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A pandemic, very aggressive population of Pseudomonas syringae pv. actinidiae is currently
causing severe economic losses to kiwifruit crops worldwide. Upon leaf attack, this
Gram-negative bacterium systemically reaches the plant shoot in a week period. In this
study, combined 2-DE and nanoLC-ESI-LIT-MS/MS procedures were used to describe major
proteomic changes in Actinidia chinensis shoot following bacterial inoculation in host leaf. A
total of 117 differentially represented protein spots were identified in infected and control
shoots. Protein species associated with plant defence, including type-members of the plant
basal defence, pathogenesis, oxidative stress and heat shock, or with transport and
signalling events, were the most represented category of induced components. Proteins
involved in carbohydrate metabolism and photosynthesis were also augmented upon
infection. In parallel, a bacterial outer membrane polypeptide component was identified in
shoot tissues, whose homologues were already linked to bacterial virulence in other
eukaryotes. Semiquantitative RT-PCR analysis confirmed expression data for all selected
plant gene products. All these data suggest a general reprogramming of shoot metabolism
following pathogen systemic infection, highlighting organ-specific differences within the
context of a general similarity with respect to other pathosystems. In addition to present
preliminary information on the molecular mechanisms regulating this specific plant–
microbe interaction, our results will foster future proteomic studies aimed at characterizing
the very early events of host colonization, thus promoting the development of novel
bioassays for pathogen detection in kiwifruit material.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Bacterial canker of kiwifruit crops (Actinidia deliciosa and
A. chinensis), caused by Pseudomonas syringae pv. actinidiae,

is currently determining relevant economic losses world-
wide. Almost contemporarily, a pandemic population of
the pathogen has been found in four continents [1]. Thus,
Italian and New Zealand institutions provided dedicated

J O U R N A L O F P R O T E O M I C S 7 8 ( 2 0 1 3 ) 4 6 1 – 4 7 6

⁎ Correspondence to: A. Scaloni, Proteomics and Mass Spectrometry Laboratory, ISPAAM, National Research Council, via Argine 1085,
80147 Naples, Italy. Tel.: +39 081 5966006; fax: +39 081 5965291.
⁎⁎ Correspondence to: M. Scortichini, Research Centre for Fruit Crops, Agricultural Research Council (CRA), via di Fioranello 52, 00134 Rome, Italy.

E-mail addresses: andrea.scaloni@ispaam.cnr.it (A. Scaloni), marco.scortichini@entecra.it (M. Scortichini).

1874-3919/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jprot.2012.10.014

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

www.e l sev i e r . com/ loca te / j p ro t



Author's personal copy

funds to the farmers to partly compensate for the severe
economic losses. So far, investigations on bacterial canker
of kiwifruit mainly focused on the molecular characteri-
zation of the pathogen, its country of origin, bioassays for
its detection, the cycle of disease, and the climatic factors
hampering its multiplication/dispersion in the orchards
[2–6]. All the currently cultivated A. deliciosa (i.e. Hayward,
Green Light, Summerkiwi) and A. chinensis (Hort16A, Jintao,
Oscar Gold, Soreli) cultivars and their pollinators are susceptible
to the pandemic population of P. s. pv. actinidiae. This bacterium
is able to colonize host plants throughout the whole year. Leaf
colonization through the stomata seems one of the most
important facets of its cycle of disease, either because the
pathogen, by inciting extensive leaf spotting, can drastically
reduce the host photosynthetic activity or because it can
systemically reach the shoot through the leaf veins and petiole
[6–8] (Fig. 1A). Once inside the shoot, it can establish an
endophytic phase, subsequently leading to canker formation
along twig, leader and the main trunk, which is preliminary to
evasion toward other plants through the exudates. When the
pathogen is inside the plant, it cannot be reached by surface-
protecting bactericides (i.e. copper-based compounds).

Nothing is known about the molecular mechanisms
underlying the interaction between P. s. pv. actinidiae and its
host plants. Assessment on the protein changes occurring in
both organisms during the systemic infection of the shoots is
considered important to unveil essential pathways and key
effectors assisting pathogen colonization. Proteomic ap-
proaches have been already applied to reveal substantial

changes in the proteome composition of plant organs infected
by pathogenic bacteria and fungi [9–12]. Besides, to elucidate
important aspects of plant–microbe interaction [13–17], proteo-
mic studies also contributed to characterize tolerant/resistant
cultivars by revealing plant protein species that are selectively
represented in the resistant interaction [18–20], or to detect and
study bacterial counterparts in apparently healthy hosts that
occur during the first phases of the infection process [21–23].
These aspects are particularly important for kiwifruit produc-
tion upon the current challenge posed by P. s. pv. actinidiae.
Concerning phytopathogenic pseudomonads, the resistance
response of Arabidopsis thaliana to P. syringae pv. tomato DC3000
elicited by plant immunomodulators and effectors was evalu-
ated by quantitative gel-based proteomics [24,25]. Later on, the
contribution of S-nitrosoglutathione-reductase to the same
pathosystem was ascertained by 2D-DIGE [26]. On the other
hand, the differences in gene expression patterns during the
initial phase of the olive knot disease caused by P. savastanoi pv.
savastanoiwere studied by a combined 2-DE/MALDI-TOF peptide
mass fingerprint approach [27]. Analogous gel-based proteomic
studies were also performed to investigate stress-induced
proteins in tomato after challenge with Ralstonia solanacearum
[28], or in rice and apple-tree during P. fluorescens infection
[29,30].

In this study, an integrated approach based on differential
2-DE, nanoLC-ESI-LIT-MS/MS and semiquantitative RT-PCR
procedures was used to study the interaction between P. s. pv.
actinidiae and A. chinensis, during the systemic infection of
plant shoots that followed leaf colonization. The current

Fig. 1 – Shoot wilting caused by natural infection of P. syringae pv. actinidiae on A. chinensis (panel A). Shoots of A. chinensis cv.
Soreli 10 days after the inoculation with P. syringae pv. actinidiae (panels B and C). This material was further used for proteomic
and semiquantitative RT-PCR analysis.Worth noting are the complete wilting of the inoculated leaves and the initial formation
of canker along the shoot.
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lacking of resistant/tolerant A. chinensis germplasm did not
allow to compare differences between challenged cultivars
and wild-type ones. Identification of down/over-represented
protein species in plant and as deriving from bacterium was
facilitated by the availability of 132.577 expressed sequence
tags (ESTs) for A. chinensis, A. deliciosa, A. arguta and A. eriantha
[31], the genome sequence of three P. syringae pathovars,
namely tomato, phaseolicola and syringae [32–34], and the draft
genome of three P. s. pv. actinidiae strains [4]. Differentially
represented gene products were characterized as belonging to
various functional classes and provided preliminary, but
original, insights into the mechanisms underlying the molec-
ular interplay between the yellow-fleshed kiwifruit plant and
its currently destructive bacterial pathogen.

2. Materials and methods

2.1. Plant inoculation

Two-year-old, self-rooted, pot-cultivatedA. chinensis cv. Soreli
plants and thepandemic P. s. pv. actinidiae strainCRA-FRU8.43 [4]
were used for this study. This bacterial strain was originally
isolated from A. chinensis leaf spot and further characterized
[2,35]. Plants were maintained in an aseptic room, with 95% of
relative humidity, having natural light and no further fertiliza-
tion after their receiving from the nursery. The experiment took
place in spring (early May). For inoculation, the P. s. pv actinidiae
strain was grown for 48 h on nutrient agar with 3% of sucrose
added (NSA), at 25±1 °C. Ten microliters of a bacterial suspen-
sion (1–2×107 cfu/ml) prepared in sterile 0.85% w/v NaCl were
inoculated in the plants chosen for investigation (10 in number).
The bacterial suspension was infiltrated at four sites of a young
plant leaf, closely to the corresponding vein; two leaves per shoot
were inoculated. In parallel, control plants (10 in number) were
treated in the same way with sterile saline solution. The
inoculated and control plants were randomly distributed in the
room, paying attention to avoid their contact. Ten days after
inoculation, A. chinensis shoots were sampled from infected and
control plants for further analyses. This periodwas chosen since
it was demonstrated to coincide with pathogen systemic
movement toward plant shoots, determining in some cases
initial formation of longitudinal cankers [6]. Leaf and petiole
were removed from the shoot samples, which then were
divided into three parts, the central one being used for further
analyses. From 10 infected (i.e. with leaves wilting) and 10
control plants, 5 biological replicates were generated, respec-
tively, which were then subjected to proteomic analysis (see
Supporting Information Fig. S1). Bacterial re-isolation from
the infected shoots was performed at the time of sampling as
described elsewhere [35].

2.2. Protein sample preparation and quantification

A. chinensis shoot proteins were extracted by using a modified
version of the phenol/SDS method optimized for recalcitrant
plant tissues [36]. Shoot pieces of about 1 g were thoroughly
ground in a pre-cooled mortar with liquid N2 to obtain a very
fine powder; necrotized tissues were not processed. Tissue
powder (500 mg) was suspended in 2 ml of 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, 1 mM
phenylmethanesulfonyl fluoride, 5% v/v β-mercaptoethanol,
and vortexed for 30 s. Each samplewas then added with 2 ml of
ice-cold Tris–HCl buffered phenol, pH 8.0, and vortexed thor-
oughly for 30 s; samples were then centrifuged at 17,000 × g for
5 min, at 4 °C. After centrifugation, the upper phenolic phase
was collected and precipitated overnight with 5 vol of cold
100 mM ammonium acetate in methanol, at −20 °C; precipitat-
ed proteins were recovered by centrifugation at 17,000 × g for
10 min, at 4 °C. After supernatant removal, the pellet was rinsed
three times with 100 mM ammonium acetate in methanol and
twicewith ice-cold 80%v/v acetone. Thepelletwas air-dried and
resuspended in 2 M thiourea, 7 M urea, 4% w/v CHAPS, 65 mM
dithiothreitol (DTT), 10% v/v glycerol, 0.002% w/v bromophenol
blue, 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 [37],
and bovine serum albumin as standard.

2.3. Two-dimension 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
(17 cm, 3–10 linear pH gradient) (Bio-Rad) were rehydrated
passively with proteins (1 mg) solved in 350 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, 0.5% w/v ampholytes pH 3–10, at 20 °C,
for 12 h. Afterwards, focusing was performed by applying a
constant current of 50 μA per strip, under the same experimen-
tal 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 incubating 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 alkylated with 2.5% w/v iodoacetamide in
equilibration buffer, for 10 min. IPG stripswere then transferred
onto 12% SDS-PAGE gels for the second dimension electropho-
resis, which was performed in a Protean II (Bio-Rad) unit, using
25 mMTris pH 8.3, 0.2 M glycine, 35 mM SDS as running buffer.
Samples were run using the following program: 25 mA for
20 min, 40 mA for 80 min, 50 mA for 140 min, 60 mA for
100 min, and 70 mA for 30 min. Gelswere stainedwith colloidal
Coomassie Blue R-350 (GE Healthcare) and then de-stained
according to themanufacturer's recommendations. To account
for experimental electrophoretic variations, triplicate gels for
each biological sample were analyzed in parallel. Gel images
were acquired by using an 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).

2.4. Gel image analysis

Digitized images of Coomassie-stained gels were analyzed by
using the ImageMaster™ 2D Platinum software (GE Healthcare),
which allowedspot detection, landmarks identification, aligning/
matching of spots within gels, quantification of matched spots
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and their analysis.Manual inspectionof the spotswasperformed
to verify the accuracy of the automatic gelmatching; 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. 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. Statistically significant
changes in protein abundance were determined 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 quantitative changes were deter-
mined by using the distribution of fold change values in the
data. Spots were determined to be statistically significant if the
difference between the average intensity of a specific protein
spot in the infectedand control plants (three technical replicates
of five 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 consid-
ered as indicative of a significant quantitative variation. For
statistical analysis, data were processed by using the Statistical
Package for Social Science software (IBMSpss 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 corre-
sponding variance (ANOVA), with a non-linear mixed-effects
model. P values<0.05 were considered to be significant.

2.5. In-gel digestion and mass spectrometry

Spots were manually excised from gels, alkylated and
digested with trypsin, as previously reported [38,39]. Digest
aliquots were removed and subjected to a desalting/concen-
tration step on μZipTipC18 (Millipore, Bedford, MA, USA) using
acetonitrile as eluent before nanoLC-ESI-LIT-MS/MS analysis.
Peptide mixtures were analyzed by nanoLC-ESI-LIT-MS/MS
using a LTQ XL mass spectrometer (Thermo) equipped with
Proxeon nanospray source connected to an Easy-nanoLC
(Proxeon) [38,39]. Peptide mixtures were separated on an
Easy C18 column (100×0.075 mm, 3 μm) (Proxeon) using a
linear gradient of 0.1% v/v formic acid, acetonitrile (solvent B)
in 0.1% v/v formic acid (solvent A) 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 of m/z 300–1800. Acquisi-
tion was controlled by a data-dependent product ion scanning
procedure over the three most 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.

2.6. 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), containingavailableActinidia ESTand Pseudomonasprotein
sequences, respectively. Database searching was performed by
using amass tolerance value of 2 Da for precursor ion and 0.8 Da
for MS/MS fragments, trypsin as proteolytic enzyme, a missed

cleavages maximum value of 2, and Cys carbamidomethylation
and Met oxidation as fixed and variable modifications, respec-
tively. Candidates with more than 2 assigned peptides with an
individual MASCOT significance threshold P value<0.05 were
considered confidently identified. Definitive peptide assignment
was always associated to manual spectral visualization and
verification. Where appropriate, protein identification was fur-
ther evaluated by the comparisonwith their calculatedmass and
pI values, using the experimental values obtained from 2-DE.
Identified Actinidia spp. EST entries were associated with specific
enzymes/proteins from other plant species by using the BLAST
program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.7. Semiquantitative RT-PCR analysis

Ten days after A. chinensis inoculation, RNA was isolated from
infected and control shoots by using the RNeasy plant mini kit
(Qiagen, Hilden, Germany), according to the manufacturer's
instructions. Three biological replicates were analyzed for
different infected or control plants, respectively. RNA concen-
tration 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 μg of total RNA
using oligo(dT)20 primers using the ThermoScript RT-PCR
System (Invitrogen Life Technologies, Carlsbad, CA, USA),
according to manufacturer's recommendations. For semiquan-
titative RT-PCR analysis, 2 μl of cDNAwas amplified with 1 unit
of Platinum® Taq High Fidelity (Invitrogen) in 1× PCR buffer
containing 2 mMMgCl2, in the presence of 200 μMof each dNTP
and one gene-specific primer pair (0.4 μM of each oligonucleo-
tide); final reaction volume: 50 μl. Primer oligonucleotide pairs
of oxygen-evolving enhancer protein 1, chlorophyll a-b binding
protein 3C, actinidain, 23.6 kDa heat shock protein and gluta-
thione S-transferase genes were designed by using Primer3
software [40] (Table 1). Glucose-6-phosphate dehydrogenase
(EF063567.1) was used as housekeeping gene. To detect differ-
ences in cDNA expression levels for each sample set, a variable
number of amplification cycles (20–25 depending on gene
templates) was tested (Table 1). 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

Table 1 – Genes, primers and different parameters used
for semiquantitative RT-PCR experiments.

Gene
name

Primer sequence 5′ to 3′
(forward/reverse)

T annealing
(°C)

n°
cycles

G6PD1 GGGATTTTTGCAATCCAATG 55 25
CCCCAGAGTCATAGGAACCA

PBSO TGCTCTTGGTGACACTGAGG 60 24
CGGTAAACCAGAGAGCTTCG

CAB3C CCATCCTACTTGACGGGAGA 60 22
ACCATACAGCCTCACCGAAC

ACTN CTGCAACAGCGGTTTAATGA 55 23
GCATCAATGCCAACACTCAC

HSP23.6 ATGTGGGTTCTGTGGAAAGC 58 25
TCACATTCCACCCTCTCCTC

GST ACATTGATGAGGCCTGGAAG 55 24
CCCCAAGGGCTTTTTCTAAC
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temperature for 1 min, 72 °C for 2 min, and a final extension of
7 min at 72 °C. Amplified products were resolved on 1.8%
agarose gels containing ethidium bromide and visualized by
using a GelDoc Imaging system (Bio-Rad, Hercules, CA). Exper-
iments were done with three independent biological replicates,
each of them with three technical replicates.

3. Results and discussion

3.1. A. chinensis shoot proteome after inoculation with
P. s. pv. actinidiae

Initial wilting of the A. chinensis leaves inoculated with the
pandemic P. s. pv. actinidiae strain CRA-FRU 8.43 appeared about
3–4 days after bacterial challenge. Ten days after inoculation,
leaves were completely wilted and the initial formation of a
longitudinal canker along the shoot was evident (Fig. 1B and C).
Pathogen started the systemic shoot colonization 4–5 days after
leaf inoculation. At this time, we re-isolated bacterial colonies at
the insertion of the petiole on the shoot, which were further
identified as the inoculated P. s. pv. actinidiae strain [2,35]. Ten
days after the leaf inoculation, bacterial density in the shoot
varied from1×107 to 1–3×108 cfu/g of tissue.At this time, protein
extracts from the mid-shoot of inoculated A. chinensis plants
were prepared, analysed in 2-DE experiments and compared to
that from control plants. Initial protein concentration within
extracts was 3.16±0.16 and 2.55±0.12 mg/g shoot dry weight for
inoculated and control samples, respectively. Gel-based proteo-
mic experiments were accomplished by performing IEF within
the pI range 3–10 and SDS-PAGE within the mass range
10–100 kDa. Spots representing proteins with extreme pI or Mr
values were not clearly resolved. Resulting average proteomic
maps showed 544±21 (inoculated) and 518±13 (control) spots,
with a degree of similarity for the inoculated compared to
healthy plants of 95.2±2.1%.We assessed the degree of technical
variation inherent to the 2D process by using the coefficient of
variation (CV) in biological and technical replicates for all spots
matched in five master gels. For the control samples investigat-
ed, the average CV was 18% and 19% in biological and technical
replicates, respectively; for the inoculated samples, it was 16%
and 21% in biological and technical replicates, respectively.
Quantitative evaluation of protein spots visible in all replicate
gels corresponding to the sameexperimental conditionwas then
accomplished to evaluate differential protein representation
following bacterial attack. Image analysis of proteomic maps
identified statistically significant variations between the two
conditions. Fig. 2 shows a representative image of a colloidal
Coomassie-stained gel corresponding to control (panel A)
and infected (panel B) plant state, which were both used for
spot picking. One hundred seventeen protein spots presented
significant relative fold change variations (P<0.05). In partic-
ular, 31 spots showed quantitative changes, while 55 and 31
ones uniquely occurred in inoculated or control plants, respec-
tively. Examples of the first category are shown in Fig. 3. All
corresponding gel portions were excised from gel, trypsinized
and characterized by nanoLC-ESI-LIT-MS/MS (Supporting Infor-
mation Table S1). The presence of multiple spots identified as
the same protein species, occurring with the horizontal train's
aspect typical of glycosylated/phosphorylated polypeptides, led

to the final recognition of 88 protein entries that were
associated with specific components from other plant species,
following their BLAST analysis with respect to the Viridiplantae
database (Table 2). In general, most of the identified A. chinensis
protein species showed experimental pI and Mr values in good
agreement with the theoretical ones calculated for the corre-
sponding counterparts from other plant species. On the other
hand, a unique spot was identified as a Pseudomonas gene
product, namely outer membrane porin F.

For protein categorization, the methods of Bevan et al. [41]
was followed, which allowed polypeptide grouping into 10
functional classes (Table 2). Disease/defence protein species
were the most represented group, followed by gene products
involved in energy regulation, metabolism, protein destination
and storage, transport, unclassified, cell structure, protein
synthesis, cell growth/division and secondary metabolism
(Fig. 4). In general, this distribution resembled that already
described for other pathosystems [10,11], but also highlighted
peculiarities associated with the plant organ here investigated.

In order to verify transcriptional regulation of some of the
identified proteins reported in Table 2, we detected their
transcripts by RT-PCR. Some representative examples of the
different functional classes reported above were chosen to
this purpose; their selection was arbitrary. As shown in Fig. 5,
all tested genes, i.e. oxygen-evolving enhancer protein 1
(PSBO), chlorophyll a-b binding protein 3C (CAB3C), actinidain
(ACTN), 23.6 kDa heat shock protein (HSP23.6) and glutathione
S-transferase (GST), showed a good quantitative correlation
between transcript and protein levels at the experimental
time points/interactions chosen for analysis. These experi-
ments suggested that expression of most deregulated plant
genes after P. s. pv. actinidiae infection is controlled at
transcriptional level.

3.2. Plant proteins involved in defence mechanisms

Protein species that were over-represented inA. chinensis shoots
following P. s. pv. actinidiae infection included members of
different plant defence categories, such as pathogenesis-related
(PR) polypeptides or components involved in basal protection,
oxidative stress, heat shock, and related transport and signalling
processes (Table 2), suggesting that host response to bacterial
challenge involves independent molecular pathways [10,11].
Within the basal defence proteins, serpin ZX and hypersensi-
tivity induced response (HIR) protein 1 species (spots 74, 75 and
83) were identified as augmented after bacterial infection.
Serpins are molecular inhibitors eliciting a defensive action
against theproteasespresentwithin phytophagous insect gut or
secreted by microorganisms, thus determining a reduction in
the availability of amino acids necessary for their growth [42];
other protease inhibitors are over-represented in various
pathosystems [43]. On the other hand, HIR proteins contribute
to the development of hypersensitivity reaction in leaves
attacked by pathogens [44] and have already been ascertained
as augmented in the rice/Xanthomonas oryzae pathosystem [45].

Among PR gene products only detected in inoculated
A. chinensis shoots,worth-mentioning are PR-1, glucan endo1,3-
β-glucosidase, endochitinaseB, chitinase class IV, thaumatin-like
precursor, Bet v1-related allergen andPR-4 species (spot 98, 80, 82,
86, 90, 92–94, 96, and 99), which are type-members of plant PR
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Fig. 2 – Representative 2-DE gels of total protein extracts from shoots of control (panel A) and P. syringae pv.
actinidiae-inoculated A. chinensis cv. Soreli (panel B). Protein separation was based on IEF using linear gel strips in the range of
pH 3–10 and on SDS-PAGE in the size range 10–100 kDa. Gels were stained with colloidal Coomassie Blue R-350. Spot
numbering refers to Table 2 and shows protein identification as obtained by nLC-ESI-LIT-MS/MS analysis.
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families 1, 2, 3, 4, 5 and 10, already associated with bacterial
infection in other plants [10,16,18,20,25,26,43]. In particular, PR-1
is considered as a biomarker of the enhanced defensive state
incited by pathogen-induced systemic acquired resistance, even
though its precise activity still remains unclear [46]. Several
β-1,3-glucanases degrading polysaccharides are constitutively
over-represented during bacterial infection [10,26,43,46,47]; in the
tomato/Cladosporium fulvum pathosystem, their highest concen-
trationwasmeasured at days 4–8 and 8–12 after inoculationwith
an avirulent and a virulent pathogen, respectively [48]. Chitinases
are either supposed to confer a broad resistance to bacterial/
fungal pathogens and to release pathogen-borne elicitors further
inducing host defence reactions [10,49,50]. Thaumatin-like pro-
tein expression is induced in tissues with prominent vasculari-
zation by phytohormones related to plant defence (i.e. salicylic
acid and jasmonic acid) [16,51,52]; this protein is supposed to play
a role in promoting pore formation in the bacterial membrane
[53]. Finally, PR-10 protein species arewidespread in plants [46,54]
and are known to be over-represented upon pathogen infection
[55,56].

After bacterial challenge, we also observed an augmented
concentration of 17.3 kDa heat shock protein (HSP) (spots 95 and
97), 23.6 kDa HSP (spot 91), CPN60 (spots 68, 69 and 70),
endoplasmin homolog (spot 65) and 70 kDa HSP (spot 66 and
67) species, confirming recent studies on other pathosystems
[10,16]. Proteomic data on 23.6 kDa HSP were also confirmed at
transcriptional level (Fig. 5). HSPs are essential for polypeptide
folding/assembling but have also been associated with plant
basal resistance to pathogen attack [10,57]. In particular, HSP70 is
involved in the complex assembly of chloroplast-resident
defence factors [57]. Recently, its induction in plants has been
recognized in the early events associated with P. syringae
pathovars infection [58]. In this case, bacterial effector protein
HopI1, also present in P. s. pv. actinidiae [4], should bind to plant
HSP70 and recruit it to the chloroplast, suppressinghost defences
[58]. Our results confirmed that HSP70 is also actively involved in
the compatible A. chinensis/P. s. pv. actinidiae interaction. Increas-
ing evidences indicate that plants also use the ubiquitin/26S
proteasome pathway in their immune response to bacterial/
fungal invasion [59,60]. Accordingly, a number of proteasome

Fig. 3 – Representative cropped gel regions comprising some statistically significant changes in the proteomic repertoire of
P. syringae pv. actinidiae-infected and non-infected A. chinensis cv. Soreli shoots. Corresponding normalized spot volume of
each protein spot in healthy and infected tissues is reported in Table 2, together with spot numbering.

467J O U R N A L O F P R O T E O M I C S 7 8 ( 2 0 1 3 ) 4 6 1 – 4 7 6



Author's personal copy

Table 2 – Differentially represented protein species present in A. chinensis cv. Soreli shoots following inoculation with
P. syringae pv. actinidiae. Protein species are classified according to functional categories. Spots identified by using
nLC-ESI-LIT-MS/MS are reported. Spot number, protein name, kiwi EST accession, SwissProt entry with the highest
sequence identity after BLAST analysis, corresponding organism, sequence identity between EST and SwissProt entries,
sequence coverage percentage, number of non-redundant peptides identified, theoretical and experimental Mr and pI
values are listed. Plus and minus refer to protein species present or absent in a unique condition. For
over/down-represented proteins, the corresponding normalized spot volume value is reported.

Spot Protein name Kiwi EST
accession

Homologous
protein –
SwissProt

code
(sequence
identity %)

Organism Sequence
coverage %
(unique
peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Normalized spot
volume

Control Inoculated

Metabolism
1 Alcohol dehydrogenase 195264893 P14675 (88) Solanum tuberosum 12 (3) 41/5.92 46/6.32 − +
2 Alcohol dehydrogenase 195264893 P14675 (88) Solanum tuberosum 21 (6) 41/5.92 46/6.15 − +
3 Alcohol dehydrogenase 195264893 P14675 (88) Solanum tuberosum 14 (4) 41/5.92 43/6.50 0.05±0.01 0.22±0.05
4 Glutamine synthetase

cytosolic isozyme 1
195204429 P51118 (95) Vitis vinifera 14 (5) 39/5.79 42/6.03 − +

5 Adenosine kinase 2 195285550 Q9LZG0 (85) Arabidopsis thaliana 18 (4) 38/5.14 36/5.32 0.06±0.02 0.32±0.09
6 Adenosine kinase 2 195198228 Q9LZG0 (83) Arabidopsis thaliana 8 (2) 38/5.14 35/5.29 − +
7 Fumarylacetoacetate

hydrolase
195226447 B9RT83 (91) Ricinus communis 23 (3) 24/6.52 25/6.26 0.04±0.01 0.23±0.06

8 Methylenetetrahydrofolate
reductase

195203290 Q75HE6 (85) Oryza sativa 10 (4) 66/5.38 68/6.00 + −

9 Adenosylhomocysteinase 195305570 P50246 (93) Medicago sativa 33 (11) 53/5.69 58/5.71 + −
10 Glutamate dehydrogenase B 195318047 A7YVW3 (97) Actinidia chinensis 24 (7) 44/6.32 45/6.02 + −
11 Glutamate dehydrogenase A 195194844 A7YVW4 (99) Actinidia chinensis 23 (9) 45/6.28 45/6.16 + −
12 Patatin-like protein 3 195286287 Q9FZ08 (70) Nicotiana tabacum 13 (3) 45/7.70 43/5.91 + −
13 Thiosulfate

sulfurtransferase
195241029 B9RHZ9 (90) Ricinus communis 14 (3) 42/6.57 37/5.60 + −

14 Nucleoside diphosphate
kinase 1

195218902 Q56E62 (89) Nicotiana tabacum 18 (2) 16/6.30 11/6.79 + −

Energy
15 Succinate dehydrogenase

[ubiquinone] flavoprotein
subunit 1

195320293 Q82663 (95) Arabidopsis thaliana 15 (6) 66/5.58 75/5.85 0.09±0.03 0.35±0.12

16 NADP-dependent malic
enzyme

195213639 P51615 (91) Vitis vinifera 13 (6) 65/6.09 76/6.20 − +

17 NADP-dependent malic
enzyme

195213639 P51615 (91) Vitis vinifera 17 (9) 65/6.09 74/6.33 0.08±0.01 0.24±0.05

18 ATP synthase subunit α 195320376 Q01915 (97) Glycine max 7 (4) 55/6.23 66/5.82 0.04±0.01 0.23±0.04
19 NAD-dependent malic

enzyme 59 kDa isoform
195317860 P37225 (85) Solanum tuberosum 11 (4) 64/5.48 62/5.85 0.08±0.03 0.40±0.06

20 Aldehyde dehydrogenase 195197050 Q1AFF6 (81) Vitis
pseudoreticulata

7 (3) 58/8.04 63/6.92 0.04±0.01 0.25±0.05

21 Enolase 195271344 D7T227 (92) Vitis vinifera 25 (9) 48/6.17 54/5.78 − +
22 6-phosphogluconate

dehydrogenase
195276481 O22111 (91) Glycine max 17 (6) 56/5.55 54/6.60 − +

23 Isocitrate dehydrogenase 195298237 O65852 (83) Nicotiana tabacum 14 (6) 36/6.08 37/6.32 − +
24 Malate dehydrogenase 195249343 P83373 (88) Fragaria x ananassa 21 (6) 33/6.34 37/6.96 0.05±0.02 0.25±0.09
25 UDP-glucose 4-epimerase

GEPI48
195217967 O65781 (84) Cyamopsis

tetragonoloba
14 (4) 38/6.72 36/6.13 0.04±0.01 0.21±0.07

26 Oxygen-evolving enhancer
protein 1

195247166 P23322 (95) Solanum
lycopersicum

36 (9) 27/5.10 29/5.28 − +

27 6-phosphogluconolactonase 5 195216181 E0CVA1 (81) Vitis vinifera 8 (2) 28/5.66 27/5.33 0.06±0.01 0.41±0.08
28 Triosephosphate isomerase 195201084 D1LWT8 (94) Dimocarpus longan 21 (4) 27/6.13 26/6.44 − +
29 Chlorophyll a-b binding

protein 3C
195258845 P07369 (87) Solanum

lycopersicum
28 (4) 25/5.12 25/5.02 − +

30 Oxygen-evolving enhancer
protein 2

195210869 P16059 (80) Pisum sativum 44 (8) 20/5.52 22/6.25 − +

31 Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit 1

195237595 O82663 (92) Arabidopsis thaliana 4 (2) 66/5.58 56/4.97 + −

32 Plastocyanin 195238502 P00289 (75) Spinacia oleracea 18 (2) 17/5.32 63/6.26 0.21±0.02 0.07±0.01
33 Enolase 2 195271344 Q9LEI9 (91) Hevea brasiliensis 19 (6) 48/5.92 60/5.60 + −
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Table 2 (continued)

Spot Protein name Kiwi EST
accession

Homologous
protein –
SwissProt

code
(sequence
identity %)

Organism Sequence
coverage %
(unique
peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Normalized spot
volume

Control Inoculated

34 Mitochondrial-processing
peptidase subunit β

195252044 F6H5N5 (94) Vitis vinifera 27 (16) 56/5.95 58/5.83 + −

35 Mitochondrial-processing
peptidase

195313199 D7TBD9 (86) Vitis vinifera 16 (6) 55/5.71 53/5.43 + −

36 Fructokinase-2 195208447 Q7XJ81 (88) Solanum
habrochaites

50 (13) 35/5.91 41/4.87 0.36±0.02 0.10±0.01

37 Fructokinase-2 195208447 Q7XJ81 (88) Solanum
habrochaites

52 (15) 35/5.91 40/4.81 0.70±0.03 0.24±0.03

38 Fructokinase-2 195208447 Q7XJ81 (88) Solanum
habrochaites

34 (9) 35/5.91 41/4.75 + −

39 Triosephosphate isomerase 195242577 A9P7V6 (90) Popolus trichocarpa 22 (4) 27/6.45 30/5.51 0.21±0.05 0.05±0.01
40 Oxygen-evolving enhancer

protein 2
195210869 P16059 (80) Pisum sativum 48 (6) 20/5.52 25/5.90 + −

Cell growth/division
41 Cell division cycle protein

48 homolog
195217080 Q96372 (91) Capsicum annuum 9 (6) 89/5.07 76/5.20 − +

42 Histone H4 195282042 F2E7L1 (19) Hordeum vulgare
distichum

4 (2) 50/9.97 36/6.32 − +

Protein synthesis
43 Eukaryotic initiation

factor 4A-11
195262580 Q40465 (95) Nicotiana tabacum 10 (5) 47/5.38 54/6.00 − +

44 60S ribosomal protein L9 195210870 P30707 (87) Pisum sativum 15 (3) 22/9.32 23/5.08 − +
45 Eukaryotic initiation

factor 4A-15
195284580 Q40468 (99) Nicotiana tabacum 25 (10) 47/5.38 52/5.34 0.05±0.01 0.52±0.03

Protein destination and storage
46 Uncharacterized protein 195238889 F6H1E0 (85) Vitis vinifera 6 (3) 81/6.10 80/5.26 0.05±0.02 0.27±0.05
47 Protein disulfide isomerase 195194301 Q43116 (77) Ricinus communis 14 (4) 53/4.91 66/4.99 0.02±0.01 0.24±0.06
48 Uncharacterized protein 195214386 D7SRG7 (89) Vitis vinifera 18 (5) 43/6.40 52/6.09 0.08±0.03 0.28±0.08
49 Predicted protein 195195976 A9PF64 (87) Populus trichocarpa 8 (2) 44/6.58 52/6.13 0.05±0.02 0.28±0.08
50 Actinidain 195214977 P00785 (68) Actinidia chinensis 10 (2) 27/4.37 29/6.90 + −
51 Actinidain 195214977 P00785 (68) Actinidia chinensis 11 (3) 27/4.37 26/6.00 0.36±0.03 0.10±0.01
52 Actinidain 195213415 P00785 (63) Actinidia chinensis 37 (6) 27/4.37 28/6.05 + −
53 Actinidain 195213415 P00785 (63) Actinidia chinensis 18 (5) 27/4.37 28/8.88 + −

Transporters
54 Outer membrane porin F 330967341 P22263 (98) Pseudomonas

syringae pv.
syringae

30 (8) 34/4.60 34/4.75 − +

55 GTP-binding nuclear
protein Ran1

195289812 P38546 (100) Solanum
lycopersicum

11 (2) 25/6.24 27/6.94 0.07±0.02 0.26±0.09

56 Nascent polypeptide-
associated complex
subunit alpha-like

195202150 D7UCZ6 (91) Vitis vinifera 44 (5) 22/4.32 26/4.45 − +

57 α-soluble NSF attachment
protein

195215525 P93798 (78) Vitis vinifera 19(4) 32/4.85 32/5.26 − +

58 α-soluble NSF attachment
protein

195215525 P93798 (78) Vitis vinifera 29(6) 32/4.85 38/5.10 + −

59 Mitochondrial outer
membrane protein porin
of 36 kDa

195230934 P42056 (82) Solanum tuberosum 21 (7) 29/7.91 31/9.50 + −

60 Apolipoprotein d 195310468 B9SBY6 (81) Ricinus communis 19(3) 22/6.33 25/5.99 0.22±0.07 0.06±0.03

Cell structure
61 Tubulin β-2 chain 195232691 Q8H7U1 (98) Oryza sativa 21 (8) 50/4.72 59/5.01 0.03±0.01 0.24±0.05
62 Tubulin α-3/α-5 chain 195264821 P20363 (98) Arabidopsis thaliana 29 (10) 50/4.95 54/5.29 0.05±0.02 0.28±0.06
63 Tubulin α chain 195252777 P33629 (99) Prunus dulcis 32 (10) 50/4.92 57/4.93 + −

(continued on next page)
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Table 2 (continued)

Spot Protein name Kiwi EST
accession

Homologous
protein –
SwissProt

code
(sequence
identity %)

Organism Sequence
coverage %
(unique
peptides)

Theor.
Mr/pI

Exp.
Mr/pI

Normalized spot
volume

Control Inoculated

64 Tubulin α chain 195252777 P33629 (99) Prunus dulcis 26 (9) 50/4.92 56/4.97 + −

Disease/defence
65 Endoplasmin homolog 195284178 P35016 (90) Catharanthus roseus 12 (10) 91/4.83 76/4.87 − +
66 Stromal 70 kDa heat

shock-related protein
195284640 Q02028 (92) Pisum sativum 4 (2) 68/4.83 80/4.84 − +

67 Heat shock cognate
70 kDa protein 1

195241024 A5C0Z3 (93) Vitis vinifera 6 (4) 71/5.17 83/5.22 − +

68 Chaperonin CPN60 195215108 P29197 (90) Arabidopsis thaliana 20 (8) 57/5.19 71/5.31 − +
69 Chaperonin CPN60 195302062 P29197 (89) Arabidopsis thaliana 6 (3) 57/5.19 66/5.40 − +
70 Chaperonin CPN60 195263243 P29197 (90) Arabidopsis thaliana 18 (7) 57/5.19 69/5.27 − +
71 26S proteasome

non-ATPase regulatory
subunit 4

195295813 I1LI24 (93) Glycine max 19 (6) 43/4.58 59/4.51 − +

72 26S proteasome
non-ATPase regulatory
subunit 4

195195161 I1LI24 (93) Glycine max 8 (2) 43/4.58 57/4.41 − +

73 Polyphenol oxidase 195246920 A5BPY3 (71) Vitis vinifera 8 (3) 67/6.37 43/5.04 0.08±0.01 0.28±0.02
74 Serpin ZX 195252434 Q8GT65 (80) Citrus paradisi 17 (4) 42/6.04 42/5.81 − +
75 Hypersensitive-induced

response protein 1
195264653 Q9FM19 (90) Arabidopsis thaliana 14 (4) 31/5.29 36/6.65 − +

76 Isoflavone reductase
homolog P3

195200739 B2WSN1 (86) Petunia hybrida 10 (2) 34/5.51 34/5.62 − +

77 Annexin 195232846 B9RGC9 (67) Ricinus communis 30(10) 36/6.04 34/6.95 − +
78 Proteasome subunit

α type-1-A
195245555 P34066 (90) Arabidopsis thaliana 22 (4) 30/4.99 34/5.22 − +

79 Proteasome subunit
α type-1-A

195245555 P34066 (90) Arabidopsis thaliana 28 (8) 30/4.99 33/5.20 − +

80 Glucan endo
1,3-β-glucosidase

195285421 P36401 (63) Nicotiana tabacum 8 (2) 34/5.23 33/5.73 − +

81 Proteasome subunit
α type-1-A

195287284 P34066 (91) Arabidopsis thaliana 14 (4) 30/4.99 33/5.15 − +

82 Endochitinase B 195212155 P24091 (85) Nicotiana tabacum 41 (7) 31/8.31 31/8.32 − +
83 Hypersensitive-induced

response protein 1
195264653 Q9FM19 (90) Arabidopsis thaliana 44 (11) 31/5.29 29/5.20 − +

84 L-ascorbate peroxidase 195249969 Q1W3C7 (92) Camelia sinensis 39 (9) 27/5.87 28/5.83 − +
85 L-ascorbate peroxidase 195249969 Q1W3C7 (92) Camelia sinensis 40 (7) 27/5.87 28/5.83 − +
86 Class IV chitinase 195197069 G8IEM3 (100) Actinidia chinensis 25 (5) 29/5.59 27/5.17 − +
87 Glutathione S-transferase 195312193 F6HR78 (70) Vitis vinifera 11 (2) 25/5.55 24/5.22 − +
88 Proteasome subunit

β type-6
195196727 Q8LD27 (88) Arabidopsis thaliana 18 (3) 24/5.54 24/5.19 − +

89 Glutathione S-transferase 195274111 Q03666 (75) Nicotiana tabacum 17(6) 26/5.65 24/5.31 0.28±0.02 1.51±0.07
90 Thaumatin-like protein

precursor
195241346 P81370 (95) Actinidia deliciosa 43 (9) 22/7.91 22/8.63 − +

91 23.6 kDa heat shock
protein

195283457 H6TB40 (67) Citrullus lanatus 20 (3) 23/5.06 20/5.03 0.08±0.01 0.33±0.05

92 Bet v1-related allergen 195194362 D1YSM4 (95) Actinidia chinensis 15 (2) 17/5.82 19/5.37 − +
93 Bet v1-related allergen 195194362 D1YSM4 (95) Actinidia chinensis 16 (2) 17/5.82 16/6.23 − +
94 Bet v1-related allergen 195198226 D1YSM4 (99) Actinidia chinensis 72 (15) 17/5.82 16/5.74 − +
95 17.3 kDa class II heat

shock protein
195245822 O82013 (78) Solanum

peruvianum
32 (4) 17/6.32 16/5.75 − +

96 Bet v1-related allergen 195198226 D1YSM4 (99) Actinidia chinensis 59 (7) 17/5.82 16/5.00 − +
97 17.3 kDa class II heat

shock protein
195245822 O82013 (78) Solanum

peruvianum
46 (6) 17/4.87 15/6.23 0.14±0.09 0.66±0.11

98 Pathogenesis-related
protein PR-1 type

195235158 E2GEU6 (70) Vitis vinifera 68 (6) 17/8.12 13/9.66 − +

99 Pathogenesis-related
protein 4

195220941 G9JVT0 (78) Vitis pseudoreticulata 24 (3) 15/8.12 12/6.52 − +

100 Polyphenol oxidase 195246920 A5BPY3 (71) Vitis vinifera 10 (3) 67/6.37 45/4.62 + −
101 Polyphenol oxidase 195249443 A5BPY3 (64) Vitis vinifera 12 (7) 67/6.37 42/5.61 + −
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subunit species (spots 71, 72, 78, 79, 81, 88, 102, 106 and 107)
were observed as differentially represented (generally over-
represented) in inoculated A. chinensis shoots, as already
determined in other pathosystems [10,14,16].

Plant defence from pathogens has also been associated with
molecular networks based on reactive oxygen species (ROS) and
phytohormone signalling [10,11,61–63]. Our results were con-
sistent with previous observations on other pathosystems and
proved a remarkable quantitative increase of proteins involved
in regulation of plant redox homeostasis, such as ascorbate
peroxidase (spot 84 and 85) and glutathione transferases (GSTs)
species (spot 87 and 89) [10,11,16,26,45,64]. Data on GST were
also confirmed at transcriptional level. Recently, the first
protein has been identified as associated with resistance of
tobacco plants to P. s. pv. tabaci infection [65]; similarly, GSTs
were linked to early response of A. thaliana to P. s. pv. tomato
DC3000 [24,25]. Conversely, an isoform-dependent quantitative
change was observed for polyphenol oxidase (spots 73, 100 and
101), an enzyme that catalyzes the oxidation of phenolic
metabolites to quinones and is also implicated in plant defence
against pathogens/insects [10,66]. Its differential proteomic
profile suggests the occurrence of PTM mechanisms affecting
protein isoform distribution after bacterial challenge. A similar
phenomenon was also observed for isoflavone reductase P3
isoforms (spots 76 and 103), whose avocado and rice protein
homologues were observed as over-represented following

infection with the oomycete Phytophthora cinnamomi and rice
blast fungus, respectively [55,64]. Proteins whose concentration
is increased by the abiotic stress phytohormone abscisic acid
(ABA), namely annexin (spot 77 and 104) and abscisic acid stress
ripening protein (spot 105) species, showed a variable quanti-
tative trend after bacterial challenge; the first one was
up-regulated, while the remaining ones were down-regulated.
This contrast with previous proteomic studies on pathogen-
infected plants [10,64], which suggested that enhanced ABA
levels correlate with an increased plant susceptibility to
pathogen attack [67–70]. Our results could be related to a
peculiar behaviour of the pathosystem investigated or to the
experimental conditions used in this study. Further investiga-
tions are necessary to clarify the role of ABA in A. chinensis/P. s.
pv. actinidiae interaction.

3.3. Plant proteins involved in energy regulation

A number of proteins involved in carbohydrate metabolism,
glycolysis Krebs cycle andATPproductionwere over-represented
following A. chinensis inoculation. In this context, worth-
mentioning are isocitrate dehydrogenase (spot 23), malate
dehydrogenase (spots 24), 6-phosphogluconate dehydroge-
nase (spot 22), UDP-glucose 4-epimerase (spot 25), ATPase α
subunit (spot 18), 6-phosphogluconolactonase 5 (spot 27),
succinate dehydrogenase (spot 15) andaldehydedehydrogenase

Table 2 (continued)
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102 Proteasome subunit
α type-1-A

195287284 P34066 (91) Arabidopsis thaliana 40 (10) 30/4.99 39/4.98 + −

103 Isoflavone reductase
homolog P3

195200739 B2WSN1 (86) Petunia hybrida 30 (9) 34/5.51 39/5.60 0.87±0.08 0.10±0.01

104 Annexin 195274134 B9HFG8 (82) Popolus trichocarpa 46 (13) 36/6.34 37/5.87 0.39±0.05 0.10±0.02
105 Abscisic acid stress

ripening protein
195192941 D4Q9L8 (44) Prunus mume 16 (3) 22/5.97 32/5.70 + −

106 Proteasome subunit
β type

195209889 D7SKV3 (89) Vitis vinifera 19 (4) 25/6.44 28/9.38 + −

107 Proteasome subunit
β type

195202003 D7SKV3 (89) Vitis vinifera 37 (7) 25/6.44 28/9.36 + −

108 Minor allergen Alt a 195321240 B9T876 (92) Ricinus communis 9 (2) 22/6.10 26/6.00 + −
109 Osmotin-like protein 195196068 Q41350 (72) Oryza sativa 17 (3) 21/7.94 29/8.87 + −

Unclassified
110 Uncharacterized protein 195265468 E0CVH6 (53) Vitis vinifera 13 (4) 33/5.67 35/5.36 − +
111 Uncharacterized protein 195285674 A5BLT1 (64) Vitis vinifera 19 (5) 36/6.16 35/7.93 − +
112 Uncharacterized protein 195274899 F6I5L8 (92) Vitis vinifera 26 (6) 31/8.77 29/6.80 − +
113 Uncharacterized protein 195261684 A5C3G7 (91) Vitis vinifera 8 (2) 30/5.89 28/6.02 − +
114 Uncharacterized protein 195195929 F6H392 (82) Vitis vinifera 14 (5) 72/5.77 72/5.17 + −
115 Germin-like protein 5-1 195208226 Q6I544 (70) Oryza sativa 17 (4) 21/7.94 29/5.57 + −

Secondary metabolism
116 Leucoanthocyanidin

dioxygenase
195227726 Q96323 (86) Arabidopsis thaliana 18(4) 40/5.23 43/5.61 − +

117 Lactoylglutathione lyase 195231074 F6H7L5 (88) Vitis vinifera 12 (3) 46/5.68 39/4.98 + −
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(spot 20) species, which confirmed previous observations on
otherphatosystems [10,16,25,43,71,72]. The latter three enzymes
have been reported as being related also to plant defence, since
they inhibit bacterial β-lactamase or contribute to detoxify the
oxidative burst caused by ROS associated with protective
mechanisms [73]. Conversely, isoform-dependent quantitative
changes were observed for triosephosphate isomerase (spots 28
and 39) and enolase (spots 21 and 33). Their differential
proteomic profile suggests the occurrence of PTM events
affecting protein isoform distribution after bacterial challenge.
Finally, a down-representation of different fructokinase-2 gene
products (spots 36, 37, 38), an enzyme involved in starch
synthesis and water transport [74], suggested the inhibition of
polysaccharide storage processes in infected plants.

On the other hand, alcohol dehydrogenase (ADH) spe-
cies (spots 1, 2 and 3) were also over-represented in infected
A. chinensis shoots; this protein is a key enzyme involved in NAD+

production during fermentation. In this context, increasing
evidences have been accumulated on the critical role of the
fermentative metabolism in plant-pathogen interactions [75]. In
fact, pathogen-infected leaves are characterized by augmented
fluxes of carbon derivatives (generally hexoses), as observed in
the barley/Blumeria graminis and Arabidopsis/Albugo candida

pathosystems [76–78]. By yielding reduced ATP amounts,
when compared to oxidative phosphorylation, this fermenta-
tive pathway may maintain the primary energy metabolism of
the host cells under a condition of an increased metabolic flux
at the site of pathogen infection.

Similarly, enzymes involved in photosynthesis and photo-
respiration, such as oxygen-evolving enhancer proteins 1
(spots 26), chlorophyll a-b binding protein 3C (spot 29), an
isoform of oxygen-evolving enhancer proteins 2 (spots 30) and
NADP-dependent malic enzyme (spots 16, 17 and 19) species
increased their concentration as result of P. s. pv. actinidiae
infection. Proteomic data on the first two proteins were also
confirmed at transcriptional level (Fig. 5). A localized repres-
sion of photosynthetic activity is generally observed during
pathogens attack to plant leaves [71,79], which parallel with
down-expression of genes related to photosynthesis [10,14,18,26].
In particular, a photosynthesis rate decline was observed upon
inoculation of A. thaliana foliage with P. syringae pv. tomato [80].
Over-representation of specific enzymes with photosynthetic
activity in the shoot, as described in this study,may be explained
on the basis of the dynamicwilting process affecting kiwi foliage.
Thus, it is conceivable that the shoots, even though sustaining a
pathogen attack, continue to act as a mandatory source for the
plant, trying to provide the assimilates otherwise yielded by the
healthy leaves. This issue would represent a novelty in
deciphering the composite scenario intervening in the different
plant organs during pathogen infection, which would simply
imply a reprogramming of the shoot metabolism following
systemic bacterial invasion and resulting leaf wilting. In this
context, an increased photosynthetic activity was recently
described in the shoots of Arabidopsis halleri, when grown in
presence of Cd, Zn and various bacterial strains [81].

3.4. Plant proteins involved in other molecular pathways

While proteins assisting polypeptide synthesis and folding,
such as eukaryotic initiation factors (spots 43 and 45), ribosomal
proteins (spot 44), NAC subunit α (spot 56), HSPs (see previous

Fig. 4 – Functional classification and relative distribution of the differentially represented protein species in A. chinensis cv.
Soreli shoots after infection with P. syringae pv. actinidiae.

Fig. 5 – Indirect verification of the protein expression during
the A. chinensis/P. syringae pv. actinidiae interaction through
an evaluation of the corresponding transcript levels, as
assessed by semiquantitative RT-PCR. PSBO,
oxygen-evolving enhancer protein 1; CAB3C, chlorophyll a-b
binding protein 3C; ACTN, actinidain; HSP23.6, 23.6 kDa heat
shock protein; GST, glutathione S-transferase.
Glucose-6-phosphate dehydrogenase (G6PD1) was used as
housekeeping gene. H, healthy A. chinensis shoot; I, A.
chinensis shoot infected with P. syringae pv. actinidiae.
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chapter) and protein disulfide isomerase (spot 47) species, were
over-represented after bacterial challenge, those facilitating
their degradation, i.e. various proteases/peptidases (spots 34,
35, 50–53), showed an opposite trend. These findings suggest
that A. chinensis metabolism during P. s. pv. actinidiae attack is
directed toward ensuring all key molecules (proteins) and
metabolic pathways, including those related to energy regula-
tion and defence mechanisms, essential to promote plant
surviving potential. Cell growth/division seems also promoted
in infected shoots by over-expression of cell division protein
and histone gene products (spots 41 and 42).

Depending on their nature, enzymes involved in amino
acid and nucleotide metabolism presented a variable quan-
titative behaviour. In fact, fumarylacetoacetate hydrolase
(spot 7), catalyzing the degradation of tyrosine, glutamine
synthetase (spot 4), and adenosine kinase 2 (spot 5 and 6),
involved in adenosine re-cycling, showed an increased
concentration in infected A. chinensis shoots. Conversely,
methylenetetrahydrofolate reductase (spot 8), glutamate dehy-
drogenase A and B (spots 10 and 11), adenosylhomocysteinase
(spot 9), thiosulphate sulfurtransferase (spot 13), nucleoside
diphosphate kinase (spot 14) and patatin-like protein (PLP) 3
(spot 12) species were down-represented. PLPs play an essential
role in cell death execution and differentially affect oxylipins
biosynthesis and resistance to pathogens [82]. Quantitative
trends observed for some of these enzymes were also observed
in other pathosystems [10,26].

Finally, various studies have demonstrated that plant
resistance to bacterial infection correlates with their content
in secondary metabolites, i.e. flavonoids, phytoalexins, and
glycoalkaloids [10,16,64]. Anthocyanins, for example, seem to
play a defensive role during pathogen attack by exerting their
toxic potential [83,84]. Accordingly, we found an over-
representation of a leucoanthocyanidin dioxygenase species
(spot 116) in the infected shoots; this enzyme is involved in
proantocyanidine biosynthesis. By increasing the concentra-
tion of toxic methylglyoxal [85], reduced amounts of a
lactoylglutathione lyase gene product (spot 117) were analo-
gously detected in inoculated shoots. A number of non-
characterized plant proteins were also ascertained as differ-
entially represented following bacterial infection.

3.5. Bacterial proteins

Our proteomic analysis also revealed the occurrence of a
bacterial protein species (spot 54) in infected shoots, which was
identified as outer membrane porin F (ompF). A protein of this
class was already identified in other pathosystems, such as the
Passiflora edulis/Xanthomonas axonopodis pv. passiflorae [86] and
Saintpaulia ionantha/Dickeya dadanthii ones [87], when bacterial
culture media were added with host leaf extracts and the
bacterial proteome was subsequently assessed. P. s. pv. syringae
OmpF homologue resides in a gene cluster eliciting plant
hypersensitive response, a molecular phenomenon generally
considered to be a manifestation of recognition and resistance
[88]. Recently, this porin was demonstrated to be an essential
factor for P. aeruginosa virulence towardmammals, at least partly
through modulation of the quorum-sensing network [89]. Its
further characterization is needed, together with transcriptomic
studies aiming at assaying its expression during the initial

events of plant colonization. Its use for early detection of the
pathogen in the kiwifruit propagation material may provide a
valid tool for certification schemes, currently required for global
circulation of kiwifruit scions, and grafted or self-rooted plants.

4. Conclusions

Plant–bacteria interactions are highly complex since multiple
bacterial factors and plant-signalling events take place, which
ultimately define the susceptibility or resistance of the plant
exposed to the pathogen. Current investigations are directed
towards gaining a better understanding of the molecular
mechanisms implicated in basal and specific plant defence
responses against plant bacterial pathogens. In this context,
detailed proteomic comparisons of microbe-challenged and
control plants have allowed the identification of novel protein
species whose biological role warrants in-depth biochemical
and cellular elucidation [10–12]. In the current study, we
performed a comparative proteomic analysis of A. chinensis
shoot tissues before and following inoculation with the
pandemic P. s. pv. actinidiae to elucidate molecular mecha-
nisms underlying this plant–microbe interaction. Although
gel-based proteomic investigations present well-known lim-
itations [90], this study identified a number of differentially
represented gene products in infected shoots. Proteins related
to plant protection, such as PR polypeptides or components
involved in basal protection, oxidative stress, heat shock, and
related transport and signalling processes, were characterized
as the most represented category of induced species. Proteins
involved in carbohydrate metabolism and energy regulation
were also differentially represented upon infection. A bacte-
rial outer membrane protein was identified as well; its further
characterization in the very early phases of the host coloni-
zation will help detecting P. s. pv. actinidiae in kiwifruit
propagative material.

Similarly to what ascertained in previous studies on other
plant organs infected by pathogenic bacteria and fungi [10,11],
our results suggest a general reprogramming of the shoot
metabolism in the A. chinensis/P. s. pv. actinidiae pathosystem.
These molecular events parallel systemic pathogen coloniza-
tion of the host, dynamically involving leaf wilting, root
infection and shoot canker formation. Further investigations,
based on advanced proteomic techniques, i.e. quantitative
gel-free approaches, or directed to specific sub-cellular com-
partments, are necessary to provide a better comprehension of
themolecularmechanisms implicated in kiwi plant response to
pathogen invasion. These studies will identify promising novel
targets for the development of cultivars with improved disease
resistance.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2012.10.014.
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