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Plastoglobules are plastid compartments designed for the storage of neutral lipids. They share physical and structural characteristics with cytosolic lipid droplets. Hence, special care must be taken to avoid contamination by cytosolic lipid droplets during plastoglobule purification. We describe the isolation of pure plastoglobules from Arabidopsis thaliana leaves, and the methods we use to determine their lipid composition. After preparation of a crude chloroplast fraction, plastoglobules are isolated from plastid membranes by two steps of ultracentrifugation on discontinuous sucrose gradients. For lipid analyses, total lipids are then extracted by a standard chloroform/methanol protocol, and polar lipids are separated from neutral lipids by liquid-liquid extraction. While polar lipid classes are subsequently separated by thin-layer chromatography (TLC) with the classical Vitiello solvent mix, a double TLC development has to be performed for neutral lipids, to separate phytyl and steryl esters.

Lipids are quantified by gas chromatography after conversion of the fatty acids into methyl esters.

Introduction

Plastoglobules are plastid compartments specialized for the storage of neutral lipids. They have been described for different plastid types, and their shape and size vary in response to environmental stress or developmental stage of the plant. They share structural similarities with cytosolic lipid droplets, and they are composed of a core of neutral lipids delimited by a monolayer of polar lipids derived from the outer thylakoid leaflet. Plastoglobule composition and functions fluctuate depending on the growth conditions and on the plastid type where they are localized. A few proteins have been identified within the plastoglobules [1][2][START_REF] Lundquist | The functional network of the Arabidopsis plastoglobule proteome based on quantitative proteomics and genome-wide coexpression analysis[END_REF].

Among them are the fibrillin/plastoglobulin family proteins which play a role in the stability and the size regulation of the plastoglobules. Several enzymes from diverse pathways of secondary metabolism are present within the plastoglobule proteome, and plastoglobules participate in the synthesis and storage of different prenylquinones such as tocopherols, phylloquinone and plastoquinol [1,[START_REF] Lundquist | The functional network of the Arabidopsis plastoglobule proteome based on quantitative proteomics and genome-wide coexpression analysis[END_REF][4][5][6][7][8] and of carotenoids [2,9,[START_REF] Vishnevetsky | Carotenoid sequestration in plants: the role of carotenoid-associated proteins[END_REF]. Plastoglobules are considered to be actively involved in the adaptation to environmental stress through the synthesis and storage of antioxidants (vitamin E, carotenoids) and through their role in the sequestration of toxic molecules (phytol and free fatty acids).

We describe methods to purify plastoglobules and determine their fatty acid ester composition (glycerolipids, phytyl esters, steryl esters) by commonly used techniques for lipid analysis. The purified plastoglobules are obtained by differential centrifugation on sucrose gradients, which separate the floating plastoglobules from the plastid membranes with a higher density. The purity of the isolated plastoglobules is crucial to identify components which are specifically localized within plastoglobules. The main sources of contamination that have to be avoided are thylakoids that wrap around and are attached to plastoglobules, cytosolic lipid droplets or other particles from cell compartments that have a similar density as plastoglobules, and therefore will behave similarly during purification. The first steps of centrifugation are important to remove lipid droplets and light particles before separating the plastoglobules from the plastid membranes. Then plastoglobules have to be efficiently and accurately separated from plastid membranes. This is achieved during the two last centrifugation steps performed on sucrose gradients. We usually confirm the purity of the isolated plastoglobules by immunoblotting experiments performed on different fractions of the sucrose gradient (for description of the immunoblotting experiments, see Besagni et al. 2011) [START_REF] Besagni | Preparation of plastoglobules from Arabidopsis plastids for proteomic analysis and other studies[END_REF]. After the isolation of plastoglobules, total lipids are extracted by a standard chloroform/methanol protocol. Then polar and neutral lipids are separated quantitatively by a liquid-liquid extraction protocol, using a biphasic system obtained by mixing hexane, ethanol and water. The separation of polar lipids from neutral lipids is crucial for the subsequent quantification by TLC (thin layer chromatography) coupled to GC-FID (gas chromatography with flame ionization detector) analysis, because the relatively high amount of neutral lipids in plastoglobules would prevent the accurate migration of the polar lipids during TLC. Phytyl esters occur in high amounts in the neutral lipid fraction in plastoglobules.

The standard TLC protocol used for the analysis of neutral lipids does not separate phytyl esters from steryl esters. Therefore, a two-step TLC development is performed to separate all neutral lipids. The purification of plastoglobules and the separation of phytyl esters from steryl esters are essential to determine if the two neutral lipids are present in plastoglobules or if steryl esters originate from contamination with cytosolic lipid droplets.

2. 100 µL Micro syringe.

TLC automatic sampler.

4. Automatic developing chamber for polar lipid separation.

5. Glass tank with a lid for neutral lipid separation (20 cm height). 12. Standard lipid solution for TLC migration: Mix 5 to 10 µg of each: monoacylglycerol (MAG), diacylglycerol (DAG), sterols, free fatty acid (FFA), triacylglycerol (TAG), steryl ester standards (Sigma) for neutral lipid analysis, and mix 5 to 10 µg of each: phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylethanolamine (PE), digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG) standards (Sigma) for polar lipid analysis. These mixes are prepared from stock solutions of each lipids at 2 µg/µL in chloroform/methanol (2:1, v/v), stored at -20°C. Each standard can also be spotted separately. 6. GC column DB-WAX 15 m x 0.53 mm x 1 µm (Agilent Technologies).

Quantification of Lipids after Synthesis and Analysis of Fatty Acid Methyl Esters by

Methods

Arabidopsis thaliana Cultivation (see Note 7)

1. Sow Arabidopsis thaliana seeds on six trays filled with universal soil (see Note 8).

Transparent plastic lids are placed onto the trays to ensure appropriate humidity for germination. Move the trays in a phytotron for 6 weeks. Remove the lids after 8-10 days.

2. Thoroughly remove any flower spikes one day before the harvest, and place plants in the dark to limit starch accumulation.

Plastoglobule Purification by Flotation

The following procedure is routinely used to obtain pure plastoglobules from A. thaliana.

After harvesting the leaves, each step of the plastoglobule purification should be performed at 4°C, in a cold room or on ice, to avoid protein and lipid degradation. The volume of the extraction buffers and sucrose gradients may be adjusted depending on the amount of starting material. We do not purify intact plastids on Percoll gradients before isolating plastoglobules, because this step generates high losses (usually only 20% of intact chloroplasts are recovered on a Percoll gradient). We could verify by immunoblotting and proteomics that this step is not mandatory to obtain pure plastoglobules. The antibodies raised against chloroplast membrane marker proteins are described in [START_REF] Besagni | Preparation of plastoglobules from Arabidopsis plastids for proteomic analysis and other studies[END_REF]. An antibody raised against a cytosolic lipid droplet marker protein is also used to confirm the purity of plastoglobules (Coulon et al., in preparation).

1. Harvest leaves with a scalpel, weigh them (see Note 9), and place them for 30 min in chilled water to allow for decantation of soil that may have been collected with the leaves.

2. Spin the leaves to remove excess water and grind them, using a Waring blender homogenizer, 5 s at high speed, then 2 times 3 s at low speed in a total of 500 mL cold HB buffer (see Note 10).

Filter the homogenate immediately through two layers of cheesecloth and one layer of

Miracloth placed in a funnel on top of an Erlenmeyer flask. Gently squeeze the homogenate inside the cheesecloth to extract most of the liquid.

4. Distribute the filtrate among four 250 mL centrifuge bottles and centrifuge for 8 min at 1,000 g (see Note 11) in a SLA1500 fixed-angle rotor.

5. Gently resuspend each chloroplast pellet in 2 mL TrE buffer with a flat paintbrush and pool the chloroplasts in a 50 mL Falcon tube. Thoroughly rinse bottles and paintbrush with TrE buffer to limit any loss of chloroplasts.

6. Quantify the amount of total chlorophyll in the sample by diluting 5-10 µL of resuspended chloroplasts into 1 mL of 80% (v/v) acetone. Vortex for 5 s and spin for 2 min at maximum speed in a microfuge. Measure the chlorophyll content of the supernatant against a blank of 80% (v/v) acetone in a cuvette at 652 nm. Total chlorophyll concentration is calculated using the following formula:

[Chlorophyll] (mg/mL) = A652 x dilution factor/36 (see Note 12).

7. Adjust the sample volume to 50 mL with TrE buffer and then centrifuge for 10 min at 2,700 g in a swinging-bucket rotor . 12. Balance the tubes and perform ultra-centrifugation at 100,000 g in a swinging-bucket rotor for 1 h. 19. Pour 15 mL of the plastoglobule suspension at the bottom of each (usually two) UltraClear SW28 tubes, and carefully overlay each aliquot with the sucrose/TrE solutions in the following order: 6 mL of 15% (w/v) sucrose, 6 mL of 5% (w/v) sucrose, and finally 9 mL of 1x TrE buffer to the top of the tube. 20. Balance the tubes and ultracentrifuge them for 90 min at 100,000 g. Turn the centrifuge break off in order not to disturb the gradient during deceleration. An example of the gradient obtained after this last centrifugation is given in Fig. 1.

21. Collect the floating fractions of plastoglobules (typically 2 mL) at the top of each gradient with a plastic Pasteur pipette, and pool them. Store at -80°C.

Plastoglobule Lipid Isolation by Liquid-Liquid Extraction (see Note 21)

To quantify both the polar and the neutral lipids from purified plastoglobules, total lipids are extracted using the classical chloroform/methanol method. However, a direct analysis of polar lipids from total lipids by TLC is not possible because of the high abundance of neutral lipids and pigments, leading to a partial co-migration of different lipid classes and to a poor recovery of polar lipids. We quantitatively separate polar lipids and neutral lipids with a twophase hexane-ethanol-water extraction method adapted from [START_REF] Galanos | Isolation of polar lipids from triglyceride mixtures[END_REF]. This technique allows the separation of neutral and polar lipids, and an almost complete recovery of the different lipid classes. The liquid-liquid extraction results in a hexane phase containing neutral lipids and an ethanolic phase containing polar lipids.

1. Mix 2 mL of plastoglobule fraction with 3 mL preheated (75°C) 2-propanol (see Note 22) in a 9 mL screw cap tube.

2. Incubate for 15 min at 75°C in a dry bath heater.

3. Add 1.5 mL chloroform with shaking during 15 min.

4. Centrifuge at 2,000 g for 5 min and collect the organic phase (lower phase) in a 25 mL screw cap tube. 5. Wash the aqueous phase by adding 2 mL chloroform/methanol (2:1, v/v). Vortex and centrifuge 5 min at 2,000 g.

6.

Pool the organic phases. 7. Repeat steps 5 and 6 once more. 8. Add 1 mL 1M KCl to the organic phase. Vortex and centrifuge 5 min at 2,000 g. 9. Discard the aqueous phase (upper phase). 10. Add 2 mL of H2O to the organic phase. Vortex and centrifuge 5 min at 2,000 g.

11.

Transfer the organic phase to a new 25 mL tube.

12. Dry the lipid extract under a stream of nitrogen.

13. Prepare the biphasic solvent system by mixing hexane (99% purity), absolute ethanol and water (50:43.5:6.5, v/v/v). The phase separation leads to an ethanolic and a hexane phases, preferentially solubilizing the polar lipids and the neutral lipids, respectively (see

Note 23).

14. Transfer 4.5 mL of the upper phase of the biphasic solvent system to the dried lipid extract (tube H1).

15. Add 1.5 mL of the lower phase of the biphasic solvent system to the H1 tube and vortex thoroughly.

16. Transfer with a glass Pasteur pipette the extracted lower phase from H1 tube to a second test tube containing 4.5 mL of pre-equilibrated biphasic solvent system upper phase (tube H2). 17. Add 1.5 mL of the lower phase of the biphasic solvent system to H1 tube, vortex both H1 and H2 tubes thoroughly, and allow the phases to separate. 18. Collect the lower phase of the H2 tube into a third tube (tube E), and transfer the lower phase of the H1 tube to the H2 tube.

19. Repeat steps 15 to 18 six more times (see Note 24).

Pool contents of H1 and H2 tubes (H tube).

21. Close H and E tubes with Teflon-lined caps and store at -20°C until subsequent analyses.

Lipid Separation by Thin Layer Chromatography

The separation of different polar lipids (phospholipids and galactolipids) is easily achieved by a single TLC separation [START_REF] Vitiello | Thin-layer chromatography of phospholipids[END_REF]. Most of the neutral lipids can also be separated by TLC [14], except for steryl esters and phytyl esters that co-migrate in most TLC systems. Performing a two-step TLC separation overcomes this problem. A first development with toluene on a 20 cm x 20 cm TLC plate leads to the separation of steryl esters from phytyl esters. Then, the remaining neutral lipids are separated in a second development with hexane/diethyl ether/acetic acid for the half height of the TLC plate. 1. To remove contaminants from the new TLC plate, first perform a "blank" development with pure chloroform in a TLC tank (see Note 25).

2. Dry the plate for 5 min in a fume hood.

3. Totally evaporate the hexane (tube H) and the ethanolic (tube E) phases from the lipid samples. Keep tubes on ice.

4. Resuspend the lipids in tubes H and E with 200 µL or 100 µL of cold chloroform/methanol (2:1, v/v) respectively, using a 100 µL micro-syringe.

5. Spot the lipid extracts with an automatic TLC sampler as 25 mm and 10 mm wide bands for neutral and polar lipid analysis, respectively. Typically 90 µL of H phase or 60 µL of E phase are spotted on 20 cm or 10 cm high TLC plates for neutral or polar lipid separation, respectively (see Note 26). Spot a mix of standard lipids in a separate lane to help lipid identification.

6. For neutral lipid analysis, place the plate in a glass TLC tank with a lid, and first develop the plate for the full height using solvent A1 (section 2.4, Step 6). After 5 min of drying under a fume hood, place the plate in another tank and develop it over half of the height using solvent A2. 7. For polar lipid separation, place the plate in a tank containing solvent B (section 2.4, Step 7). Development is performed in an automatic developing chamber, at a fixed relative humidity of 33% (see Note 27).

8. Dry the plates under a fume hood for 5 min. 9. To visualize lipids, dip the plates for 5 min into 100 mL of 1x PBS buffer containing 1 mL of 0.1% (w/v) primuline in acetone/water (1:9, v/v). 10. Transfer the plates for 5 min in 100 mL 1x PBS buffer for washing.

11. Dry the plates for 5 min at 100°C. 12. Visualize lipids under UV light with an imaging system. Examples of TLC plates obtained after neutral lipid analysis of the H phase and polar lipid analysis of the E phase are given in Fig. 3.

Quantification of Lipids after Synthesis of Fatty Acid Methyl Esters and Analysis by Gas

Chromatography 1. Scrape the silica gel zones corresponding to neutral and polar lipids from the plates using a razor blade. Collect the silica material in a glass tube with a screw top.

2. Add 1 mL of 2.5%(v/v) H2SO4 in methanol containing 5 μg of heptadecanoic acid methyl ester as internal standard. Close the tube with a screw cap.

Heat at 80 • C for 1 h (see Note28).

4. Cool down to room temperature. 5. Add 1 mL of water and 0.5 mL hexane.

6. Mix thoroughly for 30 s and centrifuge 5 min at 2,000 g to separate phases. 7. Recover FAMEs in the hexane phase (upper phase). 8. Separation of FAMEs is performed by GC equipped with a flame-ionization detector. The oven temperature is programmed at 160°C for 1 min, followed by a 20 • C/min ramp to 190 • C (maintained for 0.3 min), a second ramp of 5 • C/min to 210 • C (maintained for 0.3 min), a third ramp of 20°C/min to 230°C (keep this temperature for a further 7.9 min).

The retention times of FAMEs are determined by comparison with standards (see Note 29), and the FAMEs are quantified using heptadecanoic methyl ester as internal standard.

Notes

1. HB buffer is prepared with the following stock solutions that are autoclaved and can be stored for several months at room temperature: 1 M Tricine-KOH pH 8.4; 0.5 M EDTA pH 8.5; 0.5 M NaHCO3; 1 M MnCl2.

2. HB buffer can be prepared the day before and stored at 4°C. However, sodium ascorbate, BSA and PMSF should be added just before use.

3. EDTA is not soluble below pH 8; thus, NaOH should be added when preparing EDTA solutions to help dissolving the EDTA and reach the desired pH.

4. PMSF is a protease inhibitor. It is insoluble in water and must be dissolved at 0.2 M in an organic solvent such as 2-propanol. PMSF is toxic. Therefore, wear adequate protective clothes when handling the PMSF stock solution.

5. Since acetone is highly volatile, the concentration of acetone in the bottle will decrease over time and the extraction of chlorophyll will then be less efficient. Prepare fresh 80% (v/v) acetone solution periodically.

6. TrE buffer can be prepared with the following stock solutions that are autoclaved and can be stored for several months at room temperature: 1 M Tricine-KOH, pH 7.5; 0.5 M EDTA, pH 8. The 1 M DTT solution is not autoclaved and is stored at -20°C.

7. Plastoglobules can also be purified from 1.5 kg of washed and deribbed spinach leaves bought at the local market.

8. The planting density is crucial to obtain sufficient amounts of leaves. We usually sow an amount of A. thaliana seeds equivalent to the volume of 20 µL per tray of 30 cm x 50 cm.

We mix seeds with water in a salt cellar to homogenously spread the seeds on each tray. 9. Six trays of A. thaliana plants generate around 400 g of fresh leaves. 10. Enough HB buffer has to be added for homogenous grinding. Generally, this is achieved by two rounds, one half of the leaves is ground at a time. While the first homogenate is filtered, the next batch of leaves is ground.

11. The goal of this fast centrifugation step is to sediment heavy organelles such as chloroplasts, while removing smaller organelles, as microsomes or mitochondria.

12. The concentration of chlorophyll usually ranges between 5 and 10 mg/mL. [START_REF] Vitiello | Thin-layer chromatography of phospholipids[END_REF]. No particular precaution is required for the plastid resuspension at this step, since the integrity of chloroplasts does not need be preserved. 14. A protease inhibitor cocktail may be added at this step to avoid protein degradation.

15. The freeze/thawing steps help to break-up the chloroplasts in combination with the subsequent homogenization step in the Potter-Elvehjem tissue homogenizer.

16. Usually a total of around 60 mL of chloroplasts in 45% (w/v) sucrose/TrE are obtained, allowing to perform 6 sucrose gradients. 17. Efficient homogenisation is critical at this step to detach plastoglobules from the thylakoid membranes. The choice of an efficient (tight enough) Potter-Elvehjem tissue homogenizer is crucial.

18. Use plastic Pasteur pipettes to gently load each sucrose solution on top of the preceding phase, taking care not to disturb the gradient.

19. When needed, the lower fractions can be collected, for example for the purpose of comparison (by lipid measurement or immunoblotting). We usually collect fractions of 5 mL each, with a 5 mL micropipette. 20. This second centrifugation step on the sucrose gradient enhances the purity of plastoglobules by removing plastid membrane contaminants.

Use glass ware for all the steps of lipid extraction because the organic solvents may dissolve plastic components that will interfere with the lipid analyses.

22. 2-Propanol, preheated at 75°C, inhibits lipases and phospholipases thereby preventing lipid hydrolysis.

23. The phase separation is almost immediate without centrifugation.

24. These repetitions allow the recovery of polar lipids in the ethanolic phase, free of neutral lipids. By the end of the extraction protocol, we obtain 4.5 mL of phase H1, 4.5 mL of phase H2 and 8 x 1.5 mL of phase E. 25. For neutral lipid and polar lipid analysis, use 20 cm or 10 cm high TLC plates, respectively. 26. The volumes of lipid solution loaded on the TLC plates have to be adjusted to the yield of plastoglobules recovered after the second centrifugation step.

27. The relative humidity in the development chamber is maintained at 33% by circulating the gas phase within a saturated magnesium chloride solution over 6 min. This allows a better reproducibility of the TLC development.

28. Make sure that the tubes are properly closed to avoid boiling and evaporation of methanol during heating. 

Gas Chromatography 1 . 2

 12 mL screw top vials (Agilent Technologies).2. 400 µL flat bottom insert (Agilent Technologies).

3 .

 3 Hexane for fatty acid methyl ester (FAMEs) extraction. 4. Prepare a 2 g/L solution of heptadecanoic acid methyl ester in methanol. The solution can be stored at -20°C for several months (internal standard). 5. Transesterification solution: Prepare 40 mL of 2.5% (v/v) H2SO4 solution in methanol. Add 100 µL of 2 g/L heptadecanoic methyl ester stock solution. This allows for 40 transesterification reactions. 5. Gas chromatograph (e.g. GC 7890 A, Agilent Technologies, equipped with an Auto sampler 7693, Agilent Technologies).

8 .

 8 Carefully decant the supernatant and then resuspend the chloroplast pellet (see Note 13) with 0.6 M sucrose/TrE to a concentration of 3 mg/mL of chlorophyll (see Note 14). 9. Leave on ice for 10 min before storing for at least 1 h at -80°C (see Note 15). 10. Thaw the chloroplast suspension and dilute it by adding 2 volumes of TrE buffer. 11. Homogenize the chloroplast suspension with at least 20 strokes in a 50 mL Potter-Elvehjem tissue homogenizer, and then transfer the solution into UltraClear SW28 tubes.

13 .

 13 Remove the supernatant and resuspend each pellet of plastid membranes (and plastoglobules) with 2-3 mL of 60% (w/v) sucrose/TrE and pool them in a 50 mL Falcon tube. Thoroughly rinse each centrifuge tube with additional buffer to avoid any loss of material. Add 60% (w/v) sucrose/TrE and 1x TrE buffers to the pooled plastid membrane suspension to obtain a concentration of 3-4 mg/mL chlorophyll in 45% sucrose/TrE (seeNote 16).14. Homogenize the membranes with at least 20 strokes in a 15 mL Potter-Elvehjem tissue homogenizer (see Note 17).15. Pour a 10 mL aliquot of the membrane homogenate at the bottom of each UltraClear SW28 tubes, and carefully overlay each aliquot with the sucrose/TrE solutions in the following order: 6 mL of 38% (w/v) sucrose, 6 mL of 20% (w/v) sucrose, 4 mL of 15% (w/v) sucrose, and finally 8 mL of 5% (w/v) sucrose to the top of the tube (see Note 18).16. Balance the tubes and ultracentrifuge them overnight at 100,000 g. At the end of the centrifuge run the centrifuge is stopped without break in order to not disturb the gradient during deceleration. An example of the gradient obtained after the overnight centrifugation is given in Fig.1. 17. Collect the floating fractions of plastoglobules (typically 3-5 mL) at the top of each gradient with a plastic Pasteur pipette and pool them (see Note 19). An illustration of the content of plastoglobules and thylakoid fractions, observed by transmission electron microscopy after negative staining, is shown in Fig. 2. 18. Add a convenient volume of 60% (w/v) sucrose/TrE to the plastoglobule fraction to reach a concentration of 20% (w/v) sucrose/TrE and homogenize with 20 strokes in a 15 mL Potter-Elvehjem tissue homogenizer (see Note 20).
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 2 Fig. 2 Observation of the plastoglobule and thylakoid fractions by transmission electron

Fig. 3

 3 Fig. 3 Separation of polar and neutral lipids from purified plastoglobules by TLC. Polar lipids
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