plants exhibit susceptibility to non-pathogenic strains
of P. syringae and to non-host pathogens, thus demonstrating
the important role of this protein in basal plant defense
mechanisms [48]. In the present study, we report that HSP70
was over-represented in the A. deliciosa leaf apoplast for the
entire duration of the experiment and showed a quantitative
trend that well paralleled the Psa population density (Table 1
andFig. 1). This trendwould confirm thedefensive role ofHSP70
towards phytopathogenic pseudomonads, most likely in com-
bination with other defense proteins. Augmented levels of
HSP70 were also measured during the Psa infection processes
leading to A. chinensis twig wilting [9].



Table 1 – Differentially-represented proteins identified in the apoplast fluid from Actinidia deliciosa leaves following inoculation with P. syringae pv. actinidiae CRAFRU 8.43.
Proteins are classified according to functional categories. Spots identified by using nLC-ESI-LIT-MS/MS are reported. Spot number, protein name, Actinidia EST or P. syringae
protein accession, Uniprot code of the plant protein with the highest sequence similarity, corresponding organism, sequence coverage percentage, number of unique
peptides identified, theoretical and experimental Mr and pI values are listed. In the graphs showing the trend for normalized spot volumes following plant inoculation with
bacteria (red ) and water (control) (blue ), x and y axes indicate days after inoculation and normalized spot volume values (%), respectively.

Spot Protein name Kiwi EST
accession

Uniprot code of the
protein with the
highest sequence

similarity (identity %)

Organism Sequence
coverage %
(peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Trend of normalized
spot volume after

inoculation

Plant metabolism
1 Alpha-galactosidase 1 195319742 Q5ZP79 (84) Pisum sativum 23.1 (4) 42/6.55 50/6.09

2 Beta-galactosidase 195251329 E7D4T9 (96) Actinidia deliciosa var. deliciosa 42.0 (6) 81/7.50 81/7.32

3 Beta-galactosidase 195251329 E7D4T9 (96) Actinidia deliciosa var. deliciosa 47.0 (8) 81/7.50 81/7.54

4 Beta-galactosidase 195251329 E7D4T9 (96) Actinidia deliciosa var. deliciosa 34.5 (7) 81/7.50 81/7.78

5 Beta-galactosidase 195230659 E7D4T9 (99) Actinidia deliciosa var. deliciosa 23.3 (4) 81/7.50 71/7.08

Plant energy
6 Sedoheptulose-1,7-bisphosphatase,

chloroplastic
195321876 C5IU71 (77) Solanum lycopersicum 9.0 (2) 42/6.07 40/5.00

7 Fructokinase 195257001 K4HVS9 (92) Malus domestica 12.4 (2) 41/5.18 41/5.05
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8 Fructose-bisphosphate aldolase 195218732 G8FMI9 (87) Carica papaya 21.2 (7) 43/8.14 45/5.02

NAD-dependent epimerase/dehydratase, putative 195303417 B9RFM2 (81) Ricinus communis 36.2 (6) 43/8.52 45/5.47

9 Fructose-bisphosphate aldolase 195218732 G8FMI9 (87) Carica papaya 20.8 (6) 43/8.14 44/5.58

10 Fruit protein pKIWI502 195199299 P43394 (96) Actinidia deliciosa 38.5 (7) 35/7.88 30/4.99

11 Fruit protein pKIWI502 195199299 P43394 (96) Actinidia deliciosa 16.8 (3) 35/7.88 30/4.91

12 Fruit protein pKIWI502 195199299 P43394 (96) Actinidia deliciosa 26.4 (5) 35/7.88 29/5.02

13 Fruit protein pKIWI502 195199299 P43394 (96) Actinidia deliciosa 59.1 (11) 35/7.88 28/5.04

14 Fruit protein pKIWI502 195273071 P43394 (95) Actinidia deliciosa 29.4 (4) 35/7.88 44/4.35

15 Fruit protein pKIWI502 195273071 P43394 (95) Actinidia deliciosa 51.3 (10) 35/7.88 30/5.12

Triosephosphate isomerase, chloroplastic 195212385 P48496 (91) Spinacia oleracea 21.6 (3) 27/5.23 30/5.12

16 Fruit protein pKIWI502 195238948 P43394 (97) Actinidia deliciosa 58.9 (11) 35/7.88 29/5.23

17 Fruit protein pKIWI502 195238948 P43394 (97) Actinidia deliciosa 71.8 (12) 35/7.88 28/5.13

(continued on next page)
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Table 1 (continued)

Spot Protein name Kiwi EST
accession

Uniprot code of the
protein with the
highest sequence

similarity (identity %)

Organism Sequence
coverage %
(peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Trend of normalized
spot volume after

inoculation

18 Glyceraldehyde-phosphate dehydrogenase 195199187 Q41019 (97) Pinus sylvestris 31.0 (6) 44/7.54 48/5.51

19 Glyceraldehyde-phosphate dehydrogenase 195230613 Q41019 (97) Pinus sylvestris 62.0 (13) 44/7.54 48/5.60

20 Oxygen-evolving enhancer protein 2, chloroplastic
(OEE2) (23 kDa subunit of oxygen evolving
system of photosystem II)

195210869 P16059 (80) Pisum sativum 38.3 (7) 20/5.52 20/6.29

21 Plastocyanin A, chloroplastic, putative 195238502 B9R8G0 (77) Ricinus communis 17.0 (2) 17/5.08 13/4.51

22 Plastocyanin A, chloroplastic, putative 195238502 B9R8G0 (77) Ricinus communis 28.6 (3) 17/5.08 14/4.59

23 Ribulose bisphosphate carboxylase small chain 195197521 A7YVW5 (100) Actinidia deliciosa 40.7 (8) 20/9.30 18/6.83

24 Ribulose bisphosphate carboxylase small chain 195197521 A7YVW5 (100) Actinidia deliciosa 59.3 (14) 20/9.30 17/7.08

25 RuBisCO large subunit-binding protein
subunit alpha (60 kDa chaperonin subunit
alpha), CPN-60 alpha

195265738 P08824 (91) Ricinus communis 27.4 (4) 52/4.77 70/4.98
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26 RuBisCO large subunit-binding protein subunit
beta, chloroplastic (60 kDa chaperonin
subunit beta), CPN-60 beta

195300134 P08927 (89) Pisum sativum 47.2 (11) 58/5.26 70/5.17

27 RuBisCO large subunit-binding protein subunit
beta, chloroplastic (60 kDa chaperonin subunit
beta), CPN-60 beta

195203529 P08927 (93) Pisum sativum 54.8 (10) 58/5.26 69/5.22

Plant protein destination and storage
12 Actinidain 195215657 A5HII1 (72) Actinidia deliciosa 7.6 (2) 27/4.44 29/5.02

13 Actinidain 195196607 A5HII1 (70) Actinidia deliciosa 13.4 (2) 27/4.44 28/5.04

Cysteine protease Cp1 195196841 A5HIJ1 (98) Actinidia deliciosa 33.5 (4) 39/6.16 28/5.04

17 Actinidain 195272085 A5HII1 (72) Actinidia deliciosa 16.1 (2) 27/4.44 28/5.13

28 Actinidain 195213358 A5HII1 (73) Actinidia deliciosa 22.0 (3) 27/4.44 26/5.07

29 Subtilisin-like protease 195244954 A9XG40 (87) Nicotiana tabacum 18.7 (2) 81/6.55 84/6.16

30 Subtilisin-like protease 195226301 A9XG40 (89) Nicotiana tabacum 17.9 (2) 81/6.55 85/6.29

(continued on next page)
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Table 1 (continued)

Spot Protein name Kiwi EST
accession

Uniprot code of the
protein with the
highest sequence

similarity (identity %)

Organism Sequence
coverage %
(peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Trend of normalized
spot volume after

inoculation

Plant cell structure
33 ACT1 195211180 A7YVW7 (100) Actinidia deliciosa 25.5 (5) 42/5.31 53/4.52

34 ACT1 195233678 A7YVW7 (100) Actinidia deliciosa 30.9 (5) 42/5.31 52/4.43

35 Profilin-1 195198911 O82572 (91) Ricinus communis 13.1 (2) 14/4.58 16/4.62

Plant signal transduction
11 14-3-3 protein 195276424 Q1AP39 (92) Manihot esculenta 23.0 (4) 30/4.75 30/4.91

Plant disease/defense
28 PRp27-like protein (PR-17) 195264699 I6ZPI0 (81) Olea europaea 40.7 (7) 26/5.15 26/5.07

38 Beta 1-3 glucanase 195306186 Q9M563 (64) Vitis vinifera 40.9 (5) 39/9.21 37/8.73

39 Beta-1-3-glucanase 195213722 Q9M563 (72) Vitis vinifera 38.3 (5) 39/9.21 36/8.70

40 Beta-glucosidase, putative 195269317 B9RIY8 (88) Ricinus communis 41.7 (8) 84/6.22 81/5.46
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41 Beta-glucosidase, putative 195269317 B9RIY8 (88) Ricinus communis 36.5 (7) 84/6.22 80/5.56

42 Beta-glucosidase, putative 195269317 B9RIY8 (88) Ricinus communis 57.0 (9) 84/6.22 82/5.66

43 Class IV chitinase 195197069 G8IEM3 (100) Actinidia chinensis 35.8 (6) 29/5.59 28/5.31

44 Endochitinase B 195262533 P24091 (72) Nicotiana tabacum 31.0 (5) 31/8.31 33/8.10

45 Endochitinase B 195262533 P24091 (72) Nicotiana tabacum 27.6 (4) 31/8.31 33/7.76

46 Heat shock protein 90 195322327 D0EWD6 (85) Ipomoea nil 36.2 (5) 90/4.91 99/5.03

47 Pathogenesis-related protein 4 195220941 G9JVT0 (78) Vitis pseudoreticulata 22.0 (3) 15/8.12 16/5.82

48 Pathogenesis-related protein 4 195220941 G9JVT0 (78) Vitis pseudoreticulata 44.0 (6) 15/8.12 15/5.82

49 Peroxidase 4 195196354 A7NY33 (77) Vitis vinifera 18 (3) 32/8.58 28/7.88

50 PRp27-like protein (PR-17) 195233149 I6ZPI0 (73) Olea europaea subsp.
europaea

38.8 (7) 26/5.15 26/4.86

(continued on next page)
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Table 1 (continued)

Spot Protein name Kiwi EST
accession

Uniprot code of the
protein with the
highest sequence

similarity (identity %)

Organism Sequence
coverage %
(peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Trend of normalized
spot volume after

inoculation

51 Stromal 70 kDa heat shock-related protein,
chloroplastic

195231741 Q02028 (90) Pisum sativum 14.4 (3) 68/4.83 81/4.85

52 Thaumatin-like protein (PR-5) 195203526 D3W0X5 (80) Vitis cinerea var. helleri × Vitis riparia 51.6 (6) 26/7.82 25/8.60

53 Thaumatin-like protein (PR-5) 195249875 Q5DJS5 (79) Nicotiana tabacum 36.8 (6) 25/5.38 27/4.68

54 Tumor-related protein 195198823 D3W0X4 (71) Vitis cinerea var. helleri × Vitis riparia 26.7 (4) 31/8.31 22/7.76

55 Tumor-related protein 195198823 D3W0X4 (71) Vitis cinerea var. helleri × Vitis riparia 20.5 (3) 22/6.59 23/7.76

56 Tumor-related protein 195198823 D3W0X4 (71) Vitis cinerea var. helleri × Vitis riparia 32.4 (5) 22/6.59 24/6.29

57 Tumor-related protein 195198823 D3W0X4 (71) Vitis cinerea var. helleri × Vitis riparia 38.6 (6) 22/6.59 23/6.29
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58 Tumor-related protein 195198823 D3W0X4 (71) Vitis cinerea var. helleri × Vitis riparia 44.8 (9) 22/6.59 22/6.29

Not matching with homologous plant proteins
59 EST 195228012 No BLAST 16.5 (5) 26/8.54 27/8.60

60 EST 195228012 No BLAST 42.6 (9) 26/8.54 28/8.60

Bacterial protein destination and storage
31 60 kDa chaperonin 330966159 F3I499 (100) Pseudomonas syringae

pv. actinidiae str. M302091
9.5 (4) 57/5.05 69/5.20

32 60 kDa chaperonin 330966159 F3I499 (100) Pseudomonas syringae
pv. actinidiae str. M302091

16.9 (8) 57/5.05 70/4.85

Bacterial cell structure
36 OmpA family protein 330964108 F3HYE8 (100) Pseudomonas syringae

pv. actinidiae str. M302091
13.8 (2) 28/9.36 30/7.87

37 Outer membrane protein assembly factor BamA 302187906 Q4ZWS0 (99) Pseudomonas syringae
pv. syringae (strain B728a)

3.0 (2) 85/4.93 90/5.00
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Another component observed as over-represented in the
proteomic profile of apoplastic fluid from inoculated plants was
a putative tumor-related protein, which occurred as five iso-
forms. This protein belongs to a family of components that are
commonly expressed in all eukaryotic organisms; induction of
this protein in Vitis vinifera has been related to Eutypa lata
infection [49]. It was recently shown that one member of this
class is involved in thehypersensitivity reactionofN. benthamiana
to various pathogenic bacteria, namely P. syringae pv. syringae,
Pseudomonas cichorii, and Agrobacterium tumefaciens [50]. This
protein was also suggested to have a major role in cell death
regulation during the hypersensitivity response [50]. Lastly, we
found different β-glucosidase isoforms that were down-
represented in infected plants at specific times during the
experiment.

3.4. Plant proteins involved in metabolism and energy

α-Galactosidase (spot 1) and β-galactosidase (spots 2, 3, 4 and
5) are two metabolic enzymes that were induced during the
Psa biotrophic colonization of the leaf apoplast (Table 1). The
latter protein was found to be over-represented from 6 days
post-inoculation and thereafter, showing its highest levels at
12 days post-inoculation. Interestingly, this enzyme was not
induced in the control plants, supporting the hypothesis of a
relationship between its quantity and apoplast colonization
by the pathogen. β-Galactosidase is involved in releasing
stored energy-related molecules for rapid plant growth, in
degrading cell wall components during senescence, and in
releasing galactose during the ripening of fruits [51–53]. Its
apparent induction has been described in Capsicum annuum
upon artificial root inoculation with Ralstonia solanacearum
Fig. 3 – Functional classification and relative distribution of the d
A. deliciosa cv. Hayward leaves following the inoculation with P.
[54]; the authors postulated that the induction of this enzyme
might be important for the pathogen to destroy the cell wall of
the plant vascular tissue, thus facilitating its invasion and
movement into the vessels. Within this context, the precise
role of the induction of β-galactosidase in leaves during Psa
infection deserves further attention.

Concerning factors involved in energy metabolism, fruit
protein pKIWI502 (spots 10–17) was observed as being over-
represented in the control plants. In this study, the quantita-
tive levels of the various protein isoforms present in the
proteomic map showed non-homogenous trends (Table 1). As
outlined in a previous study [55], this phenomenon might be
explained by the occurrence of PTMs generating various
protein isoforms that have different functions during pathogen
infection. pKIWI502 was reported as being putatively involved
in the early fruit development ofA. deliciosa (i.e., 8–10 days after
anthesis) [56]; however, there areno studies to date reporting its
occurrence as related to pathogen colonization.

Isoforms of ribulose 1,5 bisphosphate carboxylase/oxygenase
(spots 23, 24, 25, 26, and 27), the most dominant plant
component, were also found within the group of differentially
represented protein species. Despite various experimental trials,
it was not possible to fully eradicate the presence of this protein
in our apoplast preparations, which most likely arose from an
undesired, negligible breakdown of cell membranes. Anal-
ogous interpretations can be made for other cytoplasmic
proteins identified in the leaf apoplastic fluid, namely
chloroplastic sedoheptulose-1,7 bisphophatase (spot 6),
oxygen-evolving enhancer protein 2 (spot 20), and plasto-
cyanin A (spots 21 and 22). Such unavoidable symplastic
contamination has already been reported in other studies
[28,29,57,58].
ifferentially represented proteins from the apoplastic fluid of
syringae pv. actinidiae.
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3.5. Plant proteins involved in other molecular pathways

Among the cell structure-related protein components, ACT1
(spots 33 and 34) was mainly over-represented during the first
6 days after inoculation, whereas profilin-1 was induced later
(Table 1). As ACT1 is a cytoplasmic protein, a putative contam-
ination may also explain its presence in the apoplastic fluid.
Profilins are constitutive proteins strongly expressed in all
vegetative tissues at various stages of development [59], though
their role in bacterial colonization of the apoplast is unknown.
Among storage proteins, actinidain was found to be variably
represented (spots 12, 13, 17, and 28). Actinidain belongs to the
family of Cys proteases (CPs), which are ubiquitous enzymes that
participate inkeyplant cellular functions, includingplantdefense
against fungal and insect challenges. TomatoCPs are required for
Cladosporium and Phytophthora resistance, are produced upon
Fig. 4 – Indirect verification of the protein expression in apoplastic f
P. syringae pv. actinidiae. Information derived from an evaluation o
transcriptasePCR (top) andquantitative real-timePCR (bottom) anal
ompA, bacterial outer membrane protein A; cpn60, bacterial 60 kDa
pathogen attack, and are inhibited by pathogen-derived protease
inhibitors [60,61].

3.6. Bacterial proteins

Three bacterial proteins were observed as consistently over-
represented during Psa biotrophic colonization of the leaf
apoplast, namely outer membrane protein A (OmpA), outer
membrane protein assembly factor BamA, and 60 kDa
chaperonin (Cpn60) (Table 1). Although the first protein was
induced during the first 12 days of the apoplast colonization,
the other two were over-represented later in the process
(i.e., from 12 days). We did not identify any effector protein
of the P. syringae type III secretion system during the whole
experiment. This apparatus secretes the effector proteins
directly into the plant cells to suppress the host plant
luid from leaves ofA. deliciosa cv. Hayward after colonization by
f the corresponding transcript levels, as assessed by reverse
yses.BamA, bacterial outermembraneprotein assembly factor;
chaperonin; rpoD, bacterial primary sigma factor.
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defenses [62]. Their absence may be explained by considering
that protein injection occurs during the initial contact of the
pathogen with the plant cell wall (i.e., within a few hours) and
directly in the plant cell but not in the apoplastic fluid. All the
bacterial proteins mentioned above were further investigated
by target validation of the corresponding genes, as assayed
by reverse transcriptase PCR and quantitative real-time PCR
analyses (Fig. 4). The gene expression pattern during Psa
infection confirmed that these bacterial proteins were also
up-regulated at the mRNA level.

In microbial pathogens of humans and animals, bacterial
adherence to the surface of epithelial cells plays a critical role in
colonization and is considered to be the first step for microor-
ganism pathogenic diffusion. BamA is a protein involved in the
maintenance of the integrity of the outer membrane and is a
cell component that is essential for bacterial interaction with
the environment [63]. OmpA is considered to be a virulence
factor in human and animal pathogens [64–66], as it can
function as an adhesion molecule, can participate in biofilm
formation, and can serve as a receptor for several bacterio-
phages [67]. This protein has been described as binding to a
wide range of immune effector cells and macrophages and as
acting as a pathogen-associated molecular pattern molecule
[68,69]. Our data also support the important role of both BamA
and OmpA during the biotrophic colonization of the A. deliciosa
leaf apoplast by Psa.

In addition to its chaperone functions in preventing protein
misfolding and in assisting the refolding/assembling of unfold-
ed polypeptides generated under stress conditions [70], Cpn60
has also been reported to play a major role in promoting the
virulence of several bacterial pathogens towards humans and
animals. Indeed, because Cpn60 is linked to the bacterial type III
secretion system machinery, the over-representation of this
protein in Yersinia pestis and Aerococcus viridans is associated
with the virulence of these pathogens in varioushosts [71,72]. In
parallel, a correlation between the expression of Cpn60 in
Helicobacter pylori and the adhesion of the bacterium to human
gastric carcinoma cells has been reported [73]. Lastly, Cpn60 is
considered as a virulence factor of Mycobacterium tuberculosis
that drives granuloma formation [74]. In our study, this protein
was over-represented during the last week of the experiment.
4. Conclusions

Plant pathogenic bacteria, including hemibiotrophic P. syringae,
can survive on leaves as epiphytes, but have to colonize the
organism from the interior to cause infection [75]. In general,
they enter into leaves through the stomata and can survive in
the apoplastic fluid by assimilating plant metabolites [13]. The
passage from the biotrophic to virulent status is governed by
bacterial hrp genes, which are activated under specific host
physiological conditions and control the release of type
III-secretion system effector proteins [76,77]. Leaf spotting
or twig wilting are not always present in kiwifruit orchards
affected by Psa, demonstrating that, in some circumstances,
plant defense mechanisms are effective in impeding the
necrotrophic phase of the pathogen cycle of disease. This
study highlighted some plant proteins that are consistently
involved in impeding the establishment of leaf symptoms in the
A. deliciosa/Psa pathosystem. Despite the peak of population
density at 6 days after pathogen inoculation, plant defense
peroxidase 4 and heat shock proteins were over-represented in
the first days of Psa apoplast colonization. Chitinases and PR
proteins were induced thereafter and contributed in containing
the number of microbial cells therein and in avoiding further
disease incidence.We also identified bacterial BamA,OmpA and
Cpn60 as being highly represented during the pathogen coloni-
zation of the leaf apoplast. Their function as adhesion mole-
cules/virulence factors in other animal pathosystems suggests
performing additional studies on their role in the bacterial
colonization of plants, in agreement with previous observations
[2,5,78]. The inoculation systemwe used, mimicking the natural
way of the pathogen dispersal, allows to extrapolate obtained
results to the conditions generally encountered by the pathogen
in wildlife. In addition to the present further information on the
molecular players that actively participate in this pathosystem,
complementing previous data on the necrothrophic phase [9],
these results will also facilitate the development of future
bioassays for the detection of Psa in Actinidia cultivations and
the improvement of breeding programs aimed at selecting
cultivars resistant/tolerant to Psa, which have a high represen-
tation of proteins involved in resistance mechanisms.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2014.01.030.
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