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Plant proteome analysis

Proteome analysis is becoming a powerful tool in the functional characterization of
plants. Due to the availability of vast nucleotide sequence information and based on
the progress achieved in sensitive and rapid protein identification by mass spec-
trometry, proteome approaches open up new perspectives to analyze the complex
functions of model plants and crop species at different levels. In this review, an
overview is given on proteome studies performed to analyze whole plants or spe-
cific tissues with particular emphasis on important physiological processes such as
germination. The chapter on subcellular proteome analysis of plants focuses on the
progress achieved for plastids and mitochondria but also mentions the difficulties
associated with membrane-bound proteins of these organelles. Separate chapters
are dedicated to the challenging analysis of woody plants and to the use of pro-
teome approaches to investigate the interaction of plants with pathogens or with
symbiotic organisms. Limitations of current techniques and recent conceptual and
technological perspectives for plant proteomics are briefly discussed in the final
chapter.
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1 Introduction

The progress made in completing the sequencing of
whole genomes and the rapid increase in the availability
of expressed sequence tag (EST) sequences has opened
new and exciting prospects for analyzing biological sys-
tems and their complex functions at different levels. In
parallel to the accumulation of vast nucleic acid data,
technological developments have permitted the estab-
lishment of systems for multiparallel analysis of transcript
as well as of protein levels. The implementation of sensi-
tive and rapid methods for protein identification and the
continuous technical improvement of the so far largely
descriptive analysis of protein patterns by two-dimen-
sional gel electrophoresis (2-DE) have transformed the
combination of both techniques into a powerful tool for
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functional analysis now also more and more used in plant
studies. Along with general limitations of the current avail-
able technologies, plant proteome approaches face spe-
cific challenges. Sample preparation is often more difficult
due to the rigidity of plant cell walls or can be compro-
mised by the accumulation of large quantities of second-
ary compounds in the central vacuole, which upon tissue
disruption can lead to protein precipitation. Due to the
availability of complete genomic sequence information
and of large mutant collections, a number of recent pro-
teome studies have focused on Arabidopsis as a model
plant. With the completion of the rice genome and the
progress of ESTsequencing projects for other many plant
species, the increased use of crop and other model plants
can be predicted.

In this review, we summarize proteome approaches per-
formed on the whole plant and tissue level (Section 2) and
subcellular proteomic studies (Section 3). Special empha-
sis will be paid to woody plants (Section 4) which com-
prise many important crop species. The proteomic analy-
sis of the biotic interactions of plants constitutes another
challenging but rewarding field, with regard to symbiotic
systems as well as to the interaction of plants with patho-
gens (Section 5). Finally, conceptual and technological
perspectives for plant proteomics will be presented (Sec-
tion 6). Different methodological approaches and tech-
niques will be briefly mentioned making reference, when
necessary, to key original papers or reviews. The reader
is also referred to other recent reviews covering various
aspects of plant proteomics [1–4].

2 Proteome analysis of plant organs and
tissues

Proteomic analyses of plant organs or tissues were
applied to monitor developmental changes or the influ-
ence of environmental stimuli on protein patterns but
were also used to compare lines with different genetic
backgrounds. A study of the maize leaf proteome based
on 2-DE for protein separation resolved almost 900 spots
when a pH 4–7 gradient was used for isoelectric focusing
and 200 spots were found with gels covering the pH
range from 6–11. Protein spot identification by mass
spectrometry (MS) was based on protein and EST data-
bases. Remarkably for some of the most abundant leaf
proteins, for over 50% of the spots identified none, or
only a hypothetical function, has been assigned [5].

Studies of the developmental processes occurring during
seed germination were performed in Arabidopsis [6, 7].
Two-dimensional gel electrophoresis (2-DE) revealed
about 1300 proteins in seeds, from which 74 showed
modified abundance during germination. Specific changes

in protein patterns were also observed at the stage of
radicle protrusion and when applying a priming treatment
intended to allow synchronous germination of a popula-
tion of seeds. Several of the relevant proteins were identi-
fied by MS [6]. In a subsequent paper, the role of gibber-
ellins (GAs) during seed germination was investigated by
comparing protein patterns of a GA-deficient line, wild-
type controls, and wild-type seeds treated with an inhibi-
tor of GA biosynthesis during germination [7]. The analy-
sis indicated that GA plays a very specific role during the
initial stages of germination, as out of 46 changes ob-
served for protein abundance only one was GA-depend-
ent. Both studies underline the potential of the proteome
approach for a better understanding of the complex cel-
lular events during germination, a process of enormous
agronomic impact. Grain filling and seed maturation are
other important processes intensively studied in crop
plants. Proteome analysis of barley seed development
revealed one set of proteins present throughout this pro-
cess, and other sets associated with early grain filling,
with the later phase of desiccation, or showing transient
accumulation during this developmental process. Identifi-
cation of relevant spots demonstrated accumulation of
low-Mr a-amylase/trypsin inhibitors, serine protease in-
hibitors, and of enzymes of the antioxidative defence sys-
tem. The presence of several proteins during this process
was experimentally demonstrated for the first time and
cultivar-specific spot variations were monitored. The re-
sults demonstrate the capacity of proteome analysis to
reveal new insights into the cellular mechanisms under-
lying seed development [8]. Complementary to the pro-
teome studies on the tissue level, a sub-proteome analy-
sis of the endoplasmic reticulum was performed for
developing and germinating seeds of castor bean [9].

The second higher plant for which the complete genomic
sequence is available is rice [10], which, as one of the
most important crop plants holds great promise for func-
tional genomics including proteome approaches as tools
to detect novel traits for breeding. A survey of the pro-
teome complement of rice root, leaf, and seed tissues
was obtained by application of both 2-D gel electro-
phoresis and LC-based separation methods for complex
peptide mixtures after digestion of protein extracts.
Based on both methods, the identification of more than
2500 individual proteins was achieved [11]. Only a small
fraction of the proteins (7.5%) were expressed in all three
tissues analyzed, indicating tissue-specific regulation of
metabolic pathways. A comparison of the contribution
of the methods used to establish the protein inventory
of all tissues demonstrated 2363 proteins were identified
by LC-MS, whereas 556 proteins were identified using
2-DE. This result indicates the potential of non-gel based
approaches in proteomic studies. Other rice proteome
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studies were performed to identify embryo proteins [12]
and to monitor the consequences of metal stress treat-
ments [13].

In a number of studies, a proteome approach was under-
taken to compare the protein patterns of mutants with the
complement in wild-type lines. Investigation of develop-
mental Arabidopsis mutants revealed that the quantity of
an actin isoform correlated with the hypocotyl length [14].
An analysis of the consequences of iron deficiency in root
tissue by 2-DE was performed using wild-type tomato
and the chloronerva mutant affected in iron acquisition
which revealed the induction of proteins involved in stress
defence such as ascorbate peroxidase. Analysis of leaf
tissue of the chloronerva mutant also showed a major
reduction in the copper containing superoxide dismutase
isoforms and in plastocyanin; the plastocyanin content
could be restored by providing plants with additional
Cu [15]. A proteome approach was also used to analyze
remodelling of the photosynthetic apparatus in Chlamy-
domonas in response to Fe-deficiency [16]. The cri1
mutant, accumulating cytokinins, was identified based
on 2-DE patterns obtained from developmental mutants
of Arabidopsis and statistical treatment of the data [17].
Analysis of the Arabidopsis pasticcino mutants by 2-DE
revealed a considerable percentage of variable spots
relative to wild-type controls; evaluation of responses to
different hormone treatments indicated that the mutants
were affected in cytokinin responses [18]. A mutant was
also used to study cytokinin effects on chloroplast divi-
sion in the moss Physcomitrella at the protein level [19].
Comparison of protein patterns in leaves of the late flow-
ering Arabidopsis mutant fy and wild-type demonstrated
qualitative differences, however further analysis of the F2
plants from crosses between wild-type and mutant
showed no cosegregation between protein pattern differ-
ences and the late-flowering phenotype [20].

A 2-DE approach was used to monitor the target proteins
of the opaque 2 transcription factor in maize [21, 22]. A
range of pairs of isogenic or near-isogenic lines was ana-
lyzed for modified protein expression during grain devel-
opment. Thirty-six proteins differed in abundance be-
tween wild-type and o2 mutant throughout the different
genetic backgrounds. A number of novel genes coding
for enzymes in various metabolic pathways were thus
identified not previously known to be controlled by
Opaque-2 [22]. The analysis of modified protein expres-
sion included a thorough statistical treatment of the data
[21, 22].

The resolving power of 2-DE has been widely used to
assess genetic variability at the level of expressed pro-
teins (see [23] for detailed discussion). Closely related
lines were successfully differentiated in wheat cultivars,

barley and rice lines, maize genotypes, and a number of
other crop species. Analysis of maize lines demonstrated
that the quantitative variability of proteins gave a pattern
of relationships between genotypes [24]. Changes in pro-
tein patterns as a consequence of water deficit were
investigated in two unrelated maize lines and their F1
hybrid [25]. Image analysis and statistical treatment of
the data revealed that 40 proteins already visible in con-
trol plants showed increased amounts after water stress
and 10 others were detectable only upon stress treat-
ment. Another set of proteins was decreased in intensity.
Comparison of the genotypes showed that several in-
duced proteins were specific to one of the parental lines.
Identification of selected spots revealed proteins already
known to be associated with drought stress, but also
others were identified such as caffeate O-methyltransfer-
ase detected only in stressed plants indicating increased
lignification in response to the stress treatment [25].
These and many other studies have demonstrated the
capacity of 2-DE to document genetic variability and to
distinguish between lines and varieties, e.g., when ana-
lyzing barley seed and malt [26, 27] or wheat grains [28].
Positional shifts of proteins were observed in the 2-D gel
analysis of segregating families of maize, barley, pea, and
maritime pine [29]. In maize, 42 pairs of proteins showed
a 1:2:1 segregation in the F2 population indicative for a
monogenic inheritance. Two linkage maps were con-
structed from RFLP and position shift loci which revealed
that protein markers were interdispersed between the
RFLP markers on all chromosomes [29]. In many cases
position shift variants correspond to the same protein as
shown by microsequencing [30, 31]. It is expected that
the maps of expressed genes obtained by 2-DE will be
crucial for the candidate gene strategy of quantitative trait
loci (QTL) characterization [23]. QTL analysis has been
applied to map genes controlling protein quantity for
spots on 2-D gels [30, 32] and the loci have been termed
PQL for protein quantity loci [1]. Colocalization of a pro-
tein quantity locus (PQL) and its protein-coding locus
would indicate that the expression level of the protein is
a consequence of allelic differences, whereas colocaliza-
tion between a PQL and a QTL for a different trait would
point to an association of a candidate gene and the varia-
tion observed for a trait. In extension of these pioneering
works, strategies combining the power of genetics with
the tools of functional genomics were recently suggested
and the term genetical genomics was coined [2, 23, 33,
34].

In parallel to proteome analysis, transcript profiling is a
large-scale technique becoming more and more accessi-
ble to study plant systems and used, for example, to
analyze Arabidopsis seed development [35] or to monitor
drought and cold stress responses [36]. It can be antici-
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pated that these techniques will be complementary and
the combined use of both approaches on the same mate-
rial will indicate which of the regulatory control processes
under study are exerted at the level of transcription or
translation.

3 Subcellular proteome analysis in plants

The identification of those proteins recruited to fulfill the
specific function of subcellular compartments gives an
additional dimension to the proteome analysis. During
the last years of the preceding decade, a few pioneering
efforts resulted in the first catalogues of proteins present
in the cell wall [37], the plasma membrane [38], the mito-
chondrion, the endoplasmic reticulum, and the Golgi
apparatus [39]. In most cases, proteins were character-
ized using Edman chemistry, a technology not really ap-
propriate to the identification of protein mixtures such as
those obtained after SDS-PAGE. In addition, concerning
the membrane proteins that were solubilized with the
help of currently used detergents and resolved by 2-DE,
it became rapidly clear that most integral proteins did
not enter the gel, although some of them were detected
using specifically selected detergents [40]. Both the se-
quencing of the Arabidopsis genome, the generalized
use of MS and the introduction of alternative procedures
to resolve hydrophobic proteins have since paved the
way towards efficient proteome analysis of organelles
and associated membranes. In addition, several bio-
informatics resources became recently available, provid-
ing catalogs of predicted membrane proteins, such as
Aramemnon (http://aramemnon.botanik.uni-koeln.de), the
Arabidopsis Membrane Protein Library (http://www.cbs.
umn.edu/arabidopsis/) and the Rice Membrane Protein
Library (http://www.cbs.umn.edu/rice/), thus providing
further support for proteomics efforts. Most efforts in re-
cent years concerned the mitochondrion and the chloro-
plast, with additional attention towards the endoplasmic
reticulum [9] and the vacuolar membrane (Szponarski et
al., this issue).

3.1 Chloroplasts

In the case of the chloroplast, three lines of work ad-
dressed the protein composition of thylakoid and chloro-
plast envelope respectively, and that of some chloroplast
protein complexes:
(i) The classical combination of 2-DE with Edman se-
quencing and MS was first used to characterize purified
fractions of thylakoid membrane and luminal compart-
ment [41]. This allowed the identification of more than
60 proteins in pea, and detailed sequence analysis

demonstrated that approximately half of the lumen pro-
teins displayed the so-called twin-arginine motif for trans-
location pathway. In addition, this work provided novel
information to refine the prediction of transit peptides.
More recently, a similar approach was used to compare
thylakoid lumen proteins from Arabidopsis and spinach
[42]. A good correlation between the two proteomes
was observed, allowing the theoretical estimation of ca.
80 proteins for the Arabidopsis thylakoid luminal pro-
teome. In addition, this work confirmed that half of the
luminal precursors in Arabidopsis displayed the translo-
cation twin-arginine motif. The use of 2-DE after protein
extraction with solvents revealed abundant membrane
proteins having more than ten transmembrane domains,
like some components of the photosystem I, in the thyla-
koid membrane of the eukaryotic green alga Chlamydo-
monas reinhardti [43]. Furthermore, this work provided
evidence that some photosystem I proteins undergo dif-
ferential processing and maturation, thus accounting for
the high complexity of the corresponding proteome. In
pea and spinach, an alternative procedure, based on
RP-HPLC separation of proteins, was used to resolve
the proteins constituting the photosystem II [44]. Using
this method, the authors succeeded in identifying ca.
40 gene products from their intact mass tag. In addition,
the procedure allowed the detection of some post-trans-
lational modifications. However, although well-suited for
the detection of minor populations showing specific mod-
ifications, this approach seems limited to proteomes of
moderate complexity.
(ii) Another recent major progress concerns the character-
ization of hydrophobic proteins from the envelope. Using
chloroform/methanol extraction, followed by SDS-PAGE
and MS/MS analysis, more than 40 proteins, including
one-half of novel envelope proteins, were first character-
ized from spinach [45, 46]. In Arabidopsis, a similar ap-
proach led to the identification of nearly 60 proteins,
including again one-half of new envelope proteins [47].
In both cases, most proteins were highly hydrophobic.
Using this experimental basis, the authors were able to
derive a set of features proven to be shared by most
envelope integral proteins, and further used these fea-
tures to identify in the Arabidopsis genome more than 50
new candidates for envelope transporters.
(iii) Two kinds of chloroplast protein complexes have been
characterized to date. The protein composition of the
plastid ribosomal 30 S and 50 S subunits was investi-
gated using a combination of various protein separation
and characterization procedures [48, 49]. Nearly 60 pro-
teins were identified in spinach, demonstrating that most
of them are orthologues of Escherichia coli ribosomal pro-
teins, whereas 10% are plastid-specific proteins. Another
chloroplast complex that was characterized recently is
the ClpP protease complex [50]. Using nondenaturing

 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.de



Proteomics 2004, 4, 285–298 Plant proteome analysis 289

Blue-Native gel electrophoresis to resolve the complex
and MS to identify components, ten different Clp isoforms
were identified in Arabidopsis, demonstrating an unex-
pected complexity.

3.2 Mitochondria

As for other organelles, the mitochondrial proteome was
first investigated using 2-DE of total protein extracts [51].
Over 50 proteins were characterized, including 20% of
unidentified proteins not previously described in plant
mitochondria. Similar results were obtained overall when
fractionating the protein population into soluble, mem-
brane peripheral, and membrane integral proteins [52],
although a higher proportion of proteins was found to
correspond to orphan proteins. Not surprisingly, in both
cases, almost no very hydrophobic protein was detected.
More recently, another more sophisticated electrophoret-
ical approach, based on separation of complexes by
Blue-Native electrophoresis prior to 2-DE, was intro-
duced [53]. This method was used to resolve the compo-
nents of several complexes encompassing various iso-
forms and hydrophobic proteins. However, none of the
numerous carrier proteins, known to control communica-
tion with the cytosol, could be identified by any of these
approaches. Very recently, the SDS-PAGE patterns ob-
tained after carbonate stripping of membrane to remove
peripheral proteins or chloroform/methanol extraction of
membranes were compared [54]. After characterization
of bands by MS/MS, the two-thirds of the carriers highly
represented in EST databases (such as adenine nucleo-
tide translocator, dicarboxylate/tricarboxylate carrier or
phosphate transporter) could be identified from carbon-
ate-stripped membranes but not from solvent extracts.
Simultaneously, numerous other hydrophobic proteins
were identified, thus exemplifying the efficiency of the
procedure.

Several efforts based on current proteome technologies
have led in a few years to various methodological alterna-
tives now allowing access to membrane proteins. In this
respect, both the mitochondrial and chloroplast examples
demonstrate that organelle proteomics is presently able
to identify most proteins constituting a specialized sub-
cellular compartment in plants. In addition, the data thus
generated offer complementary opportunities to exploit
the genome information. For instance, several of the sur-
veys have helped improve genome annotation, correcting
errors in automatic intron and exon prediction [47, 50]. In
the same way, these data allow the evaluation of current
predictions of transit peptides and protein targeting [41,
52], and even to provide evidence for alternative transit
peptides [55]. In addition to improvements in interpreting

genomic sequence data, organelle proteomics can help
predict sets of orphan proteins likely to be sharing the
same subcellular location [47], thus gaining a new func-
tional value.

4 Proteomic analysis of trees

4.1 Economic and ecological importance of
trees

Woody plants comprise a large group of angiosperm and
gymnosperm species of economic importance [56] that
play a crucial role in the lives of humans and in the func-
tioning of ecosystems. Despite their economic and eco-
logical relevance, progress from molecular, biochemical,
and physiological studies in trees has been constrained
by various problems, including their large physical size,
the usually large genome in many species of economic
interest, the long life cycle of perennial species, the re-
calcitrance for genetic transformation and regeneration
in vitro, and difficulties in sample preparation for molecu-
lar and biochemical analyses.

4.2 Development of genomic and proteomic
studies in trees

The difficulties of woody plants as experimental models
have negatively influenced the development of genomic
and proteomic studies. For example, the isolation of
nucleic acids or the preparation of protein samples is par-
ticularly troublesome because the usual interfering sub-
stances in plants such as polysaccharides, pigments
and phenolics, are especially abundant in lignified tissues
of trees. Nevertheless, the separation of polypeptides by
2-DE and further protein identification by using standard
techniques have been widely used by researchers during
the last decade in a variety of applications in trees. These
approaches have been applied, for example, to study
changes in the protein profiles during early stages of
loblolly pine development [57], to characterize the re-
sponse of pines to biotic [58] and abiotic stresses [59], to
differentiate isoenzymes involved in pine nitrogen metab-
olism [60] or for determination of genetic polymorphisms
and genomic mapping in maritime pine [61–63].

In the last few years, the completion of the Arabidopsis
genome sequence, the availability of genome drafts for
rice and the continuous progress in the genomics of other
important herbaceous species open the possibility for
genomics initiatives in woody models and the subsequent
development of major breakthrough technologies for
global analysis of gene expression. In this way, struc-
tural/functional genomic and proteomic studies are now
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feasible in trees. Two major models have been proposed:
poplar for angiosperms [64] and pine for gymnosperms
[65]. Large-scale EST sequencing projects have been
initiated for poplar [66] and loblolly [67] and maritime
pines [68]. ESTs databases from different woody tissues
have been established and the information is accessible
on the internet (http://www.biochem.kth.se/PopulusDB/;
http://pinetree.ccgb.umn.edu; http://cbi.labri.fr/outils/
SPAM/index.php).

Transcriptome analysis of wood formation has received
special attention. Large-scale cDNA sequencing and
expression profiling allow the identification of key molec-
ular players in the process [56, 66–69]. ESTs derived from
these studies have shown similarity to proteins of known
function revealing the biochemical processes involved
in xylem differentiation. Structural proteins (actin, a- and
b-tubulin), cell wall-related proteins (arabinogalactan pro-
teins, cellulases, extensins and glycine-rich like proteins,
enzymes for lignin biosynthesis: phenylalanine ammonia-
lyase, cinnamate-4-hydroxylase, caffeoyl-CoA-O-methyl-
transferase, cinnamyl alcohol dehydrogenase, house-
keeping proteins (ubiquitin, peptidylprolyl isomerase,
elongation factor 1-a), metallothioneins and energy pro-
duction proteins (flavoprotein, ADP-ATP carrier protein)
were among the most abundant expression products.
Glycine hydroxymethyltransferase and enzymes of the
C1 metabolism were also abundant and may reflect the
demand for methyl groups in wood forming tissue. Tran-
scription factors such as zinc finger proteins, myb,
homeobox, and LIM-like proteins could play important
regulatory roles in differentiating xylem. Several other
highly abundant transcripts corresponded to a transla-
tionally controlled tumor protein (whose function in wood
formation remains unknown), and a blue copper protein
(possibly involved in oxidative polymerization reactions
of lignin monomers). Interestingly, 12–25% of the isolated
ESTs from woody xylem showed no similarity to se-
quences in the databases and may have unique functions
in wood formation.

The establishment of EST databases from woody plant
tissues has enabled the development of global analysis
methods to study changes in gene expression associated
with important processes in trees such as xylem differen-
tiation, embryogenesis or tree growth [56, 68–72].

However, proteins are the final products of the gene
expression and, therefore, large-scale analyses of pro-
teins are needed to complement the data derived from
transcriptome analysis. In fact, only differences affecting
the proteome can be directly attributed to changes in
function. 2-DE and image analysis have been used for
proteome analysis in maritime pine [73]. Proteins from
needles and xylem, two important tissues for growth and

wood formation, were separated and characterized by
internal peptide microsequencing. Identified proteins are
accessible in a proteomic database on the internet (http://
www.pierroton.inra.fr/genetics/2D/). The differential accu-
mulation of proteins specifically associated to compres-
sion wood has also been studied in the same pine species
by proteomic approaches [74]. Upregulated proteins in-
cluded 1-aminocyclopropane-1-carboxylate oxidase (an
ethylene forming enzyme), a putative transcription factor,
two lignification enzymes (caffeate O-methyltransferase
and caffeoyl CoA-O-methyltransferase), members of the
S-adenosyl-L-methionine synthase family, and enzymes
involved in nitrogen and carbon assimilation (glutamine
synthetase and fructokinase). Since compression wood
is biochemically characterized by the relative high content
of lignin, the results suggest the functional regulation of
proteins corresponding to specialized pathways parti-
cipating in lignin biosynthesis during wood formation.
Similar studies have also been performed during wood
formation in poplar. Proteins differentially produced in
developing poplar xylem were identified by 2-DE and
microsequencing [75]. Proteins were identified by similar-
ity to other previously characterized polypeptides and
correspondence to ESTs in the poplar database [66]. The
results were quite similar to those found in pine, and
again, enzymes involved in cell wall and lignin biosynthe-
sis, S-adenosyl-L-methionine-synthases, glycine hydrox-
ymethyltransferases, and glutamine synthetase were
among the most abundant xylem proteins in poplar.

In summary, a combination of high-throughput proteomic
and transcriptomic techniques is allowing the identifica-
tion of key molecular players in the process and providing
new insights on the metabolic pathways involved in wood
formation. This new knowledge can be complemented by
the use of Arabidopsis as a genetic system to investigate
the molecular controls regulating the identity of the vascu-
lar cambium and the development of secondary xylem
and phloem. Under appropriate growth conditions the
secondary xylem of Arabidopsis closely resembles the
anatomy of the wood of an angiosperm tree. Chaffey et
al. [76] have recently shown that basic questions about
wood formation can be addressed by using Arabidopsis
as a model for wood formation.

4.3 Future prospects

As mentioned before, the intrinsic difficulties of woody
plants as experimental models have limited the applica-
tion of molecular techniques until recently. Nevertheless,
considerable knowledge about the biology of woody
plants has been gained in the recent years by the appli-
cation of the new genomic technologies to study tree
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growth and development as well as the response of trees
to biotic and abiotic stresses. Functional genomic ap-
proaches, such as large-scale EST sequencing, gene ex-
pression profiling, and proteomic approaches, are allow-
ing the identification of genes/proteins involved in several
important processes in trees. Although these new devel-
opments in functional genomics are restricted to a few
tree models, the rapid extension to other woody plants
of great commercial interest can be expected. A relevant
milestone in the near future will be the availability of the
first complete genome sequence from a tree species.
Due to the large genome size of conifers, poplar has re-
cently been proposed as the model tree to accomplish
this goal. An international consortium has been consti-
tuted to develop this project that is expected to have
the first draft by the end of 2003 (http://bahama.jgi-psf.org/
prod/bin/populus/whitepaper.populus.cgi; http://genome.
jgi-psf.org/poplar0/poplar0.home.html). The imminent
availability of the poplar genome information as well as
the characterization of a large number of full-length
cDNAs in conifer models will permit the functional charac-
terization of proteins/enzymes encoded by the tree ge-
nomes, and the determination of their physiological roles.
Thus, the expression, purification and molecular charac-
terization of a large number of recombinantly expressed
proteins will be possible. Specific antibodies and protein
arrays will be generated and used as important tools for
the functional characterization of woody plant systems.
The precise localization of mRNAs and proteins in cells
and tissues will be determined providing new insights
on how metabolic pathways are organized in different
cell types. Furthermore, functional studies in transgenic
trees are now possible because routine transformation
protocols via Agrobacterium are available for poplar and
rapid progress in this technology has been reported in the
last few years for conifers. Results obtained with woody
plants will be compared with the information derived from
functional genomic studies currently carried out in Arabi-
dopsis. The biological information derived from ongoing
research efforts will greatly enhance our understanding
of the molecular basis of tree structure and function. This
new knowledge will have a clear impact on the future of
forestry practices and management.

5 Proteomics of plant-microbe interactions

Plant-microbe interactions range from mutualistic to
pathogenic ones. Regarding the beneficial interactions,
mycorrhizal symbioses concern most vascular plant spe-
cies while rhizobial symbioses are essentially established
between legumes and nitrogen-fixing bacteria of the
Rhizobiaceae family. Although occurring to a lesser ex-
tent, plant-pathogen interactions are of great agronomic

and economic concern. Besides molecular approaches,
proteomics, based on the recent developments of 2-DE,
MS and bioinformatics, offers a complementary insight
into protein expression and regulation within plant-
microbe interactions. After reviewing past and recent
studies, the potential of proteomics for an integrated
understanding of the processes involved in plant-microbe
interactions will be discussed. Attempts to identify the
main bottlenecks will be presented.

5.1 Proteomics for studying plant pathogen
interactions

Although there is an increasing amount of literature deal-
ing with genes involved in bacterial and fungal plant
pathogenesis [77], very few reports have addressed pro-
teome modifications associated with such interactions.
Changes in proteins from leaf blades of rice plants in-
fected with the blast fungus Magnaporthe grisea were
recently investigated following 2-DE and N-terminal/inter-
nal amino acid sequencing. Forty-five proteins out of 63
were identified [78]. A targeted proteomic approach was
used to identify the most abundant proteins from tomato
xylem sap upon infection with Fusarium oxysporum. This
not only confirmed the presence of known pathogenesis-
related (PR) proteins in the tomato sap, but also the iden-
tification of a new PR-5 isoform [79]. Beside the analyses
of the whole plant-pathogen proteome, several reports
have focused on elicitation/perception signalling mech-
anisms. Rakwal [80] studied the role of exogenous jasmo-
nic acid (JA) in defence mechanisms of rice (Oryza sativa
L.) using proteome analysis. Proteins appearing or modi-
fied were identified through N-terminal and/or internal
amino acid sequencing. Proteomics followed by immuno-
logical studies indicated that JA affects defense-related
gene expression in rice seedlings, as evidenced by de
novo synthesis of novel proteins with potential roles in
plant defense. In the field of plant perception signalling,
protein kinases play a central role during pathogen recog-
nition and subsequent activation of plant defence mech-
anisms. The first bases for dissecting the upstream pro-
tein phosphorylation pathways involved in the signal
transduction of cryptogein, an elicitor of defence reac-
tions in Nicotiana tabacum cells, were obtained following
2-DE analyses. Although this study clearly highlighted the
role of protein kinases and/or constitutive phosphatases
in the cryptogein signal transduction, only two microse-
quences, without homology with known proteins, were
obtained for the phosphoproteins [81]. More recently, in
a remarkable approach, Arabidopsis suspension-cultured
cells were pulse-labeled with radioactive orthophosphate
during treatment with the flagellin elicitor. This allowed,
in conjunction with 2-DE and MS, to set up the first phos-
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phoproteome of flagellin- and chitin-treated Arabidopsis
cells. The availability of the Arabidopsis genome se-
quence was of great advantage, as it allowed subsequent
protein identification using peptide mass fingerprinting.
One of these proteins, AtPhos43, was identified as being
a novel protein specifically phosphorylated in response
to the bacterial elicitor [82]. Directed proteomics was
shown to be a viable method for analyzing signal trans-
duction in plants.

The effects of leaf extracts from a susceptible host-plant,
a resistant and a non-host plant on the bacterial proteome
of Xanthomonas axonopodis pv. citri were compared
by 2-DE. A few differentially expressed proteins were
N-terminally sequenced but putative functions assigned
following homology searches in databases were uncer-
tain since few Xanthomonad genes have been described
[83]. Recently, proteomics of the plant pathogen Xyllela
fastidiosa revealed major cellular and extracellular bacte-
rial proteins, including toxins, adhesion-related proteins,
antioxidant enzymes, and proteases [84].

5.2 Proteomics for studying plant symbioses

5.2.1 Model plants

Many agronomically important crop plants are legumes,
such as soybean, pea, and alfalfa. However, the size and
complexity of their genomes make them unwieldy and
have slowed progress on the genetic characterization of
these crops. Recently, genomics have been initiated in
Lotus japonicus [85] and Medicago truncatula [86–88].
These model legume species have received increasing
attention during recent years, due to their simple diploid
genome, short life cycle, ease of transformation, and
regeneration [89, 90]. However, by comparison to Arabi-
dopsis thaliana, L. japonicus and M. truncatula possess
relatively large genomes (,500 Mb). Although an inter-
national genome sequencing project has recently been
launched (http://www.noble.org/press_release/medicago/
NewsConference2001/MedicagoSequencingProject.htm)
for M. truncatula, current genomic information is essen-
tially in the form of expressed sequence tags (ESTs) [91,
92]. A regularly updated database containing more than
160 000 M. truncatula ESTs, representing roughly 29 000
clustered sequences, is held by the TIGR (The Institute
for Genomic Research, Rockville, Maryland) [93]. In
France, a joint program between the Genoscope (Evry),
the CNRS-INRA LBMRPM (Toulouse) and INRA-Univer-
sité de Bourgogne PME (Dijon) laboratories, produced
21’473 5’-3’-ESTs (expressed sequence tags) from con-
trol plants, nodules and mycorrhiza, yielding 6’359 EST
clusters, corresponding to distinct virtual genes [86, 94].
Major advances have come from the use of plant

mutants, isolated following ethyl methane sulfonate treat-
ment, g-ray irradiation, insertion mutagenesis, or screen-
ing for natural variants [95–97]. The mutants studied are
defective in defined steps of the symbiosis, helping to
dissect the sequence of events leading to a nodule or a
mycorrhiza [98–100].

5.2.2 Nitrogen-fixing symbiosis

The rhizobial symbiosis involves specific host-micro-
organism recognition mechanisms mediated by chitooli-
gosaccharide molecules (Nod factors) produced by the
bacteria. Bacteria colonize roots within infection threads
and induce a meristematic activity in inner cortical cells,
leading to the formation of nodules. Once inside the
nodules, they differentiate into bacteroids, which are
active in the fixation and reduction of atmospheric nitro-
gen into ammonium [101]. Due to the agronomic impor-
tance of this symbiosis, the genetic program of plant/
microbe interaction has been extensively dissected [88,
102]. With the recent completion of the genome of two
rhizobial species, Mesorhizobium loti and Sinorhizobium
meliloti, and the hundreds of thousands of expressed
sequence tags from three major legume species: soy-
beans, M. truncatula, and L. japonicus deposited in the
public domain [87, 88, 103–105], functional genomics is
now a reality.

Since Govers’s publication [106], in which the expression
of plant genes involved in the pea-Rhizobium symbiosis
was studied by 2-DE separation of in vitro translated
mRNA root nodule products, several reports were pub-
lished with extensive protein identifications of rhizobial
symbioses. Recently, 2-DE was used to identify proteins
differentially expressed during the symbiotic interaction
between the bacterium S. meliloti strain 1021 and the
legume Melilotus alba (white sweetclover) [107]. By iden-
tifying gene products that are differentially present be-
tween symbiotic and nonsymbiotic states, the aims were
to characterize novel symbiosis proteins and to determine
how the two symbiotic partners alter their respective
metabolisms during the interaction. Proteome maps from
control M. alba roots, wild-type nodules, and cultured
S. meliloti and S. meliloti bacteroids were generated and
compared. More than 250 proteins were induced or up-
regulated in the nodule compared with the root, and over
350 proteins were downregulated in the bacteroid form,
compared to cultured cells. N-Terminal amino acid se-
quencing and MALDI-TOF-MS peptide mass fingerprint
analysis, in conjunction with database searching, were
used to assign putative identity to nearly 100 nodule,
bacterial, and bacteroid proteins. This work clearly dem-
onstrated that proteomics is a useful strategy to link se-
quence information and functional genomics.
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Similarly, differential proteomics was used to identify pro-
teins involved in the early stages of nodulation between
the subterranean clover cv. Woogenellup and the Rhizo-
bium leguminosarum bv. trifolii strains ANU843 and
ANU794 [108]. Strain ANU843 induces nitrogen-fixing
nodules whereas strain ANU794 forms aberrant nodules
on the cv. Woogenellup roots that fail to develop beyond
an early stage. The aim was to identify proteins that might
be involved in the early stages of nodulation over a 48 h
period and those differentially displayed during the inter-
actions between the host and the two microbes. Pro-
teome maps from control and inoculated roots were gen-
erated and compared at 24 and 48 h post inoculation. Of
the 16 protein spots that were differentially displayed or
developmentally regulated, 10 were assigned with puta-
tive identities. Of the 22 constitutively expressed proteins
spots examined, through N-terminal sequencing, 8 spots
were assigned a putative protein homology, including
several pathogenesis and stress-related proteins.

Recently, a proteome reference map for M. truncatula root
proteins was established using 2-DE combined with pep-
tide mass fingerprinting to aid the dissection of nodula-
tion and root developmental pathways [109]. It will be
updated continuously (http://semele.anu.edu.au/2d/2d.
html). Over 2500 root proteins were reproducibly dis-
played. 485 proteins were analyzed by peptide mass fin-
gerprinting, among which 179 were identified by match-
ing against the current M. truncatula ESTs database. The
majority of identified proteins were metabolic enzymes
and stress response proteins, and 44% of proteins
occurred as isoforms, a result that could not have been
predicted from sequencing data alone.

Nevertheless, due to the intrinsic limitation of the 2-DE
techniques, it has soon appeared necessary to focus
on restricted cell tissue compartments. Indeed, from
the symbiosome soybean membrane, Winzer et al. [110]
isolated a nodule-specific 53-kDa protein (GmNOD53b)
allowing then its functional analysis to be achieved. Later,
soybean peribacteroid membrane (PBM) proteins were
isolated from nitrogen-fixing root nodules and subjected
to N-terminal sequencing [111]. Sequence data from 17
putative PBM proteins were obtained. The identification
of homologues of HSP70 and HSP60 associated with the
PBM was the first evidence that the molecular machinery
for co- or post-translational import of cytoplasmic pro-
teins is present in symbiosomes. More recently, Saalbach
et al. [112] examined pea root nodules and identified
46 proteins from the PBM and from the space between
this membrane and the bacteroid one. Concerning the
actinorhizal symbiosis, only one case study reported on
the modifications of the protein expression pattern in the
nitrogen-fixing Frankia sp. strain ACN14a-tsr induced by
root exudates of its symbiotic host Alnus glutinosa [113].

5.2.3 Ectomycorrhizal symbiosis

Ectomycorrhiza are mutualistic associations formed be-
tween roots (mainly trees) and a wide range of soil
ascomycetes and basidiomycetes. Pioneering prote-
omic studies were achieved with ectomycorrhiza in the
early nineties [114–117] allowing the detection of sym-
biosis-related (SR) proteins, upregulated or newly in-
duced in mycorrhizal roots, as well as downregulated
proteins, by comparison to control roots and mycelium
extracts. Some “targeted” proteomics studies were also
successfully achieved allowing the identification of pro-
teins of interest [118–122]. Only very recently, some SR
proteins as well as mycelial proteins were identified by
MS and N-terminal sequencing [122–124]. A large-scale
proteomic project is now planned in order to match with
EST data obtained for Pinus sylvestris (Martin F., person-
al communication).

5.2.4 Endomycorrhizal symbiosis

Most vascular flowering plants, including many agricultur-
ally important crop species, form symbiotic associations
with arbuscular mycorrhizal (AM) fungi [125]. The resulting
association plays an essential role in the acquisition of
mineral nutrients and leads, among other benefits, to
enhanced plant growth and health. In spite of the difficult
biological system with regard to the obligatory biotrophic
status of AM fungi and their asynchronous infection pro-
cess, a similar progression was followed for AM inter-
actions, when compared to other root symbioses, going
from descriptive studies [126–131] to the first identifica-
tions [132, 133].

Proteome analysis is now being used as a powerful tool to
reveal more and more proteins involved in AM symbiosis
[134]. Bestel-Corre et al. [135], in a time-course analysis,
compared two M. truncatula symbioses, for which roots
were inoculated with either the AM fungus Glomus mos-
seae or the nitrogen-fixing bacterium S. meliloti. No com-
mon plant protein was found to be induced by both sym-
bionts, although this was expected from molecular data
[98, 136–142]. However, numerous proteins were charac-
terized as up- and downregulated, or newly synthesized,
among which a few were identified by MS/MS. Other sym-
bioses-related proteins were recently identified by MALDI-
TOF and peptide mass fingerprinting [143].

Additionally, although protein patterns of dormant and
germinated spores of several AM fungi were established
quite early [144], the lack of databases on fungi (and par-
ticularly on AM fungi) has slowed down the use of prote-
omics. Only a few identifications were recently obtained
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following MS/MS [145]. The use of Ri T-DNA transformed
roots of Daucus carota [145] or M. truncatula ([146];
Dumas-Gaudot E., unpublished data) will undoubtedly
help to collect arbuscular extraradical fungal material.
Very recently, proteomics was also employed to study
the impact of xenobiotics, revealing thus a potential use
of this technology for environmental studies [143, 147,
148]. Similarly, variations in the pea (Pisum sativum L.)
root proteome were identified in response to cadmium
stress, during the symbiotic interaction with G. mosseae
[149].

In conclusion, despite the complexity of the biological
material when working with two interacting genomes
(plant and microorganism), proteomics appears as a
powerful tool to gain a global picture of plant-microbe
interactions. In the near future, further protein identifica-
tions with peptide mass fingerprinting will be facilitated
by the use of model plants and/or microbes. Protein iden-
tifications may also be obtained for nonsequenced organ-
isms (plants/pathogens/beneficial microbes), assuming
that MS/MS analyses can be performed. In addition,
attempts should be made to (i) identify proteins corre-
sponding to defined steps of the studied plant/microbe
interaction processes and, whenever possible, (ii) to
relate proteome and transcriptome analyses. To this
end, a protocol has recently been set up for carrying out
on the same root proteomics and transcriptomics analy-
ses of the early steps of the AM symbiosis (Dumas-
Gaudot et al., this issue). In addition, subcellular frac-
tionation could be used to enrich plant extracts with
specific proteins. In particular, membrane proteins may
be addressed, since significant advances have been
achieved for their extraction and solubilization (this arti-
cle and [46, 150–153]). Special attention may be paid to
the perisymbiosome membrane, surrounding the arbus-
cules or the bacteroids. This approach, recently used for
L. japonicus nodules [154], is currently being developed
to the arbuscular symbiosome (Dumas-Gaudot et al.,
unpublished results). The availability of more and more
reference proteome maps including the plant phosphor-
ilome [155] will provide a basis for future proteome com-
parisons of biotically and abiotically challenged plants
[156].

6 Conceptual and technological
perspectives for plant proteomics

Plant proteomics is sharing the technical limitations of
proteome analysis in general but will benefit from rapid
developments in current methodology. Proteins are phys-
ically and chemically much more diverse than nucleic
acids, which hinders the quantitative analysis of complex

samples of proteins. In addition, due to different RNA
splicing and post-translational modifications, it is ex-
pected that for a given organism the number of protein
species exceeds severalfold the number of genes. An-
other level of complexity arises when considering the
potential number of protein-protein interactions in an
organism modified by developmental events and physio-
logical constraints. In the following we will address only a
few selected topics most likely representing key steps in
future proteomic studies and the reader is referred to
recent reviews on general technological developments in
proteomics [3, 157–159].

Although not comprehensive, the overview on the litera-
ture published in the field of plant proteomics given in the
previous sections showed that to date separation of com-
plex mixtures mostly relied on 2-DE. To overcome the lim-
itations of this technology, specific tissues or sub-pro-
teomes have been used as a starting material. With the
aim of increasing the resolution of 2-DE of plant tissue
proteins by improving the protein extraction procedure,
Giavalisco et al. [160] reported a protocol comprising
sequences of steps for tissue desintegration, protein
solubilization, and removal of insoluble material by ultra-
centrifugation, leading to three different fractions. The first
one (obtained by mechanical cell wall disruption in the
presence of protease inhibitors) contains only buffer-sol-
uble, mainly cytosolic proteins, the second one includes
membrane, hydrophobic, structure-associated proteins
(with chemical disruption of membranes by using deter-
gents, chaotropes, and further mechanical grinding), and
the third one nucleic acid-associated proteins (by using
DNAse). The authors conclude that the fractionation-
based extraction, compared with the precipitation one,
avoids protein losses and decreases the complexity of
the protein pattern, leading to higher resolution; additional
advantages are reduced protein comigration, and higher
protein-loading capacity.

Current technical developments are directed towards
improved resolution and better quantification and in-
clude novel techniques for sample prefractionation
such as by free-flow electrophoresis or with a chromato-
focusing device such as the multicompartment electro-
lyzer [161], the use of a set of narrow pH gradients and
larger gel-formats during 2-DE [162], and the introduc-
tion of new staining and labelling methods [163–165].
Difference gel electrophoresis (DIGE) is a prelabelling
technique using separate Cy dyes for different samples
which then can be analyzed on one gel avoiding shifts in
gel patterns normally occurring when samples conven-
tionally separated on two gels are compared [166]. This
technique promises to make quantitative analysis based
on 2-DE much more reliable [167]. Whereas the labelling
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procedure itself appears relatively easy to use, dedi-
cated equipment and dedicated software are necessary
for evaluation of the gel(s).

Liquid chromatography (LC) is an emerging alternative
to 2-DE for protein separation, although both can be
combined in a single experiment, when dealing with
low-abundant proteins [168], particularly in the case of
n-dimensional chromatography [169]. LC has the advan-
tage of using liquid phase compatible with different in-
fusion into a mass spectrometer (LC-MS), although un-
fortunately, proteins are not generically amenable to high
resolution by RP-HPLC. This has been solved by digest-
ing the proteins to peptides with a protease, normally
trypsin. The digestion process creates more complexity,
but it can be simplified by the use of isotope-coded affinity
tags (ICATs) for generic protein expression analysis [170].
ICAT-based LC-MS offers the ability of selecting certain
peptides by derivatization of specific amino acids (typi-
cally cysteine residues), with an affinity tag. Use of stable
isotope-labelled affinity tag also permits quantitation and
discrimination on the mass spectrometer itself. Ficarro
et al. [171] report a similar method for enriching phos-
phoproteins by affinity columns of affinity tag-derived
phosphoproteins.

Another interesting approach is the multidimensional pro-
tein identification technology (MudPIT) approach intro-
duced in Yates laboratory [172]. MudPIT is a technique
for the separation and identification of complex protein
and peptide mixtures. Rather than using traditional 2-D
gel electrophoresis, MudPIT separates peptides by 2-D
LC. In this way, the separation can be interfaced directly
with the ion source of a mass spectrometer. This tech-
nique has recently been applied to the study of plant pro-
teomes [11, 173].

The identification of multiprotein complexes components
and the analysis of protein-protein interaction are essen-
tial to understand most cellular processes. Protein inter-
action studies are carried out by using two-hybrid sys-
tems, developed by Fields [174], protein chips, and the
large-scale approach of tandem-affinity purification (TAP)-
MS. This last strategy has been used in the analysis of the
yeast proteome, allowing the purification of more than
589 multiprotein assemblies [175] and can be applied to
higher eukaryotes, avoiding the problem of the competi-
tion from corresponding endogenous proteins [176]. A
more recent general method involves the use of fluores-
cence resonance energy transfer (FRET) between fluores-
cent tags on interacting proteins, by using green, cyan,
and yellow fluorescent protein [159]. The great advantage
of the approach is its application to in vivo analysis by
microscopy.
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