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Lipids are a principal component of plasma membrane, acting as a protective barrier between the cell and its surroundings. Abiotic stresses such as drought and temperature induce various lipid-dependent signaling responses, and the membrane lipids respond differently to environmental challenges. Recent studies have revealed that lipids serve as signal mediators forreducing stress responses in plant cells and activating defense systems. Signaling lipids, such as phosphatidic acid, phosphoinositides, sphingolipids, lysophospholipids, oxylipins, and N-acylethanolamines, are generated in response to stress. Membrane lipids are essential for maintaining the lamellar stack of chloroplasts and stabilizing chloroplast membranes under stress. However, the effects of lipid signaling targets in plants are not fully understood. This review focuses on the synthesis of various signaling lipids and their roles in abiotic stress tolerance responses, providing an essential perspective for further investigation into the interactions between plant lipids and abiotic stress.
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1 Introduction

The world’s growing population, increased per capita caloric intake, and growing need for renewable resources from plants have increased the demand for agricultural products (Singer et al., 2020). However, abiotic stressors, such as heat, cold, and drought, have a detrimental effecton crop yields, and their frequency and severity are increasing due to climate change (Myers et al., 2017; Zaid et al., 2022). As sessile organisms, plants are subjected to various biotic and abiotic stresses, typically sensed through the plasma membrane that contains signaling lipids. The modification of enzymes such as phosphatases, phospholipases, or lipid kinases generates stress signals (Testerink and Munnik, 2011), which are translated into biological reactions. In recent years, lipids have gained significant attention as an essential element of biological membranes in all plant tissues, particularly in response to stresses. Membrane lipid modification is an efficient adaptation method for plants to defend against various abiotic stimuli, including drought, salt, cold, heat, nutritional deficiencies, and intense psychological pressures. The ability of plants to adapt to various environmental challenges depends on their ability to respond to various abiotic stressors by altering membrane lipids (Liu et al., 2019). Increasing evidence suggests that lipids play a role in the alleviation of stress responses in plant cells and the activation of defensive systems as signal mediators (Gaude et al., 2008; Nakamura et al., 2009; Moellering et al., 2010; Gasulla et al., 2013; Okazaki and Saito, 2014). Lipids can be categorized into eight major classes based on their hydrophobic and hydrophilic components: fatty acids, glycolipids, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and polyketides (Fahy et al., 2005). Signaling lipids, including lysophospholipids, fatty acids, phosphatidic acid (PA), diacylglycerol, oxylipin, sphingolipid, and N-acylethanolamine (Wang and Chapman, 2013), are generally found in minute concentrations in tissues. Diacylglycerol pyrophosphate (DGPP) is generated by the process of phosphorylating PA and is typically not present in non-stimulated cells, but its concentration rapidly rises within minutes upon exposure to various stimuli such as osmotic stress which suggests that DGPP plays a significant role in signaling pathways related to stress responses (Van Schooten et al., 2006).Esterase and other lipid hydrolytic enzymes, such as phospholipases, are crucial in signaling lipid formation from pre-existing membrane lipids or membrane lipid biosynthetic intermediates (Wang et al., 2006; Munnik and Testerink, 2009). Triacylglycerol (TAG), which has a glycerol backbone and three esterified fatty acids, is primarily kept in plants as a high-energy storage substance in lipid droplets in seeds or fruits (Xu and Shanklin, 2016). TAG does not typically accumulate insignificant amounts in vegetative tissues under non-limiting growth conditions, but various stress events, such as dehydration and extreme heat or cold, can stimulate its formation, particularly in leaves (Lee et al., 2019).

Chloroplasts are typically the first abiotic damage sites observed in plant ultrastructure. Chloroplast deterioration decreases the net photosynthetic rate and plant growth (Janik et al., 2013). Temperature and drought stress can permanently alter chloroplast structure by reducing their size and aspect ratio and changing the membrane phase (Varone et al., 2012), compromising their integrity and fluidity and rendering the chloroplasts inactive (Upchurch, 2008; Han et al., 2010). Photosynthetic membrane lipids play a significant role in preserving chloroplast structural integrity by maintaining the grana lamellar structure stack, stabilizing membranes, and facilitating the dense packing of proteins in the membrane (Garab et al., 2000; Gaude et al., 2007; Wang et al., 2014). Membrane lipids plays a significant role under stresses by preserving the chloroplast’s lamellar stack, stabilizing the chloroplast membranes (Shimojima and Ohta, 2011), making it easier to pack the membrane’s proteins, and controlling membrane fluidity by adjusting the degree of fatty acid desaturation (Dakhma et al., 1995; Zhang et al., 2005; Sui et al., 2010; Wang et al., 2010; Barnes et al., 2016). The thylakoid lipid bilayer mainly comprises four distinct lipids: monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), and phosphatidylglycerol (PG) (Moellering and Benning, 2011). MGDG and DGDG are uncharged galactolipids, forming the main body of thylakoid membrane lipids, and provide a lipid bilayer matrix as the main component for photosynthetic complexes (Shimojima et al., 2015).

In response to stresses like cold, dehydration, and nutrient loss, membrane lipid modifications take place, helping maintain membrane characteristics impacting lipid dynamics, membrane integrity, and membrane-bound protein activities (Samuels et al., 2008). Lipids also serve as intermediates in signal transduction pathways, and their role as signaling molecules is gaining attention. This review emphasizes the function of six prominent signaling lipids—phosphatidic acid (PA), phosphoinositides (PI), sphingolipids, lysophospholipids, oxylipins, and N-acetylethanolamines—and their roles in abiotic stress responses.




2 Signaling lipids biosynthesis in plants



2.1 Phosphatidic acid

Phosphatidic acid (PA), a diacyl glycerophospholipid, functions as a cellular signaling molecule and acts as a precursor for the synthesis of complex lipids (Wang et al., 2016). PA-based structural phospholipids and glycolipids are synthesized in the endoplasmic reticulum, plastids, and mitochondria, but PA as a signaling molecule is mostly derived from various phospholipase pathways in the plasma membrane (Testerink and Munnik, 2011).Two different phospholipase pathways synthesize phosphatidic acid, which has a significant role in cell signaling (Arisz et al., 2009; Bargmann et al., 2009a; Hong et al., 2009; Li et al., 2009). The first pathway involves the direct production of PA by the enzyme phospholipase D (PLD), which hydrolyzes phosphatidylcholine (PC) and phosphatidylethanolamine (PE) structural lipids to produce PA and the remaining headgroup (Pappan et al., 1998; Hong et al., 2008). The second pathway generates PA through the subsequent actions of the enzymes phospholipase C (PLC) and diacylglycerol kinase (DGK). PLC converts inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and DAG from phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2). Ins(1,4,5)P3 diffuses into the cytosol, while DAG remains in the membrane and is promptly phosphorylated to PA by DGK. PA phosphatase(PAP) then converts PA back into DAG and Ins(1,4,5)P3. PA kinase (PAK) converts PA into DAG pyrophosphate (DGPP), which diminishes the signal. DGPP phosphatase(DPP) is the enzyme that converts DGPP back into PA (Munnik et al., 1996; Meijer and Munnik, 2003). Figure 1 shows the biosynthetic pathway of PA.




Figure 1 | Synthesis Pathways for signaling PA. PLC, Phospholipase D; DGK, Diacyl glycerol kinase; PAK, Phosphatidic acid kinase; PAP, Phosphatidic acid phosphatase; DPP, DGPP phosphatase.






2.2 Phosphoinositides

Phosphoinositides (PI) are a group of lipids that serve as cellular signaling molecules and are produced from phosphatidylinositol (PtdIns) by lipid kinases and phosphatases. They also may act as precursors to second messengers. Seven different isoforms of PI are produced based on the location of phosphates on the inositol ring, including three monophosphates, three bisphosphates, and one trisphosphate- PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2 and PI(3,4,5)P3 (Meijer and Munnik, 2003). In plants, PIPs constitute significantly less than 1%, with PI(4)P the most prevalent, followed by PI(4,5)P2 (Balla, 2013; Hou et al., 2016).

The discovery of the PIP second messenger system in plants dates back to 1985 when PI(4)P and PI(4,5)P2, collectively known as the PIP second messenger system, were identified for the first time in plants using carrot suspension cultures and thin-layer chromatography of 3H radiolabelled phospholipids (Boss and Massel, 1985). Further studies using high-performance liquid chromatography of radio-labelled samples led to the isolation of PI(3)P from Spirodelaolyrhiza L., raising the possibility of the PI3K kinase signaling pathway in plants. In 1997, PI(3,5)P2 was discovered in carrot suspension cells under osmotic stress with NaCl (Dove et al., 1997), and in 2001, PI(5)P was identified in Arabidopsis thaliana plants under water stress. However, certain stress conditions may be required for the cells to produce other PIs, such as PI(3,4)P2 and PI(3,4,5)P3, which have not yet been discovered in plants. Nonetheless, some plant-specific proteins may be able to bind or synthesize these PIs under certain conditions; for example,AtPTEN1 binds to PI(3)P and PA in vivo and PI(3,4,5)P3 in vitro, while AtPIP5K1 kinase synthesizes PI(3,4)P2 from PI(3)P and PI(3,4,5)P3 in vitro (Zhang et al., 2011).

Inositol phosphates (IPs) and diacylglycerol (DAG) are produced from phosphoinositides by PI-specific PLCs. While DAG is extensively studied as a signaling lipid in mammals, its function in plants remains unclear. DAG kinases in plants can phosphorylate DAG further, resulting in the production of PA (Arisz et al., 2013). Figure 2 summarizes the formation of PIs by sequential acylation of glycerophosphate and lyso-phosphatidic acid. Inositol 1,4,5-triphosphate (IP3), the most prevalent IP in plant cells, regulates various cellular processes, including plant development and stress responses (Franklin-Tong et al., 1996; DeWald et al., 2001), and may regulate cellular reactions by inducing Ca2+ production in the cytoplasm of guard cells to increase Ca2+ levels and closestomata (Sanders et al., 1999). Plants use IP3 as a precursor to produce inositol hexakisphosphate (IP6), which could be the true signaling molecule in plants (Tsui and York, 2010; Williams et al., 2015). IP6 has a critical role in guard cell responses, leading to stomatal closure (Lemtiri-Chlieh et al., 2003). IP5 and IP6 have also been identified as structural co-factors of the auxin receptor–transport inhibitor response 1 (TIR1) and jasmonic acid receptor-coronatine insensitive 1 (COI1), respectively (Sheard et al., 2010), connecting phytohormone-controlled pathways with PI signaling. PIs are involved in various cellular functions, including membrane trafficking, cytoskeleton organization, polar tip growth, and stress responses (Ischebeck et al., 2010). The Arabidopsis genome encodes 20 PtdIns kinases that generate different PtdIns isoforms. In addition to phosphorylating PtdIns4P, PI4P 5-kinases also catalyze the unspecific process of phosphorylating PtdIns3P, resulting in PtdIns(3,5). The synthesis of PtdIns(4,5) P2 is likely catalyzed by PI4P 5-kinase using PtdIns4P as a substrate, whereas PtdIns5P is likely generated by the dephosphorylation of PtdIns bisphosphate. However, no gene encoding PI 5-kinase or PI5P 4-kinase has been found in plants (Heilmann and Heilmann, 2015).




Figure 2 | Biosynthetic pathway of Phosphoinositides. PA, Phosphatidic Acid; DAG, Diacylglycerol; PtdIns, Phosphoinositides; PtdCho, Phosphatidylcholine; PtdEtn, Phosphatidylethanolamine; PtdSer, Phosphatidylserine; PtdIns4P, Phosphatidylinositol 4 phosphate; PtdIns4,5P2, Phosphatidylinositol4,5 Bisphosphate.






2.3 Sphingolipids

Sphingolipids are a highly diverse group of compounds involved in numerous cellular processes (Pata et al., 2010). They constitute a significant proportion of the lipid content in higher plants and are abundant in endosomes and tonoplasts, making up to 40% of the lipids in the plasma membrane (Moreau et al., 1998; Cacas et al., 2016). Sphingolipids are structurally diverse, comprising asphingoid long-chain base (LCB) backbone amide joined to an N-acylated fatty acid (FA) attached to a polar head group (Gault et al., 2010; Pata et al., 2010). Sphingolipid metabolism occurs mainly in the endoplasmic reticulum (ER) and the golgi apparatus, where they are synthesized, transferred, sorted, transported, and eventually localized to membranes (Luttgeharm et al., 2016). In plants and yeast, dihydrosphingosine and phytosphingosine are the main LCBs (Hannun and Obeid, 2008). Plant sphingolipids mainly comprise glucosylceramides (GlcCers) or glycosylated inositolphosphoryl ceramides (GIPCs) (Markham et al., 2006). Figure 3 shows the biosynthesis pathway of sphingolipids, which involves the condensation of serine and palmitoyl-CoA catalyzed by serine palmitoyl transferasein the ER to produce various LCBs, typically with 18 carbons (Chen et al., 2006), followed by the reduction of 3-ketosphinganine to sphinganine (d18:0) by 3-ketosphinganine reductase (Beeler et al., 1998). Sphingosine N-acyltransferase then joins the LCBs to a fatty acid and further modifies them to create ceramides, which serve as the building blocks for more complex sphingolipids (Spassieva et al., 2002; Merrill, 2011). Ceramides are synthesized in the ER and transported to the Golgi, where they are modified by the attachment of various polar head groups to form GlcCers, inositolphosphoryl ceramides, and GIPCs (Berkey et al., 2012).




Figure 3 | Biosynthetic pathway of sphingolipids. LCB, Long-chain base; PI, Phosphatidylinositol; DAG, Diacylglycerol.



Sphingolipids are highly concentrated in the cytoplasm and vacuolar membrane, creating membrane microdomains called lipid rafts, crucial for protein trafficking to the plasma membrane and other cell surface activities (Simons and Toomre, 2000; Pike, 2006). Sphingolipids must be transported from the ER to the Golgi network and then to plasma and vacuolar membranes to produce and translocate complex GIPCs. However, sphingolipid transport in plant cells is not well understood. Studies suggest that accelerated cell death protein 11 and glycolipid transfer protein 1 might be involved in sphingolipid transport in plants (Simanshu et al., 2014), but further research is needed to confirm this. Several studies have revealed information on the role of sphingolipids in plant development and in response to diverse abiotic and biotic stresses (Markham et al., 2013; Luttgeharm et al., 2016; Ali et al., 2018; Huby et al., 2020; Mamode Cassim et al., 2020; Liu et al., 2021).

Sphingolipids play a key role in programmed cell death (PCD) during immune response or plant development. The accumulation of LCBs stimulates CPK3, a calcium-dependent kinase, which then phosphorylates its 14-3-3 protein binding partners and triggers PCD (Lachaud et al., 2013). Moreover, LCB-Ps are involved in ABA, cold, and drought stress responses (Worrall et al., 2008; Guillas et al., 2013). While the role of sphingolipids in animals is well understood, the sphingolipid signaling system in plants is still largely unknown. In plants, complex sphingolipids such as GlcCers and GIPCs play a structural role similar to sphingomyelin in mammals and are important structural elements of cell membranes, but their role in signaling is not yet known. Researchers have questioned whether plants have an enzymatic breakdown pathway for GIPCs, similar to the one found in mammals (Worrall et al., 2003). The answer to this question could provide a fresh perspective on how sphingolipid signaling functions in plants.




2.4 Lysophospholipids

Lysophospholipids are generated from glycerophospholipids M.via phospholipase A catalysis, leading to a lipid containing only a single acyl chain, such as lysophosphatidylcholine (LPC), lysophosphatidic acid (LPA), and sphingosylphosphorylcholine. Figure 4 summarizes the process of enzymatic production of LPs by phospholipase A1 (PLA1), phospholipase A2 (PLA2), and lipases. When natural phosphatidic acid (PA) or phosphatidylcholine (PC) undergo a hydrolysis reaction with phospholipase A2 (PLA2), the resulting products are 2-lysophosphatidic acid (2-LPA) and 2-lysophosphatidylcholine (2-LPC) (Kim and Kim, 1998).They are abundant in the membrane’s lipid bilayer, with glycerol and sphingosine as their main components, and have various details that determine their cell receptor selection, including the position of the acyl chain on the glycerol moiety, the length, degree, and saturation of the fatty acyl chain, and the phosphate head group. Lysophospholipids accumulate in plants in response to freezing, wounding, or pathogen infection (Wi et al., 2014).




Figure 4 | Biosynthetic pathway of lysophospholipids. PA, Phosphatidic Acid; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine.



Lysophospholipids play a crucial role in pollen growth, stomatal opening, and reactions to hypoxia and salt stress (Wang et al., 2019). Analyzing the regulatory mode and function of phospholipase A (PLA) will help understand the signaling cascades involving lysophospholipids as PLA1 and PLA2,the essential enzymes for producing lysophospholipids. G-proteins have been shown to regulate PLA2 activities in plants (Heinze et al., 2013). However, LPCs can cause a cytoplasmic pH change by activating tonoplast H+/Na+ antiporter activity and H+-transporting ATPase of the plasma membrane, which affect auxin responses (Viehweger et al., 2002). According to one study, plants may have evolved H+-ATPases as lysophospholipid sensors (Wielandt et al., 2015), suggesting that lysophospholipid signaling receptors are distinct in plants and animals. Moreover, PLA2 expression is down regulated during heat and drought stress and upregulated during salt, osmotic, and cold stress (Hruz et al., 2008). Despite this, the function and regulatory mechanism of lysophospholipids are still poorly understood, in contrast to the extensively studied PA signaling molecule.




2.5 Oxylipins

Oxylipins are a broad category of compounds that perform various functions in plant growth, development, and interactions with biotic and abiotic stresses. The most extensively studied subgroup of plant oxylipins is jasmonates (JAs), commonly known as defense phytohormones. While the biosynthetic pathway is very straight forward, the metabolites produced are structurally diverse and biologically active. Oxylipins interact with various signaling pathways in plant cells, including auxin, gibberellin, ethylene, and ABA signaling pathways involved in regulating stress-induced gene expression and stress signal transduction (Yang et al., 2012). Oxylipins are comprised of complex oxidized fatty acids such as fatty acid hydroperoxides, divinyl ethers, and jasmonic acid. They can be synthesized enzymatically or spontaneously through auto-oxidation (Andreou et al., 2009; Mosblech et al., 2009). Lipoxygenases (LOXs) (e.g., jasmonates) or 18-carbon unsaturated fatty acids, such as linolenic acid or linoleic acid, are typically involved in oxylipin production in plants (Savchenko et al., 2014). The biosynthesis process can be divided into various classes using synthesized fatty acid hydroperoxides as substrates for various enzymes (Figure 5). Hydroperoxide lyase produces aldehydes, alcohols, and oxo-acids that play important roles in pathogen defense, and allene oxide synthase that catalyzes the process leading to JA signaling (Griffiths, 2015). Peroxygenases (POX) and divinyl ether synthases synthesize epoxy-hydoxy FA and divinyl ethers of fatty acids used in antimicrobial drugs. Epoxy alcohol synthases and LOXs are involved in synthesizing epoxy hydroxy fatty acids and keto fatty acids (Mosblech et al., 2009). Hydroxyl fatty acids can also be synthesized in the reduction of hydroperoxides by a reductase (Andreou et al., 2009).Oxylipin production may already have begun before a lipase releases fatty acids. Evidence suggests that lipoxygenase uses esterified lipid-bound fatty acids as substrates. In Cannabis sativa, there might exist a partially shared biosynthetic pathway in oxylipins and cannabinoids production. In the plant, a specific examination of trichomes’ gene expression revealed that the genes responsible for producing oxylipins, namely LIPOXYGENASE (LOX) and HYDROPEROXIDE LYASE (HPL), were found to be co-expressed with genes already known to be involved in the production of cannabinoids (Stout et al., 2012; Livingston et al., 2020). This observation has led to the hypothesis that the oxylipin pathway provides the necessary substrate for the production of cannabinoids (Borrego et al., 2023).




Figure 5 | Biosynthetic pathway of oxylipins.



Another subclass of oxylipins is phytoprostanes, produced through a biochemical process in volving free radicals and non-enzymatic gtransformation of α-linolenic acid (Griffiths, 2015). During photosynthesis, the reactive oxygen species (ROS) produced in chloroplasts promote fatty acid oxidation in green leaves, with photosynthetic tissue containing ten times more phytoprostanes than roots. Phytoprostanes are likely formed from fatty acid residues in lipids, much like animal isoprostanes, and then released by lipases (Imbusch and Mueller, 2000). Phytoprostanescan regulate the expression of genes involved in detoxification processes and stimulate the production of secondary metabolites. A unique class of oxylipins known as reactive electrophile species includes 12-OPDA, certain phytoprostanes, fatty acid ketodienes and ketotrienes, 2(E)alkenals, and other unsaturated carbonyl compounds. These compounds have high chemical reactivity due to the electrophilicity of the carbonyl group’s double bond. ROS attack the nucleophilic areas of organic compounds, including glutathione, proteins, and nucleic acids, altering their characteristics and damaging cell structures. ROS also stimulate the production of genes involved in cell cycle regulation, xenobiotic, and excessive light defense responses (Farmer and Mueller, 2013).




2.6 N-acylethanolamines

N-acylethanolamines (NAEs) are a family of signaling lipids with a wide range of functional properties. They are categorized according to the number of carbons and saturation level in their acyl chains and comprise a fatty acid linked to ethanolamine by an amide bond. Figure 6 shows the biosynthesis of NAEs (Arias-Gaguancela and Chapman, 2022).The most extensively researched NAE is N-arachidonylethanolamine, often known as anandamide, which functions as an endogenous ligand for cannabinoid (CB1 and CB2) receptors located on the plasma membrane in the brain and activates intracellular signaling cascades in mammalian neurons (Felder et al., 1993). Other more prevalent types of NAEs, such as ethanolamides of oleic, linoleic, linolenic, and palmitic acids, have also drawn attention as lipid mediators that primarily work without the assistance of G-protein-coupled cannabinoid receptors (Movahed et al., 2005). NAE concentrations vary depending on the stage of plant growth and development (Chapman, 2004).Among the different plant tissues examined, it was found that the content of NAE is highest in desiccated seeds of various plant species. However, the quantities are typically at low levels, measured in parts per million (ppm) (Chapman, 2004; Venables et al., 2005; Kilaru et al., 2007). According to radio-labeling research, plants use nacylphosphatidylethanolamines (NAPE) as a metabolic substrate of naphthalene (NAE) (Chapman et al., 1999). Animals can hydrolyze NAPE directly by a PLD to produce NAEs or indirectly through PLC- or PLA2/α/β-hydrolase-4 (ABHD4)-mediated pathways. PLC and PLA2/ABHD4 hydrolyze NAPE into phospho-NAE and lyso-NAPE, respectively. ABHD4 further hydrolyzes lyso-NAPE to produce glycerophospho-NAE (GP-NAE). Phosphatases and phosphodiesterasesthen convert GP-NAE and phospho-NAE to NAE, respectively. However, the biosynthesis pathway of NAE in plants is still unknown because several enzymes required for mammalian NAE synthesis pathways are absent inplants or have little in common with proteins found in animals (Blancaflor et al., 2014). Several NAE isoforms impact the regulation of plant development and pathogen defense (Wang et al., 2006; Kang et al., 2008). However, unlike animals, plants have little information about the perception and molecular targets of NAEs.




Figure 6 | Biosynthetic pathway of NAE formation in plants. NAPE, N-acylphosphatidylethanolamine; PLD, phospholipase D; NAE, N-acylethanolamine; LOX, lipoxygenase; AOS, allele oxide synthase; PA, phosphatidic acid; NAAA, N-acylethanolamine-hydrolyzing acid amidase; FAAH, fatty acid amide hydrolase; PE, phosphatidylethanolamine.







3 Lipid binding proteins

Plants had to develop mechanisms to detect changes in their environment and communicate these changes to different organs, and adjust accordingly (Thomas and Vince-Prue, 1996). These responses can occur within one cell or tissue or at a location distal from the detection of those environmental changes. The complexity of lipid metabolism becomes more apparent when considering that each membrane in a plant has a distinct composition of acyl and lipid. Additionally, all acyl-chains are produced in plastids and are assembled either in plastids or the endoplasmic reticulum, necessitating the transport of fatty acids and lipids. Since hydrophobic molecules cannot freely move in a watery cellular environment, multiple modes of transportation are employed such as diffusion or flip transfer within the same membrane system, vesicular trafficking, and transport processes facilitated by proteins. Lipid transfer proteins (LTPs) have a crucial function in aiding the transfer of phospholipids and galactolipids from one membrane to another (Kader, 1996). These proteins are alternatively referred to as nsLTPs (non-specific lipid-transfer proteins) or pLTPs (plant lipid transfer proteins). The peptides within this category possess a hydrophobic cavity resembling a tunnel that can accommodate various lipids (Edqvist et al., 2018). NsLTPs can be characterized as proteins that induce the relaxation of the cell wall (Nieuwland et al., 2005) by increasing its internal volume through turgor. Studies have demonstrated that annexins proteins possess the ability to interact with phospholipids and membranes. The expression of Arabidopsis annexin 1 is increased in response to both salt and water stress conditions. Plant Acyl CoA binding proteins (ACBPs) have the ability to bind long-chain acylCoA esters (Brown et al., 1998)., participate in acyl-CoA transport (Johnson et al., 2002), maintain the acyl-CoA pool (Yurchenko et al., 2014). Another way to move the long-distance signals is through plant phloem. The view of the phloem function has evolved from that of simple assimilate transport to a complex trafficking system for stress signals and developmental regulators. A recent analysis of phloem exudates of Arabidopsis thaliana, led to the identification of several glycerolipids within the phloem including PA, PC, PI, di- and triacylglycerols (Benning et al., 2012; Tetyuk et al., 2013). Similarly, lipids have been detected in canola phloem as well (Madey et al., 2002). Table 1 summarizes various lipid binding proteins and their functions.


Table 1 | Lipid binding proteins and their functions.



PDK1- phosphoinositide-dependent protein kinase 1, CDPK- Ca2+-dependent protein kinase, TGD- trigalactosyl diacylglycerol, PEPC- phosphoenolpyruvate carboxylase, PID- PINOID, AGD7- ARF gap domain, CTR1- constitutive triple response 1, TPM1- tropomyosin alpha1, MPK6- mitogen-activated protein kinase6, RbohD/F- respiratory burst oxidase homolog D/F, PTEN2A- Phosphatase and TENsin homolog deleted, WER- Werewolf, GAPC- glyceraldehyde-3-phosphate dehydrogenase, RCN1 – roots curl in naphthylphthalamic acid 1, PARP1- poly(ADP-ribose) polymerase-1, GDSL-lipase- Gly-Asp-Ser-Leu lipase, PLAFP1- phloem lipid-associated family protein, PIG-P- phosphatidylinositol N-acetylglucosaminyltransferase subunit P, LHY- Late elongated hypocotyl, CCA1- circadian clock associated, AHL4- AT-hook motif-containing nuclear localized protein, LTP- long-term potentiation, ACBP2- acyl-CoA-binding protein, PCaP1,2- Plasma membrane cation binding protein, FAB1- Formation of aploid and binucleate cells, ACD11- Accelerated cell death, GLTP1- Glycosphingolipid transfer protein, PDLP5- plasmodesmata-located protein, ACBP2- acyl-CoA-binding protein.




4 Lipid-mediated tolerance of abiotic stresses

The degree of unsaturation of the lipid acyl chain (e.g., lipid packing) plays a crucial role in controlling membrane dynamics. Creating hydrogen connections between the membrane’s constituent parts inhibits membrane lipids from transitioning from a liquid crystalline state to a stiff gel state or vice versa (Wang et al., 2020). Unsaturated fatty acid chains bend at the cis-double bond, hindering membrane packing and resulting in membrane fluidization (He et al., 2018). The PM’s receptors and sensors are the primary sites for detecting and deciphering environmental stress signals. The response regulators transmit these signals downstream for appropriate molecular feedback, resulting in proper and adaptive responses to environmental stress (Barkla and Pantoja, 2010). Changes in the degree of fatty acid desaturation are crucial for plants to respond to different abiotic stressors. The principal polyunsaturated fatty acid species in membrane lipids are 16:3 and 18:3, with changes in those unsaturated fatty acid levels often dictating the membrane’s fluidity (Zhang et al., 2005; Wang et al., 2010). Maintaining high levels of fatty acid desaturation enables plants to stabilize membrane fluidity and reduce the damage inflicted on the membrane by abiotic stressors. Figure 7 illustrates the changes in membrane lipid saturation due to various abiotic stresses and the associated acclimation processes.




Figure 7 | Variations in membrane fluidity in response to various abiotic stresses and acclimation processes. Drought affects the efficiency of water channels by increasing saturated fatty acyl chains and causing lipid peroxidation. Membrane rigidification occurs at low temperatures, while fluidization occurs at high temperatures. Plants acclimatize to drought by increasing their membrane lipid unsaturation levels to stabilize PM and activate their water channels (e.g., AQPs) to keep water moving through their cells. Plants adapt to high and low temperatures by decreasing and increasing membrane fluidity, respectively.



In addition to their signaling functions, lipids also serve as stress mitigators, reducing the impact of abiotic stressors. For instance, membrane lipid modifications occur in response to stresses like cold, dehydration, and nutrient loss. This membrane remodeling helps maintain membrane characteristics impacting lipid dynamics, membrane integrity, and the activities of membrane-bound proteins (Samuels et al., 2008).



4.1 Lipid signaling in response to drought stress

Drought stress inhibits plant development by affecting various physiological and biochemical processes, including photosynthesis, chlorophyll production, nutrient metabolism, ion absorption and translocation, respiration, and carbohydrate metabolism (Jaleel et al., 2008; Li et al., 2011). Drought stress indicators include reduced leaf water potential and turgor pressure, stomatal closure, and reduced cell development and enlargement (Farooq et al., 2009). Lipid signaling molecules play a crucial role in controlling plant water demand, developing drought tolerance, and adapting to long-term drought. Dehydration leads to the production of PA, inositol phosphates, oxylipins, and sphingolipids (Bargmann et al., 2009b; Munnik and Testerink, 2009; Gasulla et al., 2013), highlighting the complexity of the stress response network and making it challenging to specify the particular physiological functions of different molecular lipid species. Controlling transpiration is a crucial defense mechanism against water scarcity, with most water loss occurring during transpiration through stomata. ABI1 is bound to the plasma membrane by PA binding, preventing it from moving to the nucleus, where it interacts with the transcription factor ATHB6, a regulator of the ABA response. The binding of PA and ABI1 suggests that ABA-mediated pathways require PA signaling (Zhang et al., 2004). The nitric oxide signaling cascade that causes stomatal closure also includes PA (Distéfano et al., 2008). Dehydrins, universally expressed in response to dehydration and connected with stress protection, are also activated by the upregulation of PA under drought stress (Koag et al., 2003). Both inositol phosphate 3 and inositol phosphate 6 affect stomata closure, while At5Ptase1, an inositol phosphatase activated in response to ABA, can block the IP3 pathway (Lemtiri-Chlieh et al., 2003). Arabidopsis fiery1 encodes another inositol phosphatase, which functions as a contraregulator of ABA (Xiong et al., 2001). Furthermore, the fiery1 mutation leads to the expression of ABA-responsive and stress-responsive genes, resulting in mutant plants with reduced resistance to cold, drought, and salt stress. Studies using transgenic plants have shown that IP3 levels play a crucial role in the expression of ABA-regulated genes, such as RD29A, KIN1, Cor15A, and HSP70, which were upregulated in plants with higher IP3 levels in response to stress treatments. Conversely, transgenic tomato lines with lower basal IP3 levels exhibited dramatically enhanced drought tolerance and changes to several metabolic and developmental alterations, such as higher net CO2 fixation and sucrose export to sink and storage tissues (Khodakovskaya et al., 2010). In addition to PA and IP3/IP6, sphingolipidsare also involved in controlling stomatal closure. ABA activates sphingosine kinases, which produce sphingosine-1-phosphate (S1P) that controls guard cell turgor. A downstream component of the S1P signaling pathway, heterotrimeric G-proteins, mediates ABA control of stomatal closure (Coursol et al., 2003). Upon binding to PA, phytosphingosine kinases (SPHKs) produce phytosphingosine phosphates, inducing stomatal closure in an ABA-dependent form (Guo et al., 2011; Guo et al., 2012). The link between oxylipin levels and drought tolerance was evidenced in Arabidopsis mutants, with lower oxylipin levels being more susceptible to drought (Grebner et al., 2013). In Cannabis sativa, there exists a partially shared biosynthetic pathway which is involved in the production of both oxylipins and cannabinoids. Drought stress has been found to have a significant impact on initiation of flowering in Cannabis. The production of cannabinoids, which are highly lipophilic molecules, changes under drought stress that led to decrease in the accumulation of cannabidol (CBD), while simultaneously increasing cannabigerol (CBG) levels (Park et al., 2022). Further research is necessary to fully understand the extent and mechanisms of this potential shared pathway and its implications for the production of oxylipins and cannabinoids. The involvement of several plant PLCs in abiotic stress signaling is strongly supported by functional analyses of these proteins using reverse genetic methods. For instance, increased drought endurance was evident in plants with Zea mays (maize) ZmPLC1, Brassica napus (rapeseed) BnPLC2, and Nicotiana tabacum (tobacco) PLC overexpression (Tripathy et al., 2012). Recent research found that constitutive AtPLC3 and AtPLC5 expression reduced stomatal aperture, preventing excessive water loss and enabling drought adaptation in Arabidopsis (Zhang et al., 2018). Concomitantly higher amounts of IP3 and PI(4,5)P2 were found in plant cells under osmotic stress, pointing to the simultaneous activity of PI-PLC and phosphoinositide kinase (Pokotylo et al., 2014). As exemplified by the above examples, lipid signaling molecules alter the activity and translocation of target proteins and, in some cases, cause conformational changes or the phosphorylation of downstream targets, altering their susceptibility to dehydration stress.

Research has shown that many plant species exhibit a response to drought stress by increasing the deposition of cuticular wax (Kosma and Jenks, 2007). The cuticle consists of two significant hydrophobic components: cutin and waxes (Kolattukudy, 1980). The waxes consist of long-chain aliphatic lipids, triterpenoids, and other minor secondary metabolites such as sterols and flavonoids. The composition of cuticular wax is believed to influence the barrier properties of cuticular transpiration. Within the cuticular wax biosynthetic pathways, C16 and C18 fatty acids are initially synthesized in the plastids and then transported to the cytoplasm. In the cytoplasm, they undergo further elongation to form very-long-chain fatty acids ranging from C20 to C34 in the endoplasmic reticulum. This elongation process is facilitated by a series of enzymes, including 3-ketoacyl-CoA synthetases (KCS), 3-ketoacyl-CoA reductases (KCR), 3-hydroxyacyl-CoA dehydratases, and trans-2-enoyl-CoA reductases (ECR) (Kunst and Samuels, 2009).The presence or absence of MYB96 in plant systems has been found to affect the content of cuticular wax, indicating that MYB96 integrates various signals related to drought stress and regulates the biosynthesis of cuticular wax. The myb96-1D mutant shows resistance to drought, whereas the myb96-1 mutant, deficient in MYB96, is highly susceptible to drought. Notably, the myb96-1D mutant exhibits a shiny surface on its leaves and stems, indicating the accumulation of cuticular waxes to a high degree. The MYB96 transcription factor directly binds to the promoters of genes that encode fatty acid elongation enzymes (Seo et al., 2009). The upregulation of genes involved in cuticular wax biosynthesis in the myb96-1D mutant suggests that MYB96 acts as a regulator of this process. Therefore, while cuticular wax biosynthesis may not be the primary mechanism for drought response, it likely becomes more important and potentially protective during severe drought stress.

The lipid matrix found in photosynthetic membranes contains 70–80% of MGDG and DGDG and it is crucial to regulate these lipids to ensure the continuous functioning of photosynthesis. The amount of DGDG and/or the DGDG to MGDG ratio are also vital in various essential cellular processes occurring within the chloroplast. These include protein folding, insertion of proteins, and intracellular protein trafficking (Dormann and Benning, 2002). A detailed analysis of plants with various susceptibilities to drought stress revealed that a decrease in MGDG levels was accompanied by an increase in oligogalactolipids, PI, and PA. These lipid profile modifications after desiccation were more evident in desiccation-tolerant species than in desiccation-sensitive ones (Gasulla et al., 2013). The interaction of DGDG and PG with external proteins stabilizes the PSII manganese cluster (Fujii et al., 2014). Changes in the DGDG/MGDG ratio may affect chloroplast membrane stability (Liu et al., 2017), as MGDG can be especially sensitive to drought stress (Kalisch et al., 2016). The MGDG synthetic gene knockout Arabidopsis mutant, mgd1, exhibited decreased MGDG expression but no change in PSII activity (Hernandez et al., 2016). However, in another study, the electrical conductivity of the mgd1 mutant’s thylakoid membrane increased, decreasing its photoprotective action (Cao et al., 2015). The growth and photosynthetic efficiency of an Arabidopsis mutant known as dgd1 were found to be adversely affected. This mutant exhibits a significant decrease in DGDG content (Dormann et al., 1995). Spring wheat subjected to drought stress had decreased PG content and increased DGDG/MGDG ratio. The author speculated that PC or PC-derived lipids might be delivered directly or indirectly to galactolipid biosynthetic plastids or that DAG may be phosphorylated into PA to produce DGDG. DGDG confers thermotolerance to plants due to its ability to stabilize bilayers, as evidenced by the inability of DGDG-deficient dgd1 mutant plants to adapt to high growth temperatures (Kobayashi, 2016). While the total lipid content of desiccation-tolerant plants does not vary, the membrane lipid composition does, and the amount of MGDG decreases. The production of phospholipids by DAG is one way to reduce MGDG levels. Another method involves converting MGDG to the DGD1/DGD2 pathway, followed by the production of oligogalactolipids from SFR2. This pathway significantly increases the stability of the chloroplast membrane by lowering the MGDG/DGDG ratio, which also helps maintain the bimolecular shape of lipids in membranes (Nakajima et al., 2018). Recent studies have focused on the modification and turnover of photosynthetic membrane lipids as a successful coping mechanism for adapting to and developing tolerance to adverse environments (Li et al., 2020; Yang et al., 2020). During periods of stress, plants decrease the amounts of MGDG, DGDG, PG, and total lipids, while the fatty acid composition of total lipids varied depending on the stress (Higashi et al., 2015). Plants frequently reduce tissue MGDG levels in response to drought, salt, cold temperatures, and aluminum stressors, with smaller declines in DGDG levels (Wang et al., 2014). Dehydration can decrease the amount of fatty acid desaturation in plants (Dakhma et al., 1995). During drought stress, a drought-tolerant maize cultivar maintained a higher level of fatty acid desaturation than a sensitive cultivar (Chen et al., 2018), which can provide plants with the capacity to stabilize membrane fluidity and reduce the damage inflicted by abiotic stressors on the membrane.




4.2 Lipid signaling in response to cold stress

Cold stress can cause membrane integrity loss and cellular dehydration, resulting in various phenotypic symptoms that impede plant reproduction and survival, including diminished leaf growth, leaf wilting, and leaf yellowing (Chinnusamy et al., 2007). Cell membranes are the primary site of cold-induced damage in plants (Kratsch and Wise, 2000). Low-temperature stress enhanced the relative conductivity of maize seedlings (Nguyen et al., 2009). Similarly, low-temperature stress increased the relative conductivity of tea leaves (Li et al., 2012). Altering the saturation rate of a specific lipid class by genetic modifications confirmed the clear relationship between membrane composition and chilling sensitivity (Nishida and Murata, 1996). Studies have shown that oligogalactolipids can minimize the effects of freezing stress.The SFR2 (SENSITIVE TO FREEZING 2) protein plays a vital role in preserving the integrity of chloroplast membranes when they are subjected to freezing temperatures (Roston et al., 2014). SFR2,a galactosyltransferase that transfers galactose moieties from MGDG molecules to other galactolipids, produces oligogalactolipids and DAG, which is then converted to triacylglycerol in the chloroplast envelope. This process of remodeling the lipid composition of chloroplast membrane in response to freezing assists in adapting the envelope membranes by elimination of excess polar lipids (Moellering et al., 2010).The sfr2 mutant of Arabidopsis was extremely sensitive to freezing, leading to chloroplast rupture (Thorlby et al., 2004). Cold stress-induced membrane rigidification activates Ca2+ channels in the plasma membrane, with the extracellular Ca2+ influx increasing PA produced by PLC/DGK (phospholipase C/diacylglycerol kinase). Cold stress induces the synthesis of PA through the phospholipase D (PLD) and PLC/DGK pathways (Li et al., 2009). The PLC/DGK pathway mainly generates 16:0/18:2 and 16:0/18:3 PA species, while the PLD pathway generates 18:3/18:2 and 18:2/18:2 PA species (Vergnolle et al., 2005). Cold-tolerant plants can acclimate to low temperatures by increasing the FA unsaturation of PG molecules in the lipids of thylakoid membranes. Low-temperature stress (5°C) increased the PE and PA contents of Z. mays roots, indicating that Z. mays modifies its membrane lipid metabolism in response to temperature stress (Zhao et al., 2021). Barley cultivated at normal (25°C) and low (4°C) temperatures differed in glycerol lipid composition, with lower phospholipid and galactolipid contents in the cold-grown plants. Barley plants may be able to increase their cold resistance by modifying glycerol lipid content and FA saturation level to maintain the bilayer membrane structure and ensure membrane fluidity (Ruelland et al., 2015). Cold stress tolerance may also be influenced by the saturation level of membrane lipids (Routaboul et al., 2000). Studies on several species, including rice, maize, and tobacco, have also confirmed the relationship between membrane lipid saturation and cold tolerance (Kodama et al., 1995, Kodama et al., 1997; Murata and Wada, 1995). Peanut may increase cold tolerance by increasing unsaturated fatty acid levels and decreasing the buildup of saturated fatty acids (Liu et al., 2017). During cold stress, peanut plants significantly increased the concentrations of three unsaturated FAs—oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3)—while those of saturated FAs, such as stearic acid (18:0) and palmitic acid (16:0), decreased. Four regulatory genes involved in lipid metabolism (AhACP1, AhmtACP3, AhACP4, and AhACP5) are closely associated with cold tolerance in peanut (Zhang et al., 2019). Linolenic acid and palmitic acid were closely associated with cold tolerance in winter wheat research (Dong-Wei et al., 2013). After cold acclimation, the ratio of unsaturated to saturated fatty acids increases. Nevertheless, evidence suggests that sphingolipid and oxylipin signaling are involved in low-temperature responses (Lynch, 2012; Hu et al., 2013). In Arabidopsis, a decrease in temperature from 22 to 4°C led to a rapid increase in phosphorylated long-chain phytosphingosine phosphate (PHS-P), which then activated MPK6 kinase, suggesting its involvement in an early response signaling pathway (Dutilleul et al., 2012). Jasmonate regulates the inducer of CBF expression C-repeat binding factor/DRE binding factor1 (ICECBF/DREB1) transcriptional pathway, indicating that jasmonate is an upstream signal that positively regulates Arabidopsis freezing tolerance (Hu et al., 2013). After 20 days of treatment at 4°C, the thylakoid membrane of sweet pepper expanded and distorted, the thylakoid grains split, and the starch grains grew (Kong et al., 2018). Studies have shown that low temperatures promote chloroplast deterioration, while chloroplast swelling improves cell matrix permeability (Moellering et al., 2010; Yang et al., 2011).




4.3 Lipid signaling in response to heat stress

Plants are constantly exposed to daily and seasonal temperature variations, necessitating the development of sophisticated mechanisms to detect and respond to environmental changes. High temperatures can destabilize proteins, enzymes, nucleic acids, biomembranes, and cytoskeletal structures (Asthir, 2015). A common effect of heat stress is tissue senescence, characterized by membrane damage caused by increased membrane lipid fluidity, lipid peroxidation, and protein degradation in various metabolic pathways (Savchenko et al., 2002). Plants have developed short-term stress avoidance and acclimation mechanisms and long-term phenological and morphological evolutionary adaptations to survive under high-temperature conditions, including shifting leaf orientation, transpiration cooling, or modifying membrane lipid composition (Wang et al., 2004). Membrane lipid saturation is considered a critical factor in determining a plant’s ability to tolerate high temperatures. The proportion of saturated fatty acids in membrane lipids affects the lipid melting point, regulating membrane fluidity and heat-induced membrane-fluidity changes. Therefore, plants increase their saturated and monounsaturated fatty acid concentrations in response to rising temperatures, regulating their metabolism and retaining membrane fluidity (Zhang et al., 2005). Heat stress alters the composition of membrane lipids, increasing lipid saturation levels in cell membranes (Schroda et al., 2015) to preserve membrane stability and improve heat tolerance (Larkindale and Huang, 2004). High-temperature stress increases membrane fluidity (Quinn, 1988). Temperature fluctuations significantly influence membrane-localized protein activity and membrane permeability to water, solutes, and proteins (Whiting et al., 2000). To counter the drop in phase transition temperature caused by unsaturated lipids, plants regulate the saturation level of membrane glycerolipids (Nishida and Murata, 1996). Plants can detect changes in ambient temperature using a complex network of sensors located in various cellular compartments. The resulting increase in membrane fluidity triggers lipid-based signaling cascades, Ca2+ influx, and cytoskeletal rearrangement, generating osmolytes and antioxidants. The Arabidopsis cyclic nucleotide-gated calcium channel (CNGC2) gene encodes a part of the membrane-bound cyclic nucleotide-gated Ca2+ channels, acting as the main thermosensors in terrestrial plant cells. The activation of these channels in the plasma membrane in response to an increase in the surrounding temperature triggers an ideal heat shock response (Saidi et al., 2009). Thylakoid lipids were observed to have a higher frequency of 16:0-acyl chains and lower frequency of 16:3-acyl chains under heat stress (Falcone et al., 2004). A shift toward higher saturation levels in membrane lipids has been observed during long-term heat exposure; however, short-term heat treatment appears insufficient for lipid remodeling (Balogi et al., 2005). The response of glycerolipids to moderate heat stress has been extensively studied. During this, plants exhibit an increase in galactolipids containing 18:2 (linoleate) and a decrease in galactolipids containing 18:3 (α-linoleate). In the endoplasmic reticulum and plasma membrane, there are increases in phospholipids containing 16:0 (palmitate), 18:0 (stearate), and 18:1 (oleate). Additionally, under moderate heat stress, there is an increase in lipid droplets containing triacylglycerol with 18:3 and 16:3 (hexadecatrienoic acid) (Falcone et al., 2004; Chen et al., 2006; Li et al., 2015; Higashi and Saito, 2019).

Moreover, heat stress activates MAPKs that regulate the expression of HSP genes (Horvath et al., 2012). High-temperature tolerance in Arabidopsis was correlated with a high DGDG/MGDG ratio (Chen et al., 2006). In maize, the drought-tolerant cultivar had a higher DGDG/MGDG ratio than the drought-sensitive cultivar, possibly related to delayed drought-induced leaf senescence (Chen et al., 2018). Similarly, drought stress increased the DGDG/MGDG ratio in Arabidopsis (Gigon et al., 2004). It is well-known that MGDG and DGDG are easily convertible, and the DGDG/MGDG ratio is correlated with plant growth stage. Thus, it is believed that while the DGDG/MGDG ratio may not determine a plant’s capacity to withstand stress, plants may adjust this ratio to some extent to enhance membrane stability under stress. In Arabidopsis, the process of heat acclimation can enhance the ability of plants to withstand extreme temperatures. In the case of heat acclimation, where plants are exposed to a temperature of 38°C for 2 hours, there is a reduction in the levels of MGDG and PG.

This decrease in MGDG content plays a role in maintaining the membrane’s integrity during heat shock (Deme et al., 2014). It is possible that the reduced MGDG is converted into triacylglycerols, which accumulate as a result of the heat acclimation process (Mueller et al., 2015).Changes in the degree of fatty acid desaturation are crucial for plants to respond to different abiotic stressors. The principal polyunsaturated fatty acid species in membrane lipids are 16:3 and 18:3, and their levels often dictate membrane fluidity (Zhang et al., 2005; Wang et al., 2010). Over time, heat stress increases the degree of membrane lipid saturation, while MGDG and DGDG are enriched in polyunsaturated acids (Higashi et al., 2018). Chinese cabbage Wucai (Brassica campestris L.) subjected to high temperatures had damaged chloroplast envelopes, expanded thylakoids, loosely organized grana lamellae, and larger and more chloroplast osmiophilic particles (Zou et al., 2017). Lipid osmiophilic particles also called plastoglobules (PGs) were found within chloroplasts, are closely associated with the photosynthetically active thylakoid membranes. They exhibit dynamic changes in size, number, and composition, indicating their active involvement in cellular processes. Their dynamic nature highlights their importance in the functioning and adaptation of chloroplasts to various physiological and environmental conditions (Austin et al., 2006). The important role of PGs has been suggested in enabling crucial adaptive responses of the thylakoid membrane to environmental changes by modifying the lipid composition of the thylakoid membrane, capturing and isolating catabolic intermediates, reducing the harmful effects of reactive oxygen species and generating stress signals (Rottet et al., 2015; Pralon et al., 2020).





5 Conclusion and future perspectives

Lipid signaling molecules play crucial roles in plant responses to various abiotic stresses. Figure 8 details the pathway of lipid-mediated abiotic stress tolerance. Lipid signaling molecules comprise many different types of signal transmitters. While PA and PIs have been extensively studied, other lipids such as sphingolipids, lysophospholipids, oxylipins, and NAEs are less understood but have recently garnered attention. However, identifying lipid signaling pathways in plants is challenging due to multifunctional enzymes, parallel isozyme networks, and a complex regulatory network involving several lipid species in response to stress. Advanced analytical detection techniques are needed to overcome these challenges and to identify direct downstream targets of lipid mediators.




Figure 8 | Outline of lipid-mediated pathways for abiotic stress tolerance in plants. Abiotic stresses activate membrane-bound phospholipases to generate lipid signaling molecules, such as phosphatidic acid (PA), inositol phosphates (IP3, IP6), and oxylipins, and induce the abscisic acid (ABA) signaling pathway. These lipids control protein activity, location, and structure while activating specific stress genes. Although the downstream mechanisms of lipid signaling remain poorly understood, changes in gene expression can cause physiological changes that lead to an environmental stress response. PLC, phospholipase C; PLD, phospholipase D; IP3, inositol triphosphate; IP6, inositol hexakisphosphate; DAG, diacylglycerol; DGK, diacylglycerol kinase; PA, phosphatidic Acid; PYR/PYL/RCAR, PYR/PYL/RCAR proteins that interact with ABI; MEKK1, MAPK kinase 1; MPK3/4/6, mitogen-activated protein kinase 3/4/6.



Profiling minor signaling lipids and determining their interactions with downstream proteins in vivo are critical to understanding the function of lipid signaling in response to environmental stress. Synthesizing lipid signaling molecules into existing signaling stress pathways will enable a better interpretation of how plants respond to environmental stress, with the potential to create plants adaptable to harsh environmental conditions. Further studies on the role of lipid signaling in plant reactions to abiotic stress will advance fundamental plant science and crop breeding, helping to mitigate the impact of challenging environmental conditions. Additional research is need to characterize the changes in total lipid profiles in response to diverse abiotic and biotic stress conditions.





Author contributions

The study was conceptualized by NL, PS, YA and AZ. PS, AG and AZ wrote the original draft. KS critically analyzed the manuscript and edited it for language. All authors contributed to the article and approved the submitted version.




Acknowledgments

Author acknowledges support from Department of Botany and Plant Physiology, Chaudhary Charan Singh Haryana Agricultural University, Hisar and CSIR-UGC for providing fellowship during research work.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Ali, U., Li, H., Wang, X., and Guo, L. (2018). Emerging roles of sphingolipid signalling in plantresponse to biotic and abiotic stresses. Mol. Plant 11 (11), 1328–1343. doi: 10.1016/j.molp.2018.10.001

 Andreou, A., Brodhun, F., and Feussner, I. (2009). Biosynthesis of oxylipins in non-mammals. Prog. Lipid Res. 48 (3–4), 148–170. doi: 10.1016/j.plipres.2009.02.002

 Anthony, R. G., Henriques, R., Helfer, A., Meszaros, T., Rios, G., Testerink, C., et al. (2004). A protein kinase target of a PDK1 signalling pathway is involved in root hair growth in Arabidopsis. EMBO J. 23 (3), 572–581. doi: 10.1038/sj.emboj.7600068

 Anthony, R. G., Khan, S., Costa, J., Pais, M. S., and Bögre, L. (2006). The Arabidopsis protein kinase PTI1-2 is activated by convergent phosphatidic acid and oxidative stresssignalling pathways downstream of PDK1 and OXI1. J. Biol. Chem. 281 (49), 37536–37546. doi: 10.1074/jbc.M607341200

 Arias-Gaguancela, O., and Chapman, K. D. (2022). The biosynthesis and roles of N-acylethanolamines in plants. Adv. Botanical Res. 101, 345–373. doi: 10.1016/bs.abr.2021.07.002

 Arisz, S. A., Testerink, C., and Munnik, T. (2009). Plant PA signalling via diacylglycerol kinase. BiochimicaetBiophysica Acta (BBA)-Molecular Cell Biol. Lipids 1791 (9), 869–875. doi: 10.1016/j.bbalip.2009.04.006

 Arisz, S. A., van Wijk, R., Roels, W., Zhu, J. K., Haring, M. A., and Munnik, T. (2013). Rapidphosphatidic acid accumulation in response to low temperature stress in Arabidopsis is generated through diacylglycerol kinase. Front. Plant Sci. 4, 1. doi:10.3389/fpls.2013.00001

 Asthir, B. (2015). Mechanisms of heat tolerance in crop plants. Biol. Plantarum 59, 620–628. doi: 10.1007/s10535-015-0539-5

 Austin, J. R., Frost, E., Vidi, P.-A., Kessler, F., and Staehelin, L. A. (2006). Plastoglobules are lipoprotein subcompartments of the chloroplast that are permanently coupled to thylakoid membranes and contain biosyntheticenzymes. Plant Cell 18, 1693–1703. doi: 10.1105/tpc.105.039859

 Awai, K., Xu, C., Tamot, B., and Benning, C. (2006). A phosphatidic acid-binding protein of thechloroplast inner envelope membrane involved in lipid trafficking. Proc. Nat. Acad. Sci. 103 (28), 10817–10822. doi: 10.1073/pnas.0602754103

 Bak, G., Lee, E. J., Lee, Y., Kato, M., Segami, S., Sze, H., et al. (2013). Rapid structuralchanges and acidification of guard cell vacuoles during stomatal closure requirephosphatidylinositol 3, 5-bisphosphate. Plant Cell 25 (6), 2202–2216. doi:10.1105/tpc.113.110411

 Balla, T. (2013). Phosphoinositides: tiny lipids with giant impact on cell regulation. Physiol. Rev. 93 (3), 1019–1137. doi: 10.1152/physrev.00028.2012

 Balogi, Z., Torok, Z., Balogh, G., Josvay, K., Shigapova, N., Vierling, E., et al. (2005). ‘Heat shock lipid’ in cyanobacteria during heat/light-acclimation. Arch. Biochem. Biophysics 436, 346–354. doi: 10.1016/j.abb.2005.02.018

 Barbaglia, A. M., Tamot, B., Greve, V., and Hoffmann-Benning, S. (2016). Phloem proteomics reveals new lipid-binding proteins with a putative role in lipid-mediated signaling. Front. Plant Sci. 7, 563. doi: 10.3389/fpls.2016.00563

 Bargmann, B. O., Laxalt, A. M., Riet, B. T., Testerink, C., Merquiol, E., Mosblech, A., et al. (2009a). Reassessing the role of phospholipase D in the Arabidopsis wounding response. Plant Cell Environ. 32 (7), 837–850. doi: 10.1111/j.1365-3040.2009.01962.x

 Bargmann, B. O. R., Laxalt, A. M., Riet, B. T., Van, S. B., Merquiol, E., Testerink, C., et al. (2009b). Multiple PLDs required for high salinity and water deficit tolerance in plants. Plant Cell Physiol. 50, 78–89. doi: 10.1093/pcp/pcn173

 Barkla, B. J., and Pantoja, O. (2010). “Plasma membrane and abiotic stress,” in The Plant Plasma Membrane (Berlin, Heidelberg: Springer Berlin Heidelberg), 457–470.

 Barnes, A. C., Benning, C., and Roston, R. L. (2016). Chloroplast membrane remodeling duringfreezing stress is accompanied by cytoplasmic acidification activating SENSITIVETOFREEZING2. Plant Physiol. 171, 2140–2149. doi: 10.1104/pp.16.00286

 Beeler, T., Bacikova, D., Gable, K., Hopkins, L., Johnson, C., Slife, H., et al. (1998). The Saccharomyces cerevisiae TSC10/YBR265w gene encoding 3-ketosphinganinereductase is identified in a screen for temperature-sensitive suppressors of the Ca2+-sensitive csg2 mutant. J. Biol. Chem. 273 (46), 30688–30694. doi: 10.1074/jbc.273.46.30688

 Benning, U. F., Tamot, B., Guelette, B. S., and Hoffmann-Benning, S. (2012). New aspects of phloem-mediated long-distance lipid signaling in plants. Front. Plant Sci. 3, 53. doi: 10.3389/fpls.2012.00053

 Berkey, R., Bendigeri, D., and Xiao, S. (2012). Sphingolipids and plant defense/disease: the“death” connection and beyond. Front. Plant Sci. 3, 68. doi: 10.3389/fpls.2012.00068

 Blancaflor, E. B., Kilaru, A., Keereetaweep, J., Khan, B. R., Faure, L., and Chapman, K. D. (2014). N-Acylethanolamines: lipid metabolites with functions in plant growth and development. Plant J. 79 (4), 568–583. doi: 10.1111/tpj.12427

 Borrego, E. J., Robertson, M., Taylor, J., Schultzhaus, Z., and Espinoza, E. M. (2023). Oxylipin biosynthetic gene families of Cannabis sativa. PloS One 18 (4), e0272893. doi: 10.1371/journal.pone.0272893

 Boss, W. F., and Massel, M. O. (1985). Polyphosphoinositides are present in plant tissue culturecells. Biochem. Biophys. Res. Commun. 132 (3), 1018–1023. doi: 10.1016/0006-291X(85)91908-4

 Brodersen, P., Petersen, M., Pike, H. M., Olszak, B., Skov, S., Odum, N., et al. (2002). Knockout of Arabidopsis accelerated-cell-death11 encoding a sphingosine transfer protein causes activation of programmed cell death and defense. Genes Dev. 16, 490–502. doi: 10.1101/gad.218202

 Brown, A. P., Johnson, P., Rawsthorne, S., and Hills, M. J. (1998). Expression and properties of acyl-CoA binding protein from Brassica napus. Plant Physiol. Biochem. 36, 629–635. doi: 10.1016/S0981-9428(98)80011-9

 Cacas, J. L., Buré, C., Grosjean, K., Gerbeau-Pissot, P., Lherminier, J., Rombouts, Y., et al. (2016). Revisiting plant plasma membrane lipids in tobacco: a focuson sphingolipids. Plant Physiol. 170 (1), 367–384. doi: 10.1104/pp.15.00564

 Cai, G., Kim, S. C., Li, J., Zhou, Y., and Wang, X. (2020). Transcriptional regulation of lipid catabolism during seedling establishment. Mol. Plant 13 (7), 984–1000. doi: 10.1016/j.molp.2020.04.007

 Cameron, K. D., Teece, M. A., and Smart, L. B. (2006). Increased accumulation of cuticular wax and expression of lipid transfer protein in response to periodic drying events in leaves of tree tobacco. Plant Physiol. 140 (1), 176–183. doi: 10.1104/pp.105.069724

 Cao, B., Ma, Q., Zhao, Q., Wang, L., and Xu, K. (2015). Effects of silicon on absorbed lightallocation, antioxidant enzymes and ultrastructure of chloroplasts in tomato leaves under simulated drought stress. Scientia Hortic. 194, 53–62. doi: 10.1016/j.scienta.2015.07.037

 Chapman, K. D. (2004). Occurrence, metabolism, and prospective functions of Nacylethanolamines in plants. Prog. Lipid Res. 43 (4), 302–327. doi: 10.1016/j.plipres.2004.03.002

 Chapman, K. D., Venables, B., Markovic, R., Blair, R. W. Jr., and Bettinger, C. (1999). Nacylethanolamines in seeds. Quantification of molecular species and their degradationupon imbibition. Plant Physiol. 120 (4), 1157–1164. doi: 10.1104/pp.120.4.1157

 Chen, J., Burke, J. J., Xin, Z., Xu, C., and Velten, J. (2006). Characterization of the Arabidopsis thermosensitive mutant atts02 reveals an important role for galactolipids in thermotolerance. Plant Cell Environ. 29 (7), 1437–1448. doi: 10.1111/j.1365-3040.2006.01527.x

 Chen, M., Han, G., Dietrich, C. R., Dunn, T. M., and Cahoon, E. B. (2006). The essential natureofsphingolipids in plants as revealed by the functional identification and characterization of the Arabidopsis LCB1 subunit of serine palmitoyltransferase. Plant Cell 18 (12), 3576–3593.

 Chen, D., Wang, S., Qi, L., Yin, L., and Deng, X. (2018). Galactolipid remodeling is involvedin drought- induced leaf senescence in maize. Environ. Exp. Bot. 150, 57–68. doi: 10.1016/j.envexpbot.2018.02.017

 Chinnusamy, V., Zhu, J., and Zhu, J. K. (2007). Cold stress regulation of gene expression inplants. Trends Plant Sci. 12, 444–451. doi: 10.1016/j.tplants.2007.07.002

 Coursol, S., Fan, L. M., Stunff, H. L., Spiegel, S., Gilroy, S., and Assmann, S. M. (2003). Sphingolipid signalling in Arabidopsis guard cells involves heterotrimeric G proteins. Nature 423, 651–654. doi: 10.1038/nature01643

 Dakhma, W. S., Zarrouk, M., and Cherif, A. (1995). Effects of drought-stress on lipids in rapeleaves. Phytochemistry 40, 1383–1386. doi: 10.1016/0031-9422(95)00459-K

 Deák, M., Horváth, G. V., Davletova, S., Török, K., Sass, L., Vass, I., et al. (1999). Plants ectopically expressing the ironbinding protein, ferritin, are tolerant to oxidative damage and pathogens. Nat. Biotechnol. 17 (2), 192–196. doi: 10.1038/6198

 Demé, B., Cataye, C., Block, M. A., Maréchal, E., and Jouhet, J. (2014). Contribution of galactoglycerolipids to the 3-dimensional architecture of thylakoids. FASEB J. 28 (8), 3373–3383. doi: 10.1096/fj.13-247395

 DeWald, D. B., Torabinejad, J., Jones, C. A., Shope, J. C., Cangelosi, A. R., Thompson, J. E., et al. (2001). Rapid accumulation of phosphatidylinositol 4, 5-bisphosphateand inositol 1, 4, 5-trisphosphate correlates with calcium mobilization in salt stressed Arabidopsis. Plant Physiol. 126 (2), 759–769. doi: 10.1104/pp.126.2.759

 Distéfano, A. M., García-Mata, C., Lamattina, L., and Laxalt, A. M. (2008). Nitric oxide induced phosphatidic acid accumulation: a role for phospholipases C and D in stomatal closure. Plant Cell Environ. 31, 187–194. doi: 10.1111/j.1365-3040.2007.01756.x

 Dong-Wei, X., Xiao-Nan, W. A. N. G., Lian-Shuang, F. U., Jian, S., Tao, G., and Zhuo-Fu, L. I. (2013). Effects of low temperature stress on membrane fatty acid in tillering node ofwinter wheat. J. Triticeae Crops 33 (4), 746–751.

 Dormann, P., and Benning, C. (2002). Galactolipids rule in seed plants. Trends Plant Sci. 7, 112–118. doi: 10.1016/S1360-1385(01)02216-6

 Dormann, P., Hoffmann-Benning, S., Balbo, I., and Benning, C. (1995). Isolation and characterization of an Arabidopsis mutant deficient in the thylakoid lipid digalactosyl diacylglycerol. Plant Cell 7, 1801–1810. doi: 10.1105/tpc.7.11.1801

 Dove, S. K., Cooke, F. T., Douglas, M. R., Sayers, L. G., Parker, P. J., and Michell,,. R. H. (1997). Osmotic stress activates phosphatidylinositol-3, 5-bisphosphate synthesis. Nature 390 (6656), 187–192. doi: 10.1038/36613

 Dutilleul, C., Benhassaine-Kesri, G., Demandre, C., Rézé, N., Launay, A., Pelletier, S., et al. (2012). Phytosphingosine-phosphate is a signal for AtMPK6 activation and Arabidopsis response to chilling. New Phytol. 194 (1), 181–191. doi: 10.1111/j.1469-8137.2011.04017.x

 Edqvist, J., Blomqvist, K., Nieuwland, J., and Salminen, T. A. (2018). Plant lipid transfer proteins: are we finally closing in on the roles of these enigmatic proteins. J. Lipid Res. 59, 1374–1382. doi: 10.1194/jlr.R083139

 Edstam, M. M., and Edqvist, J. (2014). Involvement of GPI-anchored lipid transfer proteins in the development of seed coats and pollen in Arabidopsis thaliana. Physiologia Plantarum 152 (1), 32–42. doi: 10.1111/ppl.12156

 Fahy, E., Subramaniam, S., Brown, H. A., Glass, C. K., Merrill, A. H. Jr., Murphy, R. C., et al. (2005). A comprehensive classification system for lipids. J. Lipid Res. 46, 839–861. doi: 10.1194/jlr.E400004-JLR200

 Falcone, D. L., Ogas, J. P., and Somerville, C. R (2004). Regulation of membrane fatty acidcomposition by temperature in mutants of Arabidopsis with alterations in membranelipid composition. BMC Plant Biol. 4, 1–17. doi: 10.1186/1471-2229-4-17

 Farmer, P. K., and Choi, J. H. (1999). Calcium and phospholipid activation of a recombinantcalcium-dependent protein kinase (DcCPK1) from carrot (Daucus carota L.). BiochimicaetBiophysica Acta (BBA)-Protein Structure Mol. Enzymology 1434 (1), 6–17. doi: 10.1016/s0167-4838(99)00166-1

 Farmer, E. E., and Mueller, M. J. (2013). ROS-mediated lipid peroxidation and RES-activatedsignalling. Annu. Rev. Plant Biol. 64, 429–450. doi: 10.1146/annurev-arplant-050312-120132

 Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. M. A. (2009). Plant droughtstress: effects, mechanisms and management. Agron. Sustain. Dev. 29, 185–212. doi: 10.1051/agro:2008021

 Felder, C. C., Briley, E. M., Axelrod, J., Simpson, J. T., Mackie, K., and Devane, W. A. (1993). Anandamide, an endogenous cannabimimetic eicosanoid, binds to the cloned humancannabinoid receptor and stimulates receptor-mediated signal transduction. Proc. Natl. Acad. Sci. 90 (16), 7656–7660. doi: 10.1073/pnas.90.16.7656

 Franklin-Tong, V. E., Drobak, B. K., Allan, A. C., Watkins, P. A., and Trewavas, A. J. (1996). Growth of pollen tubes of Papaver rhoeas is regulated by a slow-moving calciumwavepropagated by inositol 1, 4, 5-trisphosphate. Plant Cell 8 (8), 1305–1321. doi: 10.1105/tpc.8.8.1305

 Fujii, S., Kobayashi, K., Nakamura, Y., and Wada, H. (2014). Inducible knockdown of MONOGALACTOSYLDIACYLGLYCEROL SYNTHASE1 reveals roles ofgalactolipids in organelle differentiation in Arabidopsiscotyledons. Plant Physiol. 166 (3), 1436–1449. doi: 10.1104/pp.114.250050

 Gao, H. B., Chu, Y. J., and Xue, H. W. (2013). Phosphatidic acid (PA) binds PP2AA1 to regulatePP2A activity and PIN1 polar localization. Mol. Plant 6 (5), 1692–1702. doi: 10.1093/mp/sst076

 Gao, W., Li, H. Y., Xiao, S., and Chye, M. L. (2010). Acyl-CoA-binding protein 2 binds lysophospholipase 2 and lysoPC to promote tolerance to cadmium-induced oxidative stress in transgenic Arabidopsis. Plant J. 62 (6), 989–1003. doi: 10.1111/j.1365-313X.2010.04209.x

 Garab, G., Lohner, K., Laggner, P., and Farkas, T. (2000). Self-regulation of the lipid content ofmembranes by non-bilayer lipids: a hypothesis. Trends Plant Sci. 5, 489–494. doi: 10.1016/S1360-1385(00)01767-2

 Gasulla, F., Vom Dorp, K., Dombrink, I., Zahringer, U., Gisch, N., Dörmann, P., et al. (2013). The role of lipid metabolism in the acquisition of desiccation tolerance in C raterostigmaplantagineum: a comparative approach. Plant J. 75 (5), 726–741. doi: 10.1111/tpj.12241

 Gaude, N., Brehelin, C., Tischendorf, G., Kessler, F., and Dörmann, P. (2007). Nitrogendeficiency in Arabidopsis affects galactolipid composition and gene expression andresults in accumulation of fatty acid phytyl esters. Plant J. 49, 729–739. doi: 10.1111/j.1365-313X.2006.02992.x

 Gaude, N., Nakamura, Y., Scheible, W. R., Ohta, H., and Dormann, P. (2008). PhospholipaseC5(NPC5) is involved in galactolipid accumulation during phosphate limitation inleaves of Arabidopsis. Plant J. 56, 28–39. doi: 10.1111/j.1365-313X.2008.03582.x

 Gault, C. R., Obeid, L. M., and Hannun, Y. A. (2010). “An overview of sphingolipid Q24 metabolism:from synthesis to breakdown,” in Sphingolipids as Signalling and Regulatory Molecules. Advances in Experimental Medicine and Biology, 1–23.

 Gigon, A., Matos, A. R., Laffray, D., Zuily-Fodil, Y., and Pham-Thi, A. T. (2004). Effect of drought stress on lipid metabolism in the leaves of Arabidopsis thaliana (ecotype Columbia). Ann. Bot. 94 (3), 345–351. doi: 10.1093/aob/mch150

 Gillaspy, G. E. (2013). The role of phosphoinositides and inositol phosphates in plant cellsignalling. Lipid-mediated Protein Signalling, 991, 141–157. doi: 10.1007/978-94-007-6331-9_8

 Grebner, W., Stingl, N. E., Oenel, A., Mueller, M. J., and Berger, S. (2013). Lipoxygenase6dependent oxylipin synthesis in roots is required for abiotic and biotic stress resistance ofArabidopsis. Plant Physiol. 161 (4), 2159–2170. doi: 10.1104/pp.113.214544

 Griffiths, G. (2015). Biosynthesis and analysis of plant oxylipins. Free Radical Res. 49 (5), 565–582. doi: 10.3109/10715762.2014.1000318

 Guillas, I., Guellim, A., Rezé, N., and Baudouin, E. (2013). Long chain base changes triggered by a short exposure of Arabidopsis to low temperature are altered by AHb1 non symbiotic haemoglobin overexpression. Plant Physiol. Biochem. 63, 191–195. doi: 10.1016/j.plaphy.2012.11.020

 Guo, L., Mishra, G., Markham, J. E., Li, M., Tawfall, A., Welti, R., et al. (2012). Connections between sphingosine kinase and phospholipase D in the abscisic acidsignalling pathway in Arabidopsis. J. Biol. Chem. 287, 8286–8296. doi: 10.1074/jbc.M111.274274

 Guo, L., Mishra, G., Taylor, K., and Wang, X. (2011). Phosphatidic acid binds and stimulatesArabidopsis sphingosine kinases. J. Biol. Chem. 286, 13336–13345. doi: 10.1074/jbc.M110.190892

 Han, H., Gao, S., Li, B., Dong, X. C., Feng, H. L., and Meng, Q. W. (2010). Overexpression ofviolaxanthin de-epoxidase gene alleviates photoinhibition of PSII and PSI in tomatoduring high light and chilling stress. J. Plant Physiol. 167, 176–183. doi: 10.1016/j.jplph.2009.08.009

 Hannun, Y. A., and Obeid, L. M. (2008). Principles of bioactive lipid signalling: lessons fromsphingolipids. Nat. Rev. Mol. Cell Biol. 9 (2), 139–150. doi: 10.1038/nrm2329

 He, M., He, C. Q., and Ding, N. Z. (2018). Abiotic stresses: general defenses of land plants andchances for engineering multistress tolerance. Front. Plant Sci. 9, 1771. doi: 10.3389/fpls.2018.01771

 Heilmann, M., and Heilmann, I. (2015). Plant phosphoinositides—complex networks controllinggrowth and adaptation. Biochim. Biophys. Acta (BBA)-Molecular Cell Biol. Lipids 1851 (6), 759–769. doi: 10.1016/j.bbalip.2014.09.018

 Heinze, M., Herre, M., Massalski, C., Hermann, I., Conrad, U., and Roos, W. (2013). Signal transfer in the plant plasma membrane: Phospholipase A2 is regulated via an inhibitory Gα protein and a cyclophilin. Biochem. J. 450 (3), 497–509. doi: 10.1042/BJ20120793

 Hernandez, M. L., Sicardo, M. D., and Martinezrivas, J. M. (2016). Differential contributionof endoplasmic reticulum and chloroplast ω-3 fatty acid desaturase genes to thelinolenic acidcontent of olive (Olea europaea) fruit. Plant Cell Physiol. 57, 138–151. doi: 10.1093/pcp/pcv159

 Higashi, Y., Okazaki, Y., Myouga, F., Shinozaki, K., and Saito, K. (2015). Landscape of thelipidome and transcriptome under heat stress in Arabidopsis thaliana. Sci. Rep. 5, 10533. doi: 10.1038/srep10533

 Higashi, Y., Okazaki, Y., Takano, K., Myouga, F., Shinozaki, K., Knoch, E., et al. (2018). HEAT INDUCIBLE LIPASE1 remodels chloroplastic monogalactosyldiacylglycerol by liberating α-linolenic acid in Arabidopsis leaves under heat stress. Plant Cell 30 (8), 1887–1905. doi: 10.1105/tpc.18.00347

 Higashi, Y., and Saito, K. (2019). Lipidomic studies of membrane glycerolipids in plant leaves under heat stress. Prog. Lipid Res. 75, 100990. doi: 10.1016/j.plipres.2019.100990

 Hirano, T., and Sato, M. H. (2019). Diverse physiological functions of FAB1 and phosphatidylinositol 3, 5-bisphosphate in plants. Front. Plant Sci. 10, 274. doi: 10.3389/fpls.2019.00274

 Hong, Y., Devaiah, S. P., Bahn, S. C., Thamasandra, B. N., Li, M., Welti, R., et al. (2009). Phospholipase Dϵ and phosphatidic acid enhance Arabidopsis nitrogen signalling and growth. Plant J. 58 (3), 376–387. doi: 10.1111/j.1365-313X.2009.03788.x

 Hong, Y., Zheng, S., and Wang, X. (2008). Dual functions of phospholipase Dα1 in plantresponse to drought. Mol. Plant 1 (2), 262–269. doi: 10.1093/mp/ssm025

 Horvath, I., Glatz, A., Nakamoto, H., Mishkind, M. L., Munnik, T., Saidi, Y., et al. (2012). Heat shock response in photosynthetic organisms:membrane and lipid connections. Prog. Lipid Res. 51, 208–220. doi: 10.1016/j.plipres.2012.02.002

 Hou, Q., Ufer, G., and Bartels, D. (2016). Lipid signalling in plant responses to abiotic stress. Plant, Cell Environ. 39 (5), 1029–1048. doi: 10.1111/pce.12666

 Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., et al. (2008). Genevestigator v3: a reference expression database for the meta-analysis of transcriptomes. Adv. Bioinf. 2008. doi: 10.1155/2008/420747

 Hu, Y., Jiang, L., Wang, F., and Yu, D. (2013). Jasmonate regulates the inducer of CBF expression–c-repeat binding factor/DRE binding factor1 cascade and freezing tolerance in Arabidopsis. Plant Cell 25 (8), 2907–2924. doi: 10.1105/tpc.113.112631

 Huby, E., Napier, J. A., Baillieul, F., Michaelson, L. V., and Dhondt-Cordelier, S. (2020). Sphingolipids: towards an integrated view of metabolism during the plant stressresponse. New Phytol. 225 (2), 659–670. doi: 10.1111/nph.15997

 Hyun, T. K., van der Graaff, E., Albacete, A., Eom, S. H., Großkinsky, D. K., Böhm, H., et al. (2014). The Arabidopsis PLAT domain protein1 is critically involved in abiotic stress tolerance. PloS One 9, e112946. doi: 10.1371/journal.pone.0112946

 Imbusch, R., and Mueller, M. J. (2000). Analysis of oxidative stress and wound-inducible dinorisoprostanes F1 (phytoprostanes F1) in plants. Plant Physiol. 124 (3), 1293–1304. doi: 10.1104/pp.124.3.1293

 Ischebeck, T., Seiler, S., and Heilmann, I. (2010). At the poles across kingdoms: phosphoinositidesand polar tip growth. Protoplasma 240, 13–31. doi: 10.1007/s00709-009-0093-0

 Jaleel, C. A., Gopi, R., Sankar, B., Gomathinayagam, M., and Panneerselvam, R. (2008). Differential responses in water use efficiency in two varieties of Catharanthus roseusunderdroughtstress. Comptes Rendus Biologies 331 (1), 42–47. doi: 10.1016/j.crvi.2007.11.003

 Janik, E., Bednarska, J., Zubik, M., Puzio, M., Luchowski, R., Grudzinski, W., et al. (2013). Molecular architecture of plant thylakoids under physiological and lightstressconditions: a study of lipid–light-harvesting complex II model membranes. Plant Cell 25 (6), 2155–2170. doi: 10.1105/tpc.113.113076

 Johnson, P. E., Rawsthorne, S., and Hills, M. J. (2002). Export of acyl chains from plastids isolated from embryos of Brassica napus (L.). Planta 215, 515–517. doi:10.1007/s00425-002-0788-3

 Jost, R., Berkowitz, O., Shaw, J., and Masle, J. (2009). Biochemical characterization of twowheat phosphoethanolamine N-methyltransferase isoforms with differentsensitivitiestoinhibition by phosphatidic acid. J. Biol. Chem. 284 (46), 31962–31971. doi: 10.1074/jbc.M109.022657

 Kader, J.-C. (1996). Lipid-transfer proteins in plants. Annu. Rev. Plant Physiol. 47, 627–654. doi: 10.1146/annurev.arplant.47.1.627

 Kalisch, B., Dormann, P., and Holzl, G. (2016). DGDG and glycolipids in plants and algae Sub-cellular Biochemistry, 86, 51–83.

 Kang, L., Wang, Y. S., Uppalapati, S. R., Wang, K., Tang, Y., Vadapalli, V., et al. (2008). Overexpression of a fatty acid amide hydrolase compromises innateimmunity in Arabidopsis. Plant J. 56 (2), 336–349. doi: 10.1111/j.1365-313X.2008.03603.x

 Khodakovskaya, M., Sword, C., Wu, Q., Perera, I. Y., Boss, W. F., Brown, C. S., et al. (2010). Increasing inositol (1, 4, 5)-trisphosphate metabolism affectsdroughttolerance, carbohydrate metabolism and phosphate-sensitive biomass increasesin tomato. Plant Biotechnol. J. 8 (2), 170–183. doi: 10.1111/j.1467-7652.2009.00472.x

 Kilaru, A., Blancaflor, E. B., Venables, B. J., Tripathy, S., Mysore, K. S., and Chapman, K. D. (2007). The N-acylethanolamine-mediated regulatorypathway in plants. Chem. Biodiversity 4, 1933–1955. doi: 10.1002/cbdv.200790161

 Kim, S. C., Guo, L., and Wang, X. (2013). Phosphatidic acid binds to cytosolic glyceraldehyde3-phosphate dehydrogenase and promotes its cleavage in Arabidopsis. J. Biol. Chem. 288 (17), 11834–11844. doi: 10.1074/jbc.M112.427229

 Kim, J., and Kim, B. G. (1998). Lipase-catalyzed synthesis of lysophosphatidylcholine. Ann. New York Acad. Sci. 864, 341–344. doi: 10.1111/j.1749-6632.1998.tb10335.x

 Kim, S. C., Nusinow, D. A., Sorkin, M. L., Pruneda-Paz, J., and Wang, X. (2019). Interaction and regulation between lipid mediator phosphatidic acid and circadian clock regulators. Plant Cell 31 (2), 399–416. doi: 10.1105/tpc.18.00675

 Koag, M. C., Fenton, R. D., Wilkens, S., and Close, T. J. (2003). The binding of maize DHN1tolipid vesicles. Gain of structure and lipid specificity. Plant Physiol. 131 (1), 309–316. doi: 10.1104/pp.011171

 Kobayashi, K. (2016). Role of membrane glycerolipids in photosynthesis, thylakoid biogenesisand chloroplast development. J. Plant Res. 129, 565–580. doi: 10.1007/s10265-016-0827-y

 Kodama, H., Horiguchi, G., Nishiuchi, T., Nishimura, M., and Iba, K. (1995). Fatty aciddesaturation during chilling acclimation is one of the factors involved in conferringlow-temperature tolerance to young tobacco leaves. Plant Physiol. 107, 1117–1185. doi: 10.1104/pp.107.4.1177

 Kolattukudy, P. E. (1980). Biopolyester membranes of plants: cutin and suberin. Science 208 (4447), 990–1000. doi: 10.1126/science.208.4447.990

 Kong, X., Wei, B., Gao, Z., Zhou, Y., Shi, F., Zhou, X., et al. (2018). Changes in membranelipid composition and function accompanying chilling injury in bell peppers. Plant andCell Physiol. 59 (1), 167–178. doi: 10.1093/pcp/pcx171

 Kosma, D. K., and Jenks, M. A. (2007). Eco-physiological and molecular-genetic determinants of plant cuticle function in drought and salt stress tolerance. Advances in molecular breeding toward drought and salt tolerant crops, 91–120.

 Kratsch, H. A., and Wise, R. R. (2000). The ultrastructure of chilling stress. Plant Cell Environ. 23 (4), 337–350. doi: 10.1046/j.1365-3040.2000.00560.x

 Kunst, L., and Samuels, L. (2009). Plant cuticles shine: advances in wax biosynthesis and export. Curr. Opin. Plant Biol. 12 (6), 721–727. doi: 10.1016/j.pbi.2009.09.009

 Lachaud, C., Prigent, E., Thuleau, P., Grat, S., Da Silva, D., Brière, C., et al. (2013). 14-3-3-regulated Ca2+-dependent protein kinase CPK3 is required for sphingolipid induced cell death in Arabidopsis. Cell Death Differentiation 20 (2), 209–217. doi: 10.1038/cdd.2012.114

 Larkindale, J., and Huang, B. (2004). Thermotolerance and antioxidant systems in Agrostis stolonifera: involvement of salicylic acid, abscisic acid, calcium, hydrogen peroxide,and ethylene. J. Plant Physiol. 161 (4), 405–413. doi: 10.1078/0176-1617-01239

 Lee, H. G., Park, M. E., Park, B. Y., Kim, H. U., and Seo, P. J. (2019). The Arabidopsis MYB96transcription factor mediates ABA-dependent triacylglycerol accumulationinvegetative tissues under drought stress conditions. Plants 8 (9), 296. doi: 10.3390/plants8090296

 Lemtiri-Chlieh, F., MacRobbie, E. A., Webb, A. A., Manison, N. F., Brownlee, C., Skepper, J. N., et al. (2003). Inositol hexakisphosphate mobilizes and endomembrane store of calcium in guard cells. Proc. Natl. Acad. Sci. 100 (17), 10091–10095. doi: 10.1073/pnas.1133289100

 Li, M., Hong, Y., and Wang, X. (2009). Phospholipase D-and phosphatidic acid-mediatedsignallinginplants. Biochim. Biophys. Acta (BBA)-Molecular Cell Biologybof Lipids 1791 (9), b927–b935. doi: 10.1016/j.bbalip.2009.02.017

 Li, C., Jiang, D., Wollenweber, B., Li, Y., Dai, T., and Cao, W. (2011). Waterloggingpretreatment during vegetative growth improves tolerance to waterlogging afterbanthesis in wheat. Plant Sci. 180 (5), 672–678. doi: 10.1016/j.plantsci.2011.01.009

 Li, J., Liu, L. N., Meng, Q., Fan, H., and Sui, N. (2020). The roles of chloroplast membrane lipids in abiotic stress responses. Plant Signaling Behav. 15 (11), 1807152. doi: 10.1080/15592324.2020.1807152

 Li, Y., Pang, L., Chen, Q., Zhou, Y., and Jiang, C. (2012). Effects of low temperature stress onphysiological characteristics of tea leaves (Camellia sinensis L.). J. NorthwestAand F University-Natural Sci. Edition 40 (4), 134–145.

 Li, Q., Zheng, Q., Shen, W., Cram, D., Fowler, D. B., Wei, Y., et al. (2015). Understanding the biochemical basis of temperature-induced lipid pathway adjustments in plants. Plant Cell 27 (1), 86–103. doi: 10.1105/tpc.114.134338

 Liu, N. J., Hou, L. P., Bao, J. J., Wang, L. J., and Chen, X. Y. (2021). Sphingolipid metabolism,transport, and functions in plants: Recent progress and future perspectives. Plant Communication 2 (5), 100214. doi: 10.1016/j.xplc.2021.100214

 Liu, X., Ma, D., Zhang, Z., Wang, S., Du, S., Deng, X., et al. (2019). Plant lipid remodelingin response to abiotic stresses. Environ. Exp. Bot. 165, 174–184. doi: 10.1016/j.envexpbot.2019.06.005

 Liu, S., Wang, W., Li, M., Wan, S., and Sui, N. (2017). Antioxidants and unsaturated fatty acidsareinvolved in salt tolerance in peanut. Acta Physiologiae Plantarum 39, 1–10. doi: 10.1007/s11738-017-2501-y

 Liu, N. J., Zhang, T., Liu, Z. H., Chen, X., Guo, H. S., Ju, B. H., et al. (2020). Phytosphinganine affects plasmodesmata permeability via facilitating PDLP5-stimulated callose accumulation in Arabidopsis. Mol. Plant 13 (1), 128–143. doi: 10.1016/j.molp.2019.10.013

 Livingston, S. J., Quilichini, T. D., Booth, J. K., Wong, D. C., Rensing, K. H., Laflamme-Yonkman, J., et al. (2020). Cannabis glandular trichomes alter morphology and metabolite content during flower maturation. Plant J. 101 (1), 37–56. doi: 10.1111/tpj.14516

 Luttgeharm, K. D., Kimberlin, A. N., and Cahoon, E. B. (2016). Plant sphingolipid metabolism and function Lipids in plant and algae development, 249–286.

 Lynch, D. V. (2012). Evidence that sphingolipid signalling is involved in responding to lowtemperature. New Phytol. 194 (1), 7–9. doi: 10.1111/j.1469-8137.2012.04078.x

 Ma, L., Zhang, H., Sun, L., Jiao, Y., Zhang, G., Miao, C., et al. (2012). NADPH oxidaseAtrbohD and AtrbohF function in ROS-dependent regulation of Na+/K+ homeostasisinArabidopsis under salt stress. J. Exp. Bot. 63 (1), 305–317. doi: 10.1093/jxb/err280

 Madey, E., Nowack, L. M., and Thompson, J. E. (2002). Isolation and characterization of lipid in phloem sap of canola. Planta 214, 625–634. doi: 10.1007/s004250100649

 Mamode Cassim, A., Grison, M., Ito, Y., Simon-Plas, F., Mongrand, S., and Boutté, Y., (2020). Sphingolipids in plants: a guidebook on their function in membrane architecture, cellular processes, and environmental or developmental responses. FEBS Lett. 594 (22), 3719–3738. doi: 10.1002/1873-3468.13987

 Markham, J. E., Li, J., Cahoon, E. B., and Jaworski, J. G. (2006). Separation and identificationofmajor plant sphingolipid classes from leaves. J. Biol. Chem. 281 (32), 22684–22694. doi: 10.1074/jbc.M604050200

 Markham, J. E., Lynch, D. V., Napier, J. A., Dunn, T. M., and Cahoon, E. B. (2013). Plantsphingolipids: function follows form. Curr. Opin. Plant Biol. 16 (3), 350–357. doi: 10.1016/j.pbi.2013.02.009

 McLoughlin, F., Arisz, S. A., Dekker, H. L., Kramer, G., De Koster, C. G., Haring, M. A., et al. (2013). Identification of novel candidate phosphatidic acid-binding proteins involved in the salt-stress response of Arabidopsis thaliana roots. Biochem. J. 450 (3), 573–581. doi: 10.1042/BJ20121639

 Meijer, H. J., and Munnik, T. (2003). Phospholipid-based signaling in plants. Annu. Rev. Plant Biol. 54 (1), 265–306. doi: 10.1146/annurev.arplant.54.031902.134748

 Merrill Jr, A. H. (2011). Sphingolipid and glycosphingolipid metabolic pathways in the era ofsphingolipidomics. Chem. Rev. 111 (10), 6387–6422. doi: 10.1021/cr2002917

 Min, M. K., Kim, S. J., Miao, Y., Shin, J., Jiang, L., and Hwang, I. (2007). Overexpression ofArabidopsis AGD7 causes relocation of Golgi-localized proteins to the endoplasmicreticulum and inhibits protein trafficking in plant cells. Plant Physiol. 143 (4), 1601–1614. doi: 10.1104/pp.106.095091

 Moellering, E. R., and Benning, C. (2011). Galactoglycerolipid metabolism under stress: a time forremodeling. Trends Plant Sci. 16, 98–107. doi: 10.1016/j.tplants.2010.11.004

 Moellering, E. R., Muthan, B., and Benning, C. (2010). Freezing tolerance in plants requires lipid remodeling at the outer chloroplast membrane. Science 330 (6001), 226–228. doi: 10.1126/science.1191803

 Moreau, P., Bessoule, J. J., Mongrand, S., Testet, E., Vincent, P., and Cassagne, C. (1998). Lipid trafficking in plant cells. Prog. Lipid Res. 37 (6), 371–391. doi: 10.1016/S0163-7827(98)00016-2

 Mosblech, A., Feussner, I., and Heilmann, I. (2009). Oxylipins: structurally diverse metabolitesfrom fatty acid oxidation. Plant Physiol. Biochem. 47 (6), 511–517. doi: 10.1016/j.plaphy.2008.12.011

 Movahed, P., Joonsson, B. A., Birnir, B., Wingstrand, J. A., Jørgensen, T. D., Ermund, A., et al. (2005). Endogenous unsaturated C18 N-acylethanolamines arevanilloidreceptor (TRPV1) agonists. J. Biol. Chem. 280 (46), 38496–38504. doi: 10.1074/jbc.M507429200

 Mueller, S. P., Krause, D. M., Mueller, M. J., and Fekete, A. (2015). Accumulation of extra-chloroplastic triacylglycerols in Arabidopsis seedlings during heat acclimation. J. Exp. Bot. 66 (15), 4517–4526. doi: 10.1093/jxb/erv226

 Munnik, T., de Vrije, T., Irvine, R. F., and Musgrave, A. (1996). Identification of diacylglycerolpyrophosphate as a novel metabolic product of phosphatidic acid during G-proteinactivationin plants. J. Biol. Chem. 271 (26), 15708–15715. doi: 10.1074/jbc.271.26.15708

 Munnik, T., and Nielsen, E. (2011). Green light for polyphosphoinositide signals in plants. Curr. Opin. Plant Biol. 14 (5), 489–497. doi: 10.1016/j.pbi.2011.06.007

 Munnik, T., and Testerink, C. (2009). Plant phospholipid signalling:”in a nutshell”. J. Lipid Res. 50, S260–S265. doi: 10.1194/jlr.R800098-JLR200

 Murata, N., and Wada, H. (1995). Acyl-lipid desaturases and their importance in the toleranceandacclimatization to cold of cyanobacteria. Biochem. J. 308 (Pt 1), 1. doi: 10.1042/bj3080001

 Myers, S. S., Smith, M. R., Guth, S., Golden, C. D., Vaitla, B., Mueller, N. D., et al. (2017). Climate change and global food systems: potential impacts on foodsecurityandundernutrition. Annu. Rev. Public Health 38, 259–277. doi: 10.1146/annurev-publhealth-031816-044356

 Nagata, C., Miwa, C., Tanaka, N., Kato, M., Suito, M., Tsuchihira, A., et al. (2016). A novel-type phosphatidylinositol phosphate-interactive, Ca-binding protein PCaP1 in Arabidopsis thaliana: stable association with plasma membrane and partial involvement in stomata closure. J. Plant Res. 129, 539–550. doi: 10.1007/s10265-016-0787-2

 Nakajima, Y., Umena, Y., Nagao, R., Endo, K., Kobayashi, K., Akita, F., et al. (2018). Thylakoid membrane lipid sulfoquinovosyl-diacylglycerol (SQDG) is required forfull functioning of photosystem II in Thermosynechococcus elongatus. J. Biol. Chem. 293 (38), 14786–14797. doi: 10.1074/jbc.RA118.004304

 Nakamura, Y., Andrés, F., Kanehara, K., Liu, Y. C., Dormann, P., and Coupland, G. (2014). Arabidopsis florigen FT binds to diurnally oscillating phospholipids that accelerate flowering. Nat. Commun. 5, 3553. doi: 10.1038/ncomms4553

 Nakamura, Y., Koizumi, R., Shui, G., Shimojima, M., Wenk, M. R., Ito, T., et al. (2009). Arabidopsislipins mediate eukaryotic pathway of lipid metabolism and cope critically with phosphate starvation. Proc. Natl. Acad. Sci. 106 (49), 20978–20983. doi: 10.1073/pnas.0907173106

 Nguyen, H. T., Leipner, J., Stamp, P., and Guerra-Peraza, O. (2009). Low temperature stress in maize (Zea mays L.) induces genes involved in photosynthesis and signal transduction as studied by suppression subtractive hybridization. Plant Physiol. Biochem. 47 (2), 116–122. doi: 10.1016/j.plaphy.2008.10.010

 Nieuwland, J., Feron, R., Huisman, B. A. H., Fasolino, A., Hilbers, C. W., Derksen, J., et al. (2005). Lipid transfer proteins enhance cell wall extension in tobacco. Plant Cell 17, 2009–2019. doi: 10.1105/tpc.105.032094

 Nishida, I., and Murata, N. (1996). Chilling sensitivity in plants and cyanobacteria: the crucialcontribution of membrane lipids. Annu. Rev. Plant Biol. 47 (1), 541–568. doi: 10.1146/annurev.arplant.47.1.541

 Okazaki, Y., and Saito, K. (2014). Roles of lipids as signaling molecules and mitigators during stress response in plants. Plant J. 79 (4), 584–596. doi: 10.1111/tpj.12556

 Pappan, K., Austin-Brown, S., Chapman, K. D., and Wang, X. (1998). Substrate selectivities and lipid modulation of plant phospholipase Dα,-β, and-γ. Arch. Biochem. Biophysics 353 (1), 131–140. doi: 10.1006/abbi.1998.0640

 Park, S. H., Pauli, C. S., Gostin, E. L., Staples, S. K., Seifried, D., Kinney, C., et al. (2022). Effects of short-term environmental stresses on the onset of cannabinoid production in young immature flowers of industrial hemp (Cannabis sativa L.). J. Cannabis Res. 4 (1), 1–13. doi: 10.1186/s42238-021-00111-y

 Pata, M. O., Hannun, Y. A., and Ng, C. K. Y. (2010). Plant sphingolipids: decoding the enigma ofthe Sphinx. New Phytol. 185 (3), 611–630. doi: 10.1111/j.1469-8137.2009.03123.x

 Pike, L. J. (2006). Rafts defined: a report on the Keystone Symposium on Lipid Rafts and CellFunction. J. Lipid Res. 47 (7), 1597–1598. doi: 10.1194/jlr.E600002-JLR200

 Pokotylo, I., Kolesnikov, Y., Kravets, V., Zachowski, A., and Ruelland, E. (2014). Plantphosphoinositide-dependent phospholipases C: variations around a canonical theme. Biochimie 96, 144–157. doi: 10.1016/j.biochi.2013.07.004

 Pralon, T., Collombat, J., Pipitone, R., Ksas, B., Shanmugabalaji, V., Havaux, M., et al. (2020). Mutation of the atypical kinase ABC1K3 partially rescues the PROTON GRADIENT REGULATION 6 phenotype in Arabidopsis thaliana. Front. Plant Sci. 11, 337. doi: 10.3389/fpls.2020.00337

 Pribat, A., Sormani, R., Rousseau-Gueutin, M., Julkowska, M. M., Testerink, C., Joubès, J., et al. (2012). A novel class of PTEN protein in Arabidopsis displaysphosphoinositide phosphatase activity and efficiently binds phosphatidic acid. Biochem. J. 441 (1), 161–171. doi: 10.1042/BJ20110776

 Quinn, P. J. (1988). Effects of temperature on cell membranes. Symp. Soc. Exp. Biol. 42, 237–258.

 Roston, R. L., Wang, K., Kuhn, L. A., and Benning, C. (2014). Structural determinants allowing transferase activity in SENSITIVE TO FREEZING 2, classified as a family I glycosyl hydrolase. J. Biol. Chem. 289 (38), 26089–26106. doi: 10.1074/jbc.M114.576694

 Rottet, S., Besagni, C., and Kessler, F. (2015). The role of plastoglobules in thylakoid lipid remodeling during plant development. Biochim. Biophys. Acta (BBA) - Bioenergetics 1847, 889–899. doi: 10.1016/j.bbabio.2015.02.002

 Routaboul, J. M., Fischer, S. F., and Browse, J. (2000). Trienoic fatty acids are required to maintain chloroplast function at low temperatures. Plant Physiol. 124 (4), 1697–1705. doi: 10.1104/pp.124.4.1697

 Ruelland, E., Kravets, V., Derevyanchuk, M., Martinec, J., Zachowski, A., and Pokotylo, I. (2015). Role of phospholipid signalling in plant environmental responses. Environ. Exp. Bot. 114, 129–143. doi: 10.1016/j.envexpbot.2014.08.009

 Saidi, Y., Finka, A., Muriset, M., Bromberg, Z., Weiss, Y. G., Maathuis, F. J., et al. (2009). The heat shock response in moss plants is regulated by specific calciumpermeablechannels in the plasma membrane. Plant Cell 21 (9), 2829–2843. doi: 10.1105/tpc.108.065318

 Samuels, L., Kunst, L., and Jetter, R. (2008). Sealing plant surfaces: cuticular wax formation byepidermal cells. Annu. Rev. Plant Biol. 59, 683–707. doi: 10.1146/annurev.arplant.59.103006.093219

 Sanders, D., Brownlee, C., and Harper, J. F. (1999). Communicating with calcium. Plant Cell 11 (4), 691–706. doi: 10.1105/tpc.11.4.691

 Savchenko, G. E., Klyuchareva, E. A., Abramchik, L. M., and Serdyuchenko, E. V. (2002). Effect of periodic heat shock on the inner membrane system of etioplasts. Russian J. Plant Physiol. 49, 349–359. doi: 10.1023/A:1015592902659

 Savchenko, T., Kolla, V. A., Wang, C. Q., Nasafi, Z., Hicks, D. R., Phadungchob, B., et al. (2014). Functional convergence of oxylipin and abscisic acid pathwayscontrols stomatal closure in response to drought. Plant Physiol. 164 (3), 1151–1160. doi: 10.1104/pp.113.234310

 Schroda, M., Hemme, D., and Muhlhaus, T. (2015). The Chlamydomonas heat stressresponse. ThePlant J. 82 (3), 466–480. doi: 10.1111/tpj.12816

 Seo, P. J., Xiang, F., Qiao, M., Park, J. Y., Lee, Y. N., Kim, S. G., et al. (2009). The MYB96 transcription factor mediates abscisic acid signaling during drought stress response in Arabidopsis. Plant Physiol. 151 (1), 275–289. doi: 10.1104/pp.109.144220

 Sheard, L. B., Tan, X., Mao, H., Withers, J., Ben-Nissan, G., Hinds, T. R., et al. (2010). Jasmonate perception by inositol-phosphate-potentiated COI1–JAZ coreceptor. Nature 468 (7322), 400–405. doi: 10.1038/nature09430

 Shimojima, M., Madoka, Y., Fujiwara, R., Murakawa, M., Yoshitake, Y., Ikeda, K., et al. (2015). An engineered lipid remodeling system using a galactolipid synthasepromoterduring phosphate starvation enhances oil accumulation in plants. Front. Plant Sci. 6, 664. doi: 10.3389/fpls.2015.00664

 Shimojima, M., and Ohta, H. (2011). Critical regulation of galactolipid synthesis controlsmembranedifferentiation and remodeling in distinct plant organs and followingenvironmentalchanges. Prog. Lipid Res. 50 (3), 258–266. doi: 10.1016/j.plipres.2011.03.001

 Simanshu, D. K., Zhai, X., Munch, D., Hofius, D., Markham, J. E., Bielawski, J., et al. (2014). Arabidopsis accelerated cell death 11, ACD11, is a ceramide-1phosphatetransferprotein and intermediary regulator of phytoceramide levels. Cell Rep. 6 (2), 388–399. doi: 10.1016/j.celrep.2013.12.023

 Simons, K., and Toomre, D. (2000). Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 1 (1), 31–39. doi: 10.1038/35036052

 Singer, S. D., Soolanayakanahally, R. Y., Foroud, N. A., and Kroebel, R. (2020). Biotechnological strategies for improved photosynthesis in a future of elevated atmospheric CO2. Planta 251, 1–28. doi: 10.1007/s00425-019-03301-4

 Spassieva, S. D., Markham, J. E., and Hille, J. (2002). The plant disease resistance gene Asc-1prevents disruption of sphingolipid metabolism during AAL-toxin-induced programmed cell death. Plant J. 32 (4), 561–572. doi: 10.1046/j.1365-313X.2002.01444.x

 Stout, J. M., Boubakir, Z., Ambrose, S. J., Purves, R. W., and Page, J. E. (2012). The hexanoyl-CoA precursor for cannabinoid biosynthesis is formed by an acyl-activating enzyme in Cannabis sativa trichomes. Plant J. 71 (3), 353–365. doi: 10.1111/j.1365-313X.2012.04949.x

 Sui, N., Li, M., Li, K., Song, J., and Wang, B. S. (2010). Increase in unsaturated fatty acids inmembrane lipids of Suaeda salsa L. enhances protection of photosystem II under highsalinity. Photosynthetica 48, 623–629. doi: 10.1007/s11099-010-0080-x

 Szumlanski, A. L., and Nielsen, E. (2010). Phosphatidylinositol 4-phosphate is required for tip growth in Arabidopsis thaliana Lipid Signaling in Plants, 65–77.

 Testerink, C., Dekker, H. L., Lim, Z. Y., Johns, M. K., Holmes, A. B., De Koster, C. G., et al. (2004). Isolation and identification of phosphatidic acid targets fromplants. Plant J. 39 (4), 527–536. doi: 10.1111/j.1365-313X.2004.02152.x

 Testerink, C., Larsen, P. B., van der Does, D., Van Himbergen, J. A., and Munnik, T. (2007). Phosphatidic acid binds to and inhibits the activity of Arabidopsis CTR1. J. Exp. Bot. 58 (14), 3905–3914. doi: 10.1093/jxb/erm243

 Testerink, C., and Munnik, T. (2011). Molecular, cellular, and physiological responses tophosphatidic acid formation in plants. J. Exp. Bot. 62 (7), 2349–2361. doi: 10.1093/jxb/err079

 Tetyuk, O., Benning, U. F., and Hoffmann-Benning, S. (2013). Collection and analysis of Arabidopsis phloem exudates using the EDTA-facilitated method. J. Visualized Experiments 80, e51111. doi: 10.3791/51111

 Thomas, B., and Vince-Prue, D. (1996). Photoperiodism in plants 2nd Edition, (London: Academic Press).

 Thorlby, G., Fourrier, N., and Warren, G. (2004). The SENSITIVE TO FREEZING2 gene,required for freezing tolerance in Arabidopsis thaliana, encodes a β-glucosidase. Plant Cell 16 (8), 2192–2203. doi: 10.1105/tpc.104.024018

 Tripathy, M. K., Tyagi, W., Goswami, M., Kaul, T., Singla-Pareek, S. L., Deswal, R., et al. (2012). Characterization and functional validation of tobacco PLC deltafor abiotic stress tolerance. Plant Mol. Biol. Rep. 30, 488–497. doi: 10.1007/s11105-011-0360-z

 Tsui, M. M., and York, J. D. (2010). Roles of inositol phosphates and inositol pyrophosphatesindevelopment, cell signalling and nuclear processes. Adv. Enzyme Regul. 50 (1), 324. doi: 10.1016/j.advenzreg.2009.12.002

 Upchurch, R. G. (2008). Fatty acid unsaturation, mobilization, and regulation in the responseofplants to stress. Biotechnol. Lett. 30, 967–977. doi: 10.1007/s10529-008-9639-z

 Van Schooten, B., Testerink, C., and Munnik, T. (2006). Signalling diacylglycerol pyrophosphate, a new phosphatidic acid metabolite. Biochim. Biophys. Acta (BBA)-Molecular Cell Biol. Lipids 1761 (2), 151–159. doi: 10.1016/j.bbalip.2005.12.010

 Varone, L., Ribas-Carbo, M., Cardona, C., Gallé, A., Medrano, H., Gratani, L., et al. (2012). Stomatal and non-stomatal limitations to photosynthesis in seedlings andsaplings ofMediterranean species pre-conditioned and aged in nurseries: Differentresponse to water stress. Environ. Exp. Bot. 75, 235–247. doi: 10.1016/j.envexpbot.2011.07.007

 Venables, B. J., Waggoner, C. A., and Chapman, K. D. (2005). N-acylethanolamines in seeds of selected legumes. Phytochemistry 66, 1913–1918. doi: 10.1016/j.phytochem.2005.06.014

 Vergnolle, C., Vaultier, M. N., Taconnat, L., Renou, J. P., Kader, J. C., Zachowski, A., et al. (2005). The cold-induced early activation of phospholipase C and D pathways determines the response of two distinct clusters of genes in Arabidopsis cell suspensions. Plant Physiol. 139 (3), 1217–1233. doi: 10.1104/pp.105.068171

 Viehweger, K., Dordschbal, B., and Roos, W. (2002). Elicitor-activated phospholipase A2 generates lysophosphatidylcholines that mobilize the vacuolar H+ pool for pH signaling via the activation of Na+-dependent proton fluxes. Plant Cell 14 (7), 1509–1525. doi: 10.1105/tpc.002329

 Wang, Z., Anderson, N. S., and Benning, C. (2013). The phosphatidic acid binding site of theArabidopsistrigalactosyldiacylglycerol 4 (TGD4) protein required for lipid import intochloroplasts. J. Biol. Chem. 288 (7), 4763–4771. doi: 10.1074/jbc.M112.438986

 Wang, X., and Chapman, K. D. (2013). Lipid signalling in plants. Front. Plant Sci. 4, 216. doi: 10.3389/fpls.2013.00216

 Wang, K., Durrett, T. P., and Benning, C. (2019). Functional diversity of glycerolipidacylhydrolases in plant metabolism and physiology. Prog. Lipid Res. 75, 100987. doi: 10.1016/j.plipres.2019.100987

 Wang, G. P., Li, F., Zhang, J., Zhao, M. R., Hui, Z., and Wang, W. (2010). Overaccumulationofglycine betaine enhances tolerance of the photosynthetic apparatus to drought andheat stressin wheat. Photosynthetica 48, 30–41. doi: 10.1007/s11099-010-0006-7

 Wang, X., Liu, L., Liu, S., Sun, X., Deng, Z., Pi, Y., et al. (2004). Isolation andmolecularcharacterization of a new CRT binding factor gene from Capsella bursapastoris. BMBReports 37 (5), 538–545. doi: 10.5483/bmbrep.2004.37.5.538

 Wang, Y. S., Shrestha, R., Kilaru, A., Wiant, W., Venables, B. J., Chapman, K. D., et al. (2006). Manipulation of Arabidopsis fatty acid amide hydrolaseexpressionmodifiesplant growth and sensitivity to N-acylethanolamines. Proc. Natl. Acad. Sci. 103 (32), 12197–12202. doi: 10.1073/pnas.0603571103

 Wang, S., Uddin, M. I., Tanaka, K., Yin, L., Shi, Z., Qi, Y., et al. (2014). Maintenanceof chloroplast structure and function by overexpression of the riceMONOGALACTOSYLDIACYLGLYCEROL SYNTHASE gene leads to enhancedsalt tolerance in tobacco. Plant Physiol. 165 (3), 1144–1155. doi: 10.1104/pp.114.238899

 Wang, Z., Xu, C., and Benning, C. (2012). TGD4 involved in endoplasmic reticulum-tochloroplast lipid trafficking is a phosphatidic acid binding protein. Plant J. 70 (4), 614–623. doi: 10.1111/j.1365-313X.2012.04900.x

 Wang, Y. S., Yao, H. Y., and Xue, H. W. (2016). Lipidomic profiling analysis reveals thedynamicsof phospholipid molecules in Arabidopsis thaliana seedling growth. Journalof Integr. Plant Biol. 58 (11), 890–902. doi: 10.1111/jipb.12481

 Wang, Y., Zhang, X., Huang, G., Feng, F., Liu, X., Guo, R., et al. (2020). Dynamicchanges in membrane lipid composition of leaves of winter wheat seedlings inresponse toPEG-induced water stress. BMC Plant Biol. 20 (1), 1–15. doi: 10.1186/s12870-020-2257-1c

 West, G., Viitanen, L., Alm, C., Mattjus, P., Salminen, T. A., and Edqvist, J. (2008). Identification of a glycosphingolipid transfer protein GLTP1 in Arabidopsis thaliana. FEBS J. 275, 3421–3437. doi: 10.1111/j.1742-4658.2008.06498.x

 Whiting, K. P., Restall, C. J., and Brain, P. F. (2000). Steroid hormone-induced effects onmembrane fluidity and their potential roles in non-genomic mechanisms. Life Sci. 67 (7), 743–757. doi: 10.1016/S0024-3205(00)00669-X

 Wi, S. J., yeon Seo, S., Cho, K., Nam, M. H., and Park, K. Y. (2014). Lysophosphatidylcholineenhances susceptibility in signalling pathway against pathogen infection throughbiphasic production of reactive oxygen species and ethylene in tobacco plants. Phytochemistry 104, 48–59. doi: 10.1016/j.phytochem.2014.04.009

 Wielandt, A. G., Pedersen, J. T., Falhof, J., Kemmer, G. C., Lund, A., Ekberg, K., et al. (2015). Specific activation of the plant P-type plasma membrane H+ATPasebylysophospholipids depends on the autoinhibitory N-and C-terminaldomains. J. Biol. Chem. 290 (26), 16281–16291. doi: 10.1074/jbc.M114.617746

 Williams, S. P., Gillaspy, G. E., and Perera, I. Y. (2015). Biosynthesis and possible functions ofinositol pyrophosphates in plants. Front. Plant Sci. 6, 67. doi: 10.3389/fpls.2015.00067

 Worrall, D., Liang, Y. K., Alvarez, S., Holroyd, G. H., Spiegel, S., Panagopulos, M., et al. (2008). Involvement of sphingosine kinase in plant cellsignalling. Plant J. 56 (1), 64–72. doi: 10.1111/j.1365-313X.2008.03579.x

 Worrall, D., Ng, C. K., and Hetherington, A. M. (2003). Sphingolipids, new players in plantsignalling. Trends Plant Sci. 8 (7), 317–320. doi: 10.1016/S1360-1385(03)00128-6

 Wu, P., Gao, H. B., Zhang, L. L., Xue, H. W., and Lin, W. H. (2014). Phosphatidic acid regulatesBZR1 activity and brassinosteroid signal of Arabidopsis. Mol. Plant 7 (2), 445–447. doi: 10.1093/mp/sst138

 Xiong, L., Lee, B. H., Ishitani, M., Lee, H., Zhang, C., and Zhu, J. K. (2001). FIERY1 encodingan inositol polyphosphate 1-phosphatase is a negative regulator of abscisic acid andstress signalling in Arabidopsis. Genes Dev. 15 (15), 1971–1984. doi: 10.1101/gad.891901

 Xu, C., and Shanklin, J. (2016). Triacylglycerol metabolism, function, and accumulation in plantvegetative tissues. Annu. Rev. Plant Biol. 67, 179v206. doi: 10.1146/annurev-arplant-043015-111641

 Yang, J., Ordiz, M. I., Jaworski, J. G., and Beachy, R. N. (2011). Induced accumulation ofcuticular waxes enhances drought tolerance in Arabidopsis by changes in developmentof stomata. Plant Physiol. Biochem. 49 (12), 1448–1455. doi: 10.1016/j.plaphy.2011.09.006

 Yang, W., Wang, F., Liu, L. N., and Sui, N. (2020). Responses of membranes and the photosynthetic apparatus to salt stress in cyanobacteria. Front. Plant Sci. 11, 713. doi: 10.3389/fpls.2020.00713

 Yang, D. L., Yao, J., Mei, C. S., Tong, X. H., Zeng, L. J., Li, Q., et al. (2012). Plant hormone jasmonate prioritizes defense over growth by interfering with gibberellin signaling cascade. Proc. Natl. Acad. Sci. 109 (19), E1192–E1200. doi: 10.1073/pnas.1201616109

 Yao, H., Wang, G., Guo, L., and Wang, X. (2013). Phosphatidic acid interacts with a MYB transcription factor and regulates its nuclear localization and function in Arabidopsis. Plant Cell 25 (12), 5030–5042. doi: 10.1105/tpc.113.120162

 Yu, L., Nie, J., Cao, C., Jin, Y., Yan, M., Wang, F., et al. (2010). Phosphatidic acid mediates salt stress response by regulation of MPK6 in Arabidopsis thaliana. New Phytologist 188 (3), 762–773. doi: 10.1111/j.1469-8137.2010.03422.x

 Yurchenko, O., Singer, S. D., Nykiforuk, C. L., Gidda, S., Muller, R. T., Moloney, M. M., et al. (2014). Production of a Brassica napus low-molecular mass acyl-coenzyme A-binding protein in Arabidopsis alters the acyl-coenzyme A pool and acyl composition of oil in seeds. Plant Physiol. 165, 550–560. doi: 10.1104/pp.114.238071

 Zaid, A., Wani, S. H., Latef, A. A. H. A., and Hasanuzzaman, M. (2022). An insight into plant heavy metal/metalloid tolerance and detoxification mechanisms: A critical review. Metals Metalloids Soil Plant Water Systems, 131–158.

 Zegzouti, H., Li, W., Lorenz, T. C., Xie, M., Payne, C. T., Smith, K., et al. (2006). Structural and functional insights into the regulation of Arabidopsis AGC VIIIakinases. J. Biol. Chem. 281 (46), 35520–35530. doi: 10.1074/jbc.M605167200

 Zhang, M., Barg, R., Yin, M., Gueta-Dahan, Y., Leikin-Frenkel, A., Salts, Y., et al. (2005). Modulated fatty acid desaturation via overexpression of twodistinct ω-3desaturases differentially alters tolerance to various abiotic stresses intransgenic tobacco cells and plants. Plant J. 44 (3), 361–371. doi: 10.1111/j.1365-313X.2005.02536.x

 Zhang, H., Dong, J., Zhao, X., Zhang, Y., Ren, J., Xing, L., et al. (2019). Researchprogress in membrane lipid metabolism and molecular mechanism in peanut coldtolerance. Front. Plant Sci. 10, 838. doi: 10.3389/fpls.2019.00838

 Zhang, Y., Li, S., Zhou, L. Z., Fox, E., Pao, J., Sun, W., et al. (2011). Overexpression of Arabidopsis thaliana PTEN caused accumulation of autophagicbodies inpollen tubes by disrupting phosphatidylinositol 3-phosphate dynamics. Plant J. 68 (6), 1081–1092. doi: 10.1111/j.1365-313X.2011.04761.x

 Zhang, W., Qin, C., Zhao, J., and Wang, X. (2004). Phospholipase Dα1-derived phosphatidicacid interactswithABI1phosphatase 2Candregulates abscisicacid signalling. Proc. Natl. Acad. Sci. 101 (25), 9508–9513. doi: 10.1073/pnas.0402112101

 Zhang, B., Wang, Y., and Liu, J. Y. (2018). Genome-wide identification and characterization of phospholipase C gene family in cotton (Gossypium spp.). Sci. China Life Sci. 61, 88–99. doi: 10.1007/s11427-017-9053-y

 Zhao, X., Wei, Y., Zhang, J., Yang, L., Liu, X., Zhang, H., et al. (2021). Membranelipids’ metabolism and transcriptional regulation in maize roots under cold stress. Front. Plant Sci. 12, 639132. doi: 10.3389/fpls.2021.639132

 Zou, M., Yuan, L., Zhu, S., Liu, S., Ge, J., and Wang, C. (2017). Effects of heat stress onphotosynthetic characteristics and chloroplast ultrastructure of a heat-sensitive andheat-tolerant cultivar of wucai (Brassica campestris L.). Acta Physiologiae Plantarum 39, 30. doi: 10.1007/s11738-016-2319-z




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Sharma, Lakra, Goyal, Ahlawat, Zaid and Siddique. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2023.1216835_cover.jpg
& frontiers | Frontiers in Plant science

Drought and heat stress mediated activation
of lipid signaling in plants: a critical review





OEBPS/Images/fpls-14-1216835-g004.jpg
PLD/H20 PLA-1 Lipase hydrolysis

PLA-2 Hydrolysis

PLA-2 Hydrolysis Lipas e Hydrolysis






OEBPS/Images/fpls-14-1216835-g007.jpg
DROUGHT HIGH
(Lipid

TEMPERATURE
(Membrane

LOW
TEMPERATURE
(Membrane

peroxidation) fluidization)

o

* Increase in the Increase in the

unsaturation level of

membrane lipids
¢ Activates aquaporins * Long hydrophobic
channels fatty acyl chain

ACCLIMATION PROCESS

saturation level of
membrane lipids

rigidification)

I Apoplast

Lvuu M s e M NS s e LS s e s e s e M Ml MY s e e M s e s e s es e e uuuuvu\) ooy
Phospholipid

COCOVOVOTLOVOVTOTOVO

Cytosol

Increase in the
unsaturation level of
membrane lipids

* Short hydrophobic

fatty acyl chain





OEBPS/Images/fpls-14-1216835-g006.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Drought and heat stress mediated activation of lipid signaling in plants: a critical review

      

        		

          1 Introduction

        



        		

          2 Signaling lipids biosynthesis in plants

        

          		

            2.1 Phosphatidic acid

          



          		

            2.2 Phosphoinositides

          



          		

            2.3 Sphingolipids

          



          		

            2.4 Lysophospholipids

          



          		

            2.5 Oxylipins

          



          		

            2.6 N-acylethanolamines

          



        



        



        		

          3 Lipid binding proteins

        



        		

          4 Lipid-mediated tolerance of abiotic stresses

        

          		

            4.1 Lipid signaling in response to drought stress

          



          		

            4.2 Lipid signaling in response to cold stress

          



          		

            4.3 Lipid signaling in response to heat stress

          



        



        



        		

          5 Conclusion and future perspectives

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1216835-g002.jpg
l

DAG






OEBPS/Images/fpls-14-1216835-g003.jpg
Palmitoyl- CoA

ER Cer synthase

; 3- Ketosphinganine

Lce

Ceramidase LCB kinase

Ceramides

GC synthase

Glucosylceramide

FA hydrolase
s |
2-Hydroxyceramide
Pl
D IPC synthase
DAG

4

Inositol phosphoceramide

]

GIPC synthase

Glycosylinositol phosphoceramide _J

phosphatase

Ethanolamine-
P +long chain
LCB-P lyase aldehyde

Golgi apparatus





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1216835-g008.jpg
— DAG RGL PA

- ————» PYR/PYL/RCAR \ l
ABIOTIC STRESS
RESPONSE

— s pA—ABL ——— v

— MEKK1—» MPK 3/4/6





OEBPS/Images/fpls-14-1216835-g005.jpg
Lipase

I

linolenic fatty acid

Epoxy hydroxy fatty acid ‘ linoleic acid fatty acid I .
(EFA) Hydroxy fatty acid

I Lipoxygenase
Peroxygenase Reductase

] 13-hydroperoxy octadecatrienoic
|
| 9-hydroperoxy octade catrienoic acid
—_— | —I Ketones of fatty acid
Epoxy alcohol
svnthase

i

] 13- hydroperoxy octadecadienoic acid lipoxygenase
[

‘ 9-hydroperoxy octade catrienoic acid

Divinyl ether synthase

RN

Hydroperoxide lyase
Allene oxide synthase

—
3- Hexanol

Traumatic acid

Jasmonic acid 2- Hexanal

Colneleic acid
12-oxophytodienoic acid

colnelenic acid

I
I
I






OEBPS/Images/table1.jpg
Lipid binding proteins Functions

Phosphatidic Acid Binding Proteins

References

PDK1 Root hair development, defense against pathogens
CDPK Protein kinase

TGD2 Chloroplast structure

PEPC Phosphoenolpyruvate carboxylase

14-3-3 protein Plasma membrane H"ATPase pathway

Deik et al,, 1999; Anthony et al., 2004; Anthony et al., 2006
Farmer and Choi, 1999

Awai et al., 2006

Testerink et al., 2004

Testerink et al., 2004

PID PIN localization Zegzouti et al., 2006

AGD7 ER/Golgi trafficking Min et al., 2007

CTR1 Ethylene response Testerink et al., 2007

TPM1 Lipid metabolism Jost et al,, 2009

MPK6 Abiotic and biotic stress signaling Yu et al,, 2010

RbohD/F ABA signaling Ma et al,, 2012

PTEN2A Lipid phosphatase activity Pribat et al,, 2012

TGD4 Chloroplast structure Wang et al., 2012; Wang et al,, 2013
WER Root hair formation Yao et al,, 2013

GAPC Metabolism Kim et al,, 2013; McLoughlin et al., 2013
RCN1 Auxin/BR signaling, root development Gao et al,, 2013; Wu et al,, 2014
PARP1 Lipid transport/Co-signal Hyun et al,, 2014

Annexin Lipid transport/Co-signal Nakamura et al., 2014

GDSL-lipase Lipid release/Phloem entry Barbaglia et al., 2016

PLAFP 1 | Lipid transport/Co-signal Barbaglia et al., 2016

PIG-P like protein Receptor function

LHY, CCAl Circadian clock regulation
AHL4 Lipid mobilization/Seedling establishment

Phosphatidylinositol Binding Proteins

Barbaglia et al, 2016
Kim et al, 2019

Cai et al., 2020

LTPL Cutin biosynthesis

ACBP2 Heavy metal stress tolerance

P4M, PTB, PX Biogenesis of vesicles, cell division, and defense response

BATS, FYVE Plant growth and development, membrane biogenesis and trafficking
PH, PROPPIN Function unknown, putative role in stomatal closure

Cameron et al., 2006

Gao et al,, 2010

Szumlanski and Nielsen, 2010; Munnik and Nielsen, 2011
Munnik and Nielsen, 2011; Gillaspy, 2013

Bak et al,, 2013

PCaP1 and PCaP2 Stomatal closure

FABI Maintaining membrane trafficking

Sphingolipid Binding Proteins

ACDI11 Sphingolipid transport
GLTP1 Sphingolipid transport
PDLP5 Sphingolipid translocation

Lysophospholipid Binding Proteins

Nagata et al,, 2016
Hirano and Sato, 2019
Brodersen et al., 2002
West et al., 2008

Liu et al., 2020

LTP1 Cutin biosynthesis Cameron et al., 2006
LTP2 Suberin Biosynthesis Edstam and Edqvist, 2014
ACBP2 Heavy metal stress tolerance Gao et al,, 2010





OEBPS/Images/fpls-14-1216835-g001.jpg
Phosphatidylcholine (PC) or
Phosphatidyl ethanolamine (PE)

DAG
Pyrophosphate

Phosphatidylinositol Diacyl
- (4,5)- bisphosphate glycerol
[Ptdins (4,5) P2] (DAG)

(DGPP)






