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Abstract Olive knot disease is characterised by the
development of galls on Olea europaea stems as a
result of infection by Pseudomonas savastanoi pv.
savastanoi. Protein differential accumulation during
the first week of infection was studied using two-
dimensional gel electrophoresis and MALDI-TOF
mass spectrometry to investigate the biochemical
changes occurring in infected tissues and to under-
stand the factors involved in bacteria pathogenesis
and plant response to infection. Common infection
symptoms were obtained in 1 year-old plants of two
Portuguese cultivars, ‘Galega’ and ‘Cordovil de
Serpa’ using the strain NCPPB 2327. The comparison
of protein patterns of non-inoculated stem tissues,

stem tissues inoculated with water or with the strain
NCPPB 2327 led to the detection of differentially
expressed infection-related proteins. Moreover a
distinct protein pattern was obtained between
cultivars in response to infection. The differential
protein expression was characterised by qualitative
and quantitative variation. Among the differentially
expressed proteins were the bacterial P. savastanoi
orthologues of outer membrane porin F, the tellurium
resistance protein, aconitate hydratase 2 and a
hypothetical protein with unknown function. From
O. europaea, protein orthologues of enolase and
calcium-dependent protein kinase were found to be
differentially expressed. Results are discussed in the
context of the molecular basis of plant–pathogen
interactions in the search for markers for the presence
of the bacterium in plant tissues.

Keywords Olive knot disease .Pseudomonas
savastanoi . Proteomics . Enolase . OprF

Abbreviations
DPE Differential protein expression
MALDI-TOF Matrix assisted laser-desorption

ionisation—time of flight
IS Inoculated stems
NIS Non-inoculated stems
WIS Water-inoculated stems
2-DE Two-dimensional gel electrophoresis
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Introduction

Olive knot disease is caused by the bacterium
Pseudomonas savastanoi. Typical symptoms are the
development of knots or galls in wounded sites of
young twigs, branches and stems (Iacobellis et al.
1994). Olea europaea is a species with high resis-
tance to bacterial attack, and P. savastanoi is one of
the few pathogens able to cause serious injury to these
trees. The natural resistance of O. europaea is
attributed, in part, to the existence of a physical
barrier of oleanolic acid crystals at the leaf surface
and the production of secoiridoid glucosides, oleur-
opein and ligustroside antimicrobial derivatives
(Cayuela et al. 2006). Verbascoside is a phenolic
compound abundant in olive knots in contrast to other
plant tissues. This compound may also play a role in
the defence response of olive tree to P. savastanoi
infection (Cayuela et al. 2006). Phenolic and/or
polysaccharidic compounds have been shown to
accumulate in outgrowths and xylem vessels of
infected olive explants possibly as a reaction to hinder
infections (Marchi et al. 2009).

Olive knot disease was reported to lower the yield
and fruit quality in orchards (Schroth et al. 1968,
1973), and is present in many Portuguese olive
orchards. The epiphytic bacterial population, as well
as knots, function as bacterial reservoirs. Infection
occurs in the rainy seasons (around April and
November) when water transports the inoculum to
wounded tissues. Infection can occur with temper-
atures ranging from 4–38°C but optimum temper-
atures are between 23–24°C (Cayuela et al. 2006).
Bacterial cells in knots were shown to be able to
migrate, infecting new wounds in plants (secondary
infections) (Penyalver et al. 2006). A recent histolog-
ical investigation on the systemic spread of P.
savastanoi in olive explants (Marchi et al. 2009)
described an interaction between O. europaea and P.
savastanoi that closely resembles the formation of
knots in vivo. The bacterium was also located in
xylem vessels of the explants, suggesting a capacity
for systemic invasion and induction of secondary
infections in different parts of the plants.

Several factors such as the plant genotype, plant
age, concentration of P. savastanoi at the infection
sites and the interaction of this bacterium with other
bacterial species have been shown to influence the
development of the disease (Marchi et al. 2006;

Penyalver et al. 2006). Knot formation is believed to
be the consequence of local accumulation of indole-3-
acetic acid (IAA) and cytokinin, both synthesised by
the bacterium (Iacobellis et al. 1994). It was verified
that hypersensitive response and pathogenicity genes
(hrp) and hypersensitive response and conserved
genes (hrc), responsible for encoding components of
the type III secretion system are active in P.
savastanoi and play a key role in pathogenicity and
symptom development (Sisto et al. 2004). After a
global genetic analysis of native plasmids from
several P. savastanoi strains, Pérez-Martínez et al.
(2008) reported the existence of putative new genetic
determinants of P. savastanoi pathogenicity, namely a
variety of insertion sequences and other gene sequen-
ces that hybridised with known P. syringae effector
genes.

The biochemical changes that take place in plant
tissues in response to P. savastanoi infection have not
been studied and are essential to understand this
disease and the genetic factors involved in the response
of olive tree against this infection. Proteomics has been
a suitable strategy to study overall biochemical
changes in biological systems in response to stimuli.
Proteomics has been applied to the study of plant–
pathogen interactions with important achievements in
the discrimination of plant and pathogen differentially
expressed proteins (Marra et al. 2006; Natera et al.
2000), identification of pathogenesis-related (PR)
proteins (Campo et al. 2004; Castillejo et al. 2004;
Marra et al. 2006; Rep et al. 2002) and proteins
involved in signal transduction and cellular stress
(Campo et al. 2004; Pérez-Bueno et al. 2004;
Subramanian et al. 2005).

The present work aims to characterise the response
of ‘Galega’ and ‘Cordovil de Serpa’ plants to
infection with P. savastanoi and to analyse protein
variations in the infected tissues by two-dimensional
gel electrophoresis (2-DE) and MALDI-TOF mass
spectrometry to investigate the biochemical events
occurring during infection. ‘Galega’ is a worldwide-
known Portuguese cultivar that represents >50% of
the total olive trees grown in Portugal, and is less
susceptible to this phytopathogenic bacterium when
compared with ‘Cordovil de Serpa’, a characteristic
cultivar from the south of Portugal (Oliveira and
Luz 2003). Within this study we were able to verify
that protein variations in infected tissues are signifi-
cantly distinct for both cultivars. Several proteins
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from host and pathogen were identified by MALDI-
TOF analysis that represent (1) early markers of the
presence and growth of P. savastanoi in infected plant
stems and (2) the differential molecular response of
‘Galega’ and ‘Cordovil de Serpa’. This work de-
scribes an investigation into the molecular basis of the
O. europaea and P. savastanoi interaction, involving a
search for protein markers of the bacterial presence in
infected plant tissues, therefore contributing to the
control of the disease and the economic losses
associated with it.

Materials and methods

Bacterial strains and culture

Pseudomonas savastanoi type strains NCPPB 1506
and NCPPB 2327 from the National Collection of
Plant Pathogenic Bacteria (York, UK) were grown in
nutrient agar (NA), Luria Bertani (LB) (Bertani 1951)
or Pseudomonas agar F media (King et al. 1954), in
the dark at 28°C. Liquid cultures were grown at 180–
200 rpm in nutrient broth (NB) or LB. Suspensions in
exponential growth (O.D. 600 nm=0.8) were used for
plant inoculation.

Plant material and plant infection

One year-old plants of O. europaea subsp. europaea
cvs Galega and Cordovil de Serpa were maintained in
the greenhouse, under natural light conditions, at 24±
4°C, in 500 ml buckets containing the substrate ‘Terra
de Montemor’ (A Estufa, Portugal) under adequate
phytosanitary conditions.

Plants were infected with P. savastanoi following a
procedure adapted from Surico et al. (1984). Small
wounds were made in stems with a needle and 20 μl of
a bacterial suspension in distilled water (109 cfu ml−1)
were injected. The excess of inoculum outside the
wounds was removed. Ten wounds were made in
each plant, starting from the fifth internode below
the apex and leaving one internode between in-
fections. Analysis of disease development was eval-
uated by wound visual inspection after three and six
weeks of infection. Pseudomonas savastanoi patho-
genicity was verified by the ability to induce knots or
necrotic swellings in infected stem sites. Disease
development was monitored by determining the per-

centage of wounds that produced knots or necrotic
swellings in each plant, and registering the wound
diameter.

For the analysis of protein expression the plants
were: (1) wounded in stems and inoculated with
P. savastanoi (2) wounded and inoculated with
sterile distilled water or (3) not wounded or inoculated.
Four plants were used as replicates, for each treat-
ment and time of sampling. Stem samples (approx-
imately 0.5 cm×0.5 cm×0.2 cm) from inoculated
sites were collected at one, four and seven days after
inoculation, frozen in liquid nitrogen and stored at
−80°C.

Protein extraction

Plant material was ground in liquid nitrogen and
proteins extracted as described by Costa et al. (1998)
with the following adaptations: 2 ml of protein
precipitation solution was used per 0.1 g of plant
material and UKS buffer was replaced by dithiothrei-
tol (10 mM), thiourea (2 M), triton X-100 (0.4%, v/v),
urea (7 M), 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propane sulphonate (CHAPS) (4%, w/v), IPG
buffer pH 3–10 (1%, v/v) as described by Gion
et al. (2005) plus polyvinylpolypyrrolidone (PVPP)
(0.025 mg ml−1) in a ratio of 1 ml of solubilisation
solution per 0.05 g pellet. Protein samples were clarified
at 10,000 g for 30 min (4°C) and stored at −80°C.
Protein concentration was determined by the Bradford
method, using the Bio-Rad protein assay dye reagent
(Bio-Rad, Hercules, CA, USA) and bovine serum
albumin as standard.

Two-dimensional gel electrophoresis of proteins

Samples with 80 μg of protein (analytical gels) or
600 µg of protein (preparative gels) were diluted to
470 μl in CHAPS (2%, w/v), urea (8 M), IPG buffer
pH 3–10 (0.5%, v/v) dithiothreitol (0.02 mM) and
used in Isoelectric Focusing (IEF) as the first-
dimension protein separation technique. Electropho-
resis was performed according to Görg et al. (2000) in
the IPGphor system (Amersham Pharmacia Biotech,
Uppsala, Sweden), using immobiline drystrips of
24 cm with a linear pH gradient from 3 to 10
(Amersham Pharmacia Biotech, Uppsala, Sweden)
and started with 30 V for 12 h followed by 1 h at
200 V, 1 h at 500 V, 1 h at 1,000 V, a voltage gradient
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of 30 min up until 8,000 V and finally 8,000 V h−1 to
achieve 50,000 V h−1 (adapted from Gion et al. 2005).
After IEF the strips were stored at −80°C. For the
second-dimension protein separation IEF strips were
equilibrated according to Görg et al. (2000) and using
10 mg ml−1 dithiothreitol and 25 mg ml−1 iodoaceta-
mide. IEF strips were placed on top of 12% (w/v)
acrylamide SDS-PAGE slab gels (20 cm×25 cm×
1 cm) and the second-dimension protein separation
performed in a Hoeffer DALT electrophoresis system
(Amersham Pharmacia Biotech, Uppsala, Sweden) at
125 V. Analytical gels were silver-stained according
to Blum et al. (1987) and preparative gels stained by
Coomassie Blue Colloidal as described by Consoli
and Damerval (2001).

Gel analysis

Images of analytical gels were acquired in the
Computing Densitometer, model 325E (Molecular
Dynamics, Sunnyvale, CA, USA) and protein spots
detected with the 2D Image Master, version 4.1
(Amersham Biosciences, Uppsala, Sweden) automati-
cally reproducing the sensitivity parameters for every
gel image. Initial spot volumes determined by the
programme were normalised automatically by multiply-
ing the total spot area in the gel by the ratio between the
volume of each particular spot and total spot volume of
the gel. A linear scaling method (Burstin et al. 1993)
was also used to obtain protein spot volume normal-
isation. The method consisted in applying Eqs. 1 and 2
below:

Kj ¼ Y ::
�
Y :j ð1Þ

Yijcorr ¼ Yij � Kj ð2Þ

where Yij corr is the normalised volume of spot i in
gel j; Yij, the volume of spot i in gel j, Kj the linear
scaling factor to reduce the global experimental
variation between gels, Y.. the mean volume of the
spots from all gels in study and Y.j the mean volume
of the spots from gel j. Normalisation methods were
reproduced for every gel image.

Protein expression analysis

Protein samples from plant replicates were subjected
to 2-DE. A set of four 2-DE gels, relating to four

biological replicates (four plants), was obtained for
each tissue condition, cultivar and sampling time-
point. The first analysis consisted of the detection of a
reproducible protein pattern (qualitative information)
regarding each tissue condition, cultivar and sampling
time, after 4 days (t1) and 7 days (t2) of infection, and
named as 2-DE maps. A mean normalised volume
was calculated for every reproducible protein spot
(quantitative information). Data from 2-DE gels
regarding the first day of infection were not subjected
to subsequent analysis and used only to assist the
analysis of the expression of some proteins displaying
variations at t1 and t2. The second analysis consisted
of the comparison of non-inoculated stems (NIS),
water-inoculated stems (WIS) and inoculated stems
(IS), 2-DE maps regarding one cultivar and one
sampling time (t1 or t2). From this analysis we
detected protein qualitative (presence/absence of
proteins) and quantitative variations (changes in the
volumes of protein spots). Mean volume comparison
was performed with the Kruskal-Wallis test and t-test
for unequal variances (P<0.05). Significant differ-
ences were taken into account when, at least,
accordance was verified for the t-test regarding the
two normalisation methods.

Protein identification

Proteins from preparative gels were isolated and sub-
jected to trypsin digestion as described by Pandey et al.
(2000). Sample peptides were co-crystallised in
MALDI-TOF sample plates according to Da Costa et
al. (2008) using the matrix α-cyano-4-hydroxycinnamic
acid (CHCA) or, as an alternative, 2,5- dihydroxyben-
zoic acid (DHB). Peptide mass spectra acquisition, in
the Voyager-DESTR MALDI-TOF mass spectrometer
(Applied Biosystems, Foster City, CA, USA), and
protein identification were performed essentially as
described by Da Costa et al. (2008) using the Mass
Spectrometry protein sequence DataBase (MSDB;
20060529x) (http://csc-fserve.hh.med.ic.ac.uk/msdb.
html). In the case of unsuccessful identifications the
homology search was repeated restricted to databases of
the taxonomy groups eubacteria and viridiplantae or the
species Arabidopsis thaliana, performing internal cali-
bration and elimination of keratin and trypsin contam-
inant masses, or submitting the sum of peptide mass lists
from PMF obtained with matrix CHCA or DHB for the
same protein.
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Results

Pseudomonas savastanoi pathogenicity

The pathogenicity of two P. savastanoi strains
(NCPPB 1506 and NCPPB 2327) were first assessed
to select a strain able to induce the disease symptoms
in the cultivars under study. Only strain NCPPB
2327 was able to induce symptoms on 1 year-old
‘Galega’ and ‘Cordovil de Serpa’ plants, promoting
the development of knots and necrotic swellings at
the inoculation sites (Fig. 1). The pathogenicity of
this strain was confirmed by comparing the symp-
toms registered in the controls (inoculated with
water). In this case only a slight swelling at the

inoculation point followed by lignification and no
tissue proliferation was observed, as shown in Fig. 1.
Strain NCPPB 2327 was therefore used in subse-
quent experiments.

The response of ‘Galega’ and ‘Cordovil de Serpa’
plants to infection with the strain NCPPB 2327 is
shown in Fig. 2. After 3 weeks of infection all plants
developed knots or necrotic swellings. However the
percentage of inoculation sites that developed these
symptoms in each plant was highly variable (Fig. 2a).
After 6 weeks all infected plants developed knots
(Fig. 2a). Significant increases in knot diameter were
verified in infected plants of both cultivars, after
6 weeks of infection (Fig. 2b).

a) b) c)

Fig. 1 Symptoms produced in olive plants (Galega cultivar)
after a 6 week infection interval with P. savastanoi strain
NCPPB 2327. Control wound (a); knot (b); necrotic swelling
(c). The arrows indicate inoculation sites
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Fig. 2 Disease development in ‘Cordovil de Serpa’ (grey bars)
and ‘Galega’ (white bars) plants upon infection with P.
savastanoi strain NCPPB 2327 after 3 and 6 weeks of infection.
(a) Percentage of inoculation sites developing knots per plant;
(b) knot mean diameter. In (b) bar values are means of three
repetitions (n=3) for ‘Cordovil de Serpa’ and four repetitions
(n=4) for ‘Galega’. Bars represent standard deviations
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Protein differential expression in infected ‘Galega’
and ‘Cordovil de Serpa’ and protein identification

For each cultivar, a comparative analysis of 2-DE maps
was performed considering the fourth (t1) and seventh
(t2) day after infection of the NIS, WIS and IS. A
characteristic 2-DE gel from stems of olive plants is
presented in Fig. 3.

A total of 35 and 42 proteins showing quantitative and
qualitative variation associated with infection and/or
wounding, were detected in ‘Galega’ and ‘Cordovil de
Serpa’ plants, respectively (results not shown). Qualita-
tive variations represented 69% and 31% of overall DPE
detected in ‘Galega’ and ‘Cordovil de Serpa’ stem tissues,
respectively. Qualitative DPEwas cultivar-specific except
for a group of six proteins that were detected in IS in both
cultivars (this protein group is discussed further in this
work). On the other hand all quantitative protein variation
obtained was cultivar-specific (results not shown). In
‘Galega’ IS the majority of qualitative DPE was detected
after 4 days of infection and reproduced after 7 days of
infection. Quantitative DPE was mainly detected after
7 days of infection. In ‘Cordovil de Serpa’ the majority of
proteins displaying qualitative variation was detected
after 7 days of infection. As opposed to ‘Galega’, 14

proteins displaying quantitative variation were detected
in ‘Cordovil de Serpa’ IS after 4 days of infection.

Nevertheless such DPE was not reproduced after
7 days of infection, instead 15 different proteins,
according to their position in the gels, displayed
quantitative variation in ‘Cordovil de Serpa’ IS (results
not shown). To assess the function of differentially
expressed proteins and relate its expression with the
biological system under study, we conducted protein
identification by MALDI-TOF peptide mass fingerprint
(PMF). A putative identification of seven proteins
displaying variation upon infection, using MALDI-
TOF peptide mass fingerprint (PMF), was possible out
of fifteen analysed (Table 1). Four proteins, outer
membrane porin F (OprF), aconitate hydratase 2,
unknown protein yt1R and tellurium resistance (TerE)
protein were putatively identified as bacterial proteins.
Three plant proteins, two enolase isoforms and a
calcium-dependent protein kinase (CDPK), were also
identified (Table 1).

Bacterial proteins in infected stem tissues

All P. savastanoi protein orthologues putatively
identified, with the exception of TerE orthologue,

Fig. 3 2-DE gel from ‘Codovil de Serpa’ non-inoculated stems
(NIS). The gel was loaded with 80 µg protein and silver-
stained. Proteins were first separated by IEF in a pH range of 3
to 10 and further by SDS-PAGE in 12% (w/v) acrylamide gels.

Protein variation displayed by identified proteins is documented
in subsequent figures of this work from magnified images of
gel areas in squares
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were detected in ‘Galega’ and ‘Cordovil de Serpa’ IS
(Fig. 4). The TerE orthologue was only detected in
‘Galega’ IS. Nevertheless all proteins were absent in
NIS and WIS of both cultivars as shown in Fig. 4.

The presence of these proteins was investigated
by 2-DE in stem tissues after 1 day of infection. OprF
orthologue was the only protein detected in ‘Galega’
and ‘Cordovil de Serpa’ IS 1 day after infection. This
protein increased significantly in abundance (evaluated
as normalised volume) in the seventh day after infection
(200 times the normalised volume in ‘Galega’) but in the
IS no significant differences were found in the levels of
the protein between both cultivars.

Plant proteins

Enolase orthologues in ‘Galega’ stem tissues increased
in abundance (evaluated as normalised volume) during
infection with P. savastanoi (Fig. 5). Moreover we
verified that the two isoforms present a distinct
expression pattern, G28 being the predominant form

in stem tissues but G27 isoform displaying the highest
increase in abundance upon infection (4.8-fold increase
of the normalised volume determined for NIS, in
comparison to the 1.5-fold increase in G28 isoform).
This increase in abundance of G27 isoform was
significant in respect to NIS and WIS (Fig. 5).

The calcium-dependent protein kinase in ‘Cordovil
de Serpa’ stem tissues displayed a significant decrease in
abundance upon infection (2.7-fold decrease of the
normalised volume determined in NIS). This decrease
did not occur in WIS tissues indicating that the quan-
titative variation is specific for the infection condition.

Discussion

Pseudomonas savastanoi attack is easily detected in
the field by the development of knots in stems of
olive trees. In this work we were able to reproduce the
typical disease symptoms by infecting 1 year-old O.
europaea subsp. europaea plants from ‘Galega’ and

Table 1 Differentially expressed proteins identified by peptide mass fingerprint in both Galega and Cordovil de Serpa cultivars

Spot
# a

Peptides: total
submitted/matchedb

Estimated
MWc

Theor.MW
(kDa)/pId

Coverage
(%)e

Homology score/
minimum scoref

Protein name (AC number)g Species

CC1 21/9 42 36.8/4.77 25 107/77 OprF (Q48JY8_PSE14) Pseudomonas
syringae

CC3 33/17 Ndh 94.9/5.2 14 74/74 Aconitate hydratase 2
(Q4ZVP8_PSEU2)

Pseudomonas
syringae

CC5 19/7 35 35.7/9.7 31 74/74 hypothetical protein
ytlR (H69995)

Bacillus subtilis

G7 43/8 26 20.2/4.8 48 90/77 Tellurium resistance protein
TerE (Q48NA2_PSE14)

Pseudomonas
syringae

G27 23/10 52.7 48/5.5 20 109/77 Enolase (JQ1187) Arabidopsis
thaliana

G28 39/12 51.6 47.8/6.1 27 80/77 Enolase (Q6WB92_GOSBA) Gossypium
barbadense

CS36 46/10 47 59.1/6.1 24 60/60 probable calcium dependent
protein kinase (F85059)

Arabidopsis
thaliana

aCS cv. Cordovil de Serpa; G cv. Galega; CC present in both cultivars
b Number of peptides masses: submitted to PMF search/match with those from the theoretical PMF
c Estimated molecular weight from protein standards in 2DE gels and image analysis tools
d Determined molecular weight and isoelectric point for orthologous protein
e Percentage of protein sequence covered by matched peptides
f Top score for the homology considered/minimum score for significant identification (P<0.05)
g Accession number from mass spectrometry protein sequence database (MSDB)
h Not determined due to the absence of high MW protein standards that allow reliable estimation of protein MW

Accession numbers are from MSDB database
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Protein Cultivar NIS       WIS-t1         IS-t1
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Fig. 4 Differential expression of OprF, aconitate hydratase 2,
yt1R and TerE orthologues in ‘Galega’ and ‘Cordovil de Serpa’
stem tissues during infection by P. savastanoi. Non-inoculated
stems (NIS), water-inoculated stems after 4 (WIS-t1) and 7 days
of inoculation (WIS-t2) and inoculated stems (IS) after 4 days

(IS-t1) and 7 days of infection (IS-t2). (a) The orthologous
protein was considered absent in IS-t1 when its detection was
not confirmed in the four biological replicates. Reference
protein spots are marked in a circle and orthologous proteins
with an arrow
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Fig. 5 Expression of eno-
lase (G27, G28) and CDPK
(CS36) orthologues in
‘Galega’ and ‘Cordovil de
Serpa’ stem tissues respec-
tively. Gel images reporting
protein expression (a) and
representation of normalised
volumes (b). Non-
inoculated stem tissues
(NIS), water-inoculated
stem tissues collected after
7 days of inoculation
(WIS-t2) and inoculated
stem tissues after 7 days of
infection (IS-t2). Differen-
ces regarding NIS and
WIS-t2 (1), and differences
regarding NIS (2) were
considered significant at
P<0.05
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‘Cordovil de Serpa’ with P. savastanoi type strain
NCPPB 2327. Knots or necrotic swellings in infected
stem wounds started to appear after 3 weeks of
infection and at the sixth week all infected wounds
developed knots or necrotic swellings. The disease
could be monitored by the percentage of knots per
plant or by the increase in knot diameter. The
‘Galega’ and ‘Cordovil de Serpa’ plants were both
susceptible to the strain NCPPB 2327. ‘Galega’ is
generally accepted to be less susceptible to this
disease than ‘Cordovil de Serpa’. This statement is
supported by observations in the orchards and by a
field trial that describes the existence of lower
infection levels in ‘Galega’ by comparison to ‘Cor-
dovil de Serpa’ trees in the Beira Interior region of
central Portugal (Oliveira and Luz 2003). The differ-
ences between the results achieved and the expected
regarding the susceptibility of both cultivars to the
bacterium lead us to consider that tolerance to P.
savastanoi infection in ‘Galega’ may be related to the
plant stage of development. Nevertheless other factors
are likely to influence the plant response to infection
especially the bacterial strain and inoculum concen-
tration. In a recent study performed by Penyalver et
al. (2006) to evaluate the influence of strains, dose of
inoculum and plant age in O. europaea response to P.
savastanoi, the authors reported interactions between
cultivars and strains and a high dependence of disease
severity on pathogen dose applied at the wound sites.
The authors were able to discriminate cultivar suscep-
tibility by evaluating the development and weight of
primary knots and the presence of secondary knots in
3 year-old plants infected with low inoculum concen-
trations (102 CFU/wound). High inoculum concentra-
tions (>104 or 105 CFU/wound) can mask differences
between cultivars leading to a rate of disease develop-
ment >75% regardless of the cultivar. They also state
that 1 year-old plants were too susceptible to be useful
in discriminating susceptibility among cultivars. Taking
into consideration Penyalver et al. (2006) observations
the infection conditions used in our work are suitable to
reproduce the disease symptoms but not to evaluate the
differences between ‘Galega’ and ‘Cordovil de Serpa’
susceptibility to P. savastanoi.

The first week of O. europaea–P. savastanoi
interaction was further studied by two-dimensional
gel electrophoresis of proteins and MALDI-TOF mass
spectrometry with the aim to describe protein changes
occurring at the infection site and identify proteins

that can be associated with bacterial pathogenicity and
plant response to infection. Protein variation was
detected with this approach that could be related to
infection. Although 82.5% and 95% of protein spots
were reproducible in NIS 2-DE maps from ‘Galega’
and ‘Cordovil de Serpa’ respectively, a considerable
percentage of DPE detected was cultivar-specific,
indicating that biochemical responses in ‘Galega’ and
‘Cordovil de Serpa’ to P. savastanoi are distinct and
likely to be genotype-dependent. MALDI-TOF mass
spectrometry allowed us to putatively identify four
P. savastanoi and three O. europaea protein ortho-
logues from IS. The increase in abundance of the P.
savastanoi OprF orthologue during the 7 days of
infection and the detection of aconitate hydratase 2,
yt1R and TerE orthologues after 4 or 7 days of
infection, suggests an increase in the bacterial
population in IS or an effective up-regulation of the
expression of the genes codifying those proteins.
These proteins may be regarded as potential markers
for the presence of the bacterium in infected plant
tissues and to evaluate the progression of infection.

Marchi et al. (2006) reported the growth of P.
savastanoi population at infected sites in O. europaea.
Starting from an inoculation with approximately 105–
106 CFU per site, the authors reported an increase of
the bacterial population to 1.6×107 CFU per site in the
first 7 days of infection, increasing steadily to 3.7×
108 CFU per site after 42 days of infection, further
stabilising and achieving 7.2×108 CFU g−1 after
120 days of infection. Such growth curves can be
correlated with the levels of bacterial proteins to assess
their potential as markers.

OprF is the major surface protein of the genus
Pseudomonas (Bodilis et al. 2006). It is also consid-
ered a non-specific porin, being involved in other
functions such as maintenance of cell shape, growth in
low-osmolarity environment and adhesion to supports
and molecules (Bodilis and Barray 2006). The OprF
gene has been regarded as an important marker for the
presence of Pseudomonas in plant tissues and to
characterise bacterial ecological niches (Bodilis et al.
2006). Our results demonstrate that the OprF gene
product can be also detected in infected plant tissues
and concomitant with the gene sequence, may function
as a molecular marker of bacterial presence in infected
plant tissues. Moreover in animal systems, this family
of proteins present antigenic properties and is involved
in the virulence of pathogenic strains (Malhotra et al.
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2000; Price et al. 2001; Williams et al. 2000) raising
the question of the potential involvement of the
homologous proteins in the virulence of phytopatho-
genic Pseudomonas.

Aconitate hydratase catalyses the isomerisation of
citrate to isocitrate via cis-aconitate in the citric acid
cycle (Artymiuk and Green 2006). In the context of
this biological system aconitate hydratase expression
may be associated with a change in bacterial
metabolism that leads to an up-regulation of the
enzymes of the aerobic respiratory pathway and
energy production. The ter gene family confers
resistance to tellurite in several human pathogenic
Escherichia coli strains allowing their identification
through the use of selection media containing potassium
tellurite (Orth et al. 2007).

Nevertheless, to the best of our knowledge, the
function of the proteins encoded by this gene family
in host-pathogen interactions is not known. The P.
savastanoi terE orthologue was only detected in
‘Galega’ IS, pointing to the fact that the P. savastanoi
proteome can change, during infection, as a function
of plant genotype. Similarly to the OprF orthologue,
these proteins may be early markers of bacterial
proliferation in infected olive tissues and of disease
progression.

The ‘Cordovil de Serpa’ CDPK orthologue was
repressed to about 1/3 in infected stems when
compared with non-infected stems. The CDPKs are
calcium-binding serine/threonine protein kinases and
are considered to be major primary calcium sensors in
plants. The CDPK activation is triggered by biotic
and abiotic stresses (Ludwig et al. 2005). In plant–
microbe interactions the activities of CDPK have been
related to the hypersensitive reaction (HR) and
activation of plant resistance genes (Romeis et al.
2001). The decrease in abundance displayed by the
CDPK homologue protein in ‘Cordovil de Serpa’ IS
seems to contradict the reported CDPK activation in
situations of infection or elicitation. This reduction in
expression of a CDPK isoform may have implications
in the susceptibility of ‘Cordovil de Serpa’, neverthe-
less complementary data is needed to corroborate our
results, and to correlate the expression of this isoform
with plant physiological response.

Two plant enolase orthologues were identified in
stem tissues of O. europaea plants. The expression of
the two isoforms increased significantly in ‘Galega’ but
at different ratios. Enolase is an enzyme of the

glycolytic pathway converting the 2-phosphoglycerate
to phosphoenolpyruvate. Glycolysis is a ubiquitous
pathway for the production of ATP in anaerobic
conditions, and enzymes of this pathway, including
enolase, are induced in tissues under these stress
conditions (Fukao et al. 2003; Sato et al. 2002).
Expression of this protein has been related also with
plant response to abiotic stress (Kollipara et al. 2002;
Riccardi et al. 1998). Regarding plant–microbe inter-
actions a 2,77-fold increase in enolase activity was
found in tumours induced by Agrobacterium tumefa-
ciens in Beta vulgaris (Scott et al. 1964). Two enolase
transcripts were early-induced by the mildew fungus in
tomato, one in both a susceptible or resistant genotype
and other only in the resistant R-Ol-1 (Li et al. 2006).
Two enolase transcripts were also identified at the
peribacteroid membrane of Lotus japonica root nod-
ules (Wienkoop and Saalbach 2003) and enolase is
highly expressed in the pericycle cells of actinorhizal
plants (Franche et al. 1998). α-enolase is known to
play a role in systemic and invasive autoimmune
disorders in vertebrates. Research on this protein
suggests multifunctional properties. For example α-
enolase is expressed on the surface of a variety of
eukaryotic cells as a strong plasminogen-binding
receptor and may play an important role in the initiation
of disease processes by modulating the pericellular and
intravascular firinolytic system (Pancholi 2001). On the
other hand α-enolase and its alternative translation
initiation product (MBP-1) have been described as
potential tumour-suppresser proteins in human cancers
controlled by the myelocytomatosis proto-oncogene
promoter (c-myc) (Subramanian and Miller 2000). The
multifunctional properties of this protein in vertebrates
and humans suggest that in plants enolase may have
different functions besides its participation in the
glycolitic pathway, being probably a relevant compo-
nent of the plant response to bacterial infections. Since
its differential expression could only be detected in
‘Galega’ and not in the susceptible cv. ‘Cordovil de
Serpa’, it may be an important marker for tolerance to
P. savastanoi in olive. In this way it will be important
to correlate its expression with the tolerant phenotype
of ‘Galega’ to P. savastanoi infection.

Using proteomics we revealed some of the possible
molecular players involved in the interaction between
olive and P. savastanoi, the pathogen responsible for
olive knot disease. The identified proteins are
regarded as potential markers of bacterial presence
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in plant tissues and of disease progression, as well as
in the differentiation of ‘Galega’ and ‘Cordovil de
Serpa’ responses. Nevertheless their implications in
pathogenesis and resistance/tolerance need further
validation. This will imply a strong correlation
between proteomic analysis and plant resistance/
tolerance responses.

This work constitutes, to the best of our knowl-
edge, the first proteomics-driven approach using these
two species and is, therefore, a relevant breakthrough
in the investigation of O. europaea–P. savastanoi
interactions. Advances in this research require an
increase in the sensitivity of the proteomic approach,
including using tandem mass spectrometry and de
novo protein sequencing for a comprehensive charac-
terisation of protein variation. The differential expres-
sion of the identified proteins should also be analysed
in incompatible olive-P. savastanoi interactions, to
confirm specific expressions in the response of a
compatible infection-inducting process at the tran-
scriptomic level.
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