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Since the appearance of the review entitled “Plant Proteome Analysis” in Proteomics in February
2004 (Cánovas, F. M., Dumas-Gaudot, E., Recorbert, G., Jorrín, J. et al., Proteomics 2004, 4, 285–
298), about 200 original articles focusing on plant proteomics have been published. Although
this represents less than 1% of the global proteomics output during this period, it nevertheless
reflects an increase in activity over the period 1999–2004. These papers concern the proteome of
at least 35 plant species but have concentrated mainly on thale cress (Arabidopsis thaliana) and
rice (Oryza sativa). The scientific objectives have ranged from a proteomic analysis of organs,
tissues, cell suspensions, or subcellular fractions to the study of plant development and response
to various stresses. A number of contributions have covered PTMs and protein interactions. The
dominant analytical platform has been 2-DE coupled to MS, but “second generation” techniques
such as DIGE, multidimensional protein identification technology, isotope-coded affinity tags,
and stable isotope labeling by amino acids in cell culture have begun to make an impact. This
review aims to provide an update of the contribution of proteomics to plant biology during the
period 2004–2006, and is divided into six sections: introduction, subcellular proteomes, plant
development, responses to biotic and abiotic stresses, PTMs, and protein interactions. The con-
clusions summarize a view of the major pitfalls and challenges of plant proteomics.
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1 Introduction

An “ISI Web of Knowledge” search covering the period Feb-
ruary 2004–February 2006, using as a search string “prote-
omics or proteome”, generated 6044 hits. A greatly reduced
number was obtained by substituting the strings “plant and
proteome” (125) or “plant and proteomics” (112). A similar
relationship was obtained between global and plant-specific
entries to the protein databases UniProtKB/Swiss-Prot
(212 425 vs. 14 614) and TrEMBL (2 666 963 vs. 212 823).
Nevertheless, activity within the area of plant proteomics, as
measured by publication output, has increased significantly
since the period 1999–2003, when only 100 hits were regis-
tered on ISI. A manual search of various biochemistry, pro-
teomics, and plant science journals has identified in the
region of 200 publications over this period, and 250 over the
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period 2004–2006. As many as 53 of the latter represent
reviews, updates, editorials, or opinion articles (Supplemen-
tary Table 1) rather than original articles. This time trend can
be interpreted as a measure of the rising potential of prote-
omics, but may also reflect more promise and expectations
than hard reality.

The 200 or so original papers which have appeared since
our first plant proteomics review [1], have described aspects
of the proteome of at least 35 plant species (Table 1). Most
focus either on the premier dicot model species thale cress
(Arabidopsis thaliana) or on the model monocot rice (Oryza
sativa). The complete genome sequence of both these species
is in the public domain, and this simplifies the identification
of proteins from MS data. As the rice proteome was exten-
sively reviewed in 2006 [2], the present review will not dwell
on this area. Second to the two major model species are the
major cereal, legume and solanaceous crops, and the model
legume barrel medic (Medicago truncatula). All of these spe-
cies are associated with significant quantities of published
genomic DNA and EST sequences. The literature covered by
this review also includes proteomic studies of the lesser spe-
cies (at least from a scientific point of view) holm oak (Quer-
cus ilex) [3], Spanish broom (Spartium junceum L.) [4], and
ginseng (Panax ginseng) [5]. In these cases, the success of
protein identification is less certain, generally having to rely
on de novo MS sequencing and similarity searches to provide
clues to protein function.

The plant material involved includes a variety of geno-
types, cultivars, transgenics and mutants, organs, cells, and
subcellular fractions. The scientific objectives range from a
global description of the proteome to the study of biological,
physiological, or biochemical processes, most commonly
exploiting a strategy of differential expression (see summary
in Table 1). A number of studies have featured PTMs and
protein interactions. Finally, as proteomics technology is
becoming more practical [6–10], the term “industrial process
proteomics” has recently been coined [11].

Protein extraction protocols for whole proteomic analysis
have proliferated, with specialization to plant organ (leaf,
roof, cell suspension), and with TCA-acetone precipitation
and phenol extraction proving to be most generically useful
[12]. While the latter allows for the simultaneous analysis of
proteins and mRNAs [13], metabolites, proteins, and RNA
have been sequentially extracted using a protocol [14] vali-
dated with leaf tissue from Arabidopsis. Precipitation proto-
cols have been optimized to cope with small starting
amounts of tissue, which is essential given that (1) source
tissue is often limited, and (2) plant organs are composed of
different cell types, each having its own proteome signature
[15]. This is particularly relevant for the description of the
response to pathogen attack, as only a restricted number of
cells plays any active role in defense. Laser microdissection
allows for the collection of homogeneous tissue- and cell-
specific plant samples, but its use has only been reported
once to date, in an experiment where vascular bundles were
isolated from Arabidopsis [16]. Given the particular interest

in the proteomes of cereal and legume seeds, special extrac-
tion protocols have been developed [17]. RubisCO (ribulose-
1,5-bisphosphate carboxylase/oxygenase), the most abun-
dant single protein on earth, accounts for up to 50% of the
soluble protein in leaves and this complicates the analysis of
minor proteins in green tissue. The problem is exacerbated
under physiological (senescence, seed filling) or stressed
conditions, where a significant number of proteolysis prod-
ucts of RubisCO, displaying variable Mr and pI values, has
been identified [18]. Analogous to the treatment of albumins
in blood serum samples, the development of rapid protocols
to eliminate such majority proteins would be beneficial. PEG
[19] and FPLC (fast performance LC) [20] have both been
reported to have utility in this context. The definition of
structural or functional subproteomes can provide valuable
information inferred from the physical localization of the
proteins. It would considerably simplify sample complexity
and improve the quality of experimental data. Such studies of
course require rigorous purification steps and will be de-
scribed below later.

Although proteomic technology is advancing, it has not
yet reached a level of sophistication sufficient to study plant
proteins on a scale comparable with what can be achieved by
genomics. Many proteins involved in the mechanisms of
signal transduction (e.g., transcription factors, protein kina-
ses, and regulatory proteins) are present in low abundance,
and thus are not readily detectable in crude extracts. Most
plant proteomic studies still rely on 2-DE separations of
crude cellular extracts, although the trend is toward the use
of defined plant organs, isolated cellular compartments, and
subproteomes to reduce sample complexity.

Before 2004, 2-DE (specifically IEF-SDS-PAGE) coupled
to MS was the dominant separation platform, although
multidimensional protein identification technology (Mud-
PIT) has been reported in rice [21], and the bidimensional
blue-native (BN-PAGE/SDS-PAGE) approach was appropri-
ate for the study of mitochondrial and chloroplast protein
complexes [22]. Over the last two years, second generation
proteomic techniques have begun to make an impact. These
include non-gel-based separation techniques such as LC,
including MudPIT [23–25], which is particularly well suited
for the identification of hydrophobic proteins [21, 26]. How-
ever, even simple techniques, such as 1-DE SDS-PAGE, can
generate good quality data, especially from simple pro-
teomes [27]. Both gel-based (such as DIGE (difference gel
electrophoresis)), and LC-based (such as ICAT (isotope-
coded affinity tags)) techniques have been exploited in a
number of studies [15, 28–30]. Stable isotope labeling by
amino acids in cell culture (SILAC) and cleavable stable
ICAT have been successfully applied to measure relative
protein abundance by MS in both yeast and mammalian
cells. This technique has been recently extended to Arabi-
dopsis cells [31]. The Jorrín group is optimizing iTRAQ (iso-
baric tags for relative and absolute quantitation) as a means
toward comparative proteome analysis in leaf extracts from
various species. Finally, in silico proteomics, although as yet
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Table 1. Studies, objectives, and contributions of the plant proteomics papers published from 2004 to February 2006 period

Plant Proteomes (descriptive proteomics) Biological processes (differential
expression proteomics)

Practical aspects

Model systems
Arabidopsis thaliana (49)a)

Medicago truncatula (7)

Cereals
Barley (7)
Maize (19)
Rice (25)
Wheat (14)

Legumes
Alfalfa (1)
Lentil (1)
Lupinus (4)
Pea (6)
Bean (Phaseolus spp.) (2)
Soybean (6)

Solanaceae
Potato (2)
Tobacco (7)
Tomato (3)

Other cropsb)

Carrot
Coffee
Cucurbit
Grape
Mustard
Pepper
Oilseed rape
Spinach

Trees (fruit and forest trees)b)

Holm oak
Peach
Peanut
Poplar
Rubber tree
White spruce

Othersb)

Alyssum lesbiacum
Catharantus roseus
Ginseng
Grasses
Rhododendron catawbiense
Wild mustard

Individuals
Genotypes
Mutants
Transgenics

Plant developmental stage
Germinated seeds
Seedlings
Mature plants (vegetative or flowering)

Organ/Tissue/Cells
Suspension cells (cells and growth medium)
Seed (embryo, endosperm, gluten, kernel)
Coleoptile
Roots (tip, primary, secondary)
Stem
Leaves (different types in cereals, i.e., leaf
sheath)
Petiol
Xylem/Phloem (sap)
Trichomes
Pollen
Pistil

Subcellular fractions
Cell wall (ionically or covalently bound proteins)
Apoplast
Membranes (plasma, tonoplast, organules)
Cytosol (soluble fraction)
Plastids (etioplast)
Chloroplast (subfractions)
Mitochondria (subfractions)
Microsomes

Development/differentiation
Seed germination
Root formation (secondary, adventitious)
Pollen maturation
Somatic embryogenesis
Response to hormones (GA, ABA)c)

Progammed cell death

Growth conditions
Liquid medium composition (cell
suspensions)
Nutrients (potassium, nitrogen)
Light

Symbioses
Mycorrhiza

Abiotic stresses and mechanisms of
tolerance
Drought
Osmotic (salt)
Temperature (cold, heat)
Elevated CO2

Anoxia
Nutritional deficiency
Metals (Ni, Cu, Zn), metalloids (As)
Herbicides (GSTs)d)

Sludge

Biotic stresses and mechanisms of
resistance
Pathogens (virus, bacteria, fungi)
Herbivores
Parasitic plants
Hypersensitive response
Signaling (H2O2, SA)
Oxidative stress

Biochemistry/metabolism
Sulfur (sulfurtransferases)
Alkaloids
Nitrogen mobilization
Alternative oxidase
Protein import to chloroplasts

Identify molecular markers
for assisting plant breeding
programs

Genotype characterization
(cataloguing) within species,
populations

Substantial equivalence
analysis in genetically
modified plants

Analysis of prepared
protein extracts

Food processing and
trazeability
Allergen
identification

a) Number in parentheses corresponds to papers reviewed.
b) 1–2 papers each.
c) Gibberellic and abscisic acids.
d) Glutathione-S-transferases.
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only applicable where full genomic sequence is available (i.e.,
Arabidopsis and rice), is useful in both predicting and vali-
dating experimental data [32].

This review aims to update the contribution to plant bi-
ology of proteomics, covering the period 2004–Feb-
ruary 2006. It has been divided into five sections, describing:
subcellular proteomes, plant development, the responses to
biotic and abiotic stress, PTMs, and protein interactions. Our
concluding remarks summarize the pitfalls and challenges
of plant proteomics. As in our previous review [1], methodo-
logical approaches and techniques are briefly discussed,
making reference to relevant key original papers or reviews.
We have attempted to minimize overlap with other recently
published reviews [2, 33–35].

2 Subcellular proteomes

The genome of Arabidopsis is well characterized, but the
function of one-third of its encoded proteins remains
unknown. Definition of their cell localization would doubt-
less furnish valuable functional information. In addition, the
resolution of global proteomes is poor unless the genome is
small, or the total cell proteome can be fractionated into its
subcellular components. Since fractionation is inevitably
imperfect, an assessment of the level of contamination is
always necessary, although this is not technically straightfor-
ward. Over the past few years, organelle proteomics have
reached a sufficient level of maturity to allow the identifica-
tion of components in several subcellular compartments [1].
The past 2 years have seen the generation of a large amount
of data, which have facilitated the construction of a number
of organelle-specific proteome databases. Since the 2004
reviews [1, 36], two plastid (PPDB and plprot [37, 38]), one
mitochondrion (AMPDB [39]) and one nucleolus (AtNoPDB
[40]) databases have been created. In addition to these, infor-
mation regarding organelle proteomes is present in global
databases such as the Rice Proteome Database [41]. The
extent of proteomic data is now sufficient to allow large-scale
comparisons to be made between experimentally identified
protein sets from enriched subcellular fractions and predic-
tion sets based on in silico localization. This combined
information has permitted the creation of a database deliver-
ing a genome-wide prediction of ultimate protein subcellular
localization [39]. Much of this databasing effort has been
reviewed elsewhere [42].

As in the previous review period, considerations of prac-
ticality have biassed organelle choice to plastids and mito-
chondria (see below, Sections 2.1 and 2.2). Nonetheless, sig-
nificant efforts have been devoted to the membranes de-
limiting the cytoplasm, the plasma membrane and the
tonoplast (terminal membranes; see Section 2.3), and to the
cell wall and extracellular proteomes (see Section 2.4), al-
though none of these have been assembled in a specific
database. In addition, attention has been paid to the nuclear
proteome (see Section 2.5) and innovative procedures have

been trialled for subcellular compartments that cannot be
efficiently purified, and so are generally sampled as mixtures
(e.g., the ER and the Golgi apparatus, see Section 2.6).

2.1 Plastids

Plastids, especially chloroplasts, have been the target of the
most serious proteomic efforts since 2004, even though a
large set of data was already available at the beginning of the
period (reviewed in [43]). The initial focus concerned the
cataloging of proteins localized in the envelopes and thyla-
koids of Arabidopsis and spinach, using either a classical
2-DE approach or other more specialized protein separation
technologies [44]. This led to the characterization of certain
protein complexes and PTMs. MS approaches have con-
centrated on systematic MS/MS. The utility of more precise
configurations, such as FT-ICR-MS, although previously
shown to have promise [45], remains anecdotal. A common
feature has been the introduction of steps to improve protein
or peptide resolution, thereby allowing a more in-depth
analysis. Examples include multidimensional chromatogra-
phy to resolve peptides [46] and three-phase partitioning to
fractionate membrane proteomes [47], which, when com-
bined, allowed for the identification of about 700 plastid
proteins. After curation to eliminate redundancy due to the
application of different gene models [47], approximately one
third of these products remained of unknown function, a
typical proportion in the light of the global functional anno-
tation of Arabidopsis genes. This protein set includes many
previously undetected membrane proteins, and the analyti-
cal approach can only provide provisional clues as to biologi-
cal function. The identification of known function proteins
has resulted in a better coverage of the chloroplast gene out-
put, but has not led to a major evolution in the under-
standing of chloroplast function. In contrast, an analogous
analysis of stromal proteome has led to some major advances
[48]. For this research, colorless native (CN)-PAGE gels were
used to resolve protein complexes and to quantify the relative
abundance of proteins by image analysis after SYPRO Ruby
staining. A number of oligomeric complexes were eluci-
dated, emphasizing the importance of paralogues. The rela-
tive importance of the various functional classes or pathways
in the stromal proteome was defined. Further successes
include the identification of the targets of proteins involved
in the redox poise (e.g., thioredoxins (Trx)), described in more
detail in Section 5; and the characterization of the plastoglo-
bule [49, 50], a lipoproteic structure having an as yet
unknown function. Detailed proteomic analysis has sug-
gested that plastoglobules represent a functional metabolic
link between the inner envelope and the thylakoid mem-
branes. Collectively, prior data and these recent efforts have
resulted in the characterization of approximately 1000 plas-
tid proteins in Arabidopsis.

Arabidopsis, however, is not the only plant species to
have benefited from proteomic study of the chloroplast. By
coupling 2-DE with various data-clustering procedures, tem-
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poral changes in the proteome during the greening process
were investigated in maize [51]. In barley, thylakoids were
characterized by BN 2-DE without any intervening fraction-
ation step [52], enabling the identification of the most abun-
dant thylakoid protein complexes. In contrast, prior frac-
tionation on density gradients was necessary to resolve the
proteome of rice etioplasts by SDS-PAGE [53]. Thus, rela-
tively comprehensive datasets for the chloroplasts of several
species are now deposited in proteomic databases, including
both dicots (Arabidopsis, tobacco) and monocots (barley,
maize, and rice).

The preparation of very pure fractions of intact chlo-
roplasts is technically feasible, and so, combined with the
substantial volume of prior functional information, it is pos-
sible to accurately estimate the level of organelle contamina-
tion. This situation does not obtain for other subcellular
compartments. For instance, in the case of the Arabidopsis
stromal proteome, the contamination level was proposed to
be under 2% [48]. In addition to the problem of contamina-
tion, both the statistical evaluation of changes in protein
accumulation during a process and the robustness of derived
protein complexes need to be considered. These features
were specifically addressed in the study of chloroplast bio-
genesis using 2-DE-derived data [51].

2.2 Mitochondria

Mitochondria are the second organelle to have attracted sig-
nificant proteomic analysis, since their purification is also
relatively straightforward. However, in contrast to the plas-
tids, the major focus has been to detect changes in the mito-
chondrial proteome induced by a range of treatments rather
than attempting to construct a systematic catalog of all pro-
teins recruited. The protein composition of mitochondria
(reviewed in [54]) represents an approximately 20% coverage
of the expected proteome, although this includes both indi-
vidual proteins as well as protein complexes. Mitochondrial
proteomics has not been restricted to model plants.

The only recent study of the mitochondrial proteome
used a solvent extraction procedure initially developed for the
chloroplast envelope [55]. Over 100 Arabidopsis proteins were
identified, with a range of functions, as only 2% of these
corresponded to known nonmitochondrial proteins, a low
contamination level was claimed. Other studies have dealt
with rice and pea. Using a dinitrophenylhydrazine tag, over
50 mitochondrial proteins susceptible to oxidation were
detected in rice [25]. Also in rice, changes to the proteome
induced by the relief from anoxic conditions were investi-
gated, with a focus on protein complexes [56]. The effects of
various abiotic stresses and herbicide treatments were char-
acterized in pea [57]. In all cases, the mitochondria main-
tained their vital functions, but differential stress-dependent
responses were observed, involving the degradation of key
enzymes. Overall, the mitochondrial proteome remains
rather poorly characterized, but is a favored target for physi-
ological studies.

2.3 Terminal membranes

In recent years, a renewed interest in both the plasma
membrane and tonoplast has led to significant and innova-
tive attempts to characterize their proteomes including a
large-scale analysis of PTMs. Solvent extraction procedures,
previously developed for the purification of chloroplast
envelope proteins, have been applied to isolate the hydro-
phobic Arabidopsis proteome [58]. This achieved the identifi-
cation of almost 100 novel proteins, the functions of about
75% of which were classifiable. In addition, the plasma
membrane localization of several was validated by the tran-
sient expression experiments using green fluorescent pro-
tein fusion proteins. The Arabidopsis plasma membrane was
the first plant-based system to be submitted to systematic
phosphoproteomic analysis [59, 60]. Over 300 phosphoryla-
tion sites were mapped, using inside-out plasma membrane
vesicles and phosphopeptide selection and fractionation after
trypsin release of cytoplasmic peptides. An in silico analysis
was used to clarify the characteristics of these sites in the
plant membrane. In addition to the phosphorylated proteins,
35 GPI-anchored plasma membrane proteins were also
identified [61]. Outside of Arabidopsis, an MS approach
allowed for the detection of two proteins in the plasma-
lemma of mycorrhizal roots (but not in noninoculated roots)
of M. truncatula. These constitute the first potential markers
for the peri-arbuscular membrane [62].

Two different approaches have been used to investigate
the vacuolar membrane of Arabidopsis [24]. First, tonoplast
proteins were resolved in micelles by 2-D LC followed by
SDS-PAGE and MALDI-TOF MS [63]; and second, SDS-
PAGE coupled to LC-MS/MS was combined with multi-
dimensional peptide LC-MS/MS. Apart from the clear ad-
vantage of tandem MS in terms of the number of proteins
identified, both approaches allowed for the characterization
of largely hydrophobic protein sets with differences attribut-
able, at least in part, to the source of sample (suspension
cells vs. leaf). In rice, a 2-DE analysis of gibberellin (GA)-
induced changes in the tonoplast peripheral proteome [64]
suggested that both aldolase C-1 and V-ATPase are involved
in the control of root growth.

2.4 Cell wall and extracellular proteomes

The purification of plant cell walls is hampered by a number
of technical difficulties. Thus, the characterization of its pro-
teome has long been difficult [65], and a combination of var-
ious treatments is required [66, 67]. MS analysis identified
many proteins not previously believed to be extracellular.
More recently, a multidimensional analysis of peptides has
allowed for the characterization of additional subsets of pro-
teins, resulting in the identification of over 250 Arabidopsis
cell wall proteins, including some previously detected. The
presence of numerous extracellular proteases was confirmed
[23, 67]. Modifications in response to biotic and abiotic
stresses have also been investigated. Both pathogen elicitors
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in maize [68] and salt stress in tobacco [69] induce significant
changes in the extracellular proteome, including some
changes in post-translational status.

2.5 Nuclear and nucleolus proteomes

The nucleus is a prominent target for proteomic analysis.
However, the purification of intact nuclei (including both
membrane and matrix) in sufficient quantity is difficult. The
tight association between the nuclear membrane and the ER,
and the similar density of nuclei and chloroplasts are at the
heart of this challenge. By taking advantage of the presence
of a detergent-resistant intranuclear skeleton (the lamina
made of specific intermediate filament proteins, named
lamins), a large preparation of stripped nuclei can now be
purified relatively easily. The remaining problem is the
minimization of protein loss from these leaky nuclei. Never-
theless, hundreds of nuclear or nucleolar proteins have
already been described [70] and compared with human
nucleolar proteins [71]. Some PTM approaches have also
been initiated [72].

2.6 Mixtures of subcellular proteomes

The Golgi apparatus and the ER are not easily resolved from
one another and copurify in overlapping fractions. The
LOPIT (localization of organelle proteins by isotope tagging)
strategy has been proposed for the characterization of these
organelle mixtures [73]. LOPIT quantifies relative abundance
by combining an assessment of membrane distribution
(using known markers) with labeling by ICAT reagents of
proteins in contrasting fractions. Proteins are then assigned
to organelles according to their distribution and that of the
markers in multiple pair-wise comparisons. This approach
has proven to be suitable for Golgi and ER in the presence of
contaminating plasma membrane, plastids, and mitochon-
dria. Most recently, the use of iTRAQ labeling has allowed an
expansion of this approach to distinguish genuine organelle
residents from contaminating proteins [74].

3 Plant organ development

The proteomic analysis of whole organs and tissues is still a
major task in the characterization of plant samples. Al-
though limited in its separation capacity, 2-DE is still widely
used to separate the components present in crude protein
extracts. Large-scale analyses have been carried out in Arabi-
dopsis [75], M. truncatula [76], and rice [2]. Some 6000 gel
spots, resolved from extracts of Arabidopsis primary leaf,
silique, and seedling, were purified from the gels and ana-
lyzed by MALDI-TOF MS, resulting in the identification of
2493 products encoded by 663 distinct genes. A Q-TOF MS
analysis of an M. truncatula cell suspension culture has
yielded an extensive protein reference map in which 1367 of
the 1661 proteins resolved were identified (907 protein

accession numbers). These comprised a complete tri-
carboxylic acid cycle; a nearly complete glycolytic pathway; a
significant portion of the ubiquitin (Ub) pathway with the
associated proteolytic and regulatory complexes; many
enzymes involved in primary and secondary metabolism,
and energy production; and proteins implicated in defense,
protein destination/storage, protein synthesis, transcription,
cell growth/division, and signal transduction.

A number of studies have demonstrated that proteomic
analysis can generate information relevant for the elucida-
tion of molecular mechanisms involved in developmental
processes. Leaf developmental stages have been character-
ized in maize [77], revealing two isoforms of caffeic acid/5-
hydroxyferulic 3-O-methyltransferase (COMT) among the
differentially expressed gene products. Both COMT isoforms
are involved in lignin biosynthesis and are maximally
expressed 10–20 cm from the leaf point of insertion. The
expression of several other enzymes of the lignin and flavo-
noid pathway, such as phenylalanine ammonia lyase and
caffeoyl-3-O-methyltransferase, is correlated with the abun-
dance of COMT isoforms. The lignification zone corre-
sponds to the enzyme accumulation profiles, ensuring the
reinforcement of cell walls as the elongation process tails off.
In addition, a shift, in response to drought, in the maximum
accumulation of these proteins was established, affecting the
lignification process as a consequence of a reduced growth
rate [77].

The consequences on the leaf proteome of a perturbation
in polyamine metabolism have been studied in transgenic
tobacco overexpressing S-adenosylmethionine decarboxy-
lase. Groups of proteins, some with reduced and some with
increased abundance were observed. Among the lower
abundance proteins were the ribonucleoproteins, while
those of higher abundance were isoforms of pathogenesis-
related (PR) f-1 proteins. As the latter result was restricted to
only one of the three independent transgenic lines, the mo-
lecular connection between altered polyamine levels and PR
protein expression remains elusive [78].

Proteomic analysis of tree species still represents a major
challenge. Protocol optimization for both leaf protein extrac-
tion and 2-DE was required for the holm oak. Values of 26%
for the analytical variance and of over 58% for the biological
variance between three independent trees were observed.
The identification of proteins needed de novo sequencing and
BLAST searches since only a limited number of database
entries exist for Quercus [3]. Nevertheless, the feasibility of a
proteomic analysis of tree tissues was established despite the
considerable remaining technical challenges with respect to
both 2-DE and MS-based protein identification.

Proteins associated with adventitious root formation
have been identified by comparing a number of Arabidopsis
mutants [79]. The propagation of clonal populations of elite
genotypes via tissue culture is a major goal in certain crop
and many ornamental plants, and this is largely dependent
on the ability to form adventitious roots, a character under
polygenic control. Comparative 2-DE image analysis of gen-
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otypes contrasting in their capacity to form adventitious
roots revealed 11 proteins positively or negatively correlated
with endogenous root formation, the number of adventitious
roots, or root primordia formed. Three of the positively cor-
related products were identified as auxin-inducible GH3-like
proteins. Overall, the analysis revealed the regulatory path-
ways of adventitious root formation, and the proteins identi-
fied could be informative as novel markers to identify valu-
able genotypes. Interestingly, a microarray-based analysis of
adventitious root formation in Pinus contorta identified
similar candidate genes [80].

Root proteome analysis has also been performed on
maize seedlings. Of all the proteins detected by 2-DE of
extracts of 5-day-old plants, only 28% were still present at a
later stage of development. These considerable alterations in
the protein profile clearly reflect underlying cellular pro-
cesses during primary root development, as well as processes
associated with the formation of lateral roots at a later devel-
opmental stage [81].

Events associated with flower development have been
tracked via a proteomic analysis of rose petals [82]. A series of
2-DE maps was obtained from closed buds, mature flowers,
and flowers at anthesis, generating almost 1000 distinct
products. Image analysis revealed that about 90 products are
developmental stage specific. Only 6% of these products
were constitutively present, whereas most showed a differ-
ential pattern of expression during flower development. MS
identified 82 of the products which could be classified into
various categories. Remarkably, stress-related proteins were
strongly represented in the developing petals, suggesting
that the protection of young floral tissue is an important
component of flower development. Although secondary me-
tabolism is a major sink for metabolite allocation during
flower development, only one of the proteins identified
(dihydroflavonol reductase) could be classified into this en-
zyme category.

A reference Arabidopsis 2-DE pollen map consisted of
135 identified proteins. In addition to those associated with
basic cellular functions, such as energy generation, ten pro-
teins were of unknown function and three were flower- or
pollen-specific. Nine proteins, for which no equivalent
mRNA had been found in a prior transcriptome experiment,
were identified [83]. Pollen tube development in Pinus strobus
was followed by comparing the proteomes of germinated and
nongerminated pollen. Of almost 650 products resolved,
38 were pollen tube specific, and 19 showed increased
expression in pollen tubes. As pollen tube development in
gymnosperms differs considerably from that in angio-
sperms, a further in-depth analysis will be needed to define
the cellular commonalities and specificities of this important
process [84].

Over 350 distinct proteins could be recognized in extracts
of tomato seeds at the onset of germination, for both embryo
and endosperm. Nearly two-third of the 75 products purified
from 2-DE gels could be identified by a combination of MS
techniques. Proteins specific to both the embryo and the

endosperm were identified and the major seed storage pro-
teins were further characterized [85]. The measurement of
protein carbonylation allowed the patterns of protein oxida-
tion during germination of Arabidopsis seeds to be followed.
In dry seeds, 12S cruciferins (legumin-type seed storage
protein) were the major target of oxidation; but during imbi-
bition, various other proteins were oxidized, although carbo-
nylation was unevenly distributed. Protein oxidation is
thought to be an adaptative mechanism to counteract oxida-
tive conditions during germination [86]. The identification of
250 wheat starchy endosperm proteins permitted the defini-
tion of 13 metabolic processes such as ATP interconversion,
and carbohydrate and lipid metabolism. Although less
abundant proteins have yet to be identified in this system,
changes in protein profiles during seed development were
detectable [87].

Nitrogen mobilization from leaves during seed filling
was analyzed in pea [18]. Once a reference proteome map
had been established for leaves and stems, changes in pro-
tein profiles during N-mobilization could be tracked, reveal-
ing that 40% of products were significantly altered in abun-
dance, including the loss of RubisCO and an increase in
chloroplastic protease regulatory subunits. Many of the pro-
teins present in higher amounts were related to protein
folding, protein degradation, and defense mechanisms. For
some, prior experiments had shown induction of higher
levels of transcription. Also, among these were two 14-3-3
proteins which are members of a family thought to be
involved in the regulation of C- and N-metabolism.

The capacity of the proteomic approach to investigate
cellular processes occurring during somatic embryogenesis
in spruce was demonstrated in a Picea glauca cell culture
system [88]. The process is important as a tool for the clonal
propagation of conifers, which is desirable to provide uni-
form seedling quality for forestry. Four stages of develop-
ment were defined, and materials were analyzed by 2-DE,
leading to the recognition of 48 differentially represented
proteins. Identification of these was based largely on LC-MS/
MS, using an EST database containing some 50 000 sequen-
ces obtained from three spruce species, along with ESTs
from loblolly pine and poplar. An ontological classification of
identified proteins revealed that the differentially expressed
products included membrane and nuclear proteins as well as
proteins involved in metabolism and energy production.
Other proteins identified comprised a range of candidates
newly associated with the embryogenesis process. The sec-
ond most abundant protein was an enolase homolog which
may be involved in the stress response. Although no experi-
mental validation for this function was obtained, the protein
was suggested as a marker for embryogenesis.

Somatic embryogenesis has also been studied in
M. truncatula by comparing the 2-DE profiles of extracts of
cell cultures from the wild-type Jemalong with those of
line 2HA, which has a 500-fold higher capacity for regenera-
tion [89]. Over 2000 spots could be visualized on individual
gels, and image analysis identified 54 whose intensity
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changed over the 8 wk of cultivation. Of these, 60% were also
polymorphic between the two test genotypes, and the protein
identity of 16 has so far been identified. A remarkable
expression pattern was displayed by 1-Cys peroxiredoxin – its
abundance was low throughout the cultivation of Jemalong;
but in 2HA, it increased in abundance between 5 and 8 wk.
Peroxiredoxins are components of cell defense against oxi-
dative stress, but the precise role of this isoform remains to
be elucidated.

Cell-specific protein profiling has been achieved for the
unicellular trichomes of Arabidopsis. Shotgun peptide se-
quencing led to the identification of 63 unique proteins,
including a complete S-adenosylmethionine pathway cluster,
two S-adenosylmethionine synthase forms, a glutathione
(GSH) S-conjugate translocator, and other proteins involved
in sulfur metabolism and detoxification [90]. Proteome anal-
ysis of a trichome preparation from tobacco revealed an
abundance of defense-related proteins, including superoxide
dismutase (SOD), GSH peroxidase, and PR proteins. Results
of 2-DE were confirmed by Western blotting and enzyme ac-
tivity staining for SOD. Unlike those in Arabidopsis, tobacco
trichomes have a glandular function and are multicellular;
thus, many differences in their protein complements are
likely to be revealed in further proteome, transcript, and
metabolic studies [91].

The targeted enrichment of whole tissue extracts has
been successfully applied in a number of studies. Affinity
purification of mannose-binding proteins was achieved from
root, leaf, and seed of rice [92]. A total of 136 proteins were
identified from these fractions following separation by 1-DE
and HPLC-MS/MS. The proteins from separate rice tissues
overlapped only partially indicating a high degree of organ
specificity. A large fraction of the proteins identified was
related to sugar metabolism, while a considerable one com-
prised proteins without an annotated function.

Gibberellin (GA)-regulated proteins have been identified
in rice roots by comparison of the proteomes of a wild-type
and a GA-deficient mutant. Among these was fructose-
bisphosphate aldolase, suggesting that it plays a prominent
role during GA-induced root growth [93]. Similarly, in an
analysis of a cell suspension culture derived from a con-
stitutive GA response rice mutant, methylmalonate-semi-
aldehyde dehydrogenase was identified as the most up-regu-
lated protein, relative to wild-type cells. In addition, this pro-
tein was present at higher amounts in the roots and leaf
sheaths of the mutant, whereas in wild-type plants, its pres-
ence was stimulated by GA. Down-regulation of its expres-
sion using an antisense construct resulted in the production
of thin seminal roots and a minor inhibition of leaf sheath
elongation. The content of TCA cycle metabolites was
reduced in these transgenic antisense plants. Overall, it
appeared that methylmalonate-semialdehyde dehydrogenase
plays a role in root development and its regulation forms part
of the downstream response to GA signaling [94]. This study
is a case example of the power of the proteomic approach for
functional characterization since it achieves the initial iden-

tification of candidate genes and supplies the strategy for the
further characterization of function in follow-up experi-
ments.

Overall, the recent years have seen a rapid expansion in
the proteomic analysis of whole plant tissues as an approach
to the study of global gene expression, and hence various
aspects of cellular biochemistry. A common experience is that
many of the proteins identified belong to a small set of major
housekeeping families. To obtain a detailed view of specific
aspects in various plant tissues, a higher level of resolution is
needed. Thus, the development of prefractionation tech-
niques and the analysis of fractions by LC-MS or 2-DE will
feature in future studies of whole plant tissues.

4 Responses to biotic and abiotic stresses

Plant survival, and hence crop productivity, depends greatly
on the ability to adapt, respond, resist, and tolerate variable
environmental conditions. Plants have evolved sophisticated
mechanisms to cope with a variety of biotic (pathogens, her-
bivores, parasitic plants) and abiotic (drought, salinity, UV
light, poor and polluted soils, etc.) stresses. How such envi-
ronmental stimuli are perceived and trigger the complex
defensive and adaptive signaling networks, leading to altered
gene expression, protein and metabolic changes, and growth
retardation, and how these events result in resistance/toler-
ance is of major practical interest. The study of the plant–
environment interaction has been conventionally carried out
using biochemical, genetic and, more recently, tran-
scriptomic (qRT-PCR, micoarrays, SAGE) techniques. Prote-
omics has now begun to make a further contribution toward
the unravelling of the elements involved in stress perception
and transduction, and some reviews covering this area have
already been published [95–97]. For such studies, the term
“environmental proteomics”, if well-defined, can be used [2].

At least 52 papers reporting proteomic approaches to-
ward studying alterations in protein levels in response to
various stresses have appeared during the review period
(Supplementary Table 2). The stresses take in both biotic
(23 papers, covering viral, bacterial and fungal attack, resist-
ance mechanisms and signaling, and response to herbivores
and parasitic plants) and abiotic (25 papers, covering
drought, salinity, high temperature, high light, nutritional
deficiencies, elevated CO2 levels, anoxia, heavy metal pollu-
tion, and herbicides) agents, along with a small number of
miscellaneous topics (four papers). Most of these studies
have been conducted using the roots or leaves of Arabi-
dopsis, rice, or maize. Cell suspensions have also been
exploited, especially for the dissection of signaling pathways
and PTMs, since they are more suited for analytical tech-
niques relying on amino acid radiolabeling (generally 35S-
Met). In particular, the transient suppression of de novo pro-
tein synthesis and protein degradation is a common phe-
nomenon under stressed conditions, especially in suscep-
tible genotypes [28].
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2-DE/MS analysis has been used to investigate genotypic
variation in response to environmental stresses [98–100].
This variation typically takes the form of quantitative and
qualitative differences in the protein profile between geno-
types, and attempts have been made to correlate these with
differential phenotype. Almost all environmental proteomics
research uses comparisons of the 2-DE protein profiles
among genotypes, mutants, or transgenics, where one line is
resistant or tolerant and the other susceptible or nontolerant.
Plants are typically grown both under optimal and sub-
optimal (stress) growth conditions, and differential spots
once statistically validated, are extracted from the gel, puri-
fied, digested, and analyzed by MS for identification. Differ-
ential proteins, selected from contrasts between resistant/
tolerant versus susceptible/nontolerant, or between optimal
growth conditions versus stressed growth conditions, are
taken as candidates involved in the stress response. The use
of this approach acknowledges that only a minor fraction of
the overall proteome can be analyzed (since 2-DE gels typi-
cally resolve less than 1000 spots), with the sample largely
limited to the majority of the soluble proteins having a pI in
the range of pH 4–8. For this group of proteins, there is a
relatively good correlation among the level of mRNA accu-
mulation, as assessed by microarray hybridization, quantita-
tive real time reverse transcription-PCR and protein expres-
sion levels, and the level of translation product [29].

Irrespective of which stress is applied and what plant
species is utilized, most of the differential proteins identified
appear to be either constitutively present (preformed defen-
ses) or are specifically induced in the resistant/tolerant
plants [101]. A few are specific for the type of stress applied,
for example, nitrogen-assimilating enzymes [100], heat-
shock proteins (HSPs) [102], metal-chelating proteins [103],
xenobiotics, detoxifying enzymes such as GST [104] and dis-
ruptors of the digestive processes of herbivorous insects
[105]. For some differential proteins, multiple isoforms or
specific PTMs could be detected, each responding differently
according to the stress applied [104, 106].

4.1 Biotic stress

Descriptive proteomics is the topic of Sections 2 and 3. Never-
theless, the proteomic analysis of certain specific plant tissues
and organs, such as the phloem [107] and xylem [108] sap, the
trichomes [91], and subcellular fractions such as the cell wall
[109] and apoplast [110], has revealed that defense and stress-
related proteins are strongly represented even in the absence
of stress, supporting the notion that they play important roles
in many aspects of defense. Some of these proteins are present
as multiple isoforms and have been shown to possess in vitro
antifungal activity. In addition, novel proteins of unknown
function, whose existence has been predicted from genomic
analysis, have also been detected [111].

The majority of the differential proteins present in resis-
tant and susceptible genotypes (as a general rule, in
increased amount in resistant types, and in decreased

amount in susceptible ones) belongs to two major categories:
(i) defense- or stress-related, and (ii) enzymes associated
with C- and N-metabolism and secondary metabolism.
Within the first group are the PRs (such as the glucanases,
chitinases, proteases, protease inhibitors), antioxidants (cat-
alases, SODs, peroxidases, enzymes of the ascorbate-glu-
tathion cycle), late embryogenesis abundant (LEA) proteins,
chaperones, and HSPs. Within the second group, a number
of enzymes associated either with carbohydrate assimilation
and metabolism (including photosynthesis, glycolysis, and
the Krebs cycle), nitrogen assimilation, or secondary (phe-
nolics) metabolism has been identified. Biochemical or tran-
scriptomic approaches for the study of plant–pathogen
interactions have emphasized group (i) much more than
group (ii). The presence of greater amounts and/or activity of
enzymes of the carbohydrate-energetic metabolism in resist-
ant, as opposed to in susceptible genotypes may reflect, at
least under limiting environmental conditions, a genetic ad-
vantage with respect to either photosynthesis and/or
absorption of the photoassimilates needed to fuel biosyn-
thetic pathways. There has long been evidence that con-
stitutive expression of resistance leads to a reduction in plant
growth and fitness as a consequence of “metabolic competi-
tion” directed toward the synthesis of defense elements [112].
Hence, the observed genotypic differences may balance the
fitness cost of the resistance.

Plant carbohydrate and N-metabolism also plays an
important role in the case of parasitic plants, flowering plant
species that have lost their autotrophism during evolution by
adapting themselves to obtain water and nutrients from
other plants (about 3 500 species reported to date). Studies at
the Jorrín lab using the legume/sunflower–Orobanche spp.
interaction ([113] and unpublished results) support the
existence of similar defense strategies against a broad range
of pathogens – including bacteria, fungi, and parasitic plants
– and have opened new possibilities for the deepening of our
understanding of the redirection of host assimilates from
host sinks to parasite.

Some published comparative proteomic studies have
sought to characterize signaling pathway proteins which
mediate changes in gene expression and protein modifica-
tion in response to environmental cues, this representing
one of the most innovative contributions of proteomics.
Plant research has mainly focused on the unravelling of
entire phosphorylation cascades involved in adaptation to
different stress conditions, such as pathogen attack, as dis-
cussed in the following section.

The characterization of signaling events has been affect-
ed using proteomic or subproteomic comparisons in cell
cultures treated with microbial elicitors, or exposed to key
defense-related signaling molecules such as salicylic
acid (SA), hydrogen peroxide (H2O2), and nitric oxide (NO).
Treatment with some pathogen-derived elicitors induced
changes in the extracellular matrix of maize cells [68],
revealing some novel phenomena not previously reported,
namely a change in the phosphorylation status of matrix
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proteins and the apparent recruitment of cytosolic proteins
into the cell wall. In soybean cells, elicitor (syringolide)
treatment induced an oxidative burst and protein phospho-
rylation [114]. Both phosphorylation and protein transloca-
tion events are important in signal modulation during
induced defense responses.

Iodoacetamide-based fluorescence tagging was used in
conjunction with MS analysis to identify a number of
potential protein targets for H2O2 in the cytosolic fraction of
Arabidopsis [115]. The most prominent protein identified
was glyceraldehyde-3-phosphate dehydrogenase, a key en-
zyme of glycolysis, suggesting a role in the mediation of
reactive oxygen species (ROS) signaling in plants. Mean-
while, changes in the Arabidopsis “secretome” in response
to SA led to the identification of GDSL LIPASE1, a lipase
containing a GDSL-like motif [116]. This enzyme, in asso-
ciation with ethylene signaling, may be a critical component
of the resistance against the fungal pathogen Alternaria
brassicicola. In order to investigate the downstream signal-
ing pathways of nitric oxide (NO) in plants, mung bean leaf
tissue was treated with the NO donor sodium nitroprusside.
The changes observed concern mainly photosynthetic pro-
teins, suggesting that the chloroplast is a major subcellular
target [117]. OsRac1, a rice homolog of a human small
GTPase Rac, as deduced from 2-DE/MS analysis, is able to
induce the expression of many gene products functioning
in various signaling and metabolic pathways, and plays a
dominant role in the defense response of cultured rice cells
[118].

Programed cell death (PCD) in plants plays a central role
in a wide range of processes including defense. In Arabi-
dopsis cell suspensions, an extracellular glycoprotein has
been identified that may serve to transmit a “death signal”
from cell-to-cell [119]. In rice, proteomic comparisons of
mutants displaying spontaneous cell death lesions and con-
stitutive resistance features suggest that metabolic changes
underlie the PCD phenotype [120].

Finally, and distinct from prokaryotes, unicellular eukar-
yotes and humans, little is known of the proteins in plants,
involved in pathogen recognition. These processes are of
crucial importance for plant survival, since sensing is the
precursor of the early and co-ordinated activation of defense
responses, both spatially and temporally, which culminate in
resistance or tolerance. For host-plant resistance to patho-
gens governed by a gene-for-gene-interaction, it has been
shown that the initial recognition event involves direct or in-
direct interactions of the gene products of the pathogen’s
avirulence genes and the corresponding resistance genes of
the host plant [121], with some of them later identified
recently by proteomic analysis [122]. A yeast-two hybrid
analysis identified 12 proteins which interact with the Ara-
bidopsis RPS2 gene product [123], while a proteomic
approach, based on membrane vesicles obtained from Ara-
bidopsis and mustard cotyledons, succeeded in identifying
23 signaling proteins, among which were kinases, leucine-
rich repeat (LRR)-receptor kinases, and G proteins [124].

Most recently, the induction of some of these LRR-receptor
kinases has been reported in fungal-infected Arabidopsis
roots [125].

4.2 Abiotic stresses

A number of unfavorable environmental factors can act
singly or in concert to strongly impaired plant growth and
productivity; these include the suboptimal availability of
nutrients, excessive or inadequate light, lack of oxygen, lack
of water, high or low temperature, wind, wound, and chemi-
cal pollution. As drought and salinity are the most com-
monplace environmental limitations to plant productivity, a
number of important crop plants, in particular rice (reviewed
in [2]), maize [77], and sugar beet [126] have been investi-
gated using a proteomic approach.

2-DE profiling together with an analysis of secondary
metabolism was applied to elucidate the impact of water
deficiency on the lignification of maize leaves. The pheno-
typic response to water deficit was a reduction in the level of
lignin and a shift of the lignification zone toward the leaf
base. The expression profiles with respect to candidate pro-
teins were consistent with these changes [77]. The response
to drought stress of field-grown sugar beet has been de-
scribed in [126]. Analysis of the 2-DE profiles of leaf extracts
from two different cultivars identified 79 gene products
whose intensity changed significantly as a consequence of
water deficit; of these, 44 were down-regulated, 27 were up-
regulated, and eight were not detected in the nondroughted
controls. Some of these were also genetically variable.
Selected spots were purified for protein identification,
revealing proteins which have previously been shown to play
a role in the stress response, including the small HSP, cyto-
solic Cu-Zn SOD, 2-cysteine peroxidase, cyclophilin, nucleo-
side-diphosphate kinase, a nascent polypeptide-associated
complex a-chain, and the large subunit of RubisCO. These
proteomic analyses based on a number of species have iden-
tified a significant degree of inter- and intraspecific genetic
variation in the expression of these stress response genes.
Some of these proteins clearly give a physiological advantage
under stress conditions, and thus are simultaneously poten-
tial targets for marker-assisted selection and rational candi-
date genes for the identification of quantitative trait loci.

More recently, the effects of drought on the leaf proteome
of the forest tree species holm oak have been described [127].
Differences at the level of the leaf proteome in response to
drought stress variations related to different developmental
stages and between provenances have also been observed in
this study. The major physiological changes were the mobi-
lization of storage proteins and carbohydrates and the inhi-
bition of photosynthesis.

In a comparative analysis to define the cellular mechan-
isms operating in plant trichomes, the soluble proteins of
whole leaves and isolated trichomes from tobacco were sub-
jected to 2-DE [91]. Proteins related to stress defense respon-
ses (cytosolic Cu-Zn SOD, GSH peroxidase, PR-2, PR-Q, and
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an Arabidopsis stress-inducible protein) were strongly
represented among the products specifically enriched in
tobacco trichomes. The specificity of expression of these
proteins in the trichome was confirmed by protein gel blot-
ting and enzyme assays.

Changes induced in response to salinity stress have been
described at the level of the soluble fraction of tobacco leaf
apoplastic polypeptides. The expression of two chitinases
and a germin-like protein increased significantly and two
lipid transfer proteins were expressed de novo [69]. In a par-
allel study, salt stress-induced changes in the periplasmic
fractions of Synechocystis were analyzed [128] and, more
recently, a proteomic approach based on isolated plasma
membranes was developed [129]. The largest defined group
of proteins which consistently shows enhanced expression
under salt stress contains the substrate-binding proteins of
ABC transporters. Regrettably, a substantial number of pro-
teins affected by salinity remain annotated as hypothetical
proteins due to a lack of any sequence similarity to any pro-
teins of known function. The effects of salinity and hyper-
osmotic stress on Arabidopsis cell suspension cultures have
been investigated using DIGE technology [28]. Products dis-
playing significant changes in abundance included H1

transporting ATPases, signal transduction-related proteins,
transcription/translation-related proteins, detoxifying en-
zymes, amino acid and purine biosynthesis-related pro-
teins, proteolytic enzymes, HSPs, carbohydrate metabolism-
associated proteins, and proteins of unknown function. In
addition, the transient suppression of de novo protein syn-
thesis was demonstrated.

A comprehensive study of the signaling events during
salt stress in Arabidopsis analyzed salt-induced changes in
the root microsomal proteome using 2-DE combined with
protein gel blotting [130]. Ca21-dependent membrane-bind-
ing proteins, designated annexins, were identified as the
major signaling components, a result validated by the obser-
vation that T-DNA insertion mutants of two isoforms of
annexin displayed hypersensitivity to osmotic stress and
abscisic acid (ABA) treatment during germination and early
seedling growth.

In contrast to the intensive study of the influence of
water and nutrient status on plant proteomes, studies on
plant responses to light and temperature stress are rare. The
response of Arabidopsis to excessive light was gauged from
experiments with isolated chloroplasts [131]. Both the solu-
ble and insoluble proteins were subjected to 2-DE, revealing
52 proteins which changed in abundance as a result of the
imposed stress. Among these were a number involved in
photosynthesis, as well as some known light stress-related
proteins, such as HSP, dehydroascorbate reductase, and
SOD. Low temperature has a detrimental effect on male
reproductive development in rice, and 2-DE profiling of the
rice anther proteome has been able to demonstrate the
enhanced and induced selective partial degradation of pro-
teins at the young microspore stage as a result of cold treat-
ment [132]. The cold stress responses of Arabidopsis have

been studied using DIGE analysis of the leaf proteome [133].
This identified the accumulation of a number of proteins, in
particular dehydrins and low-temperature-induced pro-
tein 78.

A failing of much of the literature is the lack of suppor-
tive functional data from genetic and other approaches, and
projects combining comprehensive protein expression map-
ping with transcript expression profiling are still uncom-
mon. An example of this combined approach has been
reported in reciprocal maize hybrids differing in their reac-
tion to cold germination and desiccation tolerance [134].
Most of the differentially expressed traits were implicated in
more than one structural, enzymatic, or regulatory function
and could be localized in various subcellular fractions. In
further studies, pleiotropic effects should be eliminated,
leading to a set of traits closely involved in the control of cel-
lular processes and resulting in the manifestation of differ-
ences in cold germination and desiccation tolerance pheno-
types.

5 PTMs

Proteomics provides the best available tools for the study of
PTMs, which are indicative of the final players in most bio-
logical responses. The ongoing development of methods for
the identification of PTMs, involving combinations of
extraction protocols and affinity-based purification with
multidimensional separation methods and MS, is making
large-scale analysis of PTMs a reality [135]. Nevertheless,
global analyses present some intrinsic difficulties. First, the
number of potential protein modifications is large (about
300, including phosphorylation, glycosylation, ubiquitina-
tion, acetylation, and various forms of oxidation that can
occur simultaneously in a single protein [136]). Second,
many PTMs, at least those relevant to regulatory processes,
are reversible. In addition, low abundance proteins or pro-
teins located in very specific subcellular compartments, or
present at certain stages of plant development, may only be
detected if specific enriched protein subpopulations are ana-
lyzed.

At present, PTM research in plants has been mostly lim-
ited to phosphorylation in Arabidopsis, and this has been
extensively and recently reviewed [33, 137]. The present
update will therefore focus mainly on advances in defining
the plant redox proteome, featuring protein S-nitrosylation
and S-glutathionylation. Phosphorylation will be considered
in relation to methodological aspects developed to unravel
phosphorylation events – “Phosphoproteomics Technology”
– that could be extrapolated for the study of other PTMs.
Other PTMs of critical importance in the regulation of pro-
tein function, protein interactions, and protein turnover,
such as acetylation, methylation, glycosylation, ubiquitina-
tion, and Ub-like modifications have been the object of pro-
teomic research in human, yeast, and prokaryotic systems.
Despite their interest, plant proteomic studies devoted to
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these PTMs are either scarce (glycosylation) or absent in the
literature. At the time of writing, an update of PTM method-
ology has appeared [138], summarizing sample preparation
strategies for the study of phosphorylation, ubiquitination,
and glycosylphosphatidylinositol (GPI) modification.

5.1 Phosphoproteomics and phosphoproteomic

technology

The enormous attention paid to phosphorylation has driven
the development of specific methods for global analysis and
has led to the emergence of the novel research field “phos-
phoproteomics”. The current MS-based phosphoproteomics
technology has established itself as an invaluable tool for the
large-scale identification of novel phosphorylation sites, and
protein kinases, and to uncover entire phosphoproteomes
and their dynamics during stress and signaling (reviewed in
[97, 139–141]).

The problem of the low abundance of phosphopeptides
within the proteome is solved by the application of several
fractionation and enrichment steps prior to MS analysis. The
combination of these methods with radioactive and fluores-
cent labeling techniques allows a quantitative analysis of
phosphorylation between samples. One of the most signifi-
cant technological advances in phosphoproteomics has been
immobilized metal-affinity chromatography (IMAC)-enrich-
ment of phosphopeptides produced by tryptic digestion, fol-
lowed by tandem MS [142]. The prepurification of single
organelles or prefractionation of complex mixtures by, for
example, SAX/SCX (strong cation/anion exchange chroma-
tography), or the esterification of carboxylic acids groups
prior to IMAC purification of peptides, increases the speci-
ficity and coverage of the phosphoproteome in each experi-
ment. The power of the combined use of IMAC and MS for
site-phosphorylation mapping in plants has been demon-
strated by the large scale analysis of Arabidopsis phospho-
peptides from plasma membranes [60], thylakoid mem-
branes [143], and cytosolic and nuclear proteins [59, 140, 144,
145]. Recently, the phosphoproteome of the Arabidopsis seed
has been characterized using a strategy combining the ther-
mostability of many LEA proteins with the use of phos-
phoaffinity chromatography followed by phosphoprotein
identification by MS [146]. Seven previously unknown phos-
phorylation sites were identified in the spinach stroma
membrane by taking advantage of titanium dioxide micro-
columns for phosphopeptide enrichment, coupled to MS
analysis [147]. A large-scale phosphoproteome analysis of
rice, in particular tracking changes in response to stress and
hormone treatment [148], represents one of the few plant
studies carried out in species other than Arabidopsis.

5.2 Redox proteome

Oxidative/nitrosative stress, an imbalance between the pres-
ence of ROS and reactive nitrogen species (RNS), and the
antioxidant defense capacity of the organism is associated

with the stress phenomenon (both abiotic and biotic) in
many biological systems. The interaction between ROS/RNS
and cellular components can result in a large variety of pro-
tein modifications. The formation of carbonyl groups is con-
sidered to be irreversible and is generally associated with a
permanent loss of biological activity; in contrast, the rever-
sible redox cycling of cysteines and methionine residues is
associated with the activation/inactivation of protein func-
tion or the modulation of protein–protein interactions [149].
Few comprehensive analyses of cellular processes regulated
by redox modifications of proteins (redox proteome) have
been conducted in plants. Most of those directed toward the
systematic identification of proteins containing redox-regu-
lated cysteine residues have focused on the isolation and
identification of subsets of proteins, such as targets for Trxs,
and candidates for glutathionylation, nitrosylation, and car-
bonylation.

5.2.1 Carbonylation of proteins

Protein carbonylation is an oxidation process which leads to
a permanent loss of function, and thus represents a valuable
marker for oxidative stress. Its study has been simplified by
the development of an immunochemical assay, which relies
on conjugation with 2,4-dinitrophenylhydrazone (DNP) and
immunodetection of the resulting DNP-tagged protein by a
specific antibody. Two recent studies have described protein
carbonylation in plants. In the first [25], the impact of oxida-
tive stress on mitochondria was elucidated by use of immu-
noprecipitation of DNP-tagged proteins followed by 2-D-LC
MS/MS of tryptic peptides to identify the oxidized proteins of
the soluble matrix. An in vitro oxidation assay was then
exploited to further identify a number of potentially oxida-
tion-prone proteins. In the second [86], a combination of 2-
DE and DNP immunoassay was used to research the impact
of increased levels of ROS during the early stages of Arabi-
dopsis seed germination, revealing some selective carbonyla-
tion targets, including glycolytic, mitochondrial and chlo-
roplastic enzymes which very probably have implications for
the success of the germination process.

5.2.2 Disulfide proteome

The oxidation/reduction of cysteine residues is increasingly
recognized as an important modulator of protein activity and
signal transduction in various physiologically important
reactions in mammals, yeast, bacterial, and plant systems
[149]. In plants, this dynamic PTM has long been known as a
regulating mechanism for photosynthetic enzymes, and
there is considerable interest in defining all the possible
protein candidates for such regulation in the plant cell, i.e., to
define the “disulfide proteome” [150]. Thus, a large-scale
proteomic approach was developed to investigate the total
redox-responsive disulfide proteome of Arabidopsis [27].
Sulfhydryl groups were fully blocked by alkylation, and any
disulfide cysteines remaining unmodified from the first step
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were converted to sulfhydryl groups by reduction. In the next
step, thiol proteins were purified by affinity chromatography,
separated by SDS-PAGE, and identified by MS. The use of
affinity chromatography to enrich target proteins permits the
detection of relatively low-abundance proteins: in all, 65 sol-
uble, membrane and secreted putative disulfide proteins, of
which 20 had not been previously described as being regu-
lated by the redox state.

5.2.3 Targets of Trxs

Accumulating evidence suggests that Trxs, a ubiquitous
family of small (12 kDa) oxidoreductases, is one of the major
protein disulfide-reducing systems present in all cells. Plants
contain several forms of Trx, which differ from one another
in their subcellular localization, and thus, in the proteins
with which they interact. Initially discovered as regulators of
light-dependent malate biosynthesis in the chloroplast, plant
Trxs are now implicated in a large spectrum of reactions
related to metabolism, defense, and development. The
development of new proteomic approaches designed for the
characterization of Trx targets has greatly extended the puta-
tive functions of Trxs, and generated evidence for crosstalk
between Trxs and glutaredoxins, the second major family of
thiol disulfide reductases [151]. The identification of Trx tar-
gets in the soluble and membrane fractions of organelles
known to contain Trxs, i.e., plastids, mitochondria, nuclei,
and plasma membrane is an active area of investigation
which should lead to the elucidation of Trx-linked regulatory
mechanisms. Two complementary strategies have been
used.

5.2.3.1 Capture via protein–protein interactions using

an affinity chromatography column grafted

with a monocysteinic Trx

The monocysteinic Trx forms a disulfide bond with the target
protein, but, unlike the wild-type molecule, the disulfide
intermediate cannot be resolved because of the absence of a
reactive thiol at the active site [152]. This method has been
successfully applied to trap Trx targets from various plant
organelles [150] and to search for putative Trx targets in the
leaves of Arabidopsis [153]. After enzymatic reduction of the
trapped targets, followed by radioactive labeling of
unmasked thiols and 2-DE separation, 40 proteins were
identified. These were involved in a variety of processes,
including primary metabolism, folding, defense, and protein
synthesis, and some were not previously known to be targets
of Trxs [153]. A similar approach was employed to identify
target proteins of cytosolic Trx in Arabidopsis [154].

5.2.3.2 The mBBr/2-DE strategy

This method begins with the chemical blocking of all free
thiols, followed by the labeling of the newly formed-protein
sulfhydryl groups with a specific fluorescent thiol labeling

probe, monobromobimane (mBBr), before and after incuba-
tion with Trx. This is followed by a 2-DE protein separation
and the detection of targets under UV light. This approach
has been applied in a number of plant studies to identify Trx
targets, for example in peanut seeds [155], and, most
recently, in rice, aiming at the characterization of the role of
Trxs during seed germination [156].

A combination of both strategies has been applied to
investigate the role of Trx in wheat endosperm [157] and pea,
spinach, and potato mitochondria [158]. In the former case, a
unique set of proteins characteristic of each developmental
stage was revealed, and in the latter, 50 potential Trx-linked
proteins functioning in diverse processes were identified,
supporting the view that Trxs act as sensors and enable
mitochondria to adjust to key reactions in accordance with
the prevailing redox state. The research was extended to
study Trx regulation in wheat endosperm amyloplasts, where
42 potential Trx targets were identified, and a mechanism
was hypothesized in which thiol and sugar have a signaling
function which coordinates photosynthesis with amyloplast
reactions [159].

The methods have been applied both to total extracts, and
to cytosolic, plastid, and mitochondrial fractions. Currently,
over 200 proteins have been associated with Trx in this way.
In some cases, the same protein was detected with each
approach providing an independent validation of the meth-
ods. Additional approaches are still needed to reveal the
in vivo function of a given Trx and to evaluate the physiolog-
ical consequences of reduction of the target. The feasibility of
this challenging task has been recently demonstrated by the
immunoprecipitation of in vivo target complexes from leaf
extracts containing CDSP32, an environmental stress-
induced chloroplastic Trx [160]. Comparing extracts from
plants overexpressing Wt-CDSP32 with the active site
mutant-CDSP32, two peroxiredoxins were identified, con-
firming that the interaction occurred in vivo. As peroxidase
activity was dependent on CDSP32-interaction, it was con-
cluded that CDSP32 was specifically involved in the plastidic
response to oxidative stress.

5.2.4 S-Glutathionylation

The ability of proteins to form mixed protein disulfides with
the redox buffer GSH in a process known as S-glutathiony-
lation, is now recognized as a common reversible PTM that
can act as a redox-driven regulator of signal transduction
cascades and metabolic pathways. Various studies have
identified proteins that have undergone glutathionylation as
part of their regulation. The recently reported Trx f, a chlo-
roplastic Trx from Arabidopsis, was among the first plant
proteins found to undergo this PTM, indicating the existence
of crosstalk between the Trx and GSH systems [161]. At the
time of writing, we are only aware of one publication which
has attempted the large-scale identification of proteins than
can be reversibly S-glutathionylated in plants [162]. Using
Arabidopsis cell suspension cultures and a combination of
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in vivo and in vitro GSH-biotin labeling methods, followed by
2-DE and MS analysis, 79 proteins undergoing glutathiony-
lation in response to oxidizing conditions were isolated and
identified. Some of these were analyzed further to identify
mechanisms of thiolation and the effect of this modification
on biological activity.

5.2.5 S-Nitrosylation

Nitric oxide has been identified as a key signaling mole-
cule in plants over the past few years, and is an important
determinant of the response to biotic and abiotic stress,
iron homeostasis, and regulation of respiration and pho-
tosynthesis [163–166]. A growing body of evidence sug-
gests that protein S-nitrosylation, the covalent attachment
of NO to the thiol group of a cysteine residue, is a redox-
based regulation mechanism that plays a pivotal role in
plants in a similar manner as occurs in animal systems.
Recently, the first detailed characterization of S-nitrosyla-
tion in Arabidopsis has been described, which involved
the inhibition of the enzyme methionine adenosyl-
transferase [167]

Except for an in silico search for S-nitrosylation in Ara-
bidopsis, which resulted in more than 100 hits [137], only
one experimental attempt to identify S-nitrosylated plant
proteins on a global scale has been reported [168]. This
research used a recently developed, highly specific biotin
switch method for the purification of S-nitrosylated pro-
teins in animals to identify S-nitrosylated proteins in Ara-
bidopsis plants and cell suspensions in response to nitrosa-
tive stress. In combination with nano-LC and MS analysis,
a number of S-nitrosylation candidates were identified,
including stress-related, redox-related, signaling and
cytoeskeletal proteins, and metabolic enzymes. About 60%
of these proteins had already been described in various
animal systems in the context of S-nitrosylation and S-glu-
tathionylation, validating the specificity of the method and
further indicating that NO-regulation in plants and ani-
mals share common features.

In vitro and in vivo experiments frequently identify dif-
ferent polypeptides [162, 168]. Nevertheless, in vitro experi-
ments do allow a reasonable picture to be formed of the
range of proteins that can undergo this sort of modification.
The priority now, as stated in [162], will be to develop proto-
cols which allow a reliable monitoring of in vivo reactions
while avoiding nonspecific side effects.

5.3 GPI-anchoring and peptide-protein modifications

The GPI anchor is a special form of glycosylation, and is a
common modification at the C-terminus of some proteins,
attaching them to the outer cell membrane. The unique
functional and structural properties of GPI-anchored pro-
teins (GPI-APs) conferred by this tag explain their well-
recognized importance in signaling during developmental
and differentiation processes in various systems, including

in plants. One key feature of this group of proteins is their
dynamic release into the extracellular space via a specific
phospholipase cleavage of the GPI moiety. The only two
plant-based investigations devoted to high scale characteri-
zation of GPI-APs in plants have taken advantage of the
enzymatic release of these proteins after treatment of
plasma membrane fractions with either phospholipase C
(PLC) [169] or phospholipase D (PLD) [61]. The use of PLD
proved to be more versatile than PLC for the investigation of
GPI-APs in a variety of cells, tissues, and organisms. PLD
treatment-release of GPI-APs followed by capillary LC and
MS/MS led to the identification of 35 Arabidopsis GPI-APs.
Considering that GPI anchors are site-specific, the integra-
tion of both proteomic experimental approaches and com-
putational prediction tools should improve the efficiency,
specificity, and sensitivity for characterizing this subgroup
of proteins [61].

All aspects of plant life are controlled by the regulated
synthesis of new polypeptides and the precise degradation
of preexisting ones. Consistent with the importance of pro-
tein turnover for cell control, the Ub/26S and Ub-related
proteasome pathways play a pivotal role in housekeeping
and cell regulation processes. Thus, these polypeptide-based
PTMs are involved in every aspect of plant physiology: cell
division, response to hormones, light, and biotic and abiotic
stresses. In the Ub/26S proteasome pathway, the dominant
proteolytic system in plants, Ub polymers are covalently
bound to protein targets using a three-step (E1-E2-E3) con-
jugation cascade that detects specific Ub signals. The
resulting peptide-tagged proteins are then degraded by de-
ubiquitinating enzymes in the 26S proteasome, an ATP-de-
pendent proteolytic complex, with the concomitant release
of the reusable Ub residues. In addition to Ub, the number
of identified plant Ub-related modifiers is expanding con-
tinuously consistent with the idea that these peptide tags
are key players in plant cell regulation. Among these are
RUB1 (related to Ub-1), SUMO (small Ub-related modifier),
and HUB-1 (homologous to Ub-1), which, although they
apparently have a much more limited set of targets and
perform more specialized functions, use analogous mech-
anisms to modify and regulate target proteins (reviewed in
[170]).

The application of emerging technologies is making
proteomic studies of protein modification by Ub- and Ub-
like proteins feasible. Many recent proteomic studies in
mammals and yeast have targeted the ubiquitination and
Ub-like modification of proteins, with a view to identify the
proteolytic machinery and target proteins, and to elucidate
the modification sites in the target proteins [171, 172]. The
methodological approaches include, in most cases, a mul-
tistep procedure consisting of affinity purification with an
epitope-tagged Ub/Ub-like protein, followed by proteolytic
digestion of the covalent bond between the modifying
peptide and the substrate and the use of chemical probes,
coupled to various MS techniques. A combination of var-
ious C-terminal SUMO mutants with different protease
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digestion strategies has enabled an efficient identification
of SUMO attachment sites in Saccharomyces cerevisiae [173].
Proteomic approaches used for animals and yeasts could
be easily adapted to study the proteolytic regulatory path-
ways in plants, and thus lead to the identification of the
substrates, interacting partners, enzymatic components,
and effector enzymes of these systems. As with the entire
field of MS-based proteomics, a critical future goal will be
to perform quantitative experiments to study the dynamic
behavior of such modifications under various physiological
conditions. These experiments have already been initiated
to decipher both SUMOylation and ubiquitination path-
ways in animals using ICAT and SILAC procedures.

6 Interactomics

The dissection of protein–protein interactions constitutes a
challenging task. In the plant area, in addition to well-estab-
lished methods with a truly proteomic dimension (see
below), several complementary approaches have been
attempted over the review period. These include yeast two-
hybrid technology [174, 175] and its split-Ub membrane-
based version [176], as well as less generic techniques such as
bimolecular fluorescence complementation [177, 178] and
far Western blotting [179]. In silico analysis is increasingly
being used to predict interactions and evaluate the relevance
of experimental data in the light of archival information [180,
181]. Most proteomic experiments have relied on either
native gel electrophoresis (see Section 6.1) or affinity meth-
ods (see Section 6.2).

6.1 Native electrophoresis

Blue-Native (BN) and CN gels were introduced in the late
1980s to study protein–protein interactions with membrane
proteins. In these methods, protein complexes are gently
delipidized with nonionic or zwitterionic detergents and
then electrophoresed through nondenaturing polyacryl-
amide gels, which discriminate on the basis of both molecu-
lar mass and net charge. The introduction of CBB G250 (BN-
PAGE), a negatively charged molecule able to bind to various
amino acids, reduces the effect of charge on the migration of
the protein complexes, leaving them to be resolved mainly on
the basis of their mass. The BN/CN-PAGE method has been
used to investigate complexes in the tomato respiratory chain
[182], and was recently extended to both mixtures of mem-
brane and membrane-associated proteins [52] and to soluble
complexes [48] in plastids (see Section 2.2.1). BN/CN-PAGE
allows a simple global overview of stable complexes and is
somewhat equivalent of a 2-DE but does not introduce all the
biases linked to 2-DE (e.g., bias against high MW proteins).
The resolving power of this technique is at least as good as
gel filtration, but is still limited, while the prolonged electro-
phoresis necessaryily restricts the analysis to stable com-
plexes.

6.2 Tandem affinity purification of tagged proteins

(TAP-tag), affinity chromatography, and surface

plasmon resonance (SPR)

In the TAP-tag system, a fusion protein is created by the
insertion of two tags (in tandem), usually at the N- or the C-
terminus of the protein. The ideal tag needs to be small (to
minimize interference with the biological function of the
target) and must facilitate a rapid and flexible purification
from a complex mixture. In addition, the affinity chroma-
tography of the tagged protein should ideally be achieved
under native conditions so that the interacting molecules can
be recovered along with the protein. This approach, with
careful inspection for plausible interactions, has led to the
identification of partners for more than 20 protein kinases in
rice [183]. Direct affinity chromatography can be also used to
trap target proteins in a different fashion, as exemplified by
the grafting of a modified Trx to an affinity column ([152], see
Section 5.2.3).

SPR technology represents a sophisticated version of af-
finity chromatography in which the kinetics of binding is
recorded in real time. SPR involves label-free binding inter-
actions between an analyte in solution and an immobilized
ligand. The interactions are monitored directly by changes in
the refractive index at a biosensor surface, where the re-
sponse is directly proportional to the mass of the bound
analyte. As the nature of the analyte and ligand can be very
different, this versatile method can analyze a broad spectrum
of interactions and was recently used to characterize chito-
pentose–lectin interactions in wheat [184]. However, this
technology has yet to be used on any large scale in plants.

Compared to the situation in 2004, the last 2 years have
seen both an increase in the use of classical approaches and
the introduction of novel strategies for the systematic
investigation of certain protein complexes. Perhaps more
importantly, it is becoming clear that, even when addressing
a clearly defined subproteome, additional information can
be extracted by deploying procedures that do not destroy
complexes before MS/MS characterization. This simple
improvement is likely to be even more beneficial to func-
tional approaches as the abundance and the stoichiometry
of the partners can be determined. To this end, the intro-
duction of absolute quantification procedures would be
highly desirable.

7 Conclusions

The early part of the review period was preoccupied with the
completion of protein directories (protein identification, cor-
rections of false genome annotations, improvement and
validation of in silico targeting predictions). Major advances
have involved an increase in the number of subcellular terri-
tories investigated on a large scale and the implementation
of organelle proteomics in physiological studies. On the
other hand, despite some significant pioneering efforts, pro-
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gress in the characterization of complexes and of post-trans-
lational status has been limited. Modern quantitative tools
have been little used to date, thus restricting relevance, par-
ticularly in physiological studies. Obviously, the generaliza-
tion of this level of investigation will represent the major
challenge for the coming period.

Despite significant advances gained in the under-
standing of plant physiology, partly as a consequence of the
deployment of genomics and proteomics, significantly less
effort has been devoted to plant studies as a whole, compared
to parallel work in other biological systems, particularly hu-
man and yeast. The same is true for plant proteomics. Even
though this field has undergone exponential growth over the
last few years, showing as yet no sign of tapering off, prote-
omic research in plants has not advanced at the same pace as
have human and yeast proteomics. Comprehensive quanti-
tative comparative studies of dynamic protein profiling dur-
ing developmental or stress responses, and functional anal-
ysis and characterization of regulatory processes are now
needed to understand plant physiology and how plants
interact with and adapt to the environment. This will have a
substantial impact on agriculture and through this, on hu-
man health. Plants have particular advantages for biological
study, as they are easily handled and enjoy an enormous
breadth of genetic diversity, both within and between spe-
cies.

While the state-of-the art technology (including bioinfor-
matic tools) appropriate for proteomic analysis is at hand,
high cost and dependence on human expertise remain an
impediment. Additional challenges for the plant research
community flow from the fact that only experiments con-
ducted on Arabidopsis and rice can take full advantage of the
technological cutting edge, as has been underlined through-
out this review. For example, the need for a fully sequenced
genome for the positive identification of PTMs is the major
obstacle preventing extension of this field beyond the geno-
mic model species. It is clear that plant proteomics will pro-
gress in harness with genomic progress, and the expectation
is that the coming years will see an increasing number of
fully sequenced and annotated plant genomes. The vast
amount of empirical information derived from proteomics
studies should, in turn, assist in generating plant-specific
databases (organelle-, tissue-, stress response-specific) and
efficient and accurate prediction programs to infer localiza-
tion, PTMs, and functional and interacting domains. Thus,
the forthcoming challenge lies in the development of bioin-
formatic tools and robust prediction programs based on
plant sequences in order to facilitate data organization, to
generate testable hypotheses, and to model holistic biological
networks. These tools will inform a wide range of plant pro-
cesses in Arabidopsis and other model plants. Although
much of this model knowledge will be transferable to other
plant systems, it will remain necessary to directly explore
plants of agricultural importance, since many production
traits are crop-specific. This will only become possible as
genomic information is obtained for these species.

A further important challenge concerns the development
of methodology, in relation to the establishment of easy, relia-
ble, and efficient protocols for sample preparation, reducing
the amount of starting material needed, and allowing high-
throughput studies compatible with the technology available.
Plant sample preparation has to be optimized for each sample
type, always with an eye kept on the purpose behind each
experiment. A standardization of protocols for tissue fraction-
ation, protein extraction, and solubilization made available to
the whole plant research community will accelerate the use of
leading edge proteomic technologies such as MudPIT, DIGE,
iTRAQ, and SILAC in combination with prefractionation and
enrichment protocols (such as IMAC) for specific subgroups
of proteins. This will enable quantitative studies with an
unprecedented level of sensitivity, covering entire sub-
proteomes and the investigation of their dynamic behavior
throughout specific processes such as stress, development, etc.

Toward this end, the plant research community is called
upon to generate appropriate networks and organize and
coordinate initiatives in a similar manner to the existing
HUPO. This sort of initiative is both desirable and necessary
to unite and maximize the efforts of the whole community,
including laboratories at universities, public research cen-
ters, and companies worldwide.

Proteomics is a relatively new field which is growing at
an unprecedented rate. Thanks to its potential to unravel
biological questions not readily accessible by other technolo-
gies, it has been enthusiastically applied to many biological
systems, creating large volumes of raw data for databases,
and succeeding in assigning function to numerous proteins.
Comparative proteome analysis still relies heavily on 2-DE
profiling, but the evaluation of experimental data remains
dependent on the judgements of the individual researcher. A
rule-of-thumb applied to the design of proteomics experi-
ments is that at least three independent replicates must be
used for the assessment of the biological variance, and at
least three independent gels run to establish sample repro-
ducibility. However, although most of the authors cited fol-
low this level of control in their experiments, a comprehen-
sive statistical evaluation of the quality of experimental data,
as described in [126], is still an exception. Thus it will be
important to define the guidelines for the analysis and doc-
umentation of proteomic data for routine future use [185].

New plant proteomics studies will be more likely directed
toward functional analysis than simple mapping. Therefore,
request of documentation will change. In addition to
descriptions of experimental data, data validation, protein
inference problems, and particularly protein quantification
will grow in importance. The implementation and manage-
ment of heterogeneous instrument platforms for gel imag-
ing, MS, and database searches are a priority. Unifying
modes of data presentation and establishing standard pa-
rameters to ensure the integrity of protein assignments will
help to assure the credibility of scientific records, and allow
published proteomic data to be readily comparable to
experiments conducted in laboratories worldwide [185].
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The ultimate goal of proteomic technology is to define
protein function. Although high-throughput experiments
typically generate multiple candidates as components of a
biological response, the critical demonstration as to which, if
any, of these do indeed participate in the process under
investigation is usually lacking. Localization, modification,
and interactions can only provide supportive evidence.
Function can, in the end, only be proven through a combi-
nation of biochemical and genetic experiments. Several
robotic platforms have endeavored to obtain protein profiling
automation based on direct enzyme activity measurement
[186] or protein arrays, but these platforms are still being
considered more of a promise than a reality.

The expectation is that integration of proteomic and
genomic data will deliver much of the raw information nec-
essary to predict which protein forms, PTMs, and protein
complexes are present at a specific moment in a given tissue.
Quantitative comparisons during development or in re-
sponse to stress, robust predictions of the role(s) of particular
proteins in metabolic and signal pathways, and large-scale
functional testing of candidate proteins, will serve to fill the
gaps in genetically defined pathways. Progress in these
directions will lead to the modeling of entire metabolic
pathways in the coming years, and thus usher in an era of
predictive biology. This will represent a giant step for bio-
technology, allowing it to contribute significantly to the
design of genetic solutions to the ever-present threats of bio-
tic and abiotic stress.

The authors thank www.smartenglish.co.uk for linguistic
advice in the preparation of this manuscript.
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