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Arabidopsis LDIP protein locates at a confined area within the lipid droplet surface and favors lipid droplet formation
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Lipid droplets (LDs) are cell organelles specialized in neutral lipid storage. Extendedly studied in seeds, LDs also accumulate in leaves during senescence or in response to abiotic stresses. However the mechanisms underlying their biogenesis remain relatively unknown. Here, we deciphered the distinct roles of two proteins during LD biogenesis: LD-associated protein 1 (AtLDAP1) and LDAPinteracting protein (AtLDIP). We demonstrated that AtLDIP overexpression favors the neo-formation of small LDs under growing conditions where LD accumulation is usually not observed. In addition, atldip knock-out mutant displayed fewer but larger LDs, confirming a role of AtLDIP in LD biogenesis.

Interestingly, a synergistic effect of the overexpression of both AtLDIP and AtLDAP1 was observed, resulting in an increase of LD cluster occurrence and LD abundance within the clusters and the cells.

AtLDIP overexpression has no significant impact on triacylglycerol and steryl ester accumulation but AtLDIP inactivation is associated with an increase of neutral lipid content, that is probably a consequence of the enlarged but less abundant LDs present in this line. Our localization study demonstrated that AtLDIP is localized at specific dotted sites within the LD in contrast to AtLDAP1 that covers the whole LD. In addition, AtLDIP sometimes localized away from the LD marker, but always associated with the ER network, suggesting a location at LD nascent sites within the ER. Taken together, our results suggested that AtLDIP promotes the formation of new LDs from ER localized TAG lenses.

Introduction

In every cell, polar lipids are constituents of the cell membranes and therefore are present in every organelle, while neutral lipids are mainly used as stocked energy and packed in specialized organelles called lipid droplets (LDs), oleosomes or oil bodies. The neutral lipid core of LDs, mainly composed of triacylglycerol (TAG) and steryl ester (SE), is delimited by a polar lipid monolayer coated by diverse proteins which functions are either to stabilize the LD conformation, to serve as scaffolding proteins, or to catalyze enzymatic reactions at the LD surface. The LD biogenesis process is believed to be similar in yeast, animal and plant [START_REF] Huang | Plant Lipid Droplets and Their Associated Proteins: Potential for Rapid Advances[END_REF]. Nascent LDs emerge from the endoplasmic reticulum (ER) membrane where the enzymes responsible for TAG biosynthesis reside (for a recent review on LD biogenesis, see [START_REF] Olzmann | Dynamics and functions of lipid droplets[END_REF]). The newly synthesized TAG accumulates between the leaflets of the ER to a limited concentration (c.a. 3-10 mol% [START_REF] Hamilton | Solubilization of triolein and cholesteryl oleate in egg phosphatidylcholine vesicles[END_REF][START_REF] Duelund | Composition, structure and properties of POPC-triolein mixtures. Evidence of triglyceride domains in phospholipid bilayers[END_REF]) before coalescing at focal points to form lenses within the ER membrane. As the concentration of TAG increases, the LD buds outside the membrane and might detach from the ER. While the TAG lenses are probably formed spontaneously thanks to biophysics laws, the emergence of the LD, its growth and its potential separation from the ER are regulated by diverse proteins in addition to the enzymes that metabolize neutral lipids. In plants, LDs are predominantly present in seeds where they store the energy to be used during the germination, in pollen where they probably provide the fatty acids necessary for the membrane growth during the pollen tube germination [START_REF] Ischebeck | Lipids in pollen -They are different[END_REF], and in storage vegetative tissues, such as avocado, olive or oil palm fruit mesocarp. However, LDs are also present in leaves, where they are described to participate to the plant response to abiotic stress such as drought, heat or cold treatments [START_REF] Huang | Plant Lipid Droplets and Their Associated Proteins: Potential for Rapid Advances[END_REF][START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF][START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF]. In addition, an accumulation of cytosolic and plastidial lipid droplets concomitant with the degradation of plastid membranes has been described during nitrogen starvation [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gaude | Nitrogen deficiency in Arabidopsis affects galactolipid composition and gene expression and results in accumulation of fatty acid phytyl esters[END_REF][START_REF] Yang | ABI4 Activates DGAT1 Expression in Arabidopsis Seedlings during Nitrogen Deficiency[END_REF], and LDs are believed to serve for the transient storage of the fatty acids derived from this polar lipid breakdown and converted into neutral lipids. Leaf LDs could be considered as protective rather than storage organelles [START_REF] Huang | Plant Lipid Droplets and Their Associated Proteins: Potential for Rapid Advances[END_REF]. As a matter of fact, (i) toxic free sterols and fatty acids released from damaged membranes in response to stress conditions are sequestered within LDs after esterification [START_REF] Huang | Plant Lipid Droplets and Their Associated Proteins: Potential for Rapid Advances[END_REF][START_REF] Bouvier-Navé | Involvement of the Phospholipid Sterol Acyltransferase1 in Plant Sterol Homeostasis and Leaf Senescence[END_REF][START_REF] Shimada | Leaf oil bodies are subcellular factories producing antifungal oxylipins[END_REF] and (ii) oxylipins, which are required for defense response against different pathogens, are synthetized from α-linolenic acid by the dioxygenase α-DOX1 and the caleosin/peroxygenase AtCLO3, both enzymes being located in leaf LDs [START_REF] Shimada | Leaf oil bodies are subcellular factories producing antifungal oxylipins[END_REF][START_REF] Shimada | Leaf oil body functions as a subcellular factory for the production of a phytoalexin in Arabidopsis[END_REF].

While the players of LD biogenesis are well described in yeast and animal cells, their identities in plant, and particularly in leaves, are more ambiguous. SEIPIN, which mutation causes the Berardinelli-Seip syndrome of lipodystrophy in humans, is a key player of LD biogenesis in animal cells and yeast. It has been shown to localize at ER-LD junctions, where it oligomerizes and is proposed to facilitate lipid transfer to the growing LD and/or to regulate protein access to LD at least in drosophila cells [START_REF] Wang | Seipin is required for converting nascent to mature lipid droplets[END_REF]. Plant SEIPIN proteins have also been demonstrated to be involved in LD biogenesis [START_REF] Taurino | SEIPIN Proteins Mediate Lipid Droplet Biogenesis to Promote Pollen Transmission and Reduce Seed Dormancy[END_REF][START_REF] Cai | Arabidopsis SEIPIN Proteins Modulate Triacylglycerol Accumulation and Influence Lipid Droplet Proliferation[END_REF]. Arabidopsis plants misexpressing the SEIPIN genes either by overexpression [START_REF] Cai | Arabidopsis SEIPIN Proteins Modulate Triacylglycerol Accumulation and Influence Lipid Droplet Proliferation[END_REF] or by deletion [START_REF] Taurino | SEIPIN Proteins Mediate Lipid Droplet Biogenesis to Promote Pollen Transmission and Reduce Seed Dormancy[END_REF] display abnormal LD size and abundance. The overexpression of SEIPIN increases TAG content in leaves and seeds, and perturbs TAG metabolism, whereas its deletion does not perturb TAG accumulation in seeds. The absence of any SEIPIN in the Arabidopsis leaf LD proteome [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF][START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF] in addition to the presence of putative transmembrane domains within the protein suggest that it is rather inserted within the ER membrane than associated with the LD monolayer.

Seed LDs are covered by the plant specific oleosins which ensure LD size regulation as well as LD fusion prevention [START_REF] Tzen | Surface structure and properties of plant seed oil bodies[END_REF][START_REF] Shimada | A novel role for oleosins in freezing tolerance of oilseeds in Arabidopsis thaliana[END_REF]. In absence of oleosin in leaf, the Small Rubber Particle proteins SRPs, present in poly-isoprenoid enriched LDs of rubber producing plants [START_REF] Berthelot | Hevea brasiliensis REF (Hev b 1) and SRPP (Hev b 3): An overview on rubber particle proteins[END_REF] and in LDs from vegetative tissues of rubber lacking plants [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF][START_REF] Horn | Identification of a New Class of Lipid Droplet-Associated Proteins in Plants[END_REF][START_REF] Kim | Arabidopsis Small Rubber Particle Protein Homolog SRPs Play Dual Roles as Positive Factors for Tissue Growth and Development and in Drought Stress Responses[END_REF], seem to play this LD-size regulator role. Three SRP members are encoded in Arabidopsis (Arabidopsis thaliana), which are named either AtSRP1-3 or AtLDAP1-3 for Lipid Droplet Associated Protein. Several studies [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF][START_REF] Kim | Arabidopsis Small Rubber Particle Protein Homolog SRPs Play Dual Roles as Positive Factors for Tissue Growth and Development and in Drought Stress Responses[END_REF] have demonstrated that the overexpression of the SRP/LDAP proteins increases LD abundance while their inactivation hinders LD biogenesis. Moreover, the overexpression of AtSRP/AtLDAP proteins results in an increase of TAG content [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF] with a modified fatty acid composition, suggesting that these proteins influence either directly or indirectly TAG metabolism. Similarly, caleosins are LD proteins believed to have an impact on LD biogenesis and a stabilizing role on LD structure [START_REF] Jiang | Stable oil bodies sheltered by a unique caleosin in cycad megagametophytes[END_REF][START_REF] Chen | Constitution of Stable Artificial Oil Bodies with Triacylglycerol, Phospholipid, and Caleosin[END_REF][START_REF] Liu | Stability of Artificial Oil Bodies Constituted with Recombinant Caleosins[END_REF]. They also exhibit a peroxygenase activity and participate to the production of various oxylipins [START_REF] Shimada | Leaf oil body functions as a subcellular factory for the production of a phytoalexin in Arabidopsis[END_REF][START_REF] Blée | A non-canonical caleosin from Arabidopsis efficiently epoxidizes physiological unsaturated fatty acids with complete stereoselectivity[END_REF][START_REF] Blée | The Reductase Activity of the Arabidopsis Caleosin RESPONSIVE TO DESSICATION20 Mediates Gibberellin-Dependent Flowering Time, Abscisic Acid Sensitivity, and Tolerance to Oxidative Stress[END_REF]. While several oleosins and caleosins co-exist in seeds [START_REF] Huang | Oil Bodies and Oleosins in Seeds[END_REF][START_REF] Chapman | Biogenesis and functions of lipid droplets in plants: Thematic Review Series: Lipid Droplet Synthesis and Metabolism: from Yeast to Man[END_REF][START_REF] Laibach | The characteristics and potential applications of structural lipid droplet proteins in plants[END_REF], AtLDAP1 and the caleosin AtCLO3/RD20 (Caleosine 3/Responsive to Dehydration 20) were the only structural proteins identified in the LD proteome of aging Arabidopsis leaves [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. Surprisingly, AtCLO3, represented 50% of the LD total protein mass, but its impact on leaf LD structure has not yet been demonstrated. Finally, an additional leaf LD protein, AtULP (Unknown Lipid droplet Protein), was first identified as highly and specifically enriched in the LD proteome of aging leaf [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. Few months later, Pyc et al. [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF] demonstrated its targeting to LDs and its interaction with AtSRP3/LDAP3 protein and thereafter named it AtLDIP for LDAP-interacting protein. Its presence in LDs of tobacco pollen tubes has also been described by Kretzschmar et al. [START_REF] Kretzschmar | PUX10 Is a Lipid Droplet-Localized Scaffold Protein That Interacts with CELL DIVISION CYCLE48 and Is Involved in the Degradation of Lipid Droplet Proteins[END_REF].

In this study, we aim to better understand the impact of AtLDIP on LD biogenesis, and how, in collaboration with AtLDAP1, it may regulate LD formation in leaves. We postulate that the overexpression of AtLDIP in Arabidopsis plantlets may perturb LD biogenesis and hence help to elucidate the function of AtLDIP. We therefore characterized the localization of fluorescently tagged AtLDIP stably produced in Arabidopsis, analyzed the ultrastructure of the LDs in these overexpressing lines and in an atldip knock-out mutant before determining the effect of the misexpression of AtLDIP on the neutral lipid content in leaf. We also examined the effect of the simultaneous over-production of AtLDIP and AtLDAP1 on LD ultrastructure and their relative localizations.

Material and methods

Plant material and culture conditions:

A. thaliana seeds were sown on half strength Murashige and Skoog (MS) medium. 

Cloning and transgenic plants

ORF clone of AtLDIP (U15698) in pENTR vector was obtained from ABRC clone center and verified by sequencing. AtLDIP clone contained a non-silent mutation (L 63 → M 63 ) that was corrected by PCR quick-change site directed mutagenesis. ORFs without the stop codon were subsequently transferred by GATEWAY ® recombinational cloning technology in destination vectors under the 35S promoter in pGWB660 [START_REF] Nakamura | Gateway Binary Vectors with the Bialaphos Resistance Gene, <I>bar</I>, as a Selection Marker for Plant Transformation[END_REF], or under the UBQ10 promoter in pUBCYFP [START_REF] Grefen | A ubiquitin-10 promoter-based vector set for fluorescent protein tagging facilitates temporal stability and native protein distribution in transient and stable expression studies[END_REF]. The resulting plasmids were introduced into Arabidopsis plants by floral dip in an Agrobacterium suspension solution [START_REF] Clough | Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana[END_REF].

A blue ER marker was constructed by adding the AtWAK2 signal peptide that targets the secretory pathway, and the endoplasmic reticulum (ER) retention peptide HDEL at the N-and C-terminal ends (respectively) of the TagBFP2. The AtWAK2 signal peptide was amplified from the ER-yk plasmid [START_REF] Nelson | A multicolored set of in vivo organelle markers for colocalization studies in Arabidopsis and other plants[END_REF] with the primers ATGAAGGTACAGGAGGGTTTG and CTTAATCAGCTCGCTCATGGATCCGCACTCCTTG; the TagBFP2 sequence was amplified from the pBAD-mTagBFP2 plasmid (Addgene plasmid # 34632 from Vladislav Verkhusha [START_REF] Subach | An enhanced monomeric blue fluorescent protein with the high chemical stability of the chromophore[END_REF] ; http://n2t.net/addgene:34632 ; RRID:Addgene_34632) with the primer CAAGGAGTGCGGATCCATGAGCGAGCTGATTAAG and a primer containing the sequence coding for the HDEL peptide in order to add the HDEL tag at the 3' end of the construction (primer TTACAGCTCGTCATGATTAAGCTTGTGCCCCAGTTTG). The PCR fragments were then fused by overlap extension PCR [START_REF] Bryksin | Overlap extension PCR cloning: a simple and reliable way to create recombinant plasmids[END_REF] with primers adding attB1 and attB2 sites at each extremity of the construct (primer GGGGACAAGTTTGTACAAAAAAGCAGGCTatatgaaggtacaggagggtttg and GGGGACCACTTTGTACAAGAAAGCTGGGTattacagctcgtcatgattaagc).

The resulting ER-TagBFP2 construct was then transferred by GATEWAY ® recombinational cloning technology into pDONR221 plasmid as a donor vector. ER-TagBFP2 construct was thereafter transferred in the pH7m34GW destination plasmid under the 35S promoter using the multisite LR recombination system [START_REF] Karimi | GATEWAY vectors for Agrobacterium-mediated plant transformation[END_REF] and the 2x35S/pDONR-P4P1R previously described in [START_REF] Marquès-Bueno | A versatile Multisite Gateway-compatible promoter and transgenic line collection for cell type-specific functional genomics in Arabidopsis[END_REF].

Confocal Microscopy

For LD staining, plantlet roots were incubated for 10 min in the dark with a neutral lipid-specific fluorescent dye, BODIPY493/503 (MolecularProbes) or Ac202 (Avicor ltd) [START_REF] Harchouni | AC-202, a highly effective fluorophore for the visualization of lipid droplets in green algae and diatoms[END_REF][START_REF] Kuntam | Characterization of a new class of blue-fluorescent lipid droplet markers for live-cell imaging in plants[END_REF], and subsequently rinsed 3 times with PBS. Leaves were additionally infiltrated for 30 sec with Ac202 solution to facilitate Ac202 penetration.

Confocal observations were achieved with an objective 63x, NA 1,4 on the confocal microscope LSM880 (Zeiss). Live multi-channel acquisitions were systematically realized in the sequential line mode. For conventional confocal acquisitions, excitation and detection wavelengths were respectively: 561 and 579-642 nm for tagRFP, 488 and 508-553 nm for bodipy and YFP, 405 and 415-480 nm for TagBFP2, 405 and 420-500 nm for Ac202. For AiryScan imaging in superresolution mode, the BP 495-550 + LP 570 emission filter was systemically placed before the AiryScan detector with the 561, 488, and 405 nm excitation wavelengths for TagRFP, YFP and Ac202 respectively.

TEM imagery

Three to four hours after the light period begins, leaves were chemically fixed and included in SPURR (EMS) resin accordingly to [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. Ultrathin sections of 70 nm to 80 nm thickness were obtained with ultramicrotome EM UC7 (Leica). The transmission electron microscope Tecnai G2 Spirit TWIN 120kV

(FEI ) equipped with a CCD 16Mpixels Eagle 4k camera was used for acquisition at 120 kV. ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] was used for image analysis.

Neutral lipid analysis

3-week-old Arabidopsis seedlings were grown on MS medium for two weeks and for 1 additional week either on half strength MS or on nitrogen deprived medium. Aerial parts were harvested three to four hours after the light period begins, and total lipids were extracted by Folch method [START_REF] Folch | A Simple Method for the Isolation and Purification of Total Lipides from Animal Tissues[END_REF] after phospholipase D inactivation using hot isopropanol.. Briefly, up to 0.5 g fresh weight was covered with 3 mL preheated isopropanol and heated at 75°C for 15 min. Samples were cooled to room temperature and 1.5 mL chloroform and 0.6 mL water were added. After 1 hour incubation with shaking, the lipid extracts were transferred to a fresh tube and the tissues were reextracted with 4 mL chloroform:methanol (2:1 v/v). This extraction was repeated until tissues were white. 1 mL 1M

KCl was added to combined lipid extracts. After centrifugation (5 min at 3500 rpm) the upper phase was discarded and 2 mL water were added to the lower phase. After vortexing and centrifugation, the lower phase was recovered. The lipid extracts were dried under a gentle stream of nitrogen, and resuspended in 200 µL chloroform/methanol (2:1, v/v) 40 µL of the lipid extracts were applied on silica thin-layer chromatography (TLC) plate with lipid standards and developed firstly in Toluene to a height of 10 cm, then in hexane:diethyl ether:acetic acid (45:7.5:1, v/v/v) to a height of 5 cm. Lipids were stained with primuline and visualized under the UV light. The silica gel zones corresponding to the various lipids were then scraped from the plates and added to 1 ml of methanol/2.5%H 2 SO 4 containing 5 μg of heptadecanoic acid methyl ester. After heating at 80°C for 1h, 1 ml of water was added and FAMES (fatty acid methyl esters) were extracted using 0.5 ml of hexane. Separation of FAMES was performed by GC (Agilent Technologie 7890A) on a 15 m×0.53 mm Carbowax column (Alltech Associates, Deerfield, IL, U.S.A.) by flame-ionization detection. The oven temperature was programmed to be 160°C for 1 min, followed by a 20°C.min -1 ramp to 190°C and a second ramp of 5°C.min -1 to 210°C, and maintained at this temperature for a further 6 min. The retention times of FAMES were determined by comparison with standards, and were quantified using heptadecanoic acid methyl ester as standard.

RNA extraction and quantitative PCR (q-PCR)

RNAs were extracted thanks to the RNeasy Plant Mini kit (Qiagen) on green parts of plants, treated by DNAse (Turbo DNA-free™ kit, Ambion) and quantified with the NanoDrop 2000 system (Thermo Scientific). Reverse Transcriptase reaction was carried out on 1000 ng of extracted RNA with SSII Reverse Transcriptase (Invitrogen). Actin (At1g49240) was used as a reference gene for normalization of the q-PCR data (primers CCGAGCAGCATGAAGATTAAG and CATACTCTGCCTTAGAGATCCACA). Four wells per conditions were quantified and efficiency test was performed on AtLDIP primers (GATAGCATTGGCTGTTGCAG and CGAAATTGTCAACGGAGGAAC). Transcript abundance in samples was determined using a comparative cycle threshold (Ct) method on the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). The relative abundance of the gene of reference in each sample was determined and used to normalize for differences of total RNA level according to the method described by [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF] 3. Results

Fluorescently tagged AtLDIP gave a punctate pattern that is not always associated with LDs.

In a previous study [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF], it was established that only AtLDAP1 (At1g67360) among the three SRP/LDAP proteins, is present in the proteome of Arabidopsis ageing leaf LDs. AtLDAP1 represents 24% of the total protein mass in these LDs. Another protein, AtULP (At5g16550), was also identified in the same study as highly enriched in the LDs, but in reduced abundance (less than 2% of the total protein mass). This protein was later called AtLDIP for LDAP-Interacting Protein because it was demonstrated to interact in yeast and tobacco leaf epidermal cells with AtSRP3/AtLDAP3, another member of the LDAP family [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF]. Its localization in LDs was also described in tobacco pollen tubes [START_REF] Kretzschmar | PUX10 Is a Lipid Droplet-Localized Scaffold Protein That Interacts with CELL DIVISION CYCLE48 and Is Involved in the Degradation of Lipid Droplet Proteins[END_REF]. The presence of AtLDIP in the leaf LD proteome and its unknown function prompted us to examine its potential role in leaf LD biogenesis.

To examine the role of the AtLDIP protein in leaf LD biogenesis, Arabidopsis plants stably transformed with a construction overexpressing AtLDIP fused to an YFP tag at the C-terminus were generated. We selected two homozygous lines (thereafter named OELDIP5.10 and OELDIP5.11) with only one insertion event among the twenty five independent lines that were obtained. By quantitative RT-PCR (Q-PCR) on in vitro plantlets grown on half strength MS medium, we could confirm that AtLDIP was overexpressed in these lines (supplemental Fig. S1). In addition, two AtLDIP mutants atldip_1 (SALK_084555C), and atldip_2 (SAIL_335_H11) with a T-DNA insertion in the AtLDIP gene were obtained from the ABRC seed stock center and homozygous plants were selected. The AtLDIP expression level in the two T-DNA lines was determined by Q-PCR (supplemental Fig. S1).

While the atldip_1 mutant still weakly expressed AtLDIP, the expression level in the atldip_2 mutant was null, demonstrating that this line is an atldip knock-out mutant while atldip_1 is only a knockdown one. Therefore, only the KO atldip_2 mutant was considered in this study. Similar results were obtained by Pyc and collaborators [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF]. No obvious developmental or growth phenotype was noticed neither with the KO nor with the over-expresser mutants when grown at 22°C under 16h/8h light/dark cycle.

By confocal laser scanning microscopy (CLSM), the localization of the AtLDIP-YFP fusion in the stably transformed Arabidopsis plants was examined (Fig. 1). In order to induce LD biogenesis, the plantlets were subjected for one day to nitrogen starvation. The LDIP-YFP signal mostly co-localized with the LDs stained with the LD dye Ac202 in leaf epidermis as well as in root tip, confirming a LD localization of the AtLDIP-YFP fusion proteins. However a strict overlapping was not observed: (i) the Ac202 fluorescent signal of some LDs was only partially overlaid by the AtLDIP-YFP fluorescent signal suggesting a punctuated localization of AtLDIP within the LD, and (ii) some AtLDIP-YFP fluorescent dots were observed away from the neutral lipid fluorescent signal, suggesting a localization of AtLDIP either somewhere apart from LDs, or at LD nascent sites within the ER where neutral lipids would not be enough concentrated to be detected by Ac202 staining. On the contrary, some LDs stained with the Ac202 dye are not labelled by the LDIP-YFP signal, particularly in root, suggesting that different populations of LDs, containing or not AtLDIP may exist at least in root, as it has already been observed in pollen tubes [START_REF] Kretzschmar | PUX10 Is a Lipid Droplet-Localized Scaffold Protein That Interacts with CELL DIVISION CYCLE48 and Is Involved in the Degradation of Lipid Droplet Proteins[END_REF].

AtLDIP favors the formation of new LDs

To investigate potential effects of AtLDIP on LD ultrastructure, we examined by transmission electron microscopy the ultrastructure of the KO atldip_2 mutant and of the two AtLDIP overexpressing lines grown on half strength MS medium or on nitrogen-deprived medium which is described to induce LD biogenesis [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. The observations were restricted to the leaf parenchyma cells. No LD was observed in wild type and KO mutant plants grown on nitrogen balanced medium. On contrary, LDs were observed in wild type plants subjected for seven days to nitrogen starvation (Fig. 2a), confirming that nitrogen starvation induces LD biogenesis. A similar induction of LD biogenesis was observed in the KO ldip_2 mutant and the two AtLDIP overexpressing lines (Fig. 2b). However, the size of the LDs was statistically significantly increased in the ldip_2 mutant compared to the wild type, with an average LD section area four times bigger in the KO mutant than in the wild type (c.a. 1.3 µm 2 in KO atldip_2 against 0.3 µm 2 in wt). On the contrary, the frequency of LDs per cell section area was divided by two in the KO mutant. This is in agreement with the observations performed in [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF] by CLSM on leaves of the same ldip KO mutant, where an increase in LD size and a decrease in LD number are observed at the end of the dark period, when LDs accumulate. Therefore, it seems that in absence of AtLDIP, the formation of new LDs is hindered, leading to the accumulation of neutral lipids in already existing LDs and resulting in bigger LDs.

Furthermore, some few but tiny LDs were observed in both OELDIP5.10 and OELDIP5.11 lines grown on nitrogen balanced medium (Fig. 2), with an average LD area of 0.06 to 0.1 µm 2 in AtLDIP overexpressing lines, to be compared with the 0.3 µm 2 average LD area measured in wild type under nitrogen starvation. Thus the overexpression of AtLDIP promotes the neo-formation of LDs when LD biogenesis is not induced. However, under nitrogen starvation, the overexpression of AtLDIP has no significant impact on LD abundance or size compared to wild type plants.

Altogether, these results indicate that AtLDIP induces LD biogenesis probably by promoting the budding of LDs at the ER leaflet. The lack of AtLDIP in atldip_2 mutant leads to a reduction of LD abundance, and conversely the overexpression of AtLDIP results in the generation of new LDs.

However, when LD biogenesis is induced by nitrogen starvation, the overproduction of AtLDIP does not increase LD number, either because AtLDIP is not a limiting factor for LD budding under such conditions, and/or because another factor restricts LD abundance. These results have to be confronted with the impact of AtSRP1/AtLDAP1 on LD abundance and size [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF]. Indeed, while the KO atsrp1/atldap1 displayed the same phenotype as the KO atldip_2, with an increase in LD size and a decrease in LD number under nitrogen starvation, the AtSRP1/AtLDAP1 overexpression in leaves induced an increase in the number of LDs that were organized in clusters, which AtLDIP alone is not able to induce. This suggests that these two proteins are not involved in the same steps of LD biogenesis.

LDIP overexpression has no impact on neutral lipid content, while ldip disruption modifies triglyceride and steryl ester accumulation.

It was suggested that AtLDAP1 not only stabilized LDs, but promoted their formation by interacting and recruiting other proteins involved in LD biogenesis [START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF]. AtLDAP1 also enhanced the biosynthesis of TAG [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF], probably by facilitating the packaging of neutral lipids within new LDs, accordingly to the "push-pull-protect" concept [START_REF] Vanhercke | Metabolic engineering of biomass for high energy density: oilseed-like triacylglycerol yields from plant leaves[END_REF]. To determine whether AtLDIP could have a similar influence on neutral lipid biogenesis, we analyzed the neutral lipid composition of the KO and overexpressing AtLDIP leaves. In order to compare the possible influence of AtLDIP on lipid accumulation in the context of induced and not induced LD biogenesis, two week-old plantlets grown on half strength MS medium were transferred either on half strength MS medium or on nitrogen deprived medium and grown for seven additional days. Lipids from the aerial parts of the plantlets were extracted, and then neutral lipids were separated and quantified. As shown in Fig. 3a, TAG and SE contents slightly but significantly increased in the KO atldip_2 mutant on nitrogen balanced medium. However, this increase is minor in comparison to the increase induced by growth on nitrogen deprived medium in any lines. Indeed, as expected [START_REF] Gaude | Nitrogen deficiency in Arabidopsis affects galactolipid composition and gene expression and results in accumulation of fatty acid phytyl esters[END_REF], nitrogen starvation induced an increase of the total neutral lipid content in wild type, KO and over-expressing lines, with the four analyzed classes of neutral lipids (FFA, TAG, FAPEs and SE) responding to this induction. The KO mutant accumulated a little more TAG and SE than the wild-type under nitrogen starvation, while the neutral lipid content of the overexpressing lines was not significantly different from the wild type one. Thus, while the absence of AtLDIP slightly increases TAG and SE accumulation, its overproduction has no effect on the neutral lipid accumulation in leaves. The increase in LD size in the KO atldip_2 mutant probably results in a perturbed LD content mobilization, which could explain the higher content of neutral lipids in this mutant. The fatty acid composition of TAG and SE was not significantly modified in the KO ldip_2 mutant (Fig. 3b), hence confirming that no specific program for TAG or SE synthesis is induced by the absence or over-accumulation of AtLDIP.

Simultaneous overaccumulation of AtLDIP and AtLDAP1 has a synergistically impact on LD formation.

Because the impacts of AtLDAP1 and AtLDIP on LD biogenesis are quite similar but not exactly reminiscent, we wanted to understand the respective roles of both proteins and to decipher if the over-accumulation of AtLDIP could either amplify, or counteract the LD cluster phenotype of the AtLDAP1 overexpressors we have previously described [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. In this purpose, we generated an Arabidopsis line overexpressing both AtLDIP and AtLDAP1 by crossing the OELDIP5.11 line with the AtLDAP1/AtSRP1-TagRFP#b overexpressing line described in [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. We looked at the ultrastructure of the double overexpressor (thereafter termed OELDIPxLDAP1) and compared it to the lines overexpressing only AtLDIP (Fig. 2) or AtLDAP1 (Fig. 4). As depicted in Fig. 4, LD clusters described in the AtLDAP1 overexpressing line were also visible in the OELDIPxLDAP1 line, while such cluster was never observed neither in the wild type, nor in any of the OELDIP plants (Fig. 2). The overexpression of AtLDIP in the AtLDAP1 overexpressor background increased LD abundance within the clusters, whether or not LD biogenesis is induced (Fig. 4b). In addition, the cluster occurrence within a leaf section also dramatically increased in the OELDIPxLDAP1 line compared to the AtLDAP1 overexpressing line (Fig. 4c), and the total number of LD/µm 2 was also higher in the double overexpressing line compared to the wild type, OELDIP, OELDAP1 and KO atldip_2 plants, either under control condition or under nitrogen starvation (Fig. S2). These results suggest that the combination of AtLDAP1 and AtLDIP favors LD formation. In contrast, the overaccumulation of these two proteins, either alone or together, has no significant influence on the LD size compared to the wildtype (Fig. 2b and Fig. 4b). Only the absence of one of the two proteins generates bigger LDs as observed in the KO ldip_2 under N starvation (Fig. 2b) and in the KO atsrp1/ldap1 [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF]. The occurrence of such big LDs could originate either (i) from fusion events of two LDs, implying a role for AtLDIP or AtLDAP1 in prevention of LD fusion, or (ii) by a defect in LD neo-formation leading to the accumulation of additional neutral lipids in already formed LDs, thus suggesting a role of AtLDIP and/or AtLDAP1 in LD neo-formation

In a previous study, Pyc et al. [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF] demonstrated by CLSM that the inactivation of the atldip gene in Arabidopsis plantlets leads to the production of larger but less abundant LDs. Similarly, our TEM analysis of the leaf ultrastructure of nitrogen starved plantlets confirmed that LDs in atldip KO mutant are less numerous but larger than in wild-type. The fact that in the KO atldip_2 LDs are bigger, but less abundant than in wild type when LD biogenesis is induced, suggests either (i) that LDs are prone to fuse in the absence of LDIP, or (ii) that the fission of a newly formed LD is impaired in this mutant, leading to the formation of a bigger LD rather than several smaller ones, or (iii) that the initiation of a new LD at the ER is defective, promoting the accumulation of newly generated neutral lipids in already formed LDs, therefore producing bigger LDs. When LD biogenesis is induced by nitrogen starvation, the overexpression of AtLDIP had no impact on LD number or size, suggesting that endogenous AtLDIP is not limiting for LD biogenesis under such conditions. Conversely, when growing conditions do not induce LD biogenesis, AtLDIP overaccumulation leads to the formation of supplementary small LDs, arguing for a role of AtLDIP in LD initiation. In addition, the overproduction of both AtLDIP and AtLDAP1 has a synergistic effect on LD formation, with an increased frequency of LD clusters, an increased LD number within a cluster and an increased total LD number per µm 2 in the double overexpressing line compared to the AtLDAP1 overexpressing one. This reinforces the hypothesis of AtLDIP promoting LD initiation. It is interesting to note that one or several LD fusionor absence of fission-events were observed in 57% of the clusters in the OELDIPxLDAP1 line grown on MS medium (Fig. 4c), that were never observed in LDAP1 overexpressing lines when LD biogenesis is not induced. The occurrence of such fusion -absence of fission-events was also higher in the OELDIPxLDAP1 than in the AtLDAP1 overexpressing lines grown under nitrogen starvation (27 % and 14 % respectively). This excludes a role of AtLDIP in LD fusion prevention or in LD fission, but rather supports that AtLDIP promotes LD budding. In the OELDIPxLDAP1 line, the overproduction of AtLDIP and AtLDAP1 led to a profusion of budding LDs, generating more abundant but incorrectly closed LDs within a cluster.

One's could wonder whether the LD organization in cluster described in this study and in can be an artefact due to the presence of a fluorescent protein fused to AtLDAP1. Indeed, fluorescent proteins are prone to oligomerization, and some studies have shown a distortion of the ER network due to fluorescent protein oligomerization [START_REF] Costantini | A palette of fluorescent proteins optimized for diverse cellular environments[END_REF], suggesting that oligomerization of fluorescent tags can produced artefactual aggregation of organelles. However, LDs are frequently described to spontaneously cluster in yeast and animal cells [START_REF] Goodman | The gregarious lipid droplet[END_REF][START_REF] Bersuker | Establishing the lipid droplet proteome: Mechanisms of lipid droplet protein targeting and degradation[END_REF], and AtLDAP/SRP proteins have been demonstrated to display oligomerization activity [START_REF] Kim | Arabidopsis Small Rubber Particle Protein Homolog SRPs Play Dual Roles as Positive Factors for Tissue Growth and Development and in Drought Stress Responses[END_REF]. Therefore, it is highly probable that the cluster phenotype observed in AtLDAP1 overexpressing plants is not artefactual but promoted by AtLDAP1.

Yet, the role of AtLDAP proteins in LD clustering has to be confirmed by subsequent studies.

AtLDIP, like AtLDAP1, promotes LD formation. However, in contrast to AtLDAP1, the overaccumulation of AtLDIP does not lead to a profusion of new LDs and has only a limited impact on neutral lipid metabolism. Inactivation of AtLDIP gene leads to a slight increase of TAG and SE content that could be explained by the impact of AtLDIP on LD size and consequently on neutral lipid accessibility to lipases; in fact, because LDs in the atlip_2 mutant are bigger, the neutral lipids within the LD are less accessible to lipases and therefore less rapidly degraded, which consequently increases the neutral lipid content. On contrary, AtLDAP proteins promote LD formation and stability by covering the LD surface, and TAG biosynthesis is enhanced in AtLDAP overexpressing plants [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF],

accordingly to the "push-pull-protect" model [START_REF] Vanhercke | Metabolic engineering of biomass for high energy density: oilseed-like triacylglycerol yields from plant leaves[END_REF].

AtLDIP has been described to contain an amphipathic helix and four predicted transmembrane domains [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF]. The 106 first amino acids of the protein, comprising the amphipathic helix, have been shown to be necessary and sufficient to target AtLDIP to the LDs, while the predicted transmembrane domains target the protein to the ER membrane when produced without the amphipathic helix. In contrast, AtLDAP proteins have no predicted transmembrane domain, and the truncation of diverse domains of AtLDAP3 abolishes its LD targeting leading to an accumulation of the protein in the cytosol [START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF]. These data, collectively with the punctuate localization of AtLDIP at a confined site of the LD surface or affixed to the ER, suggest a location of AtLDIP at the interface between ER and LD, that could correspond either to the LD nascent sites within the ER or to the ER-LD contact sites, with the amphipathic helix interacting with the LD core and the transmembrane domains being inserted within the ER membrane. In contrast, AtLDAP1 covers the whole LD surface, as implied by its ring shape localization [7, and this paper,8], and never target to ER network [START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF]. Based on these data, we propose a model whereby AtLDIP, located at the TAG lens within the ER membrane, may favor LD emergence from the ER or from an already existing LD (Fig. 7). AtLDIP may first interact with TAG lens thanks to its amphipathic helix, then, the insertion of its transmembrane domains within the neighboring ER membrane, possibly with the help of other proteins such as the SEIPINs, would pull out a new LD from the ER. The interaction of AtLDIP with AtLDAP proteins as suggested by [START_REF] Pyc | Arabidopsis lipid droplet-associated protein (LDAP) -interacting protein (LDIP) influences lipid droplet size and neutral lipid homeostasis in both leaves and seeds[END_REF] may then facilitates the insertion of AtLDAP proteins at the LD surface that would stabilize the structure.

Yet, this model is speculative and numerous questions remain open. First, the localization of AtLDIP at LD nascent sites has still to be formally confirmed, for example by co-expression of AtLDIP with the LiveDrop marker, that has been shown to specifically target LD nascent sites in insect and mammalian cells. It also remains to be determined whether AtLDIP targeting to LDs necessitates an interaction with other ER localized proteins, such as the ER integral membrane SEIPIN proteins.

SEIPINs have been proposed to stabilize ER-LD contacts and/or promote TAG accumulation at LD nascent sites in yeast and animal cells [START_REF] Wang | Seipin is required for converting nascent to mature lipid droplets[END_REF][START_REF] Nettebrock | Born this way -Biogenesis of lipid droplets from specialized ER subdomains[END_REF]. In plant, they have been shown to localize mainly at ER-LD contact sites and to reorganize the ER network into "LD-forming domains" [START_REF] Cai | Arabidopsis SEIPIN Proteins Modulate Triacylglycerol Accumulation and Influence Lipid Droplet Proliferation[END_REF].

Undoubtedly, it would be interesting to compare the localization pattern of SEIPINs and AtLDIP proteins and to determine whether these two proteins interact to induce LD initiation. The sequential order of the insertion/interaction steps of LDIP, SEIPINs and LDAPs, and the role of the LDIP interaction with LDAPs are also totally unknown. The study of the LD ultrastructure in diverse seipin or ldip mutant overexpressing LDIP or LDAPs genes should help to better understand the molecular mechanisms that regulate leaf LD formation. Finally, one's could wonder if the LD biogenesis process is similar in leaves and roots. Indeed, leaf LDs display close contact with chloroplasts [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF] and leaf LD biogenesis is probably driven by the dismantlement of damaged thylakoid membrane. Hence, LD biogenesis in root most probably follows another procedure and possibly involves different players than the ones in leaves or seeds. 
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 2 5mM KCl] [9]. Seedlings grew in long day conditions, at 20-22°C, 16h/8h light/dark cycle. The atldip_1 (SALK_084555C) and atldip_2 (SAIL_335_H11) T-DNA insertion mutants were obtained from the ABRC seed stock center and homozygous plants were screened by PCR. For transient transformation, N. benthamiana leaves were infiltrated with Agrobacterium cell cultures as described in Perraki et al. (2014).

Figure 1 :

 1 Figure 1: Relative localization of AtLDIP-YFP and Ac202-stained LDs in A. thaliana plantlets after nitrogen starvation. Arabidopsis plantlets overexpressing AtLDIP-YFP (line OE5.11) were submitted to nitrogen starvation for one day to induce LD biogenesis. After leaf staining with the LD dye Ac202, stomata guard cells (a), leaf epidermis cells (b) and root tip cells (c) were imaged by CLSM. AtLDIP-YFP localization was not exclusively associated with Ac202 stained LDs (arrows). In a) autofluorescence of the stomata inner thick wall is visible both in YFP and Ac202 channels. Scale bar: 2 µm. Images are representative of 3 independent experiments and at least 3 plants per experiment. Similar localization is observed in line AtLDIP-YFP OE5.10.

Figure 2 :

 2 Figure 2: Ultrastructure study of LDIP knock-out and overexpressing leaves. Two week-old plantlets grown on half strength MS medium were transferred on minimal medium deprived of nitrogen (N -) or on half strength MS medium (N + ), grown for 7 additional days and then chemically fixed. (a) Ultrastructure of the fourth leaf observed by transmission electron microscopy. White arrows show LDs. Bar: 2 µm. (b) Frequency and size of LDs in AtLDIP misexpressing leaves. For each line, lipid droplet (LD) area and LD number per cell area were determined thanks to the ImageJ software. Boxplots with different letters are significantly different, as determined by Kruskall Wallis test with Tukey's post-test; p-value < 0.01; 40 < n < 78 for the determination of LD frequency and 31 < n < 129 for LD size. Images are representatives of 2 different plants for each condition, with at least 19 cells observed per plant.

Figure 3 :

 3 Figure 3: Effect of AtLDIP disruption and overexpression on neutral lipid content in plantlets grown on nitrogen balanced or deprived medium. a) Neutral lipid contents in leaves of 3-week-old Arabidopsis plantlets grown on nitrogen balanced media for two weeks and for one additional week either on nitrogen balanced (+N) or deprived medium (-N) were determined in Col0, KO atldip_2 and AtLDIP overexpressing lines (OE 5.10 and 5.11). * and ** represent statistically significant differences at p-value ≤ 0.05 and p-value ≤ 0.01, respectively, as determined by Wilcoxon test (n=6). b) Fatty acid composition of TAG and SE in leaves of the same Arabidopsis plantlets grown on nitrogen deprived medium (n=6).

Figure 4 :

 4 Figure 4: Ultrastructure study of LD clusters in LDAP1-TagRFP and LDIP-YFPxLDAP1-TagRFP overexpressing leaves. Two week-old plantlets grown on half strength MS medium were transferred on minimal medium deprived of nitrogen (N-) or on half strength MS medium, grown for 7 additional

Figure 5 :

 5 Figure 5: Relative localization of AtLDIP-YFP and AtLDAP1-TagRFP in leaves and roots of A. thaliana. OELDIPxLDAP1 plantlets were grown for 2 weeks on half strength MS medium and then submitted for one day to nitrogen starvation. (a, b) Stomata guard cells were visualized by traditional confocal laser scanning microscopy. (c, d) root tips were stained for 10 min with Ac202 and visualized by Airyscan. Scale bar: 2 µm. Images are representatives of 4 different plants, 5 stomata guard cells and 6 root tip cells.

Figure 6 :

 6 Figure 6: Relative localization of AtLDIP-TagRFP and ER-BFP marker in leaves of N. benthamiana. N. benthamiana leaves expressing AtLDIP-TagRFP and the blue ER marker ER-BFP were visualized by confocal laser scanning microscopy. Leaves were co-labeled with neutral lipid specific dye BODIPY493/503. White arrowheads in bottom line target AtLDIP localization without Bodipy staining. Scale bar: 2 µm. Images are representatives of 4 independent plants, 27 epidermis cells.
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 713 Figure 7: Hypothetical model of LD budding in leaves. (1) At LD nascent sites, SEIPIN promotes or stabilizes TAGs and SE accumulation between the two leaflets of the ER membrane. LDIP interacts with the neutral lipid lens through its amphipathic helix. (2) The insertion of LDIP transmembrane domains in the ER membrane promotes the budding of the LD. LDAP1 and CLO3, the two main structural proteins in leaf LDs, stabilize the LD. Constituents are not drawn to scale.
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 47 Figure 4: Ultrastructure study of LD clusters in LDAP1 and LDIPxLDAP1 overexpressing leaves. Refer to manuscript for full legend.
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 26 Figure 2: Ultrastructure study of LDIP knock-out and overexpressing leaves. Two week-old plantlets grown on half strength MS medium were transferred on minimal medium deprived of nitrogen (N -) or on half strength MS medium (N + ), grown for 7 additional days and then chemically fixed. (a) Ultrastructure of the fourth leaf observed by transmission electron microscopy. White arrows show LDs. Bar: 2 µm. (b) Frequency and size of LDs in AtLDIP misexpressing leaves. For each line, lipid droplet (LD) area and LD number per cell area were determined thanks to the ImageJ software. Box-plots with different letters are significantly different, as determined by Kruskall Wallis test with Tukey's post-test; p-value < 0.01; 40 < n < 78 for the determination of LD frequency and 31 < n < 129 for LD size. Images are representatives of 2 different plants for each condition, with at least 19 cells observed per plant.

  Figure 5: Relative localization of AtLDIP-YFP and AtLDAP1-TagRFP in leaves and root tips of A. thaliana. OELDIPxLDAP1 plantlets were grown for 2 weeks on half strength MS medium and then submitted for one day to nitrogen starvation. (a, b) Stomata guard cells were visualized by traditional confocal laser scanning microscopy. (c, d) root tips were stained for 10 min with Ac202 and visualized by Airyscan. Scale bar: 2 µm. Images are representatives of 4 different plants, 5 stomata guard cells and 6 root tip cells.

  Lipid droplet biogenesis was initiated by transplanting two week-old seedlings on synthetic minimal medium deprived of nitrogen [0.8% Agarose, 1% sucrose, 1mM MgSO 4 , 1mM KH 2 PO 4 , 25µM Fe-EDTA, 35µM H 3 BO 3 , 7µM MnCl 2 , 0.25µM CuSO 4 , 0.5µM ZnSO 4 , 0.1µM Na 2 MoO 4 , 5µM NaCl, 5nM CoCl 2 , 1mM CaCl 2
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AtLDIP is localized in a more confined pattern than AtLDAP1 in LDs, and is associated with ER.

We took advantage of the co-expression of fluorescently tagged AtLDIP and AtLDAP1 in the OELDIPxLDAP1 Arabidopsis line to compare the localizations of AtLDIP and AtLDAP1 in LDs. It was previously observed that AtLDAP1 is specifically associated to LDs [START_REF] Brocard | Proteomic Analysis of Lipid Droplets from Arabidopsis Aging Leaves Brings New Insight into Their Biogenesis and Functions[END_REF][START_REF] Gidda | Lipid Droplet-Associated Proteins (LDAPs) Are Required for the Dynamic Regulation of Neutral Lipid Compartmentation in Plant Cells[END_REF] and that it displays a ringshaped pattern, observable in stomatal guard cells, where LDs are bigger. A similar ring-shaped localization of AtLDAP1-TagRFP was observed in the guard cells of OELDIPxLDAP1 leaves (Fig. 5a andb). In contrast, AtLDIP-YFP showed a punctuated pattern totally different from the ring shaped one of AtLDAP1. AtLDIP localization was confined at one site of the AtLDAP1 ring, often, but not exclusively, at contact site between two LDs. In addition, AtLDIP was also located outside any AtLDAP1 labelled LD, similarly to what we observed in Ac202-stained LDs of the AtLDIP-YFP lines (Fig. 1). A similar localization pattern was obtained by live airyscan acquisitions on OELDIPxLDAP1 roots (Fig. 5c andd), with AtLDIP being located at punctuated sites within LDAP1 ring that surrounds Ac202 stained LDs.

Given (i) that AtLDIP is located, but not exclusively, at LDs, (ii) that its localization pattern is different from the LDAP1 one, and (iii) that it impacts LD size and abundance, we hypothesized that AtLDIP might locate at LD nascent or ER-LD contact sites while AtLDAP proteins cover the whole surface of the LD. In order to better depict the localization of AtLDIP in regards to ER, we transiently cotransformed N. benthamiana leaves with AtLDIP-TagRFP, and a blue ER marker that we generated by replacing the YFP from the previously published ER-YFP marker [START_REF] Nelson | A multicolored set of in vivo organelle markers for colocalization studies in Arabidopsis and other plants[END_REF] by the TagBFP2 [START_REF] Subach | An enhanced monomeric blue fluorescent protein with the high chemical stability of the chromophore[END_REF]. . Reminiscent of our observations in stably transformed Arabidopsis (Fig. 1 and5), AtLDIP fluorescent signal seemed sporadically not co-localized with bodipy stained LDs (Fig. 6). In such cases, AtLDIP was always observed affix to the ER (a total of 167 LDs were surveyed), suggesting that AtLDIP is not located within the ER membrane, but might localize at LD nascent sites from which the BFP protein is possibly excluded. We also co-transformed N. benthamiana leaves with AtLDAP1-YFP, AtLDIP-TagRFP, and a blue ER marker with the goal to determine whether AtLDIP is preferentially located at ER-LD contact sites. Unfortunately, the ER network was such closely intertwined with the LDs within the clusters induced by the overexpression of AtLDAP1 that it was not possible to determine the respective localization of the three fluorescent proteins (not shown).
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Highlights:

-AtLDIP favors lipid droplet biogenesis in leaves, synergistically with the AtLDAP1 protein.

-AtLDIP has only a limited and indirect impact on neutral lipid content.

-AtLDIP localization shows a punctuated localization at the lipid droplet surface.

-AtLDIP also localizes outside the lipid droplets but always affixed to the ER membrane.