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ABSTRACT 

In recent years, proteomics has played a key role in identifying changes in protein levels in plant hosts upon infection 
by pathogenic organisms and in characterizing cellular and extracellular virulence and pathogenicity factors produced 
by pathogens. Proteomics offers a constantly evolving set of novel techniques to study all aspects of protein structure 
and function. Proteomics aims to find out the identity and amount of each and every protein present in a cell and actual 
function mediating specific cellular processes. Structural proteomics elucidates the development and application of ex-
perimental approaches to define the primary, secondary and tertiary structures of proteins, while functional proteomics 
refers to the development and application of global (proteome wide or system-wide) experimental approaches to assess 
protein function. A detail understanding of plant defense response using successful combination of proteomic tech-
niques and other high throughput techniques of cell biology, biochemistry as well as genomics is needed for practical 
application to secure and stabilize yield of many crop plants. This review starts with a brief introduction to gel- and non 
gel-based proteomic techniques followed by the basics of plant-pathogen interaction, the use of proteomics in recent 
pasts to decipher the mysteries of plant-pathogen interaction, and ends with the future prospects of this technology. 
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1. Introduction 

Plant-pathogen interaction is a multifaceted process [1, 
2]. At the beginning of the interaction, plants develop 
two pathways to recognize and resist pathogen attack. 
One pathway involves the formation of danger-associ- 
ated molecular patterns (DAMPs) and pathogen associ- 
ated molecular patterns (PAMPs) while other one results 
in effector-triggered immunity (ETI) and PAMPs-trig- 
gered immunity (PTI) after recognition by specific pathogen 
effector molecules [1-3]. Accordingly, downstream sig- 
naling cascades are activated, producing antimicrobial 
compounds that kill the pathogen and thereby maintain 
homeostasis [1-4]. Numerous proteins and signaling 
pathways are engaged in this precisely controlled multi- 
faceted process [5]. This intricacy of plant-pathogen in- 
teractions makes it very difficult to determine which 
anatomical features, metabolites, and signaling pathways 
are triggered: conventional biochemical and genetic ex- 

perimental methods are insufficient tools for the task [3]. 
Currently, proteomics provides a comprehensive insight 
to understand the intricacy of plant-pathogen interactions. 
Proteome is defined as the total protein components of the 
cell that are specified by the genome at specified condi- 
tion and study of the structure and function of all these 
proteins present in a cell, organ or organism at a particu- 
lar time is known as the proteomics [6]. Proteomics aims 
to find out the identity and amount of each and every 
protein present in a cell and actual function mediating 
specific cellular processes [7]. Structural proteomics elu- 
cidates the development and application of experimental 
approaches to define the primary, secondary and tertiary 
structures of proteins, while functional proteomics refers 
to the development and application of global (proteome 
wide or system-wide) experimental approaches to assess 
protein function. 

Why we need proteomics at all in the successful 
post-genomic era? 

1) In multicellular organism, although the DNA in 
each type of cell is same, different sets of cells express 
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different sets of genes. Protein component of cell varies 
from cell to cell even under different stress conditions. 
Therefore, by studying the proteome of individual cell, 
we can identify and analyze the proteins actually present 
therein.  

2) Function of many genes identified by genome se-
quence remains a mystery [8].  

3) Genome sequence tells us about the sequence of 
proteins, but there are many post translational modifica- 
tions that are taking place in eukaryotic cells. Genomics 
fails to explain these modifications. Post translational 
modifications, the biological relevance of such modifica- 
tions and transcript advances can only be interpreted 
through proteomics [9-12]. 

Modern techniques of proteomics allow us to study the 
protein content of cells which are differentially synthe- 
sized under diverse physiological and stress related con- 
ditions. 

2. Different Techniques Used in Proteomics 

2.1. Two Dimensional Polyacrylamide Gel  
Electrophoresis (2D-PAGE) 

2D-PAGE exploits the two independent properties (Isoelec- 
tric point pI and molecular size) of proteins to separate 
particular protein from the mixture of proteins [13,14]. 
Isoelectric focusing separates the proteins according to 
the charge present on them in first direction. For second 
direction, sodium dodecyl sulfate (SDS) PAGE is used to 
separate proteins according to their size [15]. 2D-PAGE 
provides a good platform to analyze the mixture of pro-
teins. Under favorable circumstances, upto 5000 protein 
spots can be identified on a large format of 2D-gel. The 
separated protein spots are visualized by staining the gel 
with different staining techniques; Coomassie blue stain-
ing, silver staining or SYPRO staining [7,9]. SYPRO is a 
collection of molecular probe for protein detection. It 
stains for luminescent detection of proteins separated by 
PAGE. Digital images of 2D-PAGE are captured by sen-
sitive scanners [9] and analyzed using softwares such as 
Melanie, PDQuest, Phoretix, Progenesis, Z3 or Z4000 
[16]. The spots of interest are excised either manually or 
robotically from the gel [7]. After digestion with se-
quence specific proteases, the identity of proteins are 
analysed by mass spectrometry [17,18]. Analysis of 
2D-PAGE gels simultaneously provides several pieces of 
informations such as molecular weight, isoelectric point, 
quantity as well as post translational modifications (PTMs) 
[15,19]. Various PTMs can be profiled via 2D-PAGE. 
Some specific applications are a) phosphor-protein ex- 
pression profiling, based on the shift of pIs of phos- 
phorylated protein to a more acidic region on the gel; b) 
acetylated-protein expression profiling based on the 
principle that acetylation of proteins at their amino ter- 
mini or on lysine side-chains will cause them to shift to a 

more acidic region on the gel and (c) glycosylated-pro- 
tein expression profiling based on the fact that attach- 
ment of relatively simple glycans (O-glycosylation) or 
more complex glycans (N-glycosylation) can have vary- 
ing effects on protein molecular weight, pI, and protein 
functions. 

2.2. Fluorescent Two-Dimensional “Difference 
Gel Electrophoresis” (2D-DIGE) 

DIGE proteomics uses 2D gel electrophoresis to analyze 
differential protein regulation between control and target 
samples. In this technique, the two samples to be com-
pared are each treated with one of two different but 
structurally similar fluorescent dyes (cy2, cy3 and cy5 
etc.). Each dye reacts with amino groups, so that each 
protein is fluorescently labeled by the dye binding to 
lysine residues and the N-terminal amino group. The two 
protein mixtures to be compared are then mixed together 
and run on a single 2D gel. Thus every protein in one 
sample superimposes with its differentially labeled iden-
tical counterpart in other sample. Scanning of the gel at 
two different wavelengths that excite two dye molecules 
reveal whether any individual spot is associated with 
only one dye molecule rather than two [20]. The result-
ing images are then analysed by softwares which are 
specifically designed for 2D-DIGE analysis [21]. Ad-
vantages of DIGE is that it exhibits higher sensitivity as 
well as linearity, accuracy of quantification and enhanced 
reproducibility by directly comparing hundreds of pro-
tein samples under similar electrophoresis conditions [22, 
23]. It allows rapid identification of protein changes be-
tween two samples on the same 2D gel without influence 
of gel to gel variation. Using DIGE technique, it is possi-
ble to compare hundred of proteins in a single experi-
ment under quantitative and reproducible conditions. 
Since DIGE technique allows running an internal strand 
as part of each separation, more subtle abundance changes 
can be demonstrated with statistical confidence using the 
pooled internal standard methodology, thereby detecting 
true difference in protein expressions. Biomarker devel- 
opment involves reproducible, quantitative, highly sensi- 
tive and high-throughput experimental techniques, and 
2D-DIGE meets these criteria, so it has also a great pro- 
spect in cancer proteomics toward personalized medi- 
cine. 

Gel-based techniques, although very widely used, have 
several drawbacks including insensitivity to low copy 
proteins, poor reproducibility and inability to character-
ize the entire protein content. Because of the complexity 
of any given proteome and separation limits of 2D PAGE 
techniques, only fraction of the proteome can be analyz- 
ed [17]. An alternative approach is the gel-free proteo- 
mics technology, which is more suitable for the analysis 
of proteins with low abundance in complex samples. 
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[7,17,24]. Separation of proteins using gel-free tech- 
niques revolutionized the study of proteome in the cell 
[24,25]. Several gel-free proteomic techniques are dis- 
cussed below. 

2.2.1. ICAT (Isotop-Coded Affinity Tags) 
It is a gel-free method for quantitative proteomics that 
relies on chemical labeling reagents to identify and quan-
tify most of the proteins present in two cell populations 
[7,10]. The isotope used in ICAT is C13. Two populations 
are tagged with two different ICAT reagents (one with 
light and another with heavy), combined and enzymati- 
cally cleaved to generate peptide fragments, some of 
which are tagged. The tagged peptides are isolated by 
avidin affinity chromatography and subsequent analysis 
is done by microcapillary liquid chromatography-elec- 
tron spray tandem mass spectrometry [7,10]. Combina-
tions of the results are generated by MS and subsequent 
analysis of ICAT-labeled peptides determines the relative 
quantities of the components of protein mixtures in a 
single automated operation [10]. Gygi et al., demon-
strated that they could follow the differential expression 
of more than 1400 different proteins in yeast [10]. This 
technique gives a quantitative as well as qualitative mea- 
sure of changes in protein levels induced by different 
stress conditions. ICAT has been extensively used to find 
proteins associated with centrosomes (protein structures) 
that accumulate in abnormal ways in cancer cells and 
tumors. These proteins have the possibility to be used as 
diagnostic biomarkers and therapeutic targets (26). 

2.2.2. ITRAQ (Isobarric Tagged for Relative and  
Absolute Quantitation) 

ITRAQ is a non-gel based technique used to quantify 
protein from different sources in a single experiment 
[27-30]. Similar to ICAT, this technique also uses iso-
tope coded covalent tags. The difference lies in the la-
beling of proteins. This method is based on covalent la-
beling of N-terminus and side chain amine of peptides 
from protein digestion with isotopic tag of varying mass. 
The peptides from the mixture are separated by nano 
chromatography. The separated peptides are then ana-
lyzed by tandem mass spectrometry (MS/MS). A data-
base search is then performed using the fragmentation 
data to identify the labeled peptides and hence the corre-
sponding proteins. The fragmentations of attached tag 
generate a low molecular mass reporter ion that can be 
used to relatively quantify the peptides and the proteins 
from which they originate using softwares (eg, i-tracker). 
The advantage of iTRAQ is its ability to multiplex sev-
eral samples, quantification, simplified analysis and in-
creased analytical precision and accuracy. It has the po-
tential to comparing upto four different samples in one 
MS-based experiment. 

2.2.3. MudPIT (Multidimensional Protein  
Identification Technology) 

MudPIT is used especially for the analysis of complex 
protein mixtures [31]. In this technique, protein samples 
are subjected to sequence-specific enzymatic digestion 
with trypsin and endoproteinase lysc, and the resultant 
peptide mixtures are separated by strong cation exchange 
( SCX ) and reverse phase ( RP ) high performance liquid 
chromatography (HPLC ) [31,32]. Peptides from the RP 
column enter the mass spectrometer and MS data is used 
to search the protein databases [32]. The advantage of 
this technique is that it is fast and sensitive with good 
reproducibility and generates an exhaustive list of pro- 
teins present in a particular protein sample [18,32]. As 
MudPIT combines both SCX and RP-HPLC separation, 
it is successfully used in a broad range of proteomics 
experiments, including large-scale cataloging of proteins 
in cells and organisms, profiling of membrane and or-
ganelle proteins, identification of protein complexes, 
determination of PTMs and quantitative analysis of pro-
tein expression[33-35]. 

3. Mass Spectrometry 

Application of mass spectrometry to analyze amino acids 
and peptides was first reported in 1958 by Carl - Ove 
Anderson [36]. Mass spectrometry (MS) is an analytic 
technique which plays central role in the field of pro-
teomics [37,38]. In MS, test samples are converted into 
gaseous ions that are separated in mass spectrometer ac-
cording to their mass to charge ratio (m/z) and detected. 
In case of protein samples, proteins or peptides are frag-
mented by using the trypsin. The fragmented proteins are 
then separated using the liquid chromatography. The 
samples are then ionized and converted into the gaseous 
phase. Two soft ionization techniques, namely, Ma-
trix-assisted laser desorption/ionization (MALDI) and 
Electron spray ionization (ESI) are used for the ioniza-
tion. The invention of the time of flight mass spectrome-
try (TOF-MS) and relatively nondestructive methods to 
convert proteins into volatile ions made the revolution in 
the mass spectrometry [36]. Gaseous ions are separated 
in the mass analyzer. Peptides having a specific mass are 
fragmented using collision-induced dissociation and sent 
through a second mass spectrometry which generates a 
set of fragment peaks from which the amino acid se-
quence of the peptide are inferred. Protein identification 
algorithms are used to compare the results obtained with 
the known standards. Such algorithms fall into two cate-
gories; database search algorithms and de novo search 
algorithms. Some of the examples of the algorithms are 
listed in the Table 1. Mass spectrometry has a wide 
range of application in biotechnological development, 
pharmaceutical discovery, clinical testing as well as en-
vironmental analysis. Some of the common applications 
for MS are listed in the Table 2. 
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Table 1. List of the protein identification algorithms and data analysis softwares. 

Program Reference 

Database search algorithms 

SEQUEST [39] 

Mascot [40] 

PEAKS Protein ID [41] 

Phenyx [42] 

OMSSA [43] 

MyriMatch [44] 

ByOnic [45] 

SIMS [46] 

MassWiz [47] 

de novo search programs 

DeNoS [48] 

PEAKS [49] 

Other softwares 

ESIprot 1.0 [50] 

Medicwave Bioinformatics Suite www.medicwave.com 

VIPER and Decon2LS [51] 

ProteoIQ [52] 

PatternLab for proteomics [53] 

MSight [54] 

Spectromania [55] 

 
Table 2. Applications and fields that uses mass spectrometry. 

Field of Study Applications 

Proteomics 

Determines protein structure, function, folding and interactions 
Identifies a protein from the mass of its peptide fragments 
Detects PTMs in complex biological mixtures 
Quantities proteins in a given sample 

Drug Discovery 
Determines structures of drugs and metabolites 
Screens metabolites in biological systems 

Clinical Testing 
Performs forensic analyses 
Detects disease biomarkers 

Genomics Sequences oligonucleotides 

Environment Test water quality or food contamination 

 
4. Protein Microarray 

Protein microarray is used for profiling complex samples 
in large quantities at a time and provides platform for 
both the classical and functional proteome analysis 
[56-60]. The first antibody microarray used for pro-
tein-protein interaction and post translational modifica-
tion analysis in mammalian cells was reported in 2004 by 
Ivanov et al. [61]. Antibody array hold potential promise 
for the high-throughput profiling of a smaller number of 
proteins. In protein microarray antibodies or other affin-  

ity reagents such as short peptides, aptamers, polysac-
charides, allergens or synthetic small molecules are spot-
ted onto a surface such as glass, plastic or silicon chip; a 
complex mixture of cell lysate is passed over the surface 
to allow the antigen present to bind to their cognate anti-
bodies. The screening of bound antigen is done by using 
fluorescently tagged or radioactively labeled proteins or 
by using secondary antibodies against each antigen of 
interest. Three types of protein microarray are currently 
used to study activity of protein. Analytical microarray is 
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used to study differential expression profile, functional 
microarray is used for the study of protein-protein, pro-
tein-DNA, protein-RNA interaction and reverse phase 
protein microarray is used for determination of presence 
of altered protein that may be the result of disease. 

5. Plant-Pathogen Interaction 

To gain an in depth understanding of plant-pathogen in-
teractions, numerous studies have already been carried 
out from the plant as well as from the pathogen perspec-
tives, which reveals that plant-pathogen interaction re-
sults from precise communication between the plant and 
the invading pathogen [1,3,60,62]. Plants serve as host 
for vast numbers of pathogens such as bacteria, fungi, 
nematodes, oomycetes, viruses, and insects [63]. In 
compatible interactions, plants are incapable of mounting 
effective anti-infectious defense responses, allowing the 
pathogens to complete their life cycle [3,63]. During in-
compatible interactions, plants trigger a series of com-
plex defense responses against pathogenic interactions to 
forestall pathogen growth [3,60]. In general, two types of 
defenses are induced in plants during interaction with 
pathogens; local and systemic defense responses [3,60, 
64]. Local response begins with recognition, when plant 
sense pathogens or pathogen isolates via pathogen asso-
ciated molecular pattern (PAMPs) located on the cell 
surface (e.g. pattern recognition receptors) of plant [5]. 
This type of recognition is mediated by the plant resis-
tance proteins and results in much more reliable, high 
impact defense responses, leading to rapid ion fluxes 
across the plasma membrane, cell wall reinforcement, 
MAP kinase activation, active production of reactive 
oxygen species (ROS) and culminating in programmed 
cell death (PCD) known as the hypersensitive response 
[5,60,64,65]. A systematic or long-term response not 
only restrict pathogen infection locally, but also induce 
signals that enhance defense responses to pathogens in 
distal systemic tissues, a phenomenon known as systemic 
acquired resistance (SAR). SAR plays crucial role in 
developing resistance to disease as well as to recover 
from the disease damage. Activation of SAR require en-
dogenous salicylic acid (SA) and elevates the level of 
ethylene, jasmonic acid (JA), nitric oxide (NO), and 
pathogenesis related (PR) proteins, which in-turn acti-
vates many downstream processes [3,66-70]. The signal-
ing pathways triggered by different stressors (e.g., 
pathogen attack and herbivores/wounding) have been 
widely documented [71]. Disentangling such complex 
defense systems require the investigation of plant reac-
tions to different stressors in comparable conditions. 

6. Use of Proteomics to Study 
Plant-Pathogen Interactions 

Proteomics of plant-pathogen interactions started almost 

two decades ago when electrophoretic and protein identi-
fication techniques were not as high-tech as of today. 
Differential protein profiling of seedlings of Pinus lam-
bertiana (sugar-pine), that were susceptible or resistant 
to the white pine blister rust fungus Cronartium ribicola, 
was carried out by Ekramoddoullah and Hunt in 1993 
using 2D PAGE [72]. Foliage proteins were extracted 
and separated by 2D gel electrophoresis from three and 
nine days old pine seedlings after inoculating them with 
the C. ribicola. Two acidic proteins were detected in 
relatively large amounts, of which the bigger one (36.7 
kDa) was significantly suppressed in susceptible seed-
lings at day three while the smaller one (28.1 kDa) was 
significantly enhanced in resistant seedlings at day nine. 
The differential expression of these two proteins ac-
counts for the nature of the outcome of the infection 
process in the susceptible and resistant seedlings. Addi-
tionally, an increase of few proteins involved in protein 
biosynthesis and a decrease of others involved in the 
same process was observed in resistant seedlings whereas 
proteins involved in this vital cellular process were de-
creased only in susceptible seedlings [72]. 

Medicago truncatula is considered as the model plant 
for proteomic studies due to its small genome size (454- 
526 Mbp). Numerous papers are published throughout 
the globe on proteomic study of M. trancatula [73-81]. 
Mathesius et al. [82] used a proteomic approach to detect 
the M trancatula response to the N-acyl homoserine lac-
tone (AHL) signals from pathogenic Pseudomonas 
aeruginosa. Compared to the AHL from nitrogen fixing 
bacteria Sinorhizobium meliloti, they established that one 
third of the responsive elements are different. Using pro-
teomics it could be confirmed that plant can distinguish 
between concentrations and time of exposure of AHLs 
from closely similar structures. Mathesius et al. has re-
ported that in response to AHL, plant produces AHL 
“signal mimic” substances which manipulate the bacte-
rial behavior controlled by quorum sensing.  

Erwinia chrysanthemi is the causative agent of soft rot 
disease in ornamental plants and vegetables [83]. The 
proteome analysis of the secretome (extracellular pro-
teins) of uninduced E. chrysanthemi using 2D-PAGE and 
MS showed that there are 55 spots on the 2D-PAGE gel 
from which 25 were uniquely present. Cellulase (Cel5), 
protease (PrtA, B, C), flagelin (Fli C) and some intracel-
lular proteins were the major proteins found in uniduced 
condition. On the other hand, 14 unique proteins were 
successfully identified from the secretome of culture in-
duced by a heat soluble extract prepared from Chrysan-
themum leaves. Majority of these proteins are pectin 
lyases, pectin acetylsterase, pectin methylsterase and 
polygalacturonase. From the analysis of mutants, authors 
showed that the type-I system of secretome is playing 
key role in secretion of proteases and type-II system is 
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responsible for the secretion of the esterase and of the 
Avr-like protein AvrL. AvrL is homologous to the aviru-
lence protein reported in Xanthomonas campestries 
which is the causative agent of black rot disease in cru-
cifers [84]. Watt et al., [85] did the proteome analysis of 
the X. campestries pv campestries using 2D PAGE and 
MALDI-TOF-MS. They found 97 distinct protein spots 
on coomassie brilliant blue stained gels, which were ex-
cised and tryptic digested fragments were analysed by 
MALDI-TOF-MS and 68 different proteins were identi-
fied. By Signal P software, authors concluded that only 
53% of proteins have putative secretion signals which are 
secreted in sec-dependent pathway. Results showed that 
many of these extracellular proteins are involved in de-
gradative activities and important factors allowing for the 
infection of susceptible plant hosts [85].  

Zhang et al., [86] analyzed the accumulation of PR 
proteins induced by compatible and incompatible inter-
actions of pepper mild mottle virus (PMMoV) in Capsi-
cum chinense L3 plants using proteomics. Spanish strain 
(PMMoV-S) results in incompatible interaction while the 
Italian strain (PMMoV-I) results in compatible interac-
tion, although both viruses are nearly identical at their 
nucleotide sequence level (98%). PMMoV-S induces a 
HR in C. chinense plants with the formation of necrotic 
local lesions and restriction of the virus at the primary 
infection sites [86]. 2D-PAGE and image analysis with 
PDQuest software detected differential accumulation of 
C. chinense PR proteins, of which isoforms belonging to 
the PR-1, β-1, 3-glucanases (PR-2), chitinases (PR-3), 
osmotin-like protein (PR-5), peroxidases (PR-9), ger-
min-like protein (PR-16), and PRp27 (PR-17) were iden-
tified using MALDI-TOF and MS/MS and subsequent 
database search [68]. In HR condition, an earlier and 
higher accumulation of three of these isoforms, namely a 
basic PR-1, PR2 and PR5 were specifically induced dur-
ing PMMoV-S-activation of C. chinense L3 plants. 
However, the accumulation rates of PR proteins did not 
correlated with maximal accumulation levels of viral 
RNA, indicating that PR protein expression reflects the 
physiological status of the plant [86]. 

Fagus sylvatica is a broad leaf species in Central and 
Eastern Europe and is highly susceptible to Phytophthora 
cambivora, P cinnamoni, P. citricola, P kernoviae, P 
gonapodyides, P. ramorum and P. cactorum. Out of 
these, P. citricola is particularly aggressive and the mor-
phological and physiological consequences of F. sylva-
tica root infection with this pathogen have been ad-
dressed in several studies. The proteome analysis of the 
plant pathogen interaction between F. sylvatica and P. 
citrocola was studied by Valcu et al. in 2009. A total of 
188 spots were identified in 2D-PAGE, out of which 142 
were from leaf and 46 were from root. The synthesis of 
the proteins was changed following root infection with P. 

citricola or wounding. Of them, 129 proteins spots were 
regulated by pathogen attack, 37 spots specifically re-
sponded to wounding and 22 were common to both 
stresses. Protein spots were analysed by tandem MS and 
LC-MS/MS and was found that some proteins were 
up-regulated in infection and down regulated in wound-
ing. The differentially expressed proteins were mostly 
translation elongation factors, protein kinases and mRNA 
binding translocases responsible for regulating general 
metabolism as well as synthesis of defense related pro-
teins. Changes in protein abundance following root in-
fection suggested a rather weak and inefficient defense 
against the pathogen [87]. Adjustments of host energy 
and primary metabolism consisted mainly in decreased 
carbon fixation accompanied by a reallocation of nutri-
ents. Defense reactions against the pathogen were mobi-
lized late and consisted of rather unspecific mechanisms 
involving phenylpropanoid and flavonoid synthesis 
pathways and protection from oxidative stress. The ob-
served patterns of protein regulation suggested either a 
lack of recognition or a suppression of host’s defense 
reaction by the invading pathogen, mimicking a sink or-
gan and consequently manipulating host’s metabolism to 
support its own growth [87].  

Opium poppy (Papaver somniferum) is the source of 
pharmacologically important compounds. Many of these 
compounds are the result of defence response of poppy 
plants. Zulak et al., [88] used cell culture of opium poppy 
to study proteome of plant in induced condition by fun-
gal-derived-elicitors. Proteome analysis was performed 
for the 50h elicitor-treated opium poppy cell cultures by 
2D-PAGE coupled with LC-MS. Out of 340 spots on gel, 
219 proteins were identified [88]. Within these 219 pro-
tein spots, 129 were identified in the pre-existing plant 
proteome databases, 63 were identified by comparing 
with predicted translation products in opium poppy EST 
databases, and the remaining were common in both da-
tabases [88,89]. Of the several categories, 38.4% of iden-
tified proteins were involved in metabolic processes rep-
resenting the core category of proteins including several 
glycolytic and secondary metabolic enzymes, nearly en-
tire set of TCA cycle enzymes, and one alkaloid biosyn-
thetic protein [88]. The other categories of proteins were 
heat shock proteins, protein degradation factors, proteins 
involved in secondary metabolic and pathogenesis-re- 
lated proteins providing a comprehensive proteomics 
view on the coordination of plant defense responses [88]. 
Secondary metabolic enzymes included a catechol O- 
methyltransferase, phenylalanine ammonia lyase, an N- 
methyltransferase, three proteins similar to dirigent (DIR) 
proteins and 6OMT which converts (S)-norcoclaurine to 
(S)-coclaurine in benzylisoquinoline alkaloid biosynthe-
sis. Six alkaloid biosynthetic enzymes were identified 
using available polyclonal antibodies which were absent 
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in non induced culture [88]. The identification of proteins 
reported in this study is an aid to characterize the induc-
tion of benzylisoquinoline alkaloid metabolism and other 
defense responses in elicitor-treated opium poppy cell 
cultures, a so called non-model but important medicinal 
plant. 

Phaseolus vulgaris is a staple edible dry bean, having 
rust specific resistance to Uromyces appendiculatus. Lee 
et al., [89] studied the proteomics of P. vulgaris and U. 
appendiculatus interaction. Leaves were inoculated with 
liquid suspension of uredeospores of U. appendiculatus 
race 41 and 49. After 24 h and 72 h, the proteins were 
extracted and separated by differential centrifugation into 
three fractions; proteins from crude cell wall, organ-
elle/membrane and soluble subcellular fraction. The frac-
tions were analysed by LC-MS/MS. 1400 proteins were 
identified in each treatment and more than 3000 proteins 
were identified overall. The identified proteins obtained 
after 24hpi were categorized into defence (11%), energy 
(16%), metabolism (19%), primary destination and stor-
age (14%), and protein synthesis (15%). At 72hpi the 
percentage was slightly less for defence (7%) and me-
tabolism (14%) and slightly more for energy (22%) and 
protein destination and storage (17%). Lee et al., [89] 
assumed that similar type of early basal defense re-
sponses were functioning in both susceptible and resis-
tant plants at 24h. Four proteins were identified with in-
creased accumulation in both susceptible and resistant 
plants at 24 hpi including PR proteins, an inhibitor of 
bean rust differentiation and chitinase which is detri-
mental to chitin based cell walls of rust germlings. These 
results confirmed author’s assumptions that basal de-
fences were triggered in susceptible and resistant plant at 
24 h. Lipolytic enzymes with a GDSL motif were in-
creased in amount which triggers downstream defence 
responses. In these experiment it was found that the 
MLO1-like membrane spanning protein was increased 
and previously MLO1 like membrane spanning proteins 
were reported as a negative regulator of defence and cell 
death [89,90]. In late basal defence responses glutathi- 
one-S-transferases, O-methyltransferase, Cyclases and 
isopentenyl pyrophosphate isomerases, flavanoids, phy-
toalexins and other proteins that probably mobilize cel-
lular toxins were increased. Lee et al. found that suscep-
tible beans have equivalent potential to generate a strong 
resistance response but failed when infected with U. ap-
pendiculatus race 41, which likely impairs the innate 
basal resistance. Another new observation from this work 
was the fluctuation of proteins with roles in regulating 
Fatty Acid signaling, which is a major consequence of 
rust infection and plays important role in rust resistance. 

The analysis of inducible defence mechanism in insect 
resistant plant can be effectively studied in Arabidopsis 

thaliana and Plutella xylostella interaction [91]. Collins 
et al., [92] carried out proteomic analysis of A. thaliana 
genotypes exhibiting resistance or susceptibility to the 
insect herbivore, P. xylostella. The extracted proteins 
were separated using 2D-PAGE and gel comparisons 
were performed using PDQuest. Protein identification 
was carried out using MASCOT search engine. It was 
found that 50 spots were abundant in the resistant re-
combinant inbreed lines (RILs), out of which 19 were 
identified and 17 spots were abundant in susceptible 
RILs from which 10 were identified. In resistant RILs, 
several proteins were unregulated, some of which have 
antioxidant role and were previously identified [93,94]. It 
was found that the P. xylostella larvae were lower in 
plants having increased levels of reactive oxygen species 
(ROS). ROS has direct toxicity on the insect gut and 
upregulating defence genes [92]. Collins et al., con-
cluded that significant differences exists in the proteomes 
between the identified resistant and susceptible RILs, and 
anticipated that enhanced production of ROS may be a 
major pre-existing mechanism of Plutella resistance in 
Arabidopsis 

Phytophthora sojae, a facultative pathogen of soybean, 
causes soybean root and stem rot, and results in an an- 
nual loss of 1 - 2 billion US dollars in soybean produc- 
tion worldwide. Zhang et al., [95] carried out proteomic 
study to determine the effects of P. sojae infection on 
soybean hypocotyls. Using 2D-PAGE and MALDI-TOF/ 
TOF, Zhang et al., identified 46 differentially expressed 
proteins. The expression levels of 26 proteins were sig-
nificantly affected at various time points in the tolerant 
soybean line “Yudou25” (12 up-regulated and 14 down- 
regulated). In contrast, in the sensitive soybean line 
“NG6255”, only 20 proteins were significantly affected 
(11 up-regulated and 9 down-regulated). Among these 
proteins, 26% were related to energy regulation, 15% to 
protein destination and storage, 11% to defense against 
disease, 11% to metabolism, 9% to protein synthesis, 4% 
to secondary metabolism, and 24% were of unknown 
function [95]. The result from this study offers an insight 
into the repertoire of mechanisms used by P. sojae dur-
ing its infection and colonization into a host. 

Non-host resistance (NHR), a rarely studied defence 
phenomenon, is very complex due to the fact that activa-
tion of any specific defense component may not be suffi-
cient to render a plant resistance reaction. Proteomics 
studies play a key role in delineating the molecular 
mechanism of non-host resistance. Li et al., [96] studied 
the NHR of Oryza sativa cv. Nipponbare against the 
wheat leaf rust fungus, Puccinia triticina f. sp. tritici 
(Ptt). Proteins were extracted from leaves 3 dpi and ana-
lyzed by 2D-PAGE. A total of 33 protein spots were 
up-regulated and 9 were down-regulated by infection 
compared to the control, of which 30 were identified by 
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MALDI-TOF-MS. The identified proteins were involved 
in defense/stress responses, energy/carbohydrate metabo-
lism, oxidation-reduction processes, protein folding/turn- 
over/cleavage/degradation, signal transduction and cell 
death regulation [96]. Proteomic analysis indicated that 
NHR of rice to Ptt is directly correlated with protein and 
energy metabolism, increased antimicrobial activities, 
possibly including phytoalexin accumulation and cell 
wall reinforcement, increased cell repair, antioxidative 
and detoxification reactions, and enhanced prevention of 
plant cell death [96]. Almost half of the up-regulated 
identified proteins were associated with chloroplast and 

mitochondrial physiology which suggests important roles 
for these organelles during NHR [96].  

Till date, hundreds of proteomic experiments have been 
successfully carried out in the area of molecular plant- 
microbe interaction, focusing mainly on the mechanisms 
controlling plant disease resistance, crosstalk among the 
signaling pathways involved, and the strategies used by 
the pathogens to suppress the defense. However, as space 
is limited, it is not possible to discuss all these interac-
tions; Table 3 gives a summary of the important experi-
ments involving plant-pathogen interaction using pro-
teomics. 

 
Table 3. A summary of important defense-related experiments using proteomics. 

Plant species Pathogen 
No. of proteins 

identified 
Proteomic technique used Reference

Arabidopsis thaliana Alternaria brassicicola 11 2D-PAGE, LC MS/MS [97] 

A. thaliana Spodoptera extgua 19 2D-PAGE, MALDI-TOF [95] 

A. thaliana  
Pseudomonas syringe pv.  
Tomato DC3000 

12 
Nitration of proteins, 2D-PAGE,  
LC MS/MS 

[98] 

A. thaliana Fusarium elicitor 45 2D-DIGE, MALDI-TOF MS [99] 
A. thaliana  Pseudomonas syringae 52 2D-PAGE, LC-MS/MS [100] 
Brassica napus Sclerotinia sclerotiorum 32 2D-PAGE, ESI-q-TOF MS/MS [101] 
B. napus& B. carinata Leptosphaeria maculans  51 2D-PAGE, ESI-MS [102] 
Capsicum annuum Capsicum annuum 9 2D-PAGE, MALDI-TOF/TOF-MS [103] 
Cucumis sativa Tricoderma asperellum 28 2DE PAGE, MALDI-TOF/TOF [104] 
Coffea canephora Meloidogyne paranaensis 2 2DE [105] 
Citrus sinensis X. axonopodis pv. citri 5 2D-PAGE, N-terminal sequencing [106] 
Capsicum annuum  Tobacco mosaic virus  6 2D-PAGE, MALDI-TOF MS. [89] 
Fagus sylvatica  Phytophthora citricola 68 SDS-PAGE, 2D-PAGE, ESI, LC-ESI, [87] 
Glycine max Bacillus amyloliquefaciens 20 2D PAGE  [107] 
G. max Xanthomonas axonopodis pv. Glycine 20 2D-PAGE  [107] 
G. max Heterodera glycine 28 2D-PAGE, q-TOF MS/MS [108] 
Gossipium hirsutum  Meloidogyne Paranaensis 1 2D-PAGE  [105] 
Nicotiana benthamiana PMMoV-S 2 2D-PAGE, N-terminal sequencing [109] 

L. hirsutum 
Clavibacter michiganensis  sp. 
michiganensis 

47 2D-PAGE, LCQ-Deca ion trap MS [110] 

L. esculentum F. oxysporum 21 
2D-PAGE, MALDI-TOF MS, 
LC-QTOF MS/MS 

[111] 

Medicago truncatula Aphanomyces euteiches 12 2D-PAGE, MALDI, PMF [80] 
M. truncatula Orobranche crenata 49 2D- PAGE, PMF, MALDI-TOF [112] 
N. tabacum  pepper mild mottle virus 5 2D-PAGE, N-terminal sequencing [109] 

Oryza sativa Rice yellow mottle virus (RYMV) 3 
Exclusion chromatography, 
SDS-PAGE,Nano LC-MS/MS, 

[113] 

O. sativa  RYMV 32 2D-PAGE, MALDI, LC-MS/MS [114] 

O. sativa Nilaparvata lugens 189 2D-PAGE,HPLC-MS/MS [115] 

O. sativa  Rhizoctonia solani 17 2D-PAGE, ESI Q-TOF MS, MS/MS [89] 

O. sativa  Magnaporthe grisea 8 2D-PAGE,MALDI-TOF,  [116] 

O. sativa  X. oryzae pv. oryzae 20 
2D-PAGE, MALDI TOF, 
Edman degradation 

[117] 

Olea europaea sub sp Europaea Pseudomonas savastanoi pv. Savastanoi 7 2D-PAGE, MALDI TOF [118] 
Passiflora edulis Xanthomonas axonopodis pv. Passiflorae 4 2D- PAGE, Edman sequencing [119] 
Prunus persica,and P. serotina Plum pox virus 4 SDS-PAGE,IEF,MALDI-TOF [120] 
Solanum lycopersicum Ralstonia solanacearum 12 2D- PAGE, n and cLC de novo [121] 
Saintpaulia ionantha Dickeya dadantii (syn. E. chrysanthemi) 41 2D-PAGE, MALDI-TOF MS [122] 
Triticum aestivum Puccinia triticina 30 2D-PAGE, MALDI-QqTOF MS/MS [123] 
T. aestivum Fusarium graminearum 41 2D-PAGE, LC-MS/MS [124] 

Zea mays F. verticillioides 16 
2D-PAGE, MALDI-TOF-MS, 
LCQ ion trap MS 

[125] 

Vigna mungo Mungbean Yellow Mosaic Virus 29 MALDI-TOF/TOF [126] 
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7. Future Perspectives 

With the experiments of plant-pathogen interaction com- 
pleted to date, we can truly consider proteomics as a ma- 
ture platform for proteome analysis during plant-patho- 
gen interaction. Proteome wide functional classification 
using bioinformatics approaches is becoming an impor-
tant method for revealing unknown protein functions. 
Proteomics enables scientists to decipher the functions of 
proteins and get a clearer picture of the complex regu- 
latory networks that control fundamental biological 
processes [127]. To meet the current challenges of food 
insecurity, proteins that control crop architecture and/or 
stress resistance in a wide range of environments need to 
be identified to facilitate the biological improvement of 
crop productivity. To identify such proteins, state-of- 
the-art proteomic techniques are the best choice of scien- 
tists. However, certain disadvantages are limiting the use 
of proteomics. Proteins are dynamic and interacting mole- 
cules, and their changeability can make proteomic snap- 
shots difficult. Furthermore, very closely related proteins 
may not guarantee a functional relationship [128]. Ac- 
cordingly, there is the need for more sensitive analytical 
systems and effective methods for large scale data com- 
parison in order to advance our knowledge on protein 
expression during plant-pathogen interactions. Neverthe- 
less, proteomic tools are rapidly improving and novel 
methods and equipments are being developed. We be-
lieve that future proteomic studies, coupled with func-
tional validation as well as bioinformatical analysis, may 
provide new insights into plant disease resistance and 
pathogenicity. Proteomics will remain to be one of the 
fastest growing areas in research and a symbiotic rela- 
tionship between proteomics technology and systems 
biology approaches in the future will enable new ques-
tions to be addressed in the area of plant–pathogen inter-
action. 
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Abbreviations 

2D-PAGE: Two dimensional polyacrylamide gel elec- 
trophoresis 

2D-DIGE: Fluorescent Two-dimensional “Difference 
Gel Electrophoresis” 

AHL: N-acyl homoserine lactone 
DAMPs/PAMPs: Danger associated molecular pat- 

terns/Pathogen associated molecular patterns 
DIR: Dirigent proteins 
ESI: Electrospray ionization 
ETI/PTI: Effector-triggered immunity/PAMPs-triggered 

immunity 
GLP3: Germin like proteins 3 
GSTs: Glutathione-S-transferases 
HR: Hypersensitive response 
ICAT: Isotope-Coded Affinity Tags 
ITRAQ: Isobarric Tagged for Relative and Absolute 

Quantitation 
JA/SA: Jasmonic acid/ Salicylic acid 
µLC-ESI-MS/MS: Microcappilary liquid chromatog- 

raphy-electron spray tandem mass spectrometry 
LC-MS/MS: Liquid chromatography mass spectros- 

copy 

 

MECS: O-methyltransferase, 2-C-methyl-D-erythritol 2,4 

cyclodiphosphate synthase 
MALDI TOF-MS: Matrix assisted laser desorption/ 

ionization time-of-flight mass spectrometry 
MudPIT: Multidimensional Protein Identification Tech- 

nology 
NO: Nitric oxide 
NHR: Non-host resistance 
PAL: Phenylalanine ammonia lyase 
PCD: Programmed cell death 
PR Protein: Pathogenesis related protein 
PMMoV-S/PMMoV-I: Peeper mild mottle virus-Spanish 

strain/Peeper mild mottle virus-Italian strain 
ROS: Reactive oxygen species 
RILs: Recombinant inbreed lines 
SAR: Systemic acquired resistance 
SCX HPLC/RP HPLC: Strong cation exchange high 

performance liquid chromatography/Reverse phase high 
performance liquid chromatography 

TCA: Tricarboxylic acid 
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