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Abstract

Plant proteomics is still in its infancy, although numerous experiments have been undertaken since the end of the 1970s. In
this review we focus on the interactions between proteomics and genetics. A given genome can express various proteomes
according to differentiation, development, tissues, cells and subcellular compartments, and proteomes are modified in
function of biotic and abiotic environment. These different proteomes and the way they respond to environment can be
compared between genotypes, allowing the characterization of mutants or lines, the study of mutation pleiotropic effects, the
genetic mapping of expressed genes. These comparisons also permit to hypothesize for ‘‘candidate proteins’’ that might be
involved in the genetic variation of traits of economic or agronomic interest.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction

With the completion of the sequence of the first
plant genome, ofArabidopsis thaliana in 2000 [1],
plant biology has also turn the century by entering
the so-called post genomic era and, as other life
sciences, has developed new approaches. We will
briefly describe and discuss in the following pages
the developments in plant proteomics and their
relationships to plant genetics. Several reviews have
been published in the last few years that can be read
as a useful complement to the present contribution

Fig. 1. The two qualitative spot variations detected by comparing[2–5]. As yet described in these reviews, the oppor-
proteomes from different genotypes.tunity given to reveal several hundreds to few

thousands of gene products on one single 2D gel—
by the means of two-dimensional electrophoresis of determined quantitative variations) or in different
denatured proteins—permitted to examine: developmental stages or organs.

Although the term ‘‘proteome’’ was introduced in
a conference by Wilkins in 1994, to refer to the total

(1) variations in gene expression, according to the protein complement of a genome, the roots of this
plant development and in response to various modern concept date back to 1975 with high-res-
abiotic and biotic stresses or treatments, leading olution two-dimensional polyacrylamide gel electro-
to the identification of regulated proteins; phoresis. 2DE is still today the most resolutive

(2) genetic variations: mutants lines have been technique for the analysis of complex protein mix-
characterized, genetic distances have been esti- tures, but it does not permit protein identification.
mated, phylogenetic relationships have been The development of mass spectrometry techniques
established and factors controlling protein ex- (peptide mass fingerprinting and peptide sequencing
pression have been mapped. (reviewed in Ref. [7])), not only allowed to identify

the proteins showing variations in function because
The position of proteins on 2D gels depends on of genetic variation or physiological changes, but

their primary sequence, and any mutation (amino also made it possible to undertake protein inventories
acid substitution, insertion/deletion) that has an in different plant structures (organs, tissues, cells,
effect on the pI or on the mobility in SDS–PAGE organelles, ribosomes). The topics discussed in this
will modify the position of the protein: they lead to review, on genetically oriented plant proteomics, are
position shift (PS) variants (Fig. 1). Mutations summarized in Fig. 2.
leading to the absence of the protein will produce
presence/absence (P/A) variations (Fig. 1). The
latter can also be due to PS: one of the two spots 2 . Proteomes of a genome
being masked by another spot or its pI being outside
of the pH range of the isoelectrofocusing. In most 2 .1. Differentiation and development
cases, observed PS and P/A have been shown to be
under monogenic control and indeed correspond to The proteomes of the different organs of a plant
allelic variations (reviewed in Ref. [6]). Such are obviously different. They are often studied
markers are physiologically relevant in that they separately, e.g., in proteome databases [8], but
reveal loci whose transcripts are translated in the comparisons between them are scarce, and most of
organ analysed. The other type of variations that can them are actually related to the study of genetic
be observed in 2DE is the variation in amount of a variations.
same protein spot in different genotypes (genetically Several studies have demonstrated that organ-spe-
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Fig. 2. Combining proteomic and genetic studies.

cific proteins are more variable between genotypes stable proteins. The authors suggested [11] that the
than organ-unspecific proteins, and that the level of higher level of genetic variation of organ-specific
genetic variability depends on the organ or tissue proteins amounts might be related to a higher
considered. In maritime pine, Bahrman and Petit [9] number of genes controlling their expression: the
examined the genetic variation of proteins in three higher this number is, the higher the number of
organs (needle, bud and pollen) of 18 unrelated trees. possible targets for mutations affecting protein
Of 902 polypeptides scored for their presence/ab- amount. This hypothesis was supported by results in
sence variations, staining intensities and position maritime pine [9] where position shift variants were
shift variations (see Fig. 1), 27.2% were polymor- twice as frequent and quantitative variants five times
phic. Among spots common to all three organs, only as frequent among organ-specific spots as among
18.1% were variable, while organ-specific polypep- spots found in every analysed organ.
tides were characterized by a very high level of Reduced ‘‘functional constraints’’, as defined by
polymorphism (56% on average, ranging from Kimura [12], might also explain the increased level
44.4% for spots specific to needles to 58.1% for of allelic variability of organ-specific polypeptides
pollen polypeptides and to 70.4% for those of the that are expressed in a single cellular environment,
buds). compared to ‘‘house keeping’’ ubiquitous proteins,

A high level of variability for organ-specific as suggested by Klose [13].
polypeptides was also found in maize. By comparing In other proteomic studies on development the
the proteins expressed in three organs (mesocotyl, objective is not to compare the differences between
second leaf’s sheath and blade of 3-week-old seed- organs or to identify extensively all the proteins of a
lings) between two inbred lines, Leonardi et al. [10] given organ, but to analyse the physiological events
found a genetic qualitative or quantitative variation occurring during a precise phase of differentiation. A
for 3.6% of 357 proteins showing no variation first example is given by Gallardo et al. [14], who
between organs, while 22.6% were found variable studied the germination of seeds inA. thaliana.
among 629 proteins showing organ-specific varia- Changes in abundance were found for 39 proteins
tions. Later, this comparison was extended to two during germination sensu stricto and for 35 others
additional genotypes: 59% of the proteins showing a during radicle protrusion. Variations of protein ex-
variation, mainly quantitative, between organs were pression were also found during priming, i.e., pre-
genetically variables, to be compared to 18% of the germination followed by drying, a treatment that
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allows faster germination. Eighty-four proteins were plant plasma membrane. Santoni et al. [17] describe
identified by MALDI-TOF. This analysis allowed the their objectives and their first accomplishments
association of several proteins with different pro- including the identification of proteins on their web
cesses (e.g., imbibition of the seed, dehydration, site (http: / /sphinx.rug.ac.be:8080/ppmdb/ index.
mobilization of storage proteins, etc.). Some of these html) with clickable spots on the protein map. Since
associations were already known, while others were it is difficult to reveal hydrophobic and basic proteins
noticed for the first time. A second example was on 2D gels, significant work has been done to
given by Plomion et al. [15] for proteins involved in overcome these difficulties [18–21]. Using liquid-
wood formation. They correlated the variation of a grownArabidopsis calli, one partner of this project
protein involved in ethylene (a gaseous phytohor- generated a database where the proteins are assigned
mone) biosynthesis with mechanical and biochemical to mitochondria, endoplasmic reticulum, Golgi /pre-
wood related traits. vacuolar compartment or plasma membrane [22].

Although the objectives are different, these studies More recently, several papers described different
are similar to the study of proteome response to plant ‘‘subproteomes’’. In the same issue ofPlant
environment (see Section 3). Physiology of December 2001, two groups [23,24]

undertook the description of the mitochondrial
2 .2. Subcellular compartments proteome ofArabidopsis thaliana, identifying 81 and

52 protein spots, respectively. In one case [23],
Most of the available proteomes correspond to the mitochondrial proteins were sub-fractionated into

abundant and soluble proteins, i.e., in no case are the soluble and membrane bound to better hypothesize
cell proteins exhaustively separated and visualized. their functional role.
In particular, the nuclear and hydrophobic mem- The chloroplast, the organelle where the photo-
brane-associated proteins are not extracted. In addi- synthesis takes place, has also been the subject of
tion, the most basic and more generally, the low different proteomic analysis and a short review on
abundance proteins (e.g., transcription factors, pro- this specific organelle was published in 2000 [25]. A
tein kinases, etc.) are not seen on standard 2DE first description of the chloroplastic proteins was
protein maps. The recovery of more proteins can be published in pea [26], but efforts are now directed
achieved in several ways among which the analysis towards the fully sequencedArabidopsis and also
of proteins after sub-fractionation according to cell towards the compartmentalization of the organelle,
type and subcellular compartments is of the foremost from the chloroplastic inner and outer envelope to
interest. the stroma and to the thylakoid membrane system

To be able to hypothesize the function of an [25]. A recently published study [27] described the
unknown protein, one of the criteria to take into protein composition of the lumenal compartment of
account is its localization inside the cell, i.e., to the thylakoids, inArabidopsis for easier identifica-
which compartment, to which organelle this protein tion, but the corresponding thylakoid lumen sub-
belongs. Also, one of the limitation of proteomics proteome of spinach was compared also in the same
being the low representation of the genome expres- study, both proteomes showing similarities in num-
sion, with 2000–3000 gene products revealed in best ber and relative amounts of spots. A nice example of
2D gels instead of the 10 000 to 15 000 genes complete inventory is the study of ribosomal proteins
expressed in the same tissue and same developmental of spinach chloroplasts, that allowed interesting
stage, fractionation into the different subcellular comparisons with the structure of bacterial ribosomes
compartments is becoming a necessity. A pioneer [28,29]. New complexes can also be identified:
work by Granier et al. [16] has attributed to the Peltier et al. [30] identified the components of a
proteins extracted from wheat etiolated seedlings protease complex in chloroplasts ofA. thaliana.
their subcellular localization, using enriched fraction Interestingly, mass spectrometry data allowed them
of mitochondria and chloroplasts. to improve the genome sequence annotation by

One of the first organelle proteome projects in correcting the intron and exon boundaries predicted
plants was the EU-founded collaborative program on from genomic sequences.
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3 . Biotic and abiotic environment tion. Cabane et al. [36] identified chilling-ac-
climation-related proteins in soybean, one of them

3 .1. Abiotic stresses being a heat shock protein (HSP70). In poplar [37],
two families of high-molecular mass polypeptides

A great interest has been brought to plant response were shown to accumulate in response to chilling
to abiotic stresses, mainly because of possible appli- treatment in cuttings as in in vitro raised shoots.
cations to breeding programs of cultivated species. Quantitative changes for 26 proteins were detected in

Elevated temperatures induce, in plants as in other response to cold treatment of potato tubers [38].
organisms, the synthesis of heat shock proteins Long-term chilling tolerance of tomato fruit acquired
(HSPs). Their synthesis is correlated to the acquisi- by heat shock treatment was shown to be correlated
tion of thermal tolerance, i.e., the ability to withstand to the persistence of HSPs [39]. A genetic approach
higher temperatures. Plants differ from other organ- was initiated by Danyluk et al. [40], who studied the
isms in that they synthesize a great number of response to cold treatment of three varieties of
low-molecular mass HSPs (LMW-HSPs), e.g., Nover Triticum aestivum: one set of 18 proteins was
and Scharf [31] showed the induction of 48 HSPs in transiently induced, and a second set of 53 induced
tomato cell cultures. As HSPs were (i) easy to proteins stayed at a high level of expression during
identify as induced by HS treatment (no sequencing the 4 weeks required to induce freezing tolerance.
was necessary for identifying them), (ii) revealed on Thirty-four of the latter were expressed at a higher
2DE patterns, not only by radioactive labelling but level in the most freezing tolerant line.
also by silver staining, and (iii) a priori known to be Water deficit induces numerous morphological,
correlated to thermal tolerance, genetic studies were physiological and biochemical responses in plants:
early undertaken to investigate the correlation be- e.g., reduced growth of aerial parts, stomatal closure,
tween HSP polymorphism and the genetic variation leaf rolling, leaf senescence, osmotic adjustment.
of tolerance to high temperatures. Zivy [32] investi- Many cellular functions are affected and different
gated the genetic variability of HSPs in wheat. A types of genes have been found to be induced by this
high level of polymorphism was detected: more than stress (reviewed in Ref. [41]). Water deficit and high
one-third of the 35 detected HSPs were found salinity have in common to decrease the osmotic
qualitatively or quantitatively variable between three potential, and some metabolic responses are common
inbred lines, while only 13% of the other proteins to both stresses. In several studies, induced proteins
were variable among the same genotypes. Later, it have been identified. Claes et al. [42] isolated a
was found [33] that thermal tolerance was not cDNA for a glycin-rich protein by using DNA
correlated with qualitative variation of HSPs but with probes synthesized according to microsequences of a
the quantitative variation of two LMW-HSPs com- polypeptide induced by salt stress in rice. Reviron et
mon to the seven tested genotypes. al. [43] identified a protease inhibitor induced by

Exposure to cold can induce freezing tolerance, drought in rape leaves. Moons et al. [44–46] iden-
but the situation was not the same as for high tified in rice a novel class of glycin-rich proteins, a
temperature and HSPs since no specific set of series of group 3 LEA (late embryogenesis abun-
proteins was a priori known as induced by cold. dant) proteins, and a series of group 2 LEA proteins
Thus, 2DE was mainly used for the description of (also called dehydrins) by microsequencing and
protein response to cold and for trying to identify Western blotting. Among three rice varieties, the
induced polypeptides whose regulation could be most tolerant to salinity synthesized higher amounts
correlated to cold acclimation: Meza-Basso et al. of these proteins. Rey et al. [47] showed the induc-
[34] showed the induction of proteins by low tem- tion of a thioredoxin-like protein in potato chloro-
perature in rape seedlings. Guy and Haskell [35] plasts by water stress, and Moons et al. [48] the
detected polypeptides associated with cold acclima- induction of pyruvate orthophosphate dikinase in rice
tion in spinach seedlings: the synthesis of these roots. Costa et al. [49] found 38 proteins induced by
proteins was increased during the period of freezing drought in needles of maritime pine. Among them,
tolerance acquisition, and reduced during re-acclima- enzymes involved in the response to oxidative stress,
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in heat shock response and in lignin biosynthesis 4 . Polymorphism of genes encoding the proteins
were identified. Riccardi et al. [50] found 78 proteins
affected by drought in the growing part of maize As far as their products show an allelic variation,
leaves, 50 of which being up-regulated. Micro- the genes encoding the revealed proteins can be
sequences were obtained for 19 of them, allowing mapped on the chromosomes, allowing expressed
the identification of proteins involved in several genes to be added to the genetic maps mainly
metabolic pathways in addition to hydrophilic pro- established with non-coding DNA-markers. Quali-
teins of different classes. tative variants such as P/A and PS (Fig. 1) have also

been widely used to study relationships between
3 .2. Plant–microbe interactions genotypes, populations, species and genus.

In the last 2 years several groups have undertaken4 .1. Genetic relationships
the proteomic approach of the symbiotic association
between N-fixing bacteria and legumes, i.e., the root The structure of genetic variability in natural
nodules. The symbiosis between soybean and populations has always been a subject of great
Rhizobium was studied at the peribacteroid mem- interest to population geneticists, evolutionists and
brane interface, made up by the plant [51]. Of the 17 plant breeders. It is generally accepted that the
peribacteroid membrane proteins sequenced, only six choice of a molecular screening technology for
are homologous to proteins of already known func- analyzing the extent and distribution of genetic
tion. More recently, Saalbach et al. [52] examined diversity in natural populations will depend on many
pea root nodules and identified 46 proteins from the factors (http: / /webdoc.gwdg.de/ebook/y /1999/
peribacteroid membrane and from the space between whichmarker / ). Because each type of marker pre-
this membrane and the bacteroid one. Another sents advantages and limitations, a variety of tech-
symbiosis was examined by Natera et al. [53] niques needs to be available, among others is 2DE.
between white cloverMelilotus alba and the bac- The strength of this technique is that protein loci
terium Sinorhyzobium meliloti. Differential expres- sample the genome differently compared to most
sion of proteins between the nodules and the non- PCR-based techniques—2DE indeed reveals the
nodulated roots and between bacteroids and cultured genetic variability of the expressed genes only—and
bacteria led to the identification of a hundred of therefore provides a different level of information
proteins among the few hundreds up or down with respect to the diversity of questions being
regulated when are compared symbiotic and non- addressed. In addition, 2DE allows to reveal far more
symbiotic metabolisms of the two partners. markers compared to isozyme electrophoresis for

Since most higher plants, including the nodule which few assays are available, and it was reported
forming Fabaceae, are involved also in mycorrhizal [6] that the 2DE revealed as many alleles per
symbioses, with fungi of the order Glomales, Bestel- polymorphic loci as in isozyme studies.
Corre et al. [54] undertook a study to compare both For the last 20 years, experiments have been
symbiotic interactions, betweenMedicago truncatula performed at various taxonomic levels to assess
and the arbuscular mycorrhizal fungusGlomus mos- genetic differences using 2DE protein patterns; some
seae, and betweenM. truncatula and the bacterium examples are detailed below.
Sinorhyzobium meliloti. No plant protein was found The cultivated wheats are allopolyploid species
commonly induced by both symbionts, although such possessing either two (for hard wheatTriticum
finding was expected. However, numerous proteins turgidum AABB) or three (for soft wheatTriticum
were identified, newly synthesized or up or down aestivum AABBDD) genomes. Those genomes origi-
regulated, the identification of the plant proteins nate from a common ancestor that has diverged
being greatly facilitated by the large EST (expressed since, and today there are numerous diploid or
sequence tag) library constructed inMedicago trun- polyploid wild species with different so-called
catula, the model plant for symbiotic interactions. homoeologous genomes that still can be intercrossed,
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more or less easily. The number of bivalent chromo- Europe. Total proteins from seedlings were analyzed
somes figures at meiosis led the wheat geneticists to and 530 polypeptide spots scored, among which 101
hypothesize which of the present species may have were polymorphic. The dissimilarity between the two
given the different genomes of the cultivated wheats. species was 0.36, whereas the within species dis-
The A genome originated fromTriticum urartu and similarities were 0.35 forQ. petraea and 0.33 forQ.
the D genome fromT. taushii (reviewed in Ref. robur. Such very close interspecific and intraspecific
[55]). However, there was still a conflicting debate distances confirmed the low level of genetic differen-
about which species of theSitopsis section con- tiation between both species, already reported with
tributed the B genome and the cytoplasm of the isozymes, RAPDs (random amplified polymorphic
cultivated wheats. To answer this question, 2DE DNAs) and chloroplastic DNA.
patterns of the different species of this section (T. In the Brassicaceae family of plants, to which
longissimum, T. sharonense, T. bicorne, T. searsii Arabidopsis belongs, are encountered several species
andT. speltoides) were compared and compared with of agronomic interest such as rape (Brassica napus),
Chinese Spring (CS), a bread wheat cultivar. By cabbages (B. oleracea), mustards (B. juncea and B.
analysing the number of spots found in common, nigra) and radishes (Raphanus sp.). Distance indices
similarity indices were computed between each pair calculated by counting common and distinct spots
of genotypes. From the resulting similarity matrix, among the representatives of these species led, as in
dendrograms were drawn, reflecting the phylogenetic Triticeae, to dendrograms reflecting well the genetic
relationships in theSitopsis section. Besides the relationships between them [61].
perfect accordance between the 2DE based dendro- In maritime pine (Pinus pinaster), Bahrman et al.
gram and the classical taxonomy, it was found thatT. [62] used 2DE to study the relationships between
speltoides is the wild species the most related to the seven provenances of the natural range, and to
B genome of cultivated wheats [56]. This finding evaluate the genetic variability existing within and
was confirmed by cytoplasmically encoded proteins: between geographical origins. Taking advantage of
the large subunit of Rubisco and two forms of the the possibility to distinguish between allelic forms of
b-ATPase [57] have the same allelic forms in CS protein loci in the megagametophyte (a nutritive
and T. speltoides, while the otherSitopsis species haploid tissue surrounding the embryo of conifer
show other alleles of these chloroplastic genes. seeds), a total of 968 spots were scored, from which

The study of phylogenetic relationships by com- 84% were variable. Based on this information, three
paring 2DE patterns was extended to species of the main groups (namely Atlantic, Mediterranean and
Triticum genus possessing different genomes [58]. In North African) could be distinguished, a genetic
another experiment between different genus of the structure that was in agreement with terpene data. In
Triticeae tribe, i.e., the A and D genomes ofTri- another study, Petit et al. [63] showed that proteins
ticum, the H genome ofHordeum (barley) and the S revealed by 2DE displayed a similar level of genetic
genome ofSecale (rye), the dendrograms obtained differentiation among populations than terpenes and
still reflected well the known phylogenetic relation- isozymes, indicating the absence (or similar level) of
ships [59], although the number of spots found in selection acting on the three types of loci.
common dropped down to 30% betweenTriticum David et al. [64] studied the genetic differentiation
and Hordeum, indicating that the limits of the of 11 wheat populations originating from a single
method may have been reached. one. All 11 evolved independently during 8 years in

In European oaks the relationships between the different locations. Thirty-nine out of 162 polypep-
two closely related speciesQuercus petraea and tides taken into account in this analysis proved to be
Quercus robur were examined by Barreneche et al. polymorphic between the populations. Multivariate
[60]. They used 2DE for studying the genetic analysis showed that all populations differentially
differentiation between the two species by comparing evolved from the original one, and that natural
23 oaks from six European countries covering partly selection rather than random drift was responsible for
the natural geographic range of white oaks in these differentiations.
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4 .2. Characterization of genotypes and mutant by cytokinin dosage [83]. The comparison of several
lines late-flowering mutants ofArabidopsis revealed pro-

tein spots that appeared or disappeared compared to
Back in the 1980s, Zivy et al. [65,66] distin- the wild type [84]. However, in the F2 offsprings of

guished three different wheat varieties by qualitative the crosses between mutants and wild type, none of
and quantitative differences of proteins revealed by the variable protein spots co-segregated with the
2DE. The use of alloplasmic lines (the same nuclear flowering phenotype. In addition to the necessity of
genome introduced by repeated backcrosses in alien genetic confirmations, these experiments demonstra-
cytoplasms) permitted to reveal genetic differences ted that 2DE analysis can reveal the genetic hetero-
for cytoplasmically encoded proteins (e.g., the large geneity of the ecotypes or lines used in mutagenesis
subunit of Rubisco). Improvements of the 2DE experiments. Also it must be noticed that such
technique at the level of extraction procedures proteome analysis examined only a fraction of the
[67,68] and larger gels has increased the number of proteins.
genetic variations detected [69]. The power of proteome analysis in mutant charac-

Although only a fraction of the mutations in the terization is even more evidenced by studying pleio-
coding sequence are detectable on 2DE gels, the tropic mutations. Gottlieb and de Vienne [85] com-
great number of gene products allowed many authors pared two near-isogenic lines of pea differing by the
to characterize and distinguish unambiguously geno- r gene that determines round (RR) or wrinkled (rr)
types, even when belonging to related populations. seeds. In the proteomes of the mature seeds, nearly
This was published in wheat [70–72], barley [73– 10% of the spots differed in amounts, confirming the
75], sugarcane [76] or in pepper [77,78] for instance. numerous known physiological differences between

Looking at the 2DE pattern of a mutant compared the two types of seeds. In maize Damerval and de
to the wild type may permit either to evaluate the Vienne [86] studied the pleiotropic effects of the
effects of a mutation, for instance examine the Opaque2 (O2) gene, which codes for a transcription
pleiotropy of an already described mutant, or to look factor. The comparison of 2DE patterns ofO2 and
for the protein(s) encoded or influenced by the wild-type maize lines in several unrelated back-
mutated gene. In the model plantArabidopsis grounds has permitted to identify specific targets of
thaliana, 2DE patterns of a series of mutants affected theO2 gene. Several enzymes belonging to various
in the first steps of development were examined by metabolic pathways were identified, confirming that
Santoni et al. [79]. The amount of one protein, O2 is a regulatory gene connecting different grain
characterized as an isoform of actin, was found metabolism pathways [87].
correlated to the length of the hypocotile. In tomato It is obvious today that proteomics is indeed useful
[80], the comparison of 2DE patterns between the and powerful for distinguishing genotypes, even in
wild-type and a Fe-deficient mutant led to the closely related backgrounds. Because of the level
identification of several enzymes whose amounts where this analysis takes place, i.e., relatively far
were different and that were involved in anaerobic from the DNA sequence, the differences observed
metabolism and stress defense. In experiments with may be numerous when the genetic differences are
moss, Kasten et al. [81] compared the proteins of a few. However, this allows one to decipher the
chloroplastic mutant with the wild type, whether multiple effects of a single mutation. In addition,
supplemented with cytokinin or not. It was con- only the protein level is pertinent for looking at
cluded that the hormone affects both nuclear and posttranslational modifications that are also the sub-
cytoplasmically encoded proteins. The analysis of ject of genetic variations.
the protein patterns of a series ofArabidopsis
mutants affected in early development, and of hor- 4 .3. Genetic maps
mone-treated wild types, led to a biochemical classi-
fication that was consistent enough to predict that an The last 10 years have seen a dramatic increase of
uncharacterised mutant was likely a cytokinin over- molecular methods for mapping quantitative trait loci
producer [82]. This hypothesis was later confirmed (QTLs) (e.g., Ref. [88]). While DNA-based tech-
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niques are considered as the technique of choice for trees, suggesting some of these proteins to be
quickly saturating a genome, 2DE not only provide responsible for the trait variation itself.
useful molecular markers for mapping the expressed
genome, but also may provide ‘‘candidate proteins’’
to understand the biological function of QTLs (see 5 . Polymorphism of genes controlling protein
Section 5.2). Despite this advantage, genetic map- expression
ping of protein markers has been reported in very
few plant species (reviewed in Ref. [6]). Genetic 5 .1. Protein quantity loci
localization of protein markers has mainly been
reported for wheat, maize and maritime pine, al- Damerval et al. [98] were the first in 1994 who
though few PS loci were also mapped in other crops investigate the genetic determinism of quantitative
including barley [89] and pea [6]. In wheat, Colas variation of proteins separated by 2DE using a QTL
des Francs and Thiellement [90] reported chromo- (quantitative trait loci) detection strategy. They used
somal localization of 35 proteins comparing euploid a linkage map constructed with RFLPs and PS loci
and ditelosomic lines. In maritime pine, Bahrman segregating in a F2 progeny of maize to locate by
and Damerval [91] and Gerber et al. [92] reported interval mapping [99], the ‘‘PQLs’’ (protein quantity
linkage analysis for 119 and 65 loci, respectively. loci), that explain part of the spot intensity variation.
Plomion et al. [93,94] and Costa et al. [95] used a For the 72 proteins analyzed, 70 PQLs were detected
three-generation inbred pedigree of this species to for 42 proteins, 20 of them having more than one
map 68 proteins from haploid and diploid tissues. In PQL. PQLs were found to be distributed all over the
maize, a composite linkage map showing the dis- genome. PQLs controlling the accumulation of nee-
tribution of 65 PS loci was presented [6]. In pine and dle proteins were also detected in a F2 progeny of
maize, protein loci were found on each chromosome, maritime pine [100] and the same conclusions were
interspersed with other markers (RFLPs in maize, drawn.
RAPDs and AFLPs in pine). The question arises as to whether or not the

The use of marker-assisted selection (MAS) in variability of genetic expression and its conse-
breeding programs relies on the presence of linkage quences in terms of protein quantity variation may
disequilibrium between marker loci and quantitative also play a role in the phenotypic variability.
trait loci (QTLs). Because linkage disequilibrium
decreases at each generation due to recombination,5 .2. Candidate proteins
the efficiency of MAS will quickly decline unless
markers are found that are physically linked to the During the last 10 years, the identification of the
QTLs, or in the extreme case, being the QTLs genes responsible for genetic variation in agronomi-
themselves [96]. The possibility to study the genetic cally important traits has mainly been investigated
variation (in pedigrees and in natural populations) at using linkage mapping with anonymous markers in
the protein level may in this respect be extremely segregating progeny, where linkage disequilibrium
useful. Proteins act directly on biochemical pro- can be maximized [101]. While successful, it is
cesses, and thus must be closer to the ‘‘build up’’ of important to point out the limitation of such a QTL
the phenotype, compared to DNA-based markers. analysis. QTLs can only be localized approximately,
Therefore, 2DE appears as a very interesting tech- i.e., the confidence interval of a QTL is large on the
nique to understand the variability in trait expression. genetic map [102]. This means that QTL mapping
In this context, proteins certainly constitute more does not allow identifying the underlying genes.
informative markers compared to DNA markers. In Thus, trait dissection analysis, although already
maritime pine, Gerber et al. [97] demonstrated the useful in marker-assisted breeding, can be viewed as
rationale of this approach. For several traits among a first step towards the identification of the genes
which seed weight and growth related traits, they controlling part of the quantitative trait variation. In
detected significant ‘‘protein–trait’’ associations addition, based on the total map length of the
among the 84 protein loci genotyped on 18 unrelated genome and on DNA content, the average physical
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equivalent of 1 cM distance varies in huge pro- the application of mass spectrometry, together with
portions, e.g., 230, 460, 2500, 3500 and 12 000 kb in the availability of one fully sequenced plant genome
Arabidopsis, Eucalyptus, maize, wheat and pine, and, in many agronomic species, of thousands of
respectively. This means that the identification of the sequenced cDNAs (ESTs), have permitted to go
gene corresponding to the QTL by positional cloning further than using the 2DE as a source of genetic
[103] would be very difficult in most crop plants and markers.
forest trees. Every experiment published in plant proteomics

The accessibility of the biological meaning of a today is accompanied by a list of the identified
QTL can proceed from the candidate gene (reviewed proteins, and biochemical and biological hypothesis
in Ref. [104]) and the candidate protein (reviewed in and models can readily be tested. As in medicine and
Ref. [105]) approaches. Co-localizations between in microbiology, the mass of data is exponentially
QTLs and known-function genes have been already growing and bioinformatic tools are urgently needed
reported [104]. The main limitation of this approach to cope with such a challenge.
is that a co-localization between a candidate gene Unfortunately only a very few web sites are, at the
and a QTL can be purely fortuitous. beginning of 2002, freely available to academic

Validation of a candidate gene needs further scientists, with organized 2DE databases, showing
confirmation before implementation of such infor- references protein maps with clickable spots linked
mation in breeding programs. The study of the to protein database like Swissprot (http: / /sphinx.
genetic variation of proteins can provide such a rug.ac.be:8080/ppmdb/ index.html, http: / /www.
validation tool, which was exemplified in maize. expasy.ch/cgi-bin /map2/def?ARABIDOPSIS (see
Using a population of recombinant lines, de Vienne Fig. 3), http: / /www.gartenbau.uni-hannover.de/genetik /
et al. [105] found a co-localization between a AMPP).
candidate gene for drought-stress response (theAsr1 The transcriptomic tools, such as high-density
gene, an ABA/water stress/ ripening related protein) cDNA filters, cDNA microarrays or DNA chips
and QTLs for leaf senescence and anther-silking [107–109], are usefully complemented by
interval (a symptomatic trait of drought effect), as proteomics, since the amounts of a protein and of its
well as a major PQL controlling the expression of mRNA are not well correlated [110–112], and since
the ASR1 protein under drought condition. The PQL proteins turn over and posttranslational modifications
strategy was also applied in maritime pine for the cannot be studied at the DNA or RNA level.
glutamine synthetase (GS), an enzyme involved in Moreover, new approaches in proteomics are
nitrogen assimilation. This candidate gene for being developed such as: (i) isotope-coded affinity
biomass production co-localized with a QTL for tags [113], (ii) two-dimensional liquid chromatog-
early growth and a PQL controlling the amount of raphy [114], (iii) protein chips for studying protein–
GS [106]. protein interactions or protein interactions with other

The PQL strategy can also result in identifying molecules (e.g., Ref. [115]) and (iv) recovery of
proteins whose genetic factors controlling protein multisubunit complexes using non-denaturing elec-
quantity and/or activity co-localized with agronomic trophoresis [116], that continued development of
trait’s QTLs, while the structural gene does not. In proteomic technology and will lead to the description
this connection, de Vienne et al. showed [105] that of biologically complex network of protein regula-
three PQLs controlling the quantity of a single leaf tion.
protein and three QTLs of height growth in maize The future of biology will be the development of
were co-localized. knowledge and data at every step of the connected

worlds between the gene sequence and the living
being. In addition to genomics, transcriptomics and

5 . Conclusion proteomics, new levels of regulation are now amen-
able to analysis: RNomics [117], where the role of

Even if proteomic studies in plants have been transcribed but not translated RNAs are studied, and
undertaken for 20 years, plant proteomics is still in metabolomics [118] where the products of metabo-
its infancy. It is only during the last few years that lism are directly measured, one level of regulation
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Fig. 3. The 2DE map ofArabidopsis thaliana leaf proteins, that can be found at http: / /www.expasy.ch/cgi-bin /map2/def?ARABIDOPSIS.
As it happens for tissues with very abundant proteins, the large subunit of Rubisco (O03042) is found in many spots. Besides three main
spots representing the native protein, several smaller polypeptides can be found on the gel resulting from in vivo or in vitro proteolysis.
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