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Lipids are not only structural elements that make up biological membranes, they also play a crucial role in functionalizing these membranes. Through their ability to modulate membrane physical properties, to act as sensors and signaling molecules, and to interact with proteins to influence their subcellular localization and activity, lipids contribute the intricate workings of plant cells. The enrichment of specific lipids within distinct subcellular compartments aids to the establishment of membranes unique identity and properties. Lipids are major regulators of many cellular processes including cell signaling, cell division, cell polarity, membrane trafficking, intra- and intercellular communication, cell growth, and responses to environmental stress. In fact, the immense diversity of lipid species provides plant cells with an extensive arsenal of tools to establish distinctive biochemical identities within their membranes. In this review, we present an overview of plant membrane lipids, emphasizing their role in environmental stress response by highlighting recent advancements in the field.
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Introduction

Membranes play an essential role in supporting life by serving as semi-permeable barriers that delineate cells, organelles, and subcellular compartments (Harayama and Riezman, 2018). By confining molecules in a two-dimensional within the plan of the membrane, they facilitate the compartmentalization of biochemical reactions. This compartmentalization is crucial in the crowded cellular environment, allowing for the concentration and alignment of reaction partners, promoting the execution of molecular program with spatial and temporal coordination and ultimately ensuring the efficiency and effectiveness of cellular processes (Cassim et al., 2019; Gronnier et al., 2019; Leonard et al., 2023). Lipids are both building blocks of membranes and functional elements. They possess an amphipathic nature, meaning they have both hydrophobic and hydrophilic regions. When immersed in a water solution, such as the cytoplasm, they spontaneously arrange themselves into bilayers, forming closed compartments that can reseal if damaged. More than basic construction units, the very nature of lipids directly impact the biophysical properties of membranes, such as electrostatic charge, curvature, and thickness (Bigay and Antonny, 2012; Noack and Jaillais, 2020). They interact with proteins inside the bilayer and at the surface of the bilayers through they charged head and assist in spatial-temporal regulation biochemical reactions. Although often under looked, lipids are the cell undefeated superheroes. In recent decades, there has been a remarkable surge of ground breaking studies emphasizing the crucial role of lipids in cellular response mechanisms within plants. In this mini-review, we aim to offer an overview of the diverse lipid classes that make up plant membranes and present a curated selection of most recent and notable examples that illustrate how plant lipids play a regulatory role in plant cellular responses to environmental stresses.





A guided tour of the cell fatty universe

Let’s begin with some hallmarks on the identity and diversity of plant lipids. Lipids are classified into three main classes based on their chemical structures: glycerolipids, sphingolipids, and sterols (Figure 1). Every class possesses unique biochemical properties, follows a distinct biosynthesis pathway and are enriched to specific compartment resulting in a non-uniform distribution within the cell.




Figure 1 | The three major classes of lipids within the membranes. (A) Schematic structure of phospholipids, the main class of glycerolipids. Phospholipids are composed of a polar head with a chemical moiety (R) linked to a phosphate group and a glycerol molecule connected to hydrophobic tails with fatty acids. (B) Simplified schema of a membrane in which glycerolipids, sterols, and sphingolipids are asymmetrically distributed between the inner and outer leaflets of the bilayer. The polar heads of membrane lipids face outward, whereas the hydrophobic tails face inward. (C) Modification of the polar head by chemical moieties determines the different classes of phospholipids affecting membrane properties. PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; PIP, phosphoinositide monophosphate, PIP2=phosphoinositide biphosphate, PIP2 = phosphoinositide triphosphate. (D) Schematic representation of a sterol molecule which is characterized by the presence of a steroïd structure. (E) Schematic representation of a sphingolipid molecule identified by the presence of sphingosine in the hydrophobic tails and sugar in the polar head. Created with BioRender.com.



Glycerolipids are the most abundant class of plant membrane lipids, accounting for up to 50% of total lipids. They all consist of a glycerol backbone with one to three fatty acid chains (long hydrocarbon chains) attached to it, and are divided into four subcategories; (glycero)phospholipids (PL), (glycero)galactolipids (GL), triacylglycerols (TAG), and (glycero)sulfolipids (SL) (Figure 1A). When constructing membranes, the primary building blocks are phospholipids (and galactolipids in plastids). When in an aqueous environment like the cell, phospholipids spontaneously arrange themselves into a bilayer structure. The hydrophilic, water-loving, phosphate heads face outward, interacting with the surrounding water molecules. Meanwhile, the hydrophobic, water-fearing, fatty acid tails face inward, shielding themselves from the water (Figure 1B). Phospholipids, like other classes, demonstrate significant structural diversity. For example, the length of the hydrocarbon fatty acid chain can vary, influencing both the membrane thickness and the sorting of proteins through hydrophobic mismatch (the disparity between the thickness of the hydrophobic region of a transmembrane protein and that of the biological membrane) (Milovanovic et al., 2015). Likewise, fatty acids can be saturated or unsaturated based on the presence or absence of double bonds between carbon atoms in the hydrocarbon chain. These double bonds introduce bends or kinks in the chain, making it less rigid and once again affecting the properties of the membrane (Figure 1A) (Bigay and Antonny, 2012). For instance, polyunsaturated glycerophospholipids tend to promote membrane vesiculation, by allowing the membrane to be flexible enough to divide by fission (Manni et al., 2018). Phospholipids also brings different chemical flavor depending on the polar head they carry: Phosphatidylethanolamine (PE) consists of a glycerol linked to a phosphate and an ethanolamine moiety, while phosphatidylserine (PS) contains a glycerol linked to a phosphate and a serine moiety (Figure 1C). Phosphatidylinositol, which carry a glycerol linked to a phosphate and an inositol moiety can be further phosphorylated at three different positions, leading to PI3P, PI4P, PI5P, and bi/tri-phosphate derivatives (PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, and PI(3,4,5)P3), collectively refer to as phosphoinositides (Figure 1C). Through their negative charges, PA, PS, PI, and PIPs (also collectively called anionic phospholipids) can interact and attract with proteins harboring lipid-binding domains (Noack and Jaillais, 2017; Noack and Jaillais, 2020). This diversity of polar heads and combinations of anionic lipids help defining the identity of biological membranes by creating unique electrostatic signatures (Platre et al., 2018). For instance, PI4P, PA, and PS are the main species generating the electrostatic signature of the PM. An electrostatic gradient is present along the endocytic pathway contributing to the distinctive protein localization within the cell hence to overall cellular function (Platre et al., 2018).

For instance, despite being present in minor amounts (approximately 2% of total phospholipids for PA, 1% for PS, and less than 1% for all PIPs combined), these anionic lipids are fundamental components of cell membranes and play a crucial role in regulating various membrane-associated processes, such as cell signaling, trafficking, cell division, and cell growth. Consequently, any imbalances in anionic lipids can lead to significant and diverse effects at the plant level including plant development, immunity, and stress adaptation.

Phospholipids associate with phytosterols and sphingolipids to form membranes. Higher plant present an extensive variety of sterols, up to 60 sterols and pentacyclic triterpenes identified in maize seedlings (Grosjean et al., 2015). Among these, -sitosterol, stigmasterol, and campesterol are predominant (Figure 1D). The molecular structure of phytosterols typically consists of 28 or 29 carbons and differs from cholesterol, found in animal, due to the presence of an additional alkyl group (either ethyl or methyl) on the side chain at the C24 position and an extra carbon-carbon double bond in the sterol nucleus (Figure 1D). Phytosterols associated with phospholipids and sphingolipids through their fatty acyl chain, been embedded with the bilayer. They constitute up to 30% of plasma membrane lipids (Cassim et al., 2019; Bahammou et al., 2023) and act as regulator of membrane fluidity and permeability to small solutes (Grosjean et al., 2015; Cassim et al., 2019; Frallicciardi et al., 2022).

The last class of lipids, known as sphingolipids, exhibits some differences between animals and plants. Unlike animals, plants do not contain sphingomyelin or gangliosides. Instead, their sphingolipids predominantly consist of Glycosyl Inositol Phospho Ceramides (GIPCs), glycosylCERamide (gluCER), and ceramide (Markham et al., 2006; Buré et al., 2014; Gronnier et al., 2016) (Figure 1E). Sphingolipids are composed of a sphingosine or sphingoid backbone linked to a fatty acid chain and a polar head group. In Arabidopsis, GIPCs make up approximately 64% of total sphingolipids, while glycosylCERamide constitutes around 34%, and ceramide accounts for approximately 2% (Gronnier et al., 2016; Cassim et al., 2019). These lipids are believed to be mainly located in the outer leaflet of the plasma membrane, and harbor with a highly-polar head group consisting of a phosphate attached to an inositol, which is further modified with various sugar moieties.

The intricate interactions of these three lipid classes, facilitated by the diversity of species, subcellular localization, and inner and outer leaflet localizations, play a vital role in forming and regulating complex biological membrane-based cellular processes. In the upcoming sections, we have selected five recent and noteworthy examples illustrating how lipids play a crucial role in regulating plant cellular and physiological responses to various forms of stress, whether biotic or abiotic.





Membrane contact site: lipid on the move for stress relief

Most lipids are synthesized in ER and transported to their final membrane compartments through vesicular or non-vesicular trafficking at membrane contact sites. These sites enable direct lipid exchange by bringing two membranes into close proximity and recruiting lipid-transfer proteins (Michaud and Jouhet, 2019). Non-vesicular lipid transfer from the endoplasmic reticulum (ER) to the plasma membrane (PM) has been originally suggested by pulse chase experiments showing that the transfer of phospholipids is reduced but not blocked upon inhibition of vesicular trafficking (Moreau et al., 1998). However, the specific mechanisms and actors involved in this transfer had remained unknown. In a recent study, Ruiz-Lopez et al. (2021) (Ruiz-Lopez et al., 2021) uncovered the molecular participants and functional aspects of lipid transfer at membrane contact sites in response to abiotic stress.

When plants are subjected to cold or drought stress, a lipid-dependent signaling pathway is activated, resulting in the production of diacylglycerol (two fatty acid chains covalently bonded to a glycerol molecule with the polar head consisting only of a hydroxyl group) at the PM. However, an excessive accumulation of this lipid can be problematic, and lead to a loss of membrane integrity (Campomanes et al., 2019). While part of the diacylglycerol pool is converted into phosphatidic acid by diacylglycerol kinases, Ruiz-Lopez et al. (2021) discovered that the remaining diacylglycerol is efficiently removed through the action of Synaptotagmin (SYT)1/SYT3 proteins at ER-PM membrane contact sites (Figure 2). The Synaptotagmin family comprises five members, each containing an ER anchor, a lipid transfer domain called Synaptotagmin-like Mitochondrial-lipid-binding Protein (SMP), and two C2 lipid-binding domains for PM interaction (Pérez-Sancho et al., 2015; Reinisch and De Camilli, 2016). Both SYT1 and SYT3 are found at ER-PM membrane contact sites, and their localization depends on the presence of phosphatidylinositol 4-phosphate (PI4P) anionic lipid which interact with their C2 domains. Under cold stress, PI4P levels increase at the PM, promoting the expansion of ER-PM contact sites by recruiting SYT1/SYT3 proteins. Interestingly, a similar increase in ER-PM contact sites marked by SYT1 has been observed in response to salt stress (Lee et al., 2019), indicating that SYT proteins function as general abiotic stress-regulated tethers. Arabidopsis mutants lacking SYT1, SYT3, or both genes exhibit compromised PM integrity under cold stress, accompanied by diacylglycerol accumulation at the PM. SYT1, through its SMP domain’s hydrophobic groove, selectively binds to diacylglycerol species, indicative of a role in transporting this lipid from the PM to the ER (Ruiz-Lopez et al., 2021). These findings not only provide a first mechanistic understanding of how lipid transfer can help preventing the harmful accumulation of diacylglycerol during abiotic stress but also highlight the significance of ER-PM contact sites in lipid homeostasis and the adaptive response of plants to abiotic stresses. Future work will elucidate whether or not, as in animal and yeast, ER-PM contact sites serve the exchange of other lipid species in the context of stress but also developmental program responses.




Figure 2 | Notable examples of how plant lipids play a regulatory role in plant cellular responses to environmental stresses.







Autophagy: one lipid at every step

Autophagy, a conserved recycling process, transports cellular components like proteins, protein aggregates, and organelles to the lytic vacuole for degradation (Marshall and Vierstra, 2018). While autophagy occurs at a basal level during optimal growth conditions, it is highly induced under stress to eliminate unwanted or toxic components, and recycle resources. Autophagy involves the formation of double membrane vesicles called autophagosomes that encapsulate cellular components and direct them to the lytic vacuole for degradation. This process entails intense membrane remodeling, including nucleation and assembly of the pre-autophagosome, formation of the cup-shaped phagophore, and subsequent expansion and fusion to form a fully-formed autophagosome. The multi-step regulation of this process involves the sequential recruitment of conserved ATG proteins to the autophagosome structure, and lipids (Enrique Gomez et al., 2018; Gomez et al., 2021). Upon autophagy induction, ATG1/ATG13 proteins recruit the phosphatidylinositol 3-kinase (PI3K) complex, to initiate the nucleation of the phagophore (Nascimbeni et al., 2017). Early accumulation of PI3P is a hallmark of autophagy, occurring in mammals, yeast, and plants, which enables the recruitment of downstream ATG proteins such as ATG18, ATG2, and the ATG12-ATG5-ATG16 complex (Gomez et al., 2021). Concomitantly, lipidation of ATG8 by the membrane lipid phosphatidylethanolamine (PE) through a in a ubiquitin-like conjugation reaction, where ATG8 becomes attached to the headgroup of PE, is necessary for membrane elongation and autophagosome biogenesis. Mutants with defects in ATG8 conjugation are unable to form mature autophagosomes (Yoshimoto et al., 2004; Thompson et al., 2005; Chung et al., 2010). The autophagy field has long recognized the importance of studying lipids, and our understanding of their significance in the autophagy process continues to grow, including in plants. Recently, by performing  a lipid inhibitor screen, Gomez et al. (2022) identified PI4P as an additional regulatory lipid of autophagy. Decrease in PI4P levels prevents ATG8 lipidation and is required for the proper structuration and elongation of the phagophore (Figure 2). In contrast, PI4P is not crucial for the initial membrane association of ATG proteins, suggesting its non-essential role in the early stages of phagophore nucleation (Gomez et al., 2022). While previous research has primarily emphasized the critical role of the ER as a platform for autophagophore formation, this study uncovers the involvement of the PI4P-enriched PM and revealing a consistent association between autophagy structures and the PM. In line with these finding, autophagy is inhibited in Arabidopsis mutants lacking functional PM-located PI4Kα1, an enzyme responsible for generating PI4P through phosphatidylinositol phosphorylation. Gomez et al.’s work nicely complements a recent study by Wang et al., 2019, which highlighted the role of ER-PM contact sites and associated proteins in autophagy (Wang et al., 2019). What’s more, as previously pointed PI4P contribute to the establishment and expansion of ER-PM contact sites under stress conditions (Ruiz-Lopez et al., 2021). The accumulation of PI4P, in conjunction with other anionic lipids, contributes significantly to membrane identity and function by selectively recruiting specific protein sets through electrostatic interactions (Noack and Jaillais, 2020). In the context of autophagy, it remains to be determined whether PI4P is directly localized within autophagic membranes or at PM sites in contact with the pre-autophagosomal structure (PAS), the point of origin for phagophores. A plausible hypothesis is that PI4P facilitates the recruitment of a yet unidentified PI4P-binding protein(s) that operates upstream of ATG8 lipidation and plays a role in the proper assembly and expansion of the phagophore, most likely at ER-PM contact sites.





Cereal disease resistance: when harnessing anionic lipids helps to combine resistance and yield

Cereal diseases pose a major threat to global food security, with bacteria, fungi, and viruses being the primary culprits. Fungal attacks on cereals are particularly detrimental, causing a significant reduction in crop yields worldwide and endangering the food supply for many individuals. While plants exhibit remarkable adaptability, there is a trade-off between survival and growth, and resistance to pathogens often comes at the expense of lower yields.

A recent study published in Nature uncovered a link between phospholipid metabolism and disease resistance (Sha et al., 2023). Through a genetic screen, researchers identified a mutant variant in a mutagenized rice population that imparts resistance to ten different strains of Magnaporthe oryzae, five strains of the bacterium Xanthomonas oryzae, and two strains of the ascomycete fungus Ustilaginoidea virens. This mutant carries a 29-base-pair deletion in a gene called RESISTANCE TO BLAST1 (RBL1), which encodes a cytidine diphosphate diacylglycerol synthase necessary for phospholipid production. The mutation in RBL1 leads to decreased levels of phosphatidylinositol and its derivative, phosphatidylinositol 4,5-bisphosphate (P(4,5)P2) which has been previously shown to serve as a disease-susceptibility factor and to be recruited to the extra-invasive hyphal membrane infection sites to facilitate infection in Arabidopsis (Shimada et al., 2019; Qin et al., 2020). Similarly, in rice, P(4,5)P2 is enriched in cellular structures associated with effector secretion and fungal infection (Sha et al., 2023). While the RBL1 lesion mimic mutation confers broad-spectrum disease resistance, it also leads to a significant reduction in crop yield. Hence, the fungus relies on the host’s P(4,5)P2 for successful infection, so reducing P(4,5)P2 levels benefits the plant in terms of pathogen resistance (Figure 2). However, this lipid also plays a crucial role in various developmental processes (Noack and Jaillais, 2020), making the reduction of P(4,5)P2 detrimental to plant growth. To address this challenge, the researchers employed targeted genome editing to generate an RBL1 allele called RBL1Δ12. This allele carries a 12-base-pair deletion that significantly reduces gene expression but does not affect protein thermostability or subcellular localization. The RBL1Δ12 mutation still confers broad-spectrum disease resistance by reducing P(4,5)P2 levels at infection sites, but does not result in reduced yield. Further investigations are required to determine if RBL1Δ12 plants will equally cope with abiotic stresses.





When membrane surface sphingolipids get a taste for salt

Salt stress in plants primarily arises from sodium chloride (NaCl). When present in high concentrations, NaCl becomes cytotoxic for the cells as the Na+ ions compete with other ions, and disrupt the ion and water balance, resulting in osmotic perturbations. Until recently, it remained uncertain how plants perceive stress caused by excessive salt and whether they can differentiate between ionic and osmotic perturbations. The answer lies in their utilization of surface lipids, as recently shown by Jiang et al., 2019. When plants are exposed to salt stress, they immediately experience a rise in the concentration of cytosolic Ca2+, which exhibits a specific temporal and spatial signature (Knight et al., 1997; Jiang et al., 2019). This Ca2+ signal triggers cellular adaptations in plant tissues, both locally in the roots and in distant tissues. The removal of excess intracellular Na+ involves the Ca2+-related salt-overly-sensitive (SOS) pathway, which comprises the Ca2+ sensor SOS3, the protein kinase SOS2, and the Na+/H+ antiporter SOS1 (Ali et al., 2023). NaCl-triggered influx of Ca2+ stimulates an adaptive response to high salt levels, wherein the Ca2+-binding protein SOS3 activates the protein SOS2, which subsequently triggering active transport of Na+ out of the cell, through SOS1.

Through a genetic screening approach, Jiang and colleagues identified a mutant called monocation-induced Ca2+ intracellular increases 1 (moca1), which is unable to respond to high Na+ exposure. The moca1 mutant exhibited heightened sensitivity to salt stress, reduced Ca2+ signaling response, and impaired changes in membrane polarization and activation of the SOS pathway. MOCA1 encodes for IPUT1, a glucuronosyltransferase located in the Golgi apparatus, responsible for producing Glycosyl Inositol Phospho Ceramides (GIPCs) lipids that are major components of the outer leaflet of PM (Cacas et al., 2016). Taking an unexpected turn, the authors also demonstrated that GIPCs have the ability to directly bind external Na+ ions, suggesting that in contrast to animal that senses Na+ ions by protein receptors (Zhang et al., 2013), plants use surface lipids. Although the precise mechanism by which Na+-bound GIPC activates the calcium channel remains unknown, it is speculated that the binding of Na+ ions to GIPCs might modulate Ca2+ channel activity through either direct binding or by influencing the dynamics and assembly of protein complexes at the PM (Figure 2). Nevertheless, this study significantly highlights the critical role of GIPCs in directly binding Na+ ions as an essential step in sodium sensing in plants, triggering calcium signals that subsequently lead to salt-tolerance responses. The findings of this study echo the results another study, which revealed that GIPCs also serve as receptors for microbial toxins called NLP (necrosis and ethylene-inducing peptide 1-like protein) toxins that are produced by pathogenic bacteria, fungi, and oomycetes (Lenarčič et al., 2017). NLPs form complexes with the termina hexose moieties of GIPCs, which induces conformational changes within the toxin facilitating PM insertion. Taken together, these findings underscore the increasing significance of GIPCs as essential molecules involved in a wide range of sensing and signaling functions in plants, strategically positioned to face the extracellular space. Future research should focus on elucidating the precise mechanisms responsible for GIPC-dependent calcium channel activation and exploring whether GIPC also function as co-receptors for other extracellular signals.





Plant under osmotic pressure: dealing with water loss through PS nanodomains

When plants experience hyperosmotic stress, one of the initial cellular responses is the accumulation of reactive oxygen species (ROS) in the apoplast, through notably the PM-located RESPIRATORY BURST OXIDASE HOMOLOGUE (RBOH). Acting downstream of osmotic signal perception, ROS molecules serve as secondary messengers, which trigger plant adaptative responses (Martinière et al., 2019). One pathway leading to ROS accumulation is through Rho-of-plants (ROP) 6, a small guanosine triphosphatases (GTPases) (Smokvarska et al., 2020). Under hyperosmotic stress conditions ROP6 is rapidly targeted to specific nanodomains of the PM, that contain RBOHs and are responsible for ROS production (Figure 2). In the context of auxin signaling, ROP6 was shown to interact through lysine residues present in its hyper-variable tail with anionic lipids, including PS, one of the anionic lipids on the PM inner leaflet. This interaction with PS has an impact on the duration of ROP6 retention within the nanodomains (Platre et al., 2019). Nevertheless, the connection between PS and the activation of ROP6 in the context of osmotic stress had not been established until now.

In a recent study Smokvarska et al. (2023) revealed the involvement of FERONIA, a PM-located protein, member of the Catharanthus roseus receptor-like kinase (CrRLK1L) family, in PS-regulated osmotic perception (Figure 2). FERONIA, well-known for its role as a sensor for cell wall integrity, was found to play a crucial role in the reorganization of PS at the PM which impact on ROP6 localization and ROS-signaling (Smokvarska et al., 2023). PS-nanodomains are lost in feronia loss-of-function mutant while the overall quantity of PS at the cellular level is not modified. Activation of the FERONIA pathway through RALF23, induces a transient accumulation of PS biosensors at the PM after 15 min, a response that is lost in ferronia mutant. Moreover, in the absence of FER, the formation of ROP6 nanodomains upon osmotic stress still occurs. However, there is a notable difference as ROP6 is no longer immobilized within these nanodomains, and instead exhibits increased mobility, moving in and out of the nanodomains more frequently compared to wild-type plants. A similar link between PS nanodomain organization and ROP6 dynamics and activation at the PM, was previously shown in the context of auxin-responses (Platre et al., 2019). Upon osmotic stress, loss of FERONIA function also reduces the level of activated ROP6 and hampers ROS production, hence cellular adaptative responses. FERONIA influences the cellular distribution and nanodomain organization of PS at the PM, which is in turn essential for the dynamic behavior and functional efficacy of ROP6. Furthermore, complementation assay of exogenously added PS or genetic overexpression results in rescue of the cellular and some physiological phenotypes of feronia mutant, straightening this tripartite relationship between FERONIA, PS and ROP6.

Interestingly this works also echoes on the function of FERONIA in the context of light stress response (Shin et al., 2021), which also induces ROS production at the PM in phloem and xylem parenchyma cells (Zandalinas et al., 2020). Altogether Smokvarska et al. (2023) work exemplifies the active role of lipids in orchestrating precise molecular programs in spatial and temporal dimensions, highlighting the crucial function of membranes as the foundational platform upon which cellular processes are organized and supported.





Conclusion

In conclusion, lipids play diverse and pivotal roles in various cellular processes in plants. Whether they function as sensors in response to extracellular cues, facilitate membrane remodeling and protein targeting for autophagy and osmotic stress regulation, or act as signaling molecules during cold-stress adaptation, lipids exhibit ubiquitous and fundamental involvement throughout cellular systems. In light of their essential role and despite the inherent challenges associated with their study, it is imperative to continue exploring the complexities of lipids, recognizing their fundamental significance in plant related cellular and molecular processes.
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