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Responses to Mycosphaerella pinodes in pea were studied by using a proteomics approach. Two-

dimensional electrophoresis (2-DE) was used in order to compare the leaf proteome of two pea cultivars

displaying different phenotypes (susceptible and partial resistance to the fungus), as well as in response

to the inoculation. Multivariate statistical analysis identified 84 differential protein spots under the

experimental conditions (cultivars/treatments). All of these 84 protein spots were subjected to MALDI-

TOF/TOF mass spectrometry to deduce their possible functions. A total of 31 proteins were identified

using a combination of peptide mass fingerprinting (PMF) and MSMS fragmentation. Most of the identified

proteins corresponded to enzymes belonging to photosynthesis, metabolism, transcription/translation and

defense and stress categories. Results are discussed in terms of responses to pathogens.
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INTRODUCTION

Aschochyta blight, caused byMycosphaerella pinodes (Berk &
Blox) Vesterg, the teleomorph of Ascochyta pinodes Jones, is the
most important foliar disease of pea crop (Pisum sativum L.)
worldwide.M. pinodes causes necrotic spots on all aerial parts of
the pea plant and is responsible for important yield and seed
quality losses (1). Genetic resistance appears to be the most
practical method of control (2). However, although extensive
searches have been carried out, only moderate resistance is
available in pea cultivars, and this has been inadequate to control
the disease (3-6). Higher levels of resistance have been identified
in wild species of Pisum (7, 8), but still have not been efficiently
used in breeding programs.

Quantitative trait loci (QTL) analysis has identified numerous
genomic regions involved in partial resistance toM. pinodes in
pea (9-13 ). Physiological and biochemical studies of the
pea-M. pinodes interaction reported that M. pinodes elici-
tor (14 ) induces some defense responses in pea, such as
accumulation of the phytoalexin pisatin (15 ), activation of
the genes encoding phenylalanine ammonia-lyase (PAL) and
chalcone synthase (16 ), activation of PR proteins (β-1,3-
glucanase, chitinases) (17 ), generation of superoxide an-
ion (18 ), enhancement of ATPase activity (18 ), and activation
of the polyphosphoinositide metabolism (19 ).

A large number of plant proteomic papers are collected in two
recent reviews (20,21). To our knowledgemost proteomic studies
in legumes published to date have dealt with the model system
Medicago truncatula while few proteomics studies have been
reported with other legume species (20), a small number of them

dealing with the responses to pathogens in pea (22-27). We will
focus on those dealing with pathogenic fungi. Thus, Curto
et al. (25 ) reported changes in the leaf proteome of two pea
genotypes differing in their resistance to Erysiphe pisi. Using
a 2-DE/mass spectrometry strategy, differentially regulated
proteins between genotypes and treatments (control and in-
fected leaves) were identified. The identified proteins mainly
belong to three functional categories: photosynthesis, carbo-
hydrate catabolism and stress/defense responses. Authors
concluded that an increased activity of the energy metabo-
lism in resistant plants occurred to compensate for the cost of
constitutive resistance. Wen et al. (26 ) studied the reaction of
pea toNectria hematococca using a multidimensional protein
identification technology, concluding that the root cap sec-
retes a complex mixture of proteins that appear to function in
protection of the root tip from infection. Finally, Amey
et al. (27 ) used a 2-DE/mass spectrometry strategy to identify
host proteins altering in abundance during Peronospora
viciae infection of a susceptible pea cultivar. Among them
they found proteins belonging to photosynthesis, carbohy-
drate metabolism and stress/defense-related category.

In the present study we aim to analyze the leaf pea proteome in
response toM.pinodes inoculation.Basedonprevious investigation
carried out to assess the partial resistance to M. pinodes in field
pea (28), we have selected two cultivars displaying differential
response to M. pinodes. Differences in the 2-DE map between the
two cultivars, as well as in response to parasite infection, were
analyzed, and some of the differential proteins were identified by
MALDI-TOF/TOF mass spectrometry. Thirty-one proteins were
identified, most of them belonging to the functional category of
photosynthesis, metabolism, transcription/translation and defense
and stress-related proteins.

*Corresponding author. E-mail: macastillejo@ias.csic.es. Tel:
þ34957499242. Fax: þ34957499252.
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MATERIALS AND METHODS

Plant Material and Inoculation. Two pea cultivars, ‘Messire’ and
‘Radley’,were used in the experiment.Messire cultivar is highly susceptible
toM. pinodeswhile Radley has shown incomplete resistance that is still the
highest level of resistance available so far in a pea cultivar (5, 28, 29).

Pea seeds were germinated in Petri dishes on wet fiber papers and kept
in the dark at 20 �C for five days. When the root reached 4-5 cm length,
plants were transferred to individual pots containing 250 cm3 of a 1:1
sand-peatmixture and grown in a controlled environment (20( 2 �Cwith
a 12 h dark/12 h light photoperiod, at 250 μmolm-2 s-1). At 3-4 leaf stage
(approximately 14 days after planting) half of the plants of each accession
(8 of Messire and 12 of Radley) were inoculated withM. pinodes, whereas
the remaining plants were inoculated with sterile water and used as
controls. For inoculation the monoconidial M. pinodes isolate Co-99,
derived from an isolate obtained from infected pea material collected in
commercial fields at Córdoba (Spain), was used. A spore suspension was
prepared by flooding the surface of 12-14 day old cultures with sterile
water, scraping the colony with a needle and filtering the suspension
through two layers of sterile cheesecloth. The concentration of spores in
the solution obtained was further determined with a hemocytometer and
adjusted to 5� 105 spores per mL. Finally, Tween-20 (120 μL per 100 mL
of suspension) was added as a wetting agent. The spore suspension was
applied extending the suspension over the leaf surface using a small
paintbrush. After inoculation high humidity was ensured during the first
24 h by ultrasonic humidifiers operating for 15min every two hours. After
that period the humidifiers were turned off. Controls, noninoculated
plants, were maintained in the same environmental conditions as inocu-
lated plants.

Leaves from inoculated and noninoculated plants were harvested 48 h
after inoculation (hai), frozen in liquid nitrogen and stored at-80 �Cuntil
protein extraction.

Protein Extraction and Two-Dimensional Gel Electrophoresis.

Proteins were extracted according to the TCA-acetone precipitation
protocol (30) with some minor modifications. Leaf samples (ca. 2 g fresh
weight) from three independent replicates per treatment and cultivar were
ground with liquid nitrogen in the presence of glass powder by using a
precooled mortar and pestle. The powder was suspended in -20 �C cold
acetone containing 10% v/v TCA and 0.07%w/vDTT (4mL per g of fresh
tissue) and sonicated for 10 min on ice at 50 MHz by using an ultrasonic
homogenizer 4710 series (Cole-Parmer). After standing for 1 h at -20 �C,
the samples were centrifuged at 48400g for 30 min at 4 �C. The pellet was
washed twice by resuspension in cold (-20 �C) acetone containing 0.07%
w/vDTT, placing at-20 �Cfor 30min and centrifuged at 27200g for 15min
at 4 �C. The resulting pellet was lyophilized for 10 min and resuspended in
sample buffer, containing 8 M urea, 2% w/v CHAPS, 0.5% v/v Bio-Lyte
3-10 carrier ampholytes, 20 mM DTT and Bromophenol blue traces.
Samples were sonicated for 5 min in an ultrasonic bath and incubated for
1 h at 35 �C. Samples were centrifuged at 27200g for 15 min at room
temperature, and soluble proteinswere determinedbyRCDCProteinAssay
Kit (BioRad), according to the manufacturer’s instructions.

IPG strips (BioRad) 7 cm wide pH gradients for analytical and 17 cm
5-8 pHgradient for preparative purposes were used. Strips were passively
rehydrated for at least 12 hwith 125 μL (7 cm) or 300 μL (17 cm) of sample
buffer, containing 150 and 500 μg of protein, respectively. Strips were
loaded onto a PROTEAN IEF System (BioRad, Hercules, CA,USA) and
focused at 20 �C with increasing linear voltage according to the manu-
facturer’s instructions: 250V-4000Vuntil reaching 10000Vh for 7 cmIPG
strips and 250 V-10000 V until reaching 40000 V h for 17 cm IPG strips.
After IEF, strips were equilibrated by soaking first for 10 min in 375 mM
Tris-HCl buffer pH 8.8, 6 M Urea, 2% SDS, 20% glycerol, solution and
then for 10 min in the same solution containing 135 mM iodoacetamide.

Second dimension SDS-PAGEwas performedusing theMini-Protean
3 System (7 cmstrips), or thePROTEANIIxiCell System (BioRad) for the
17 cm strips. Electrophoresis was carried out at 20 �C in 12% house-made
polyacrylamide gels until bromophenol blue reached the end of the gel,
by using a constant voltage of 200 V (60 min) for small gels, and 30 mA
(60min) plus 50 mA (240-300min) for preparative gels. Broad molecular
range markers (BioRad) containing myosin (200 kDa), β-galactosidase
(116.25 kDa), phosphorylase b (97.4 kDa), serum albumin (66.2 kDa),
ovoalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor

(21.5 kDa), lysozyme (14.4 kDa) and aprotinin (6.5 kDa) were loaded
beside the strip.

Small size gels were Coomassie stained according to Neuhoff et al. (31).
Preparative gels were stained with CBBG-250 according to the procedure
reported byMathesius et al. (32). Gel images were captured with a GS800
imaging densitometer (BioRad), and initially analyzed with the PDQuest
Advanced version 8.0.1 software (BioRad) using 10-fold over background
as aminimum criterion for presence/absence. This software assigns unique
standard spot numbers to each protein spot, termed SSP. Spot detection
and matching errors were corrected manually based on the respective
group consensus data. Normalized spot volumes (individual spot inten-
sity/normalization factor) calculated for each gel based on total quantity in
valid spots were determined, and these values used to designate the
differential protein spots.

Mass Spectrometry Analysis and Database Searching. Mass
spectrometry was performed at the Proteomics Facility, SCAI (University
of Córdoba). Spots were excised manually from gels and digested with
modified porcine trypsin (sequencing grade; Promega) by using a ProGest
(Genomics Solution) digestion station. The digestion protocol used was that
of Schevchenko et al. (33), withminor variations.Gel plugswere destained by
incubation (twice for 30min) with a solution containing 200mMammonium
bicarbonate in 40% acetonitrile at 37 �C, then being subjected to three
consecutivedehydration/rehydration cycleswithpure acetonitrile and25mM
ammonium bicarbonate in 40%acetonitrile, respectively, and finally dried at
room temperature for 10 min. Then, 20 μL of trypsin, at a concentration of
12.5ng/μL in25mMammoniumbicarbonate,was added to the drygel pieces
and the digestion proceeded at 37 �C for 12 h. Peptides were extracted from
gel plugs by adding 10 μL of 1% (v/v) trifluoracetic acid (TFA) and incubat-
ing for 15 min. Peptide fragments from digested proteins were then crystal-
lizedwithR-cyano-4-hydroxycinnamic acid as amatrix. TheMSanalysis was
performed in a MALDI-TOF/TOF (4700 Proteomics Analyzer, Applied
Biosystems, Foster City, CA, USA) mass spectrometer in the m/z range 800
to 4000, with an accelerating voltage of 25 kV. Spectra were internally cali-
bratedwith peptides from trypsin autolysis (MþHþ=842.510,MþHþ=
2211.105). The three most abundant peptide ions were then subjected to
fragmentation analysis, providing information that can be used to determine
the peptide sequence.

A combined peptide mass fingerprinting (PMF) tandemMSMS search
was performed using GPS Explorer software v. 3.5 (Applied Biosystems)
over nonredundant NCBI database, using the MASCOTsearch engine
(Matrix Science Ltd., London; http://www.matrixscience.com). The fol-
lowing parameters were allowed: taxonomy restrictions toViridiplantae, a
minimum of four peptides matches, a maximum of one miscleavage, 50
ppm mass tolerance, and peptide modifications by carbamidomethylcys-
teine andmethionine oxidation were accepted. The confidence in the PMF
matches was based on the score level (only scores greater than 67 are
significant, p < 0.05) and confirmed by the accurate overlapping of the
matched peptides with the major peaks of the mass spectrum.

Statistical Analysis of Protein Abundance Data. For statistical
treatment and cluster analysis of protein abundance values, the web-based
software NIA array analysis tool was utilized (34); available at http://
lgsun.grc.nia.nih.gov/anova/index.html. This software tool selects statis-
tically valid protein spots based on analysis of variance (ANOVA). After
uploading the data table (spreadsheet in the Supporting Information) and
indication of biological replications, the data were statistically analyzed
using the following settings: error model “max (average, actual)”, 0.01
proportion of highest variance values to be removed before variance
averaging, 10 degrees of freedom for the Bayesian error model, 0.05 FDR
threshold, zero permutations. First, hierarchical clustering was performed
to check the entire data set, and the results were represented in dendro-
grams using the cluster function of the software. Second, the entire data set
was analyzed by PCA using the following settings: covariancematrix type,
three principal components, 1-fold change threshold for clusters, 0.6
correlation threshold for clusters. PCA results were represented as a
biplot, with proteins more abundant in those experimental situations
located in the same area of the graph. Protein spots data for this analysis
were recorded (Supporting Information). Third, pairwise comparisons of
protein spot mean abundance values were performed with the software
tool using the following settings: 0.05 FDR, 1-fold change threshold.
Fourth, histograms representing log average protein spot values were
downloaded using the software.
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RESULTS

Two-Dimensional Gel Electrophoresis and Mass Spectrometry

Analysis. Symptoms observed about one week after M. pinodes
inoculation are shown in Figure 1, although these were not yet
visible at the time of leaf sampling for protein extraction (48 hai).

According to the results of small size 2-DE gels (Supporting In-
formation), a deeper analysiswas performedbyusing the narrowest
pH gradient, 5 to 8 and 17 cm in length. For each of the conditions
analyzed (cultivars and treatments), three replicates corresponding
to independent protein extracts were made. As determined follow-
ing the CBB staining of the gels and the use of the PDQuest
software, an average of 315( 92 spots were resolved (Figure 2a,b).
After normalizationofprotein spot images andmanual verification,
84 differential protein spots were detected. The following criteria
were used for considering a spot as being variable: (i) consistently
present or absent in all three replicates; (ii) display cultivars- or
treatment-ratios differing at least 1.5-fold; (iii) differences statisti-
cally significant (p<0.05) between cultivars or treatments. To illus-
trate this, Figure 2a shows all of the differential protein spots on
virtual gel and Figure 2c shows SSPs 1104 and 6408 on real gels.
Table 1 summarizes the features of the experiment.

Statistical Analysis of Protein Abundance and Expression Cluster

Analysis.Abundance data of all of the 84 differential protein spots
were analyzed using the web-based NIA array analysis software
tool developed bySharov et al. (34). This software uses analysis of
variance (ANOVA) for statistical analysis of a large data set with
multiple variables and subjects. Expression cluster analysis can be
performed by a variety of methods including principal compo-
nent analysis (PCA), obtaining a more accurate grouping of the
samples and determining the most discriminant spots (34).

First, a hierarchical clustering of biological experiments and
their repetitions were performed.We found that the experimental
conditions could be divided into two large clusters in a den-
drogram, namely, cluster 6 (Radley-inoculated and Radley-
noninoculated) and cluster 5 (Messire-inoculated and Messire-
noninoculated) (Figure 3a). This clustering indicated thatMessire
plants (clustering closest together) had protein abundance pro-
files similar and lightly different from those shown by Radley
plants (clustering closest together) grown under the two experi-
mental conditions (noninoculated and inoculated) across the
experiments. The hierarchical clustering of biological repetitions
confirmed that the data were reproducible for the experiments
(Supporting Information).

Protein Spot Identification and Expression Pattern Analysis.

The 84 differential protein spots were analyzed byMALDI-TOF/
TOF after tryptic digestion, and the MS spectra were used to
screen aViridiplantae index of the nonredundant NCBI database

(Table 2). Of the 84 protein spots analyzed, 31 were successfully
identified with a high probability score and matched peptides for
most of them, except spot 3103 with 2matched peptides, which
was accepted like valid identification due the high sequence
coverage for a protein of low molecular weight. Photosynthetic,
metabolic, transcriptional/translational and defense/stress-related
proteins, with approximately 72% of identified proteins, domi-
nated the 2-DE profile of leaf tissue. Only one protein (oxygen-
evolving enhancer protein 1, gi|131384) was represented by more
than one spot (3301 and 3305) with slightly different Mr and
pI values (Table 2), hence corresponding to isoform or multiple
forms/posttranslational modification variants of the same gene
product.

Proteins identified were classified in the following functional
categories: photosynthesis, glycolysis/glyconeogenesis, citrate cycle,
glutamine biosynthetic process, metabolic process, protein binding,
nucleic acid binding, transcription/translation, defense and stress
related proteins, cellular processes and unknown. Considering the
PCA analysis (Figure 3b), photosynthetic proteins were found in
the categories of proteins correlatedwithPC1 (positive andnegative
direction) and PC2 (positive direction). Metabolic proteins were
found in the categories of proteins correlatedwithPC1 (positive and
negative direction) and PC3 (positive direction). Proteins belonging
to transcription/translation category, as well as nucleic acid binding
proteins, were found in PC1 and PC2 (positive direction). Defense
and stress-related proteins were found in the categories of proteins
correlated with PC1, PC2 (positive direction) and PC3 (negative
direction). Proteins belonging to the cellular processes category
were found in PC1 and PC3 (positive direction). The degree of
protein abundance changewithin a specific PCwasmeasuredby the
slope of regression of log-transformedprotein abundance versus the
corresponding eigenvector multiplied by the range of values within
the eigenvector (34) (Figure 3c).Figure 4 showsmean logabundance
intensities for all 31 protein spots identified. We can appreciate
associationswithprotein spot abundance patterns in themajority of
the identified proteins.

A high proportion of photosynthetic (4/5), metabolic (4/6) and
transcriptomic/translational, as well as nucleic acid binding (7/7)
proteins, were found more abundant in Messire than Radley
cultivar, when both inoculated and noninoculated plants were
compared (Figure 5). Stress and defense-related proteins were
found in all of the pairwise comparisons of protein abundance,
with a clear trend to increase in inoculated plants. In general, a
trend toward greater abundance of proteins is observed under
inoculation in both cultivars.

DISCUSSION

In order to increase our current knowledge of the pea response
mechanisms activated in response to M. pinodes, the leaf pea
proteome was analyzed in noninoculated and inoculated plants of
two cultivars displaying different phenotypes (susceptible and
incomplete resistance). We used Radley as resistant, which was
considered a good line to study the different mechanisms of resis-
tance to M. pinodes as had previously shown the highest levels
of incomplete resistance to M. pinodes available in pea germ-
plasm (5, 28, 29).

Previous histological studies comparing M. pinodes develop-
ment in Messire and Radley concluded that Radley possessed
several mechanisms of resistance (35), some stopping the devel-
opment of the pathogen at the epidermis and others restricting its
growth in themesophyll. Thus, resistance toM. pinodes inRadley
was characterized by a lower success in colony establishment,
associated with the rapid death of the epidermal cell being
attacked by M. pinodes and by a smaller colony size (Figure 1).

Figure 1. Symptoms observed about one week after M. pinodes inocula-
tion on the lower leaves of susceptible Messire (left) and incomplete
resistant Radley (right) pea cultivars.
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The proteomic study was performed 48 hai, as at this time the
pathogen had reached the pea leaf mesophyll and the different
mechanisms of resistance could be acting. By using 2-DE and
mass spectrometrywe aim to identify key elements involved in the
pea response to M. pinodes. Several proteins were identified
differentiating cultivars, as well as in response to inoculation,
although the results discussed here are limited to a small soluble
fraction of the whole proteome, determined by the extraction
protocol and the 2-DE separation technique utilized, with 5-8 pI
and 10-100 kDa Mr as the best range to resolve most of the
solubilized proteins, and above the detection limit for Coomassie
staining. Under our experimental conditions, an average of 315
spots were resolved, this being the distribution pattern observed
in leaf tissue from other plant species (36-39).

A multivariate analysis of data to detect outliers as well as clus-
tering among the 2-DE gels was performed. Principal component

analysis offers a strong approach to obtaining an overview of the
main variation and of inter-relations between spots in the protein
patterns (40). To perform this statistical cluster analysis, we em-
ployed a software tool designed for the analysis of biological gene
chip data (34), but that has also been successfully used in the
analysis ofproteinabundancedata.This software identifies patterns
in our data set and exploration of associations between protein
spots and experimental conditions using PCA.

We found a similar protein abundance profile in the three
replicates from each experimental condition, pointing out the
reliability of our data.Multivariate analysis showed 84 differential
protein spots, and all of them showed reproducible differential
abundance behavior in pairwise comparisonsof experimental con-
ditions. All of the 84 protein spots were analyzed by mass spec-
trometry, and only 31 could be matched against the NCBI
database. This low percentage of identified proteins is expected

Figure 2. Location of 84 variable protein spots on a virtual two-dimensional gel (a). Representative Coomassie-stained 2-D protein gel of Messire cultivar (b).
Representative protein spot images (c). Two protein spotswere selected as examples to illustrate differential expression profiles: SSP1104 (up) andSSP6408 (down).
On the left, graphs of mean abundance values for the respective protein spot are shown (standard deviations were calculated from themeans of the three repetitions).
Close-up regions of theCoomassie-stained 2-D gels are shown (from the left to right: Messire-NI, Messire-I, Radley-NI andRadley-I). The positions of the protein spots
on the gels are marked by cross hairs. The respective differential protein spots, matched throughout all presented gels, are marked by boxed cross hairs.
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for those species which are absent or underrepresented in public
databases as pea. About 52% of identified proteins belonged to
legumes species, of which 39% corresponded to Pisum sativum. In
all the pea-specificmatches, theoretical and experimental pI andMr

were in good agreement, encouraging confidence in the identifica-
tions. Those cases in which differences between these values were
observed could be interpreted in terms of protein degradation
(lower experimental than theoretical Mr values), or may account
for different post-translational protein modifications.

We discuss each functional group and the behavior pattern
observed for the conditions studied (cultivars and response to
M. pinodes inoculation). Among proteins differentiating cultivars
were photosynthetic (spots 2105, 3301, 3305, 5202 and 7501),
metabolic (spots 5408, 5413, 5504, 6408 and 7311), stress-related
proteins (spots 5204 and 6403), and transcription/translation
proteins (spots 2307, 3103, 4508, 6305, 6505, 6506 and 7313).

Photosynthetic proteins, as oxygen-evolving enhancer protein
2 (OEE2, spot 2105), OEE1 (spot 3305), light harvesting protein
(spot 5202) and large subunit of RubisCo protein (spot 7501),
were identified in larger amount in Messire when cultivars were
compared. The OEE protein/complex has been implicated in
photosynthetic oxygen evolution and is associated with the PSII
complex, the site of the oxygen evolution in all higher plants and
algae (41). We can associate the higher photosynthesis rate in
Messire cultivar to a higher production of biomass (Figure 1).

Two enzymes belonging to energetic metabolism, such as
malate dehydrogenase (MDH) (spots 6408 and 7311) and fruc-
tose-bisphosphate aldolase (spots 5413 and 7508), were identified
displaying similar abundance patterns when cultivars and treat-
ments were compared. These enzymes weremore abundant in the
susceptible noninoculated cultivar, and increased in the resistant
cultivar in response to inoculation.

Spot 5504was identified as an enzyme belonging to amino acid
metabolism (glutamine-ammonia ligase or glutamine synthetase;
GS). We found that this protein increased in Radley cultivar but
decreased inMessire in response to inoculation. This enzyme has
been found extensively related to abiotic stresses, such as salinity
in potato (42), tomato (43), wheat (44), drought and high tem-
perature in perennial grass (Leymus chinensis) (45), etc.GS can be
associated with amino acid conversion, and amino acid composi-
tionmight be altered due to several stresses, which could promote
stress-resistance (46).

The biological interpretation of the differences observed when
noninoculated cultivars were compared is a matter of speculation;
however, taking into account physiological differences betweenboth
cultivars, we can postulate that it could be related to differences in
the efficiency in energy utilization for growth and fitness purposes.
As has been reported in other biological systems (37, 39, 47),

a similar behavior for some of the photosynthetic and metabolic
proteins identified in this work was observed in response to biotic
and abiotic stress, with a clear trend to decrease in the susceptible
and increase in the resistant genotype in response to the stress. This
behavior suggests that differences observed could be related to
efficiency in energy utilization as a consequence of the sink effect
of the pathogen on the host plant.

Protein spot 5408 was identified as pyridoxal 5-phosphate
(PLP)-dependent enzyme. PLP, the biologically active form of
vitamin B6, has multiple roles as a versatile cofactor of enzymes
that are mainly involved in the metabolism of amino acid
compounds (48).We found the PLPdependent enzyme decreased
in both cultivars after inoculation, but its relation with the
response to M. pinodes is unclear.

Two nucleic acid binding proteins, namely, glycine-rich RNA
binding protein (GRP, spot 3103) and far-red impaired response
protein (spot 6505), displayed a similar behavior. Both proteins
were found in different amounts when cultivars were compared,
with a higher amount in the susceptible cultivar. Under inoculation
a trend to increase in the susceptible cultivar was observed. Recent
works provide evidence of theGRP role in the response of plants to
pathogens. Thus, an increase of this protein in pea plants has been
reported in response to Peronospora viciae inoculation (27). In a
recent study we have found differential abundance of GRP in three
M. truncatula genotypes in response to rust inoculation (39), sup-
porting the hypothesis of its role in the response of plants to
pathogens. Hudson et al. (49) found in Arabidopsis mutants in
far-red impaired response (far1) a reduced responsiveness to con-
tinuous far-red light,which implies a specific requirement forFAR1
in phytochrome A signal transduction. In other work differences in
the expression of this gene have been found in Arabidopsis plants
infected with Agrobacterium tumefaciens (50). The relation of this
protein in our work is uncertain.

Another binding protein,DNA-binding protein (spot 2307), as
well as two transcriptional/translational proteins, reverse tran-
scriptase (spot 6506) and elongation factor Tu (EF-Tu, spot
4508), were identified in higher amount in the susceptible non-
inoculated cultivar, with a trend to decrease in response to ino-
culation. Differential expression of this gene has been recorded in
response to various abiotic stresses in pea plants, being down-
regulated in response to salinity and ABA treatment. This sug-
gests that regulation of this gene may have an important role in
plant adaptation to environmental stresses (51).

Proteins of defense response such as disease resistance response
protein (PR10, spot 1104) and ABA-responsive protein (ABR17,
spot 2106) were identified. Pathogenesis-related (PR) proteins are
found invirtually all plants in response topathogen infectionand, in
many cases, in response to abiotic stresses as well and include the
PR10 family. PR10proteins, having ribonuclease activity, were first
described in P. sativum inoculated with Fusarium solani (52) and
have been subsequently described to be induced in many species
against abiotic and biotic extresses (53) including lentil against
Ascochyta lentis (54). It has been reported thatABR17, amemberof
the group 10 family of pathogenesis-related proteins (PR 10),
mediated stress tolerance tomultiple abiotic stresses such as salinity,
cold temperature, freezing (55). In a previous study ABR17 was
identified in pea plants in response to the parasitic plantOrobanche
crenata (23). Recently, several disease resistance genes were isolated
and mapped in genomic regions of two pea genotypes containing
QTLs for resistance to M. pinodes (56). In the present work, we
found thatABR17andPR10proteins increased after inoculation in
both cultivars, which suggests the involvement of these proteins in
the defense response againstM. pinodes.

Two stress response proteins were identified differentiating culti-
vars, with a higher amount in noninoculated Messire. These were

Table 1. Summary of the Features of the Proteomic Experiment

features number of protein spots

average of total spots detected in

the Coomassie stained gels

315 ( 92

average of spots consistently

present in all three replicates

154 ( 39

differential protein spotsa

total 84 (27% of spots detected)

between noninoculated cultivars 49

between inoculated cultivars 53

in Messire in response to inoculation 30

in Radley in response to inoculation 23

total identified spots 31

unique proteinsb 30

a The 84 differential abundant proteins were selected using the PDQuest
software. bNumber of different proteins identified.
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annexin-like protein (spot 5204) and heat shock protein binding
(Hsp, spot 6403). They also were found in different amounts in both
cultivars in response to inoculation.Annexins constitute aubiquitous
family of more than 15 structurally related, membrane-binding
proteins present in eukaryotic cells (57). Evidence has been reported
for a potential role of the annexin-like protein in response to oxida-
tive stress in bacteria and plants, suggesting that it may play a role in
plant defense against various types of biotic as well as abiotic

stresses (58). The generation of oxidative burst is one of the earliest
responses to attempted pathogen attacks. Accumulation of reactive
oxygen species (ROS) is associated with the occurrence of hyper-
sensitive response, is effective against biotrophic fungi (59), can be
toxic and inhibit fungal growth (60) and canact as signaling agents in
plant defense (61). We found in our study that an annexin-like
protein increased in both cultivars after inoculation, although it was
more significant in the susceptible cultivar.

Figure 3. Statistical protein abundance cluster analysis of cultivars and response to M. pinodes inoculation using the ANOVA-based NIA array analysis
tool (34). (a) Dendrogram showing hierarchical clustering of experimental conditions. The expression clusters are numbered from 1 to 7. (b) Two-dimensional
biplots showing associations between experimental samples and protein spots generated by principal component analysis (PCA). Samples (left) and protein
spots (right) were plotted in the first two component space. A short distance between samples and protein spots in the component space is indicative of
similarity in expression profiles. (c) Protein spot abundance clustering based on PCA. For each PC, two clusters of proteins were identified that were positively
and negatively correlated with the PC. Protein clustering was performed sequentially starting from the first PC. Proteins that were already clustered with a PC
were not included in the clusters associated with subsequent PCs. Protein spots identified in this analysis are recorded in the Supporting Information.
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Figure 4. Mean log abundance intensities for protein spots identified by PCA and pairwise comparisons. (a) Protein spots positively correlated with
PC1. (b) Protein spots negatively correlated with PC1. (c) Protein spots positively correlated with PC2. (d) Protein spots negatively correlated with
PC2. (e) Protein spots positively correlated with PC3. (f) Protein spots negatively correlated with PC3. (g) Legend for graphs in panels a-f. The
mean log intensity values were calculated from the sample replications.
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Molecular chaperones, also known as “heat-shock proteins”
(Hsps), promote the correct folding and maturation of many
other proteins in the cell. Small heat shock proteins (sHSPs)
ranging from approximately 12 to 42 kDa, serve as a first line of

defense against stress-induced cell damage by binding and main-
taining denaturing proteins in a folding-competent state (62). We
have identified an Hsp of 17.5 kDa that is more abundant in
noninoculated Messire plants than in Radley, but that surpris-
ingly increased in resistant plants after inoculation. The differential
behavior of these stress-related proteins in both cultivars could
contribute to different reaction mechanisms against M. pinodes
inoculation.

Other proteins identified in this work correspond to different
functional groups, and their relation to plant responses to parasitic
plants is unclear. These are two myosin class II heavy chain (spots
2304 and 3104) belonging to the cellular processes category, which
was found increased in inoculated susceptible plants. Myosins in
plant cells are related to cell division, movement of mitochondria
and chloroplast streaming, rearrangement of transvacuolar strands
and statolith positioning (63). Recent proteomic studies have
identified amyosin heavy chain-like protein accumulated in in vitro
palms inoculated with the pathogen Phoenix dactylifera (64). Two
other proteins belonging to the translation category, such as retro-
transposon protein (spot 6305) and 50S ribosomal protein (spot
7313),were foundmoreabundant inMessire cultivar.Finally, seven
proteins were not able to be assigned to a known function (spots
1707, 2701, 3112, 3408, 4306, 5416 and 8201).

Based on the results obtained, we conclude that differences
observed between noninoculated cultivars could be related to effi-
ciency in energy utilization for growth and fitness purposes. With
regard to theabundancepattern fromdifferential identifiedproteins
under inoculation we observed an increase of proteins involved in
energetic and amino acid metabolism in the resistant cultivar, as
well as a general increase in the amounts ofproteins belonging to the
defense and stress related category in both cultivars at the earliest
stages of infection, coinciding with the moment the pathogen had
reached the pea leaf mesophyll. A clear distinction between both
cultivars cannot be made based on the defense and stress-related
proteins identified in this study. However, most differences ob-
served were related to efficiency in energy utilization, probably to
compensate the cost of resistance, such as has been described in
previous plant-pathogen interactions.

Data obtained in this work could help to study molecular
aspects of the defense and resistance responses of legumes to
Aschochyta blight, as well as being used in programs aimed at
improving new crop varieties by means of plant breeding and
biotechnology. Nevertheless, an integration of physiological and
biochemical (genomics and high-throughput proteomics) ap-
proaches to study this plant-pathogen interaction, using a large
collection of candidates, will be essential to elucidate target key
elements of defense for M. pinodes infection.

ABBREVIATIONS USED

ABR,ABA-responsive protein; ANOVA, analysis of variance;
CBB, Coomassie Brilliant Blue; CHAPS, 3-(3-cholamidopro-
pyl)dimethylammonio-1-propane sulfonate; CHCA, R-cyano-4-
hydroxycinnamic acid;DTT, dithiothreitol; EF-Tu, elongation fac-
tor Tu; FDR, false discovery rate; GRP, glycine-rich RNA binding
protein; GS, glutamine synthetase; Hsp, heat shock protein; IEF,
isoelectric focusing; IPG, immobilized pH gradient;MALDI-TOF,
matrix assisted laser desorption/ionization time-of-flight; MDH,
malate dehydrogenase; MS, mass spectrometry; OEE, oxygen-
evolving enhancer protein; PCA, principal component analysis;
PLP, pyridoxal 5-phosphate; PMF, peptide mass fingerprinting;
PR, pathogenesis-related; ROS, reactive oxygen species; SDS, sodi-
um dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; TCA, trichloroacetic acid; TFA,
trifluoracetic acid; 2-DE, two-dimensional electrophoresis.

Figure 5. Expression patterns for 31 protein spots based on pairwise
comparisons of their protein abundance values. Four pairwise comparisons
were selected from hierarchical clustering results. The shading illustrates
whether protein spots were more and less abundant. Two shades of gray
were used to illustrate the significantly abundant (more or less abundant), or
not significantly changed (white) in the respective pairwise comparison. The
first column represents protein abundance changes when comparing both
noninoculated cultivars, the second column comparing both inoculated
cultivars, the third column inoculated versus noninoculated Messire cultivar,
and the fourth column inoculated versus noninoculated Radley cultivar.
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Supporting Information Available:Aspreadsheet containing

the data set of protein abundance intensity values for protein

spots selected due to prospective differential expression behavior,

a table containing the data of protein abundance cluster analysis

based on PCA, a table containing the peptide sequences of

identified proteins, and a representative 2-DE gel CBB stained

from Messire plants in the 3-10 pH range. Most proteins were

concentrated in the 5 to 8 pH range. Thismaterial is available free

of charge via the Internet at http://pubs.acs.org.
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(1) Béasse, C.; Ney, B.; Tivoli, B. Effects of pod infection by Myco-
sphaerella pinodes on yield components of pea.Ann. Appl. Biol. 1999,
135, 359-367.

(2) Zimmer, M. C.; Sabourin, D. Determining resistance reaction of
field pea cultivars at the seedling stage to Mycosphaerella pinodes.
Phytopathology 1986, 76, 878-881.

(3) Clulow, S. A.; Lewis, B. G.; Matthews, P. A pathotype clasification
for Mycosphaerella pinodes. J. Phytopathol. 1991, 131, 322-332.

(4) Wroth, J. M. Host-pathogen relationship of the Ascochyta blight
(Mycosphaerella pinodes (Berk & Blox) Vesterg) disease of field pea
(Pisum sativum L.). University of Western Australia: Perth, 1996.

(5) Kraft, J. M. A search for resistance in peas to Mycosphaerella
pinodes. Plant Dis. 1998, 82, 251-253.

(6) Fondevilla, S.; Cubero, J. I.; Rubiales, D. Inheritance of resistance to
Mycosphaerella pinodes in twowild accessions ofPisum.Eur. J. Plant
Pathol. 2007, 119, 53-58.

(7) Wroth, J. M. Evidence suggests that Mycosphaerella pinodes infec-
tion of Pisum sativum is inherited as a quantitative trait. Euphytica
1999, 107, 193-204.

(8) Fondevilla, S.; Avila, C. M.; Cubero, J. I.; Rubiales, D. Response to
Mycosphaerella pinodes in a germplasm collection of Pisum spp.
Plant Breed. 2005, 124, 313-315.

(9) Timmerman-Vaughan, G. M.; Frew, T. J.; Russel, A. C.; Khan, T.;
Butler, R.; Gilpin, M.; Murray, S.; Falloon, K. QTL mapping of
partial resistance to field epidemics of Ascochyta blight of pea. Crop
Sci. 2002, 42, 2100-2111.

(10) Timmerman-Vaughan, G. M.; Frew, T. J.; Butler, R.; Murray, S.;
Gilpin, M.; Falloon, K.; Johnston, P.; Lakeman, M. B.; Russell, A.;
Khan, T. Validation of quantitative trait loci for Ascochyta blight
resistance in pea (Pisum sativum L.), using populations from two
crosses. Theor. Appl. Genet. 2004, 109, 1620-1631.

(11) Tar’an, B.; Warkentin, T.; Somers, D. J.; Miranda, D.; Vandenberg,
A.; Blade, S.; Woods, S.; Bing, D.; DeKoeyer, D.; Penner, G.
Quantitative trait loci for lodging resistance, plant height and partial
resistance to Mycosphaerella blight in Weld pea (Pisum sativum L.).
Theor. Appl. Genet. 2003, 107, 1482-1491.

(12) Prioul, S.; Frankewitz, A.; Deniot, G.; Morin, G.; Baranger, A.
Mapping of quantitative trait loci for partial resistance to Myco-
sphaerella pinodes in pea (Pisum sativumL.), at the seedling and adult
plant stages. Theor. Appl. Genet. 2004, 108, 1322-1334.

(13) Fondevilla, S.; Rubiales, D.; Zatovic, S.; Torres, A. M. Mapping of
quantitative trait loci for resistance to Mycosphaerella pinodes in
Pisum sativum subsp. syriacum. Mol. Breeding 2008, 21, 439-454.

(14) Shiraishi, T.; Saitoh, K.; Mo Kim, H.; Kato, T.; Tahara, M.; Oku,
H.; Yamada, T.; Ichinose, Y. Two suppressors, supprescins A and B,
secreted by a pea pathogen, Mycosphaerella pinodes. Plant Cell
Physiol. 1992, 33, 663-667.

(15) Shiraishi, T.; Oku, H.; Tsuji, Y.; Ouchi, S. Inhibitory effect of pisatin
on infection process of Mycosphaerella pinodes on pea. Ann. Phyto-
pathol. Soc. Jpn. 1978, 44, 641-645.

(16) Yamada, T.; Shiraishi, T.; Ichinose, Y.; Kato, H.; Seki, H.; Murakami,
Y., Regulation of genes for phenylpropanoid synthesis in pea elicitor
and suppressor. InMolecular aspects of phatogenicity and resistance:
requirement for signal transduction; Mills, D., Kunoh, H., Keen, N. T.,
Mayama, S., Eds.; American Phytopathological Society: St. Paul, 1996;
pp 151-162.

(17) Yoshioka, H.; Shiraishi, T.; Nasu, K.; Yamada, T.; Ichinose, Y.;
Oku, H. Suppression of activation of Chitinase and ss-1,3-glucanase

in pea epicotyls by orthovanadate and suppressor from Myco-
sphaerella pinodes. Ann. Phytopathol. Soc. Jpn. 1992, 58, 405-410.

(18) Kiba, A.; Miyake, C.; Toyoda, K.; Ichinose, Y.; Yamada, T.;
Shiraishi, T. Superoxide generation in extracts from isolated plant
cell walls is regulated by fungal signal molecules. Phytopathology
1997, 87, 846-852.

(19) Toyoda, K.; Shiraishi, T.; Yoshioka, H.; Yamada, T.; Ichinose, Y.;
Oku, H. Regulation of polyphosphoinositide metabolism in pea
plasma membranes by elicitor and suppressor from a pea pathogen,
Mycosphaerella pinodes. Plant Cell Physiol. 1992, 33, 445-452.

(20) Jorrı́n, J. V.; Rubiales, D.; Dumas-Gaudot, E.; Recorbet, G.;
Maldonado, A.; Castillejo, M. A.; Curto, M. Proteomics: a promis-
ing approach to study biotic interaction in legumes. A review.
Euphytica 2006, 147, 37-47.

(21) Jorrı́n-Novo, J. V.; Maldonado, A. M.; Echevarrı́a-Zomeño, S.;
Valledor, L.; Castillejo, M. A.; Curto, M.; Valero, J.; Sghaier, B.;
Donoso, G.; Redondo, I. Plant Proteomics update (2007-2008).
Second-generation proteomic techniques, an appropriate experi-
mental design, and data analysis methods that meet MIAPE stan-
dards, increase plant proteome coverage and expand biological
knowledge. J. Proteomics 2009, 72, 285-314.

(22) Repetto,O.; Bestel-Corre,G.;Dumas-Gaudot,E.; Berta,G.;Gianinazzi-
Pearson, V.; Gianinazzi, S. Targeted proteomics to identify cadmium-
induced protein modifications in Glomus mosseae-inoculated pea roots.
New Phytol. 2003, 157, 555-567.

(23) Castillejo, M. A.; Amiour, N.; Dumas-Gaudot, E.; Rubiales, D.;
Jorrı́n, J. V. A proteome approach to studying plant response to
crenate broomrape (Orobanche crenata) in pea (Pisum sativum).
Phytochemistry 2004, 65, 1817-1828.

(24) Schiltz, S.; Gallardo, K.; Huart, M.; Negroni, L.; Sommerer, N.;
Burstin, J. Proteome reference maps of vegetative tissues in pea. An
investigation of nitrogenmobilization from leaves during seed filling.
Plant Physiol. 2004, 135, 2241-2260.

(25) Curto, M.; Camafeita, L. E.; López, J. A.; Maldonado, A. M.;
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