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Introduction

At the beginning of the 21st century, it is fashionable to describe 2D gel-based proteomics as an outdated and poorly efficient technique. This feeling is mainly due to the fascination of many scientists in proteomics for big lists, and in this case the welldocumented undersampling of 2D gel-based proteomics is dearly resented, as well as its almost complete inability to analyze transmembrane proteins [START_REF] Santoni | Membrane proteins and proteomics: Un amour impossible?[END_REF][START_REF] Rabilloud | Membrane proteins and proteomics: love is possible, but so difficult[END_REF], despite of lot of effort devoted to this particular issue (e.g. in [START_REF] Santoni | Towards the recovery of hydrophobic proteins on two-dimensional electrophoresis gels[END_REF][START_REF] Santoni | Membrane proteomics: use of additive main effects with multiplicative interaction model to classify plasma membrane proteins according to their solubility and electrophoretic properties[END_REF] for plant samples). This undersampling has been documented mostly on animal samples [START_REF] Petrak | Deja vu in proteomics. A hit parade of repeatedly identified differentially expressed proteins[END_REF][START_REF] Wang | Generally detected proteins in comparative proteomics--a matter of cellular stress response?[END_REF], but it is obvious that it will take place on plant samples as well.

In fact, all proteomic techniques undersample complex samples by a ratio of 1:10 (1000 proteins analyzed on 2D gels among the 10,000 present in a cell, 20,000 peptides analyzed by shotgun proteomics among the 200,000 derived from a cell sample).

However, as 2D gel-based proteomics is the only setup that analyses complete proteins, the consequences of undersampling are clear and heavy. If a protein is not seen, it is lost for ever. In addition, the undersampling rules in 2D gel-based proteomics are well known. Hydrophobic proteins, high molecular weight proteins and rare proteins do not show up.

In shotgun techniques, the undersampling rules are also known. However, they apply to peptides, and how they translate in terms of protein identification and even more in terms of protein quantification is complex, and linked to the complexity of the protein inference problem [START_REF] Nesvizhskii | Interpretation of shotgun proteomic data: the protein inference problem[END_REF][START_REF] Li | A bayesian approach to protein inference problem in shotgun proteomics[END_REF][START_REF] Grobei | Deterministic protein inference for shotgun proteomics data provides new insights into Arabidopsis pollen development and function[END_REF] .

On top of this strong undersampling problem comes the often unrecognized fact that 2D gel-based proteomics is a low yield process [START_REF] Choe | Quantitative and qualitative measure of intralaboratory two-dimensional protein gel reproducibility and the effects of sample preparation, sample load, and image analysis[END_REF][START_REF] Zhou | A quantitative investigation into the losses of proteins at different stages of a two-dimensional gel electrophoresis procedure[END_REF] and the fact that plant samples are among the most difficult samples to prepare for an analysis by 2D gels [START_REF] Saravanan | A critical evaluation of sample extraction techniques for enhanced proteomic analysis of recalcitrant plant tissues[END_REF], due to the variety and amounts of interfering, non-protein compounds present in many plant cell types and tissues.

All these negative sides explain the trend from 2D gel-based proteomics to shotgun proteomics, as exemplified by the study of cadmium response in plant. Gel-based in 2006 [START_REF] Sarry | The early responses of Arabidopsis thaliana cells to cadmium exposure explored by protein and metabolite profiling analyses[END_REF], shotgun-based in 2011 [START_REF] Villiers | Investigating the plant response to cadmium exposure by proteomic and metabolomic approaches[END_REF].

However, 2D gel-based proteomics is still very popular in plant proteomics, as shown by recent publications in the field (e.g. [START_REF] Tanou | Proteomic signatures uncover hydrogen peroxide and nitric oxide cross-talk signaling network in citrus plants[END_REF][START_REF] Catusse | Proteomics reveals potential biomarkers of seed vigor in sugarbeet[END_REF], but among more than 150 publications in 2011). There are several built-in reasons for this sustained interest in this technique, which are named reproducibility, robustness, efficiency, ability to analyze intact proteins, adequacy to study post-translational modifications, easy interface with powerful biochemical techniques. These different points will be developed below.

Reproducibility and robustness

It is not an overstatement to write that 2D gel-based proteomics is still, and by far, the most reproducible and robust proteomic setup [START_REF] Hackett | Science, marketing and wishful thinking in quantitative proteomics[END_REF]. A further proof of this statement lies in the much higher expectations from proteomic journals, in terms of sample numbers and experimental power, applied to 2D gel-based proteomics compared to shotgun proteomics [START_REF] Celis | Gel-based proteomics: what does MCP expect?[END_REF][START_REF] Wilkins | Guidelines for the next 10 years of proteomics[END_REF]. Still today, what is common practice in 2D gel-based proteomics, i.e. quantitative comparison of two or more biological conditions with several individual biological replicates for each condition, is still rarely found in publications using shotgun proteomics.

This reproducibility is further testified by the interlaboratory reproducibility of 2D maps [START_REF] Corbett | Positional Reproducibility of Protein Spots in 2-Dimensional Polyacrylamide-Gel Electrophoresis Using Immobilized Ph Gradient Isoelectric-Focusing in the First Dimension -an Interlaboratory Comparison[END_REF][START_REF] Blomberg | Interlaboratory Reproducibility of Yeast Protein-Patterns Analyzed by Immobilized Ph Gradient 2-Dimensional Gel-Electrophoresis[END_REF], while recent test of shotgun techniques on the same sample (yeast) revealed a much higher standard deviation between laboratories [START_REF] Paulovich | Interlaboratory study characterizing a yeast performance standard for benchmarking LC-MS platform performance[END_REF][START_REF] Tabb | Repeatability and reproducibility in proteomic identifications by liquid chromatography-tandem mass spectrometry[END_REF] Ironically enough, the high robustness of 2D gel-based proteomics comes in part from the terrible reproducibility of isoelectric focusing in its early days. Put bluntly, only the gels run simultaneously were comparable. This led the proteomic pioneers to develop devices to run several gels in parallel [24, [5]. When immobilized pH gradients were finally introduced in 2D gel electrophoresis with solid protocols [START_REF] Gorg | Methodology of Ipg-Dalt for the Analysis of Cell Lysates and Tissue Proteins[END_REF], the reproducibility and robustness of the technique made a quantum leap that is still enjoyed today.

Moreover, this parallelization of the technique is also a very strong advantage when multiple comparisons, and not only binary ones, must be performed [START_REF] Natera | Proteome analysis of differentially displayed proteins as a tool for the investigation of symbiosis[END_REF].

Efficiency of 2D gel-based proteomics

Nowadays, Edman sequencing for protein identification has been almost completely replaced by mass spectrometry-based protein identification, which is much more sensitive and much faster. However, mass spectrometers are expensive and delicate instruments, and the machine time is often considered as precious.

In this frame, shotgun proteomic techniques often represent a waste of machine time. In many comparative experiments, which represent most of the proteomic experiments, most of the proteins do not change between the various conditions tested. Thus, the mass spectrometer is analyzing again and again a very high number of peptides from proteins that have no interest in the biological question studied.

Oppositely, 2D gel-based proteomics makes an optimal use of mass spectrometer time, because most of what is carried out within the mass spectrometer in shotgun protemics is carried out upfront at the 2D gel stage in 2D gel-based proteomics. In fact, the modern gel staining techniques [START_REF] Miller | Protein stains for proteornic applications: Which, when, why?[END_REF][START_REF] Patton | A thousand points of light: the application of fluorescence detection technologies to two-dimensional gel electrophoresis and proteomics[END_REF][START_REF] Minden | Difference gel electrophoresis[END_REF], allow to perform a sensitive and linear detection of the protein spots on the gels. Then, image analysis [START_REF] Bandow | Improved image analysis workflow for 2-D gels enables large-scale 2-D gel-based proteomics studies--COPD biomarker discovery study[END_REF][START_REF] Stessl | Influence of image-analysis software on quantitation of two-dimensional gel electrophoresis data[END_REF] coupled with statistical analysis [START_REF] Karp | Experimental and statistical considerations to avoid false conclusions in proteomics studies using differential in-gel electrophoresis[END_REF], allow to perform a quantitative analysis of all protein spots and to determine which spots are worth identifying. These spots are then the only ones that need to be processed by the mass spectrometer.

When financial resources are scarce, which is often the case in academic research, this allows to build a "hub and spokes" model, where a central hub hosting the mass spectrometry platform is able to serve very efficiently several biology-oriented laboratories, each using 2D gel electrophoresis and image analysis to select the relevant proteins within their respective research projects.

With plant proteomics usually less funded than medicine-oriented proteomics, and this situation even harder for the proteomics of traditional crops, this efficiency factor cannot be neglected in the research landscape.

Interface with biochemical techniques

Within this section, the focus will be shifted from classical, quantitative proteomics, where the name of the game is to find differences in expression on total extracts, to more focused proteomics experiments where the interest is centered on subclasses of proteins. In many cases, the protein subclasses are defined by a common biochemical feature, and quite often this biochemical feature is a post-translational modification, for which an affinity reagent exist.

When such an affinity reagent exists, two types of strategies can be devised to perform proteomic studies targeted for the proteins recognized by the affinity reagent.

In the first strategy, the affinity reagent is used as a pre-proteomic preparative tool, aiming at selecting the proteins or peptides of interest in the complex starting extract.

The selected proteins/peptides are then analyzed by a classical proteomic setup. This strategy is the only one that can be used with shotgun proteomics, but it can also be used with 2D gel-based proteomics as well.

In the second strategy, the affinity reagent is used as an analytical reagent, after the separation stage in the proteomic setup, in order to detect selectively the proteins of interest. This strategy works extremely well with 2D gel-based proteomics, thanks to the easy interface provided by the blotting process between 2D gels and affinity reagents. Thus, the final performance of the whole process will largely depend on the efficiency of the affinity reagent under the preparative and analytical setups, and it must be kept in mind that for several reasons, the affinity reagent is always used in a large excess over the biological extract.

Then two major cases can be distinguished: i) the affinity reagent is not a protein typical examples of that configuration are represented by boronic acid for sugars and either IMAC or metal oxides for phosphate. These non-proteinaceous reagents are best used in the preparative mode, and work wonderfully with shotgun proteomics [START_REF] Thingholm | Analytical strategies for phosphoproteomics[END_REF].

ii) the affinity reagent is a protein In this case, the suitability of the reagent as a preparative tool will depend not only on its selectivity, but also on the existence of mild elution conditions that are able to elute all the analytes without eluting out the affinity reagent.

Lectins represent such a happy case, and have used as a preparative reagent in 2D gelbased proteomics [START_REF] Robotti | Acute-phase proteins investigation based on lectins affinity capture prior to 2-DE separation: application to serum from multiple sclerosis patients[END_REF] and in shotgun proteomics [START_REF] Ligat | Analysis of the xylem sap proteome of Brassica oleracea reveals a high content in secreted proteins[END_REF][START_REF] Catala | Towards characterization of the glycoproteome of tomato (Solanum lycopersicum) fruit using Concanavalin A lectin affinity chromatography and LC-MALDI-MS/MS analysis[END_REF][START_REF] Zhang | Combining various strategies to increase the coverage of the plant cell wall glycoproteome[END_REF].

They have also been used as a post-2D gel selective detection reagent [START_REF] Komatsu | Cold stress changes the concanavalin A-positive glycosylation pattern of proteins expressed in the basal parts of rice leaf sheaths[END_REF] Conversely, antibodies represent a case where elution without polluting the extract with antibodies is very difficult. They are therefore much better used as analytical reagents on blots rather than preparative reagents. Thus, 2D gel-based proteomics is a very efficient strategy to use in conjunction with antibodies, and this strategy has been used to identify several post-translational modifications, such as citrullinated proteins [START_REF] Ishigami | Abnormal accumulation of citrullinated proteins catalyzed by peptidylarginine deiminase in hippocampal extracts from patients with Alzheimer's disease[END_REF], carbonylated proteins [START_REF] Job | Patterns of protein oxidation in Arabidopsis seeds and during germination[END_REF], proteins containing nitrotyrosine [START_REF] Castegna | Proteomic identification of nitrated proteins in Alzheimer's disease brain[END_REF][START_REF] Kanski | Proteomic identification of 3nitrotyrosine-containing rat cardiac proteins: effects of biological aging[END_REF] or hydroxynonenal adducts [START_REF] Perluigi | Proteomic analysis of 4-hydroxy-2-nonenal-modified proteins in G93A-SOD1 transgenic mice--a model of familial amyotrophic lateral sclerosis[END_REF][START_REF] Reed | Proteomic identification of HNE-bound proteins in early Alzheimer disease: Insights into the role of lipid peroxidation in the progression of AD[END_REF].

Although very successful, this strategy has a major caveat, i.e. the fact that a minor and modified spot detected with the antibody may comigrate with a major, unrelated spot which will be the one identified by the downstream mass spectrometry process, resulting in a major mistake. The severity of this problem increases with spot crowding and thus with the complexity of the biological extract. There is however an easy counter, at least for acidic and neutral proteins, which is the use of narrow range pH gradients that greatly decrease the probability of comigration. Such narrow pH range gels have been used under a variety of circumstances [START_REF] Parker | Identification of yeast proteins from two-dimensional gels: working out spot cross-contamination[END_REF][START_REF] Westbrook | Zooming-in on the proteome: very narrow-range immobilised pH gradients reveal more protein species and isoforms[END_REF][START_REF] Sarma | A comparative proteomic evaluation of culture grown vs nodule isolated Bradyrhizobium japonicum[END_REF][START_REF] Zhao | Functional proteomics of Arabidopsis thaliana guard cells uncovers new stomatal signaling pathways[END_REF], and have proven very efficient, especially when used in conjunction with prefractionation techniques [START_REF] Righetti | How to bring the "unseen" proteome to the limelight via electrophoretic pre-fractionation techniques[END_REF].

Analysis of intact proteins and of post-translational modifications

The more proteomics progresses, the more it stresses the importance of posttranslational modifications in biology (e.g. in [START_REF] Rajjou | Proteomics and posttranslational proteomics of seed dormancy and germination[END_REF][START_REF] Arc | Reboot the system thanks to protein post-translational modifications and proteome diversity: How quiescent seeds restart their metabolism to prepare seedling establishment[END_REF] ). However, not all post-translational modifications can be easily studied through the use of an affinity reagent, and some, as methylations, are not easily detected except on abundant proteins [START_REF] Santoni | Methylation of aquaporins in plant plasma membrane[END_REF].

For the study of these difficult, and sometimes unknown, modifications, 2D gel-based proteomics is a platform of choice, either through selective and transient labelling [START_REF] Fratelli | Identification by redox proteomics of glutathionylated proteins in oxidatively stressed human T lymphocytes[END_REF], or by using the fact that many modifications induce a pH shift and thus a separation of the modified protein from the bulk of the unmodified one. This can be used in the field of protein cleavage [START_REF] Lee | Identification of caspase-3 degradome by two-dimensional gel electrophoresis and matrix-assisted laser desorption/ionizationtime of flight analysis[END_REF][START_REF] Jang | Mining of caspase-7 substrates using a degradomic approach[END_REF] , but also as a preparative tool to isolate the modified spot, thereby leading to an easier identification of the modifications. Such an approach has been used for the identification of thiol oxidations [START_REF] Rabilloud | Proteomics analysis of cellular response to oxidative stress -Evidence for in vivo overoxidation of peroxiredoxins at their active site[END_REF][START_REF] Weber | Oxidative stress triggers thiol oxidation in the glyceraldehyde-3-phosphate dehydrogenase of Staphylococcus aureus[END_REF][START_REF] Hwang | Oxidative modifications of glyceraldehyde-3-phosphate dehydrogenase play a key role in its multiple cellular functions[END_REF].

More generally, the separating ability of 2D gels, coupled with their ability to be used as a micropreparative tool [START_REF] Hanash | Highly Resolving 2-Dimensional Gels for Protein Sequencing[END_REF], now allow to set very comprehensive maps of protein modifications [START_REF] John | Complete sequencing and oxidative modification of manganese superoxide in medulloblastoma cells[END_REF][START_REF] Seo | Strategy for comprehensive identification of post-cellular proteins, including low abundant modifications: glyceraldehyde-3phosphate dehydrogenase[END_REF]. In this area, the use of ultra narrow pH gradient [START_REF] Westbrook | Zooming-in on the proteome: very narrow-range immobilised pH gradients reveal more protein species and isoforms[END_REF], with their almost infinite resolving power [START_REF] Bosisio | Electrophoretic and chromatographic techniques for the differential diagnosis of a haemoglobin abnormality: Hb E heterozygosity[END_REF][START_REF] Cossu | Resolution of G gamma and A gamma foetal haemoglobin tetramers in immobilized pH gradients[END_REF] should be extremely useful, by providing a very thorough deconvolution of the protein spots into individual protein species.

Conclusions

Nowadays, 2D gel-based proteomics is usually selected on the basis of its robustness and relatively low cost, among the proteomic techniques. It can be reasonably anticipated, however, that the uses directed toward the identification of post-translational modifications, and especially the determination of the real combination of modifications present on a single protein species, will develop considerably in the future.