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Abstract: In recent years, a strong emphasis has been given in deciphering the function of genes unraveled by the completion of several genome sequencing projects. In plants, functional genomics has been massively used in order to search
for gene products of agronomic relevance. As far as root-pathogen interactions are concerned, several genes are recognized to provide tolerance/resistance against potential invaders. However, very few proteins have been identified by using
current proteomic approaches. One of the major drawbacks for the successful analysis of root proteomes is the inherent
characteristics of this tissue, which include low volume content and high concentration of interfering substances such as
pigments and phenolic compounds. The proteome analysis of plant-pathogen interactions provides important information
about the global proteins expressed in roots in response to biotic stresses. Moreover, several pathogenic proteins superimpose the plant proteome and can be identified and used as targets for the control of viruses, bacteria, fungi and nematode
pathogens. The present review focuses on advances in different proteomic strategies dedicated to the challenging analysis
of plant defense proteins expressed during bacteria-, fungi- and nematode-root interactions. Recent developments, limitations of the current techniques, and technological perspectives for root proteomics aiming at the identification of resistance-related proteins are discussed.
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INTRODUCTION
Root tissues represent an important structure for plant
growth and development, and are continuously invaded by
microorganisms, which cause deleterious effects that culminate in the development of disease and/or death of the plant.
Roots are intrinsically complex tissues to explore and slow
progress has been made in discovering plant-genes and proteins in these tissues governing the interaction of plant
pathogens and their hosts. Most studies are focused on the
developmental aspects of roots and with the increase in the
availability of expressed sequence tag (EST) sequences, several genes involved in cell cycle, cell growth, abiotic stresses
and hormone signaling have been identified [1-5].
In recent years, the application of proteomic approaches
as a tool for global expression analysis and protein identification has been highly efficient in the field of protein research. Improvements in the main techniques and equipments for 2-DE (bidimensional gel electrophoresis) and mass
spectrometry have allowed a high throughput analysis of
protein expression in different fields. While the proteomics
research is greatly advanced in animals, plant proteomics has
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not yet reached a sufficient level of complexity to identify
and study plant proteins involved during the pathogen-host
plant interactions. Many proteins involved in the mechanisms of response to biotic/abiotic stress signals are present
in low abundance and thus are not easily detectable in crude
extracts. Major studies in plant proteomics involve subcellular proteomes, including chloroplasts, mitochondria, nuclei
and plasma membranes [6-11] and most of them still rely on
2-DE separations of crude cellular extracts.
The study of proteins has also become progressively
more important since it is now well established that there is
little correspondence between the transcript and protein levels [12, 13]. Post-translational modifications such as the removal of signal peptides, phosphorylation, glycosylation,
ubiquitination, among others are important processes for
protein function and subcellular localization which are not
accounted for using genomic strategies [14]. Therefore, proteomics is playing an increasingly important role in addressing these issues and has become a necessary and complementary approach in the post-genomic era. Furthermore, by
analyzing the proteins being expressed during a specific
condition, information regarding the genes/proteins that are
co-regulated and act together in response to a given stress
can be identified. Nevertheless, the root proteomics (here
termed rooteomics) analysis is still insipient when compared
to other plant tissues and even more when compared to other
organisms such as prokaryotes, yeasts and mammalians [15].
One of the major factors responsible for the limited data re© 2008 Bentham Science Publishers Ltd.

Rooteomics

garding root proteomics is related to low protein and tissue
amounts. Interestingly, Mooney et al. [16] showed that proteins involved in disease resistance represented 13% of root
proteins compared to 7% identified in leaves. Theses results
indicate that root tissue is an excellent target to study plantpathogen interactions and the use of differential proteomic
studies can aid in the discovery of resistance- and defenserelated proteins.
PROTEIN ANALYSIS TOOLS FOR ROOTEOMICS
Sample Preparation
In general, protein sample preparation is a key step in any
proteomic approach. When considering the extraction of
proteins in plant tissue, the difficulty often resides in their
low overall intrinsic amounts, the presence of proteases and
contaminants such as polyphenols, polysaccharides, lipids
and secondary metabolites that usually hinder an efficient
protein extraction [17]. In addition, the proteomic profile is
often dominated by the more abundant components, which
considerably limit the number of proteins that can be successfully identified. For these reasons, most protocols for
protein extraction from plant tissues include a protein precipitation step, in order to concentrate the total protein content in the sample and clean it from contaminants. In this
sense, a common approach for protein extraction has been to
homogenize the plant material in the presence of liquid nitrogen, precipitate the protein content in a trichloroacetic
acid/acetone solution and re-solubilize the pellet in a chaotropic agent [18]. Due to its simplicity, it remains the preferred protocol of total protein extraction from root tissue, as
demonstrated by recent proteomic studies of wheat [19],
maize [20], Medicago trunculata [21], rice [22] and ginseng
[23] roots.
An alternative procedure has been to extract proteins
with phenol and subsequently precipitate them in ammonium
acetate and methanol [24]. Although fewer research groups
adopt this protocol, the procedure was recently judged more
efficient in terms of the number of proteins detected in tomato root tissue, when compared to the number extracted
with the standard trichloroacetic acid/acetone method [25].
Despite this result, the type of protocol employed is in fact
greatly dependent upon the type of tissue and the subsequent
purification strategies. In some instances, the application of
both protocols to the same tissue sample can result in different proteomic profiles, as was demonstrated in banana, apple
and potato leaves [26].
Another method recently proposed by Dumas-Gaudot et
al. [27] optimizes the amount of root material under study.
These authors report a method for the extraction of RNA and
proteins from the same sample. Ground material is homogenized in buffered phenol and RNA is further collected from
the aqueous phase, while proteins are recovered from the
phenolic phase [27]. This is an interesting alternative when
genomic and proteomic approaches are intended.
The need to enrich samples with specific proteins has
also contributed to the optimization of extraction protocols
aiming the study of plant subproteomes. In this sense, from
the perspective of identifying symbiosis-related proteins, the
possibility of restricting the tissue of interest to the actual
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nodule and peribacteriod membranes has proved successful.
The protocols employed to study the nodule proteome are
quite diverse, but they have generally recurred to differential
centrifugation steps. Recently, this type of procedure has
been demonstrated in proteomic studies of M. trunculata
root nodules infected by Agrobacterium tumefaciens [28], in
soybean root nodules infected by Bradyrhizobium japonicum
[29], in pea root and Woogenellup roots infected by Rhizobium leguminosarum [30, 31], in Lotus japonicus root nodules infected by Mesorhizobium loti [32]. Furthermore, the
characterization of membrane-associated proteins has also
been possible with an additional chloroform/methanol extraction step, as demonstrated in the comparative proteomic
study of M. truncatula roots inoculated with the fungus
Glomus intraradices [33].
When considering root-pathogen interactions and the
subsequent identification of resistance-related and pathogenesis-related (PR) proteins, no particular effort has been
made towards the physical separation of the pathogen from
the root tissue before proteomic analysis. In fact, much of the
literature on the subject simply assesses the differences observed between proteomic profiles of infected versus noninfected roots, as in the case of M. truncatula infected by the
fungi Aphanomyces euteiches [34]. One avenue left to explore remains the possibility of studying the pathogen and
the root individual proteomes upon interaction. The specific
structures formed within the root tissue upon infection, such
as specialized giant cells in the case of nematode infection
[35], or localized infected cell populations could well be the
target of specific proteomic studies. To this end, the application of laser capture microdissection could prove a powerful
new tool towards the isolation of these structures and advance the understanding of the proteomic profiles of the initial stages of root infection. Although much of the work describing the application of this technique in the characterization of plant-microbe interaction has focused on gene expression [36], it could well be extended in the field of root
proteomics.
Two Dimensional Gel Electrophoresis
In recent years, the field of proteomics has expanded
considerably and several new technologies have been developed and applied to an enormous variety of biological questions [37]. Although some authors have suggested that bidimensional gel electrophoresis (2-DE) is an ancient and surpassed technique, this procedure has been frequently utilized
in plant proteomic studies. In fact, promising alternative
technologies such as multidimensional protein separation,
protein arrays and others have emerged recently. However,
2-DE is currently the only technique that can be routinely
applied for quantitative expression profiling of large sets of
complex protein mixtures such a root cell lysates [38]. Although 2-DE technology is not properly cheap, the equipments are much more accessible than mass spectrometers,
for example. This particularity makes proteomic studies possible for several research groups located in developing countries, spreading the proteomic science around the world. It is
true that protein identification is an important step in proteomic analysis and mass spectrometry-based strategies has
contributed enormously in this aspect. Thus, the recent enthusiasm in proteomic studies is a result of the union of
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techniques based on 2-DE and those focused on mass spectrometry, and this union has been responsible for the increase
in the functional assignment of proteins and genes in various
organisms, including plants. The 2-DE technology began to
be explored in the 1970s [39] and several modifications have
been added to this classical technique, especially for plant
tissues analyses [40]. Immobilized pH gradients and gels, as
well as power supplies and gel supports are now commercially available and have clearly improved reproducibility
and decreased wasted time. By using these benefits, several
good quality 2-D gels have been obtained, generating valuable information for the understanding of root metabolism
and physiology.
Initially, model plants such as Arabidopsis thaliana and
M. truncatula were used to develop extraction and gel protocols. Therefore, 2-DE associated to peptide mass fingerprinting was used to investigate the natural variation in the root
proteome among eight A. thaliana ecotypes [41]. Comparison of 2-D maps demonstrated that only one-quarter of spots
were shared by all accessions, suggesting that rooteomics
could be a valuable tool to understand natural variations of
plants and also to compare susceptible and resistant varieties
to isolate resistance proteins.
The proteome knowledge achieved in root models was
applied to crop plants, aiming to solve agricultural problems
and find biotechnological targets and/or tools. However,
most studies have focused on developmental aspects. Liu et
al. [20] produced 2-D gels of primary maize roots, aiming to
identify proteins that are differentially accumulated during
root growth. Differential spots were identified by MS showing that two proteins that were shown to accumulate differentially between wild-type and mutant roots can be linked to
lignin metabolism, giving clues on genes that might be involved in the developmental switch that results in the initiation of lateral roots [20]. By using high-resolution 2-DE, the
cassava (Manihot esculenta Crantz) root proteome was also
evaluated [42]. Gel image analyses revealed an average of
1467 electrophoretically resolved spots on fibres and 1595
spots on tuber in the pH 3-10 range. As cassava is a major
source of energy in the diet of more than 700 million people,
particularly in the developing countries of South America,
Africa and Asia, the proteomic approach could be useful for
a better understanding of protein and carbohydrate accumulation in tuber. Therefore, results reported by Sheffield et al.
[42] not only facilitate insights into the molecular processes
underlying root physiology and differentiation, but can also
give valuable information for cassava genetic improvement
programs in order to solve some problems as disease susceptibility, low production and reduced nutritional quality.
New improvements in electrophoresis tools such as the
development of algorithms for gel image analysis [43], difference gel electrophoresis (DIGE) that facilitates complex
protein comparison analysis by labelling different samples
with fluorescents dyes [44] and dilute ImmobilineTM gels for
the resolution of large proteins [45] are already being used in
biomedical research. The utilization of these techniques in
plant research could contribute for the development of plant
proteomics, specifically for proteomic processes involving
root pathogen interaction.
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Although by no means perfect, 2-DE coupled with mass
spectrometry remains the core technology for separating and
identifying complex protein mixtures in proteomic projects
at least for the foreseeable future [38]. Rooteomic studies
aiming at the identification of agronomically important proteins is a field that can be largely explored using both these
techniques. It is certain an array of novel interesting proteins
will be discovered using these approaches.
Gel-Free Systems
Despite the undeniable applicability of 2-DE in the field
of proteomic research, the limitations of the technique in
terms of its unsuitability to identify less abundant proteins
[46] or to characterize membrane proteins, together with the
difficulties to automate the procedure, have prompted the
search for gel-free systems in order to improve the extent of
protein separation [47]. One way to circumvent these limitations has been through the incorporation of multidimensional
chromatographic steps before mass spectrometric analysis
[48]. This procedure incorporates ion-exchange and reversephase capillary columns directly linked to a nanospray mass
spectrometer. The samples applied to these columns consist
of digested proteins with several proteolytic enzymes which
greatly increases the number of peptide targets available for
the identification of the parent protein. In order to ensure the
feasibility of this method, a good genome database (e.g.
cDNA library) should be available for the organism in question, which is why this approach has only been successful so
far in the field of plant proteomics when characterizing the
rice proteome [49].
On a much smaller scale, the application of liquid chromatography for protein separation instead of 2-DE has
proved successful in a proteomic approach aiming to characterize the small protein content of M. truncatula root tips
[50]. In this case, the protein extraction protocol was simplified and consisted of a single extraction step with 30 % acetonitrile and 0.1% trifluoroacetic acid followed by size exclusion and reverse phase chromatographic purification
steps. Despite this attempt, the lack of literature available on
the application of gel-free systems to the study of rootmicrobe interactions reinforces the practicality of the 2-DE
methods for protein separation, but at the same time opens
up new possibilities for large scale protein identification projects through the optimization of multidimensional chromatographic steps prior to mass spectrometric analysis.
Mass Spectrometry Identification Methods
Mass spectrometry (MS) has become an essential tool for
protein identification. Recent developments and technical
improvements have allowed a large scale analysis of proteins, which have accompanied the increasing amount of
proteins being analyzed by the 2-DE techniques. Accurate
molecular mass information provided by MS and tandem MS
experiments has enabled a rapid comparison of differentially
expressed proteins in plants in diverse biological conditions.
Mass spectrometry is a powerful tool for protein identification and also enables the characterization of posttranslational modifications (PTMs) as well as the identification of protein-protein interactions and multisubunit com-
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plexes [14]. Proteins can be initially resolved by electrophoretic (top-down) or chromatographic (bottom-up) approaches. Further enzymatic digestion allows the identification of these proteins via peptide mass fingerprinting (PMF)
using MS or via de novo sequencing using tandem MS
(MS/MS and MSn).
Peptides generated by enzymatic digestion have taken
advantage of two major MS ionization methods: matrixassisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). In MALDI, peptides are cocrystallized
with a large molar excess of a small molecular organic acid
on a metallic plate following the desorption and ionization
by intense and short pulses from a laser beam. In ESI, peptides in an acidic solution are sprayed in a fine mist and the
solution in the droplets evaporates leaving the peptide ionized.
Besides the development of the MALDI and ESI ionization methodologies, improvement in MS devoted to proteomic studies has also resulted from advances in mass analyzers. The time-of-flight (TOF), quadrupole (Q), ion trap (IT)
and Fourier transform ion cyclotron (FTIC) are the major
types of mass analyzers currently interfacing MALDI and
ESI. Each of them shows specific features and several instruments use two or more mass analyzers to separate the
ions according to their mass-to-charge ration. Finally, a detector is used to register the number of ions emerging from
the analyzer.
Root proteomic analyses of plant-microorganism interactions described to date were mainly focused on differential
protein composition induced by symbiotic microbes [51-53,
27, 54, 32, 29]. In contrast, the study of proteins differentially expressed in response to root pathogens is a neglected
area of proteomics. Only few investigations were carried out
on altered protein composition induced by root pathogens
[34, 55, 56]. Most of these studies have used a 2-DE approach followed by in-gel trypsin digestion and MALDITOF MS and several proteins have been identified.
MALDI-TOF MS is a highly advantageous strategy when
compared to NH2 terminal sequencing, which was the only
method available for protein identification until recently.
However, some problems need to be taken into consideration, such as protein amounts. As mentioned in this review,
roots have intrinsically low amounts of proteins and therefore, the chances of a successful identification by MS or
MS/MS is low. In our experience, when analyzing the
rooteomics of cotton and coffee, a successful identification
was obtained for only 30% of the proteins analyzed. Therefore, care must be taken to optimize the amount of proteins
obtained from the root tissue in order to successfully identify
proteins by using the MALDI-TOF MS approach.
ROOT-PATHOGEN INTERACTIONS
Nutrient acquisition is an essential process for the survival of all heterotrophic organisms. As primary nutrient
source, plants represent an important carbon source for a
wide number of organisms. Several species of microorganisms live in close association with plants colonizing the surface (epiphytic colonization) or tissues (endophytic colonization), and sometimes causing diseases (pathogenic coloniza-
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tion). The events that trigger the establishment of these interactions are activated by the recognition of specific signal
molecules associated to plants and microorganisms, which
are detected by sensorial proteins. Upon detection of these
stimuli, there is a continuous process of response between
plants and microorganisms that characterizes the plantmicroorganism interaction. Several plant factors such as
pathogen recognition receptors and phenolic compounds as
well as pathogen proteins and molecules including virulence
factors and exopolysaccharides play important roles in plantmicroorganism relation and are determinants in the nature of
the interaction [57].
Extensive genomic studies have revealed several resistance and defense-related genes expressed during pathogen
infection. After the recognition of the pathogen by the plant,
signal transduction pathways are triggered, which result in
the production of reactive oxygen species, accumulation of
pathogenesis-related proteins and phytoalexins, as well as
localized cell death [58, 59]. Among the defense-related
genes reported are chitinases, -1,3-glucanases, chalcone
synthases and peroxidases. Regarding proteomic analyses,
some efforts have been made aiming at the comprehension
of root-fungi, -bacteria and -nematode interactions, and the
findings are discussed below. Some of the root proteins differentially expressed during plant-microorganism interaction
identified by proteomic approaches are listed in Table 1.
Proteomics of Root-Fungi Interactions
Regarding the proteomic analysis of root-pathogen association, the most studied interaction is that of root-fungi.
Several reports have shown the use of proteomics for the
isolation of proteins of agronomic relevance including
chitinases, pathogenesis-related proteins, among others.
However, still little proteomic information is available regarding the biochemical and physiological interactions in
this host-parasite system. Moreover, the molecular bases of
the interaction between pathogenic fungi and roots are not
well understood.
The proteomic tools offer an excellent way to evaluate
the host proteome during the host-parasite interaction process. Compared to the number of publications on the proteomics of symbiotic interactions (nitrogen-fixing and arbuscular mycorrhizal), the use of this strategy appears rather
limited in the area of plant responses to pathogens. The
amount of root material available for analysis is frequently a
major drawback for more detailed studies. Similar difficulties have been reported in the symbiotic root-fungi interactions in M. truncatula [27]. These authors report that few
studies have been performed in the appresoria stage, in
which limited amounts of root are available; making proteomic studies a difficult task. The extraction of proteins and
RNAs from the same sample is one of the alternatives to
overcome this problem. Techniques that allow this analysis
have been developed for root-fungi interaction and have
been used successfully [27]. This strategy could be applied
for other plant-microbial interactions in order to optimize the
results obtained.
Additionally, plants are able to synthesize and secrete
enzymes that are able to degrade the cell wall of the invading
pathogen and these enzymes are often classified as patho-
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Root Proteins Differentially Expressed During Plant-Microorganism Interactions Identified by Proteomic Studies

Protein

Plant

Pathogen/Stimuli

Reference

Disease resistance response protein pi 49

M. truncatula

A. euteiches

Colditz et al., 2004

ABA responsive protein ABR17

M. truncatula

A. euteiches

Colditz et al., 2004

Pathogenesis-related protein class 10
(PR10)

M. truncatula

A. euteiches

Colditz et al., 2004

Isoliquiritigenin 2-O-methyltransferase

M. truncatula

A. euteiches

Colditz et al., 2004

Glutathione-S-transferase

M. truncatula

Glomus mosseae

Bestel-Corre et al., 2002

Cytochrome-c-oxidase

M. truncatula

Glomus mosseae

Bestel-Corre et al., 2002

Fucosidase

M. truncatula

Glomus mosseae

Bestel-Corre et al., 2002

Pathogenesis-related protein Prb1

Oryza sativa

Azoarcus sp.

Miché et al., 2006

Pathogenesis-related protein RSOsPR10

Oryza sativa

Azoarcus sp.

Miché et al., 2006

Cu/Zn superoxide dismutase

clover cultivar Woogenellup

Rhizobium leguminosarum bv. trifolii

Morris and Djordjevic, 2001

Chaperonin 21 precursor

clover cultivar Woogenellup

Rhizobium leguminosarum bv. trifolii

Morris and Djordjevic, 2001

L-ascorbate peroxidase

M. truncatula

N-acyl homoserine lacton (AHL)-treated

Mathesius et al., 2003

Hipersensitive-induced response protein
(HIR1)

M. truncatula

N-acyl homoserine lacton (AHL)-treated

Mathesius et al 2003

Superoxide dismutase

M. truncatula

N-acyl homoserine lacton (AHL)-treated

Mathesius et al 2003

PR10-1 protein

M. truncatula

N-acyl homoserine lacton (AHL)-treated

Mathesius et al 2003

Peroxidase

M. truncatula

N-acyl homoserine lacton (AHL)-treated

Mathesius et al 2003

Aconitate hydratase

M. truncatula

Sinorhizobium meliloti

Van Noorden et al., 2007

Enolase

M. truncatula

Sinorhizobium meliloti

Van Noorden et al., 2007

PR10 protein

M. truncatula

Sinorhizobium meliloti

Van Noorden et al., 2007

Heat shock protein 70

M. truncatula

Sinorhizobium meliloti

Van Noorden et al., 2007

Protein disulfide isomerase precursor

M. truncatula

Sinorhizobium meliloti

Van Noorden et al., 2007

Chitinase

C. canephora

M. paranaensis

-

Pathogenesis-related protein class 10

C. canephora

M. paranaensis

-

Quinone reductase 2

G. hirsutum

M. incognita

-

14KDa polypeptide

G. hirsutum

M. incognita

Callahan et al. 1997

genesis-related proteins because high-level expression is
normally induced upon infection. By using 2-DE, the root
protein profiles of M. truncatula after Aphanomyces euteiches pathogen infection were analyzed [55]. Several differentially expressed proteins in response to the infection
were identified by MALDI-TOF-MS and the majority of the
induced proteins belonged to the family of the class 10 of PR
proteins. Other protein spots were also identified as putative
cell wall proteins and enzymes of the phenylpropanoidisoflavonoid pathway, including an isoliquiritigenin (chalcone) 2-O-methyltransferase (cOMT) and a chalcone reductase (CHR), which are required for the production of medicarpin, the major phytoalexin accumulated in response to
fungal pathogens. More recently, a comparison of M. trunculata lines with different susceptibility to the A. euteiches was

performed and two proteasome alpha subunits in the more
resistant line were identified [34].
The number of proteins spots identified in the M. truncatula root-fungus interactions (500 proteins) is impressively
low, when compared to the number of transcripts sequenced
using a genomic approach (5000 transcripts). This result
represents another challenge for proteomic analysis and can
be explained by the limitations of the proteomic tools and
methods such as protein extraction protocols that do not allow the isolation of proteins with certain biophysical properties, such as hydrophobicity (hydrophobic proteins are lost
due to low solubility), limitations in the pI range for 2-DE
separation and low abundance proteins that can not be observed in the 2-DE gels. One of the techniques that can over-
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come this problem is the MudPIT (multidimensional protein
identification technology), already successfully applied to
plant systems [60]. However, quantification of expression
levels is not possible with this technique. These aspects need
to be taken into consideration when analyzing the protein
expression in a given condition.
Another strategy that can be applied for plant disease
control is the analysis of the pathogen proteins, which can be
identified and used as targets. Pathogenic fungi have several
effector proteins that play a key role in parasitic colonization
of plants [61]. Apoplastic effectors are secreted into the plant
extracellular space, where they interact with extracellular
targets and surface receptors. By using a proteomic approach, Apoga et al. [62] investigated the role of the extracellular matrix secreted by the cereal pathogenic fungus
Bipolaris sorokiniana. However, the proteins isolated from
2-DE gels and analyzed by MS revealed no significant
matches to sequences available in public databases. Protein
identification by using the MS technology is highly dependent on the public databases, and the amount of information
constantly deposited is impressively large. However, attention must be drawn to the fact that a large number of proteins
with unknown functions or not yet isolated can be completely ignored when protein homology is searched. This is
also true for root proteins. An interesting result was obtained
by Fizames et al. [63], who analyzed root transcriptomics of
Arabidopsis plants using the SAGE (Serial Analysis of Gene
Expression) technique. These authors reported 6000 different
transcript tags, which showed no match to the Arabidopsis
genes and suggest that a significant amount of transcripts
present in roots originate from unknown or wrongly annotated genes. This is an intriguing result and may reflect the
difficulty in root protein identification.
Several proteomic studies on symbiotic fungus-root interactions have also been conducted and these organisms,
although beneficial to the plant, seem to induce an array of
defense-related proteins during colonization. Proteome
analysis has identified proteins involved in mycorrhiza development and functioning including proteins involved in
defense response and root physiology [64]. An interesting
case is that of Trichoderma, which is a fungus that can increase root growth, control deleterious non-pathogenic root
microflora, destroy toxic metabolites produced by deleterious microflora and control root pathogens [65]. Several studies have shown that root colonization by Trichoderma strains
results in increased levels of defense-related plant enzymes,
including various peroxidases, chitinases, -1,3-glucanases,
and the lipoxygenase-pathway. Trichoderma species have
been reported as potentially useful for biological control,
since they are able to attack or inhibit the growth of plant
pathogens directly. Proteomic studies of the interaction of
Trichoderma and maize seedlings grown from treated and
non treated seeds were investigated by 2-DE. About 40% of
the proteins observed in the presence of Trichoderma were
not detected in untreated plants [65]. Similarly, Marra [66]
identified 29 proteins related to the triple interaction among
bean roots (Phaseolus vulgaris) with the fungi Botrytis cinerea and Rhizoctonia solani and its antagonist Trichoderma.
Proteins with differential expression patterns were evaluated
by MS and in root proteome, PR proteins and other factors
related to resistance were associated to the interaction be-
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tween the plant and the two pathogenic fungi as well as with
the antagonist. These results are in agreements with the findings of Harman et al. [65], which showed that Trichoderma
has the property of inducing resistance to many pathogenic
microorganisms.
Another important approach is the analysis of the
Trichoderma proteome in response to the interaction with the
plant. The proteins identified in this interaction process may
shed some light over the processes that trigger plant defense,
and may be used for the induction of resistance in plants.
Some efforts have been made in this direction. Suárez et al.
[67] analyzed the extracellular proteome secreted by Trichoderma harzianum in the presence of different fungal cell
walls. A combination of liquid chromatography and mass
spectrometry allowed the identification of a novel aspartic
protease, which showed 44% identity with the aspartic proteinase polyporopepsin (EC 3.4.23.29) from the basidiomycete
Irpex lacteus. In summary, the results discussed here exemplify the range of proteomic applications that can successfully be applied to the study of fungi-root molecular interactions.
Root-Bacteria Interactions
Plant-bacteria interactions have been extensively studied
over the years and various plant genes involved in the response to bacterial phytopathogen infection have been identified [58,68-70]. However, few studies have focused on
root-bacteria association, and these studies have mainly employed genomic techniques. Ditt et al. [71 recently reported
the transcriptomic analysis of Arabidopsis plants in response
to A. tumefaciens infection and several up-regulated genes
encoding known defense proteins were identified.
Regarding the proteomic approach, Mathesius et al. [56]
reported the analysis of M. truncatula roots in response to
Pseudomonas aeruginosa quorum-sensing signals. The recognition of these signals by the plant is important for the
response to the invading pathogens. Several proteins involved in defense, including PR proteins, peroxidases, superoxide dismutase and a hypersensitive induced response
protein (HIR1) were identified [56]. The lack of information
in this field shows that there is insipient knowledge regarding protein expression in roots in response to bacterial infection. This is an interesting area of investigation and should
be better explored.
The root-symbiosis association has been the most studied
root-bacteria interaction and as in symbiotic fungi-root interaction, defense-related genes have been reported in nodulated roots. A pioneering proteomic work aiming to study
this type of interaction was performed with the legume
Melilotus alba infected by the bacterium Sinorhizobium
meliloti [72]. This study revealed over 250 proteins induced
or up-regulated upon infection, which were mainly of bacterial origin present in the nodules as compared with the roots.
Other studies followed, such as that reported by Morris and
Djordjevic [73] and more recently by Miché et al. [74] and
van Noorde et al [75], in which proteins involved in rootbacteria interaction were identified. These data reinforce the
importance of the study of roots for the discovery of resistance-related genes and proteins in plants.
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Bacteria belonging to the Rhizobium genus may also establish beneficial or harmful relationships with plants. The
pathogenic strains of this legume endosymbiont contain vir
genes, which cause the formation of tumors or hairy roots
[76]. Strains of R. rhizogenes were shown to be able to induce hairy roots or tumors in plants and also to nodulate P.
vulgaris under natural environmental conditions [76]. In M.
truncatula, a time-course analysis of root protein profiles
was investigated using 2-DE and MS identification after inoculation with the nitrogen fixing bacterium Sinorhizobium
meliloti. An M. truncatula leghemoglobin induced in nodulated roots was identified, as well as an elongation factor Tu
from S. meliloti, while another one could not be assigned a
function. These results emphasize the usefulness of proteome
analysis in identifying molecular events occurring in plant
root symbioses and also call attention to the fact that microorganism proteins are not separated from the root tissues
when the interaction is being analyzed. This is especially
important when a function can not be assigned to the proteins and therefore it is not possible to determine if the protein was expressed in the plant or in the microorganism.
Root-Nematode Interactions
The current knowledge on plant-nematode interactions
has reached the frontline regarding new scientific approaches. A high amount of information has been generated
based on genome and transcriptome analysis, however few
studies have focused on the proteomic profiles of plants infected by nematodes. When the nematodes invade plant roots
and establish as the sedentary form, several plant genes are
up- or down-regulated in order to form the nematode feeding
sites [77]. Diverse resistance genes have been identified as
induced in infected roots, all conferring resistance against
these pathogens [78]. Activated defense genes include peroxidase, chitinase, lipoxygenase, extensin, and proteinase
inhibitors [77]. The discovery of these genes expressed upon
nematode parasitism can provide important information
about natural resistance in plants. Studies have shown the
efficiency of the bioactive anti-nematodes molecules such as
orizocistatin and esporamin (proteinase inhibitors) that confer resistance to M. incognita and Heterodera schachtii, respectively [79, 80]. Several other genes have been isolated
and presented a potential application for nematode control in
transgenic plants. Some proteins encoded by these genes
include the -aminobutyric acid (GABA) [81] and lectins
[82]. The products of the nematode resistance (Nem-R)
genes can be specifically active against some nematode species or pathotypes [78] and include the genes Gro1-4 [83],
Mi-1 [84], Hs1pro-1 [85], Hero A [86-88], Cre1 [89], among
others. Secondary metabolites such as phytoalexins are also
synthesized in the roots and confer higher resistance levels to
nematode pathogens [90, 91]. All these genes however, were
isolated using genomic approaches. A proteomic strategy
could be applied in order to complement these data and isolate the proteins encoded by these genes.
The lack of data regarding proteomic studies focused on
root-nematode interaction is intriguing. Jaubert and colleagues [92] shed some light on this point when 2-DE and
microsequencing were employed to analyze the proteome of
the pathogen Meloidogyne incognita stilet. A total of 7 proteins were identified, including a calreticulin that is believed
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to be related with infectivity of nematodes in plants [92].
Regarding root-nematode proteomics, a study performed by
Callahan et al. [93] reported one- and two-dimensional polyacrylamide gel electrophoresis (PAGE) of resistant and susceptible cotton (Gossypium hirsutum L.) root protein extracts. Several polypeptides were differentially expressed in
response to the root-knot nematode infection. A polypeptide
with 14 kDa was abundantly and differentially expressed in
young galls of the resistant isoline 81-249 at 8 days after
inoculation. The amino acid sequences obtained did not reveal considerable homologies with other sequences. However, this novel root knot nematode-inducible 14kDa protein
can be related with a specific resistance in nematode galls
[93].
Besides the identification of natural anti-nematode molecules, the profile of genes or proteins induced by the nematodes during the feeding site formation can generate potential
targets for reverse-genetics. An example of this response is
the case of an expansin gene expressed during Meloidogyne
javanica parasitism that acts as a facilitator of cell expansion
in vivo, being extremely important for the expansion of the
giant cell. The LeEXPA5-antisense transgenic roots reduce
the nematode ability to complete its life cycle [94]. Therefore, proteomic approaches can act together with other functional genomic tools for identification of specific protein /
RNA targets and for the development of new transgenic
crops resistant to nematodes.
Our research group has been studying proteins differentially expressed in cotton and coffee resistant cultivars infected with M. incognita and Meloidogyne paranaensis, respectively. We have used a proteomic approach to analyze
the proteins expressed in these plant genotypes and compared infected versus non-infected roots by 2-DE. Several
differentially expressed proteins could be observed in the
gels [95] and some proteins were identified by MS/MS. One
differentially expressed protein in infected coffee roots was
identified as a chitinase class III of C. arabica (Table 2),
known to be involved in defense responses to pathogens
[96]. Also a constitutive protein expressed in infected and
non-infected coffee roots was identified as a PR protein of
Vitis quinquangularis (Table 2). It is known that most resistance genes are constitutively expressed in plants [78] and
this may be the case of the PR protein identified in coffee. In
cotton, we have identified a protein similar to Triticum
monococcum quinone reductase 2 (QR2) (Table 2). In plants
these proteins catalyze the divalent reduction of quinones to
hydroquinones protecting the plant cells from oxidative
damages [97]. Our results emphasize the importance of root
proteomics in the isolation of resistance and defense- related
proteins and genes.
PERSPECTIVES
As emphasized in this review, there is insipient data on
rooteomics analysis focused on root-pathogen interactions.
Analysis of 2-DE based approaches provides a convenient
way to study and identify proteins that are regulated in response to stress conditions. Moreover, the potential of these
techniques in the identification of defense/resistance-related
proteins is undeniable. Future discovery of novel proteins
involved in pathogen response could lead to the isolation of

Rooteomics

Table 2.
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Identification of C. canpehora and G. hirsutum Proteins by Peptide Sequencing

Spot n°

Peptide Sequence

Protein Identification

Accession #

Mr (gel)

pI
(gel)

Identity

Coffee 1

LSLGGAPNLSS

chitinase

gi|4633666

28

5.8

100%

Coffee 2

YEVTSSIPPAR

Pathogenesis-related
protein

gi|89887947

17

7.2

88%

Cotton 1

TDAPIITLVELTEADGVLFGFPTR

quinone reductase 2

gi|58500257

35

7.0

82%

genes, which could be introduced into agronomically important crops aiming to obtain resistant plants.
Rooteomics analyses present several challenges, which
include the presence of low amounts of proteins in root tissues and limitations of protein extraction protocols currently
available. Another important task when studying rooteomics
is the absence of similarity hits when peptide sequences are
searched in the current databases. When analyzing structural
and functional genome sequencing projects, around 30% of
the genes sequenced represent hypothetical proteins or are no
hits. In the case of mass spectrometry analysis of root proteins with no genome sequence available, the identification
of these proteins can be a major problem. In this review, we
have emphasized the promising analysis of rooteomics research in order to identify proteins and genes of agronomic
relevance to be used in the development of a sustained agriculture in the future. The proteome analyses have been increasingly performed and the current techniques promises a
great deal for better understanding the root-pathogen interactions
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