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Biochemistry and physiology of phosphatidic acid 
metabolism in plants

Phospholipids have long been recognized as structural elements of membranes, which 

form semipermeable barriers delimiting all cells and intracellular compartments. The last 

two decades however, phospholipids have come into focus because some of them are 

formed under specific environmental conditions and act as intracellular signals or signal 

precursors. Such lipid second messengers (LSMs) are versatile regulators of metabolic and 

developmental processes, and can initiate responses to environmental stresses. Whereas 

LSMs are present in minute amounts, their levels increase rapidly in response to stimuli. 

Over the last decade, evidence has been accumulating, arguing that phosphatidic acid 

(PA) is a LSM and in plants PA is rapidly formed in response to abiotic as well as biotic 

stresses. However, PA metabolism is complex because of the multiplicity of its origins, 

being also a central intermediate in de novo synthesis and breakdown of phospholipids, 

glycolipids and triacylglycerols. 

The question of its metabolic origin is crucial to understanding the diverse functions of 

PA. This chapter therefore introduces the pathways of PA metabolism, including methods 

to experimentally dissect them, and PA’s specific relevance to glycolipid biosynthesis. 

Moreover, its emerging roles as LSM in the regulation of stress responses will be considered. 

The two plant model systems used in this thesis will be introduced in the final section.

1. Pathways of PA formation

1.1. PA as a product of lysophosphatidic acid acyl transferase 
(LPAAT): de novo glycerolipid synthesis 

In plants, PA is formed as a precursor to glycerolipids through the sequential acylations 

of glycerol-3-phosphate (GroP) to lysophosphatidic acid (LPA), and of LPA to PA, by the 

activities of glycerol-3-phosphate sn-1-acyltransferase (GPAT) and lysophosphatidic acid 

sn-2-acyltransferase (LPAAT), respectively (Fig. 1, pathway 1, [1]). The fatty acid substrates, 

predominantly 16:0 (palmitic acid) and 18:1 (oleic acid), are synthesized de novo in the 

chloroplast stroma, and either used directly for the production of chloroplast lipids by 

a pathway in the plastid (the ‘prokaryotic pathway’), or exported to the cytoplasm as 

acyl-CoA esters, which are incorporated into lipids by enzymes in the ER (the ‘eukaryotic 

pathway’). The two sites of de novo lipid synthesis utilize different isozymes of GPAT 

and LPAAT. The distinct activities of GPAT4 and GPAT6, required for cutin biosynthesis, 

esterify acyl groups to the sn-2 position of GroP and, in addition, display phosphatase 

activity giving rise to (sn-2)monoacylglycerol rather than LPA [2]. 

Introduction
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Importantly, LPAATs, but not GPATs, distinguish accurately between the length of fatty 

acid substrates: whereas plastidial LPAAT generally uses only 16:0 as substrate, LPAAT that 

is bound to the ER membrane (as well as the mitochondrial isozyme) selectively uses 18:1. 

Hence, the plastidial and extraplastidial pathways produce different molecular species 

of PA which are used for the synthesis of complex phospholipids and glycolipids. Recent 

studies suggest that de novo synthesized fatty acids may also be directly introduced 

into PC through acylation of lyso-PC. The highly active acyl editing mechanism appears 

to bypass PA as an intermediate [3]. PC and galactolipids are substrates for fatty acid 

desaturases that introduce additional double bonds. For the synthesis of the structural 
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phospholipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE) at the ER, PA is 

dephosphorylated by phosphatidic acid phosphatase (PAP) to diacylglycerol (DAG), which 

reacts with the nucleotide-activated headgroups, CDP-choline and CDP-ethanolamine 

(Fig. 2). Alternatively, the synthesis of phosphatidylinositol (PI) and phosphatidylglycerol 

(PG) uses nucleotide-activated PA, CMP-PA (also called CDP-DAG), that reacts with 

myo-inositol or GroP (Fig. 2). In contrast to the other phospholipids, PG is also formed 

in the plastid, where prokaryotic CMP-PA is its precursor. The sn-2-(16:0) acyl chain of 

plastidial PG is desaturated to the characteristic 16:1(∆3-trans) acyl chain. This molecular 

species is essential for function of the photosystem II complex [4]. 

PA is not only precursor to complex phospholipids but also to the galactolipids 

monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG, Fig. 3), 

which are the main components of chloroplast membranes and together comprise ~75% 

of total membrane lipids in leaves [5]. Similar to PC synthesis, albeit localized to the plastid, 

PA is first dephosphorylated by PAP (LPP in Fig. 3) to generate DAG, which reacts with 

the activated headgroup, i.c. UDP-galactose, producing MGDG. DGDG is synthesized 

through the addition of a second galactose by a galactosyltransferase. Importantly, 

the PA segment that serves as precursor to galactolipids can also be derived from the 

eukaryotic pathway, due to its redirection to the chloroplast. The volume of this PA flux, 

and hence the contribution of the ER pathway to galactolipid synthesis, differs largely 

between plant species. As both pathways generate different PA molecular species, the 

resulting galactolipid species are different as well: prokaryotic MGDG is characterized by 

sn-2-linked 16:3, whereas eukaryotic species have sn-2-linked 18:3. Hence the contribution 

of either pathway to total MGDG is reflected in the molecular species. 

1.2. PA as a product of phospholipase D (PLD)

PLD hydrolyzes structural phospholipids such as PE and PC to generate PA and the 

respective hydrophillic headgroup, i.e. ethanolamine or choline (Fig 1, pathway 2). The 

activity is stimulated in plants exposed to a variety of stress conditions, e.g. osmotic 

stress, drought, chilling, wounding and pathogenic interactions [6, 7]. PLD is genomically 

represented in Arabidopsis by 12 isozymes, which reflects its large diversity in expression, 

localization and function. Two PLD proteins, encoded by AtPLDz1 and AtPLDz2, are 

structurally similar to the mammalian and yeast PLDs, containing a combined N-terminal, 

lipid-binding, PX-PH domain, whereas the remaining ten, i.e. PLDa1-3, PLDb1-2, PLDg1-3, 

PLDd and PLDe contain a C2 domain. PX/PH and C2 domains have been implicated in 

inducible translocation to membranes through their lipid-binding potential. 

The special ability of PLD to generate artificial phosphatidylalcohols in the presence of 

primary alcohols, such as n-butanol, has been widely used to study the involvement of 

PLD in cellular responses in vivo [8];Chapter 4). The physiological significance of this, 

so-called, transphosphatidylation is unknown.
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1.3. PA as a product of diacylglycerol kinase (DGK)

The activity of DGK, phosphorylating DAG to PA (Fig. 1, pathway 3), has also been 

implicated in responses to environmental stresses, giving rise to rapid (within minutes) 

increases in PA [9]. The signal-dependent formation of DAG, e.g. through the induced 

activity of phospholipase C (PLC) on polyphosphoinositides (PPIs), is immediately followed 

by its phosphorylation, which restricts DAG accumulation and promotes a rise in PA. In 

Arabidopsis, DGK is represented by 7 genes, which are subdivided in 3 clusters [10, 11]. 

Cluster I resembles the mammalian DGKe type, as its members, AtDGK1 and AtDGK2, 

contain not only the conserved catalytic domain, but also two cystein-rich C1 type 

domains, which may be involved in membrane binding, and a transmembrane helix. The 

remaining DGKs are smaller, lacking the conserved structural domains of mammalian 

DGK. The activity is mainly associated with the plasma membrane, but also internal 

membranes, e.g. the ER. 

Recent advances have highlighted another source of DAG in plants, namely PC hydrolysis 

by bacterial type PLCs, called non-specific PLCs (NPC, Fig. 3), of which one is, for example, 

activated under conditions of phosphate limitation [12, 13]. 

2. Methods to differentiate between metabolic 
origins of PA

PA is, like other lipids believed to function in signal transduction, e.g. including PPIs, 

and the related metabolites LPA and DGPP, present in relatively low amounts. Steady 

state PA makes up 0.5-2.0 mole% of the total phospholipids in Arabidopsis, which is 

likely to represent the metabolic pools at the ER and the chloroplast. Nonetheless, 

under stimulatory conditions, PA levels increase by 1.4 to 3.0-fold, depending on the 
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Figure 2. Phospholipid de novo synthesis pathways. Two successive acylations of glycerol3phosphate 
(Gro3P) generate PA which is used for phospholipid synthesis via two routes. PI, PG and their derivatives 
are formed from an activated form of PA, CMP-PA, whereas PE and PC have its dephosphorylation 
product, DAG, as precursor. The polyphosphoinositides (PPI) are formed through the activity of lipid 
kinases and phosphatases.
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type, intensitiy, and duration of the stimulus. Thus, to perform detailed analysis of PA’s 

constituents, sensitive analysis of this minor fraction is required. This is achieved essentially 

by two approaches, each providing different information on PA metabolism. The first 

is based on mass analysis, whilst the second relies on in vivo 32P-orthophosphate (32Pi) 

radiolabelling and lipid turnover. 

2.1. Analysis of PA based on mass detection

The analysis of PA by HPLC-MS or GC(-MS) has been applied to quantitatively study the 

formation of PA and the compositions of its fatty acids. This information can provide 

strong evidence of PA’s metabolic precursors under specific conditions, since PA inherits 

their fatty acid part. As fatty acid compositions differ between lipid classes, they can be 

used as ‘fingerprints’ to trace PA’s precursors, thus providing evidence of its metabolic 

pathway. For example, based on the similarity between the fatty acid compositions 

of PA and the PPIs in cold-treated Arabidopsis, the PLC-DGK pathway was implicated 

in the response [14]. Similarly, the activity and substrate selectivity of the PLD pathway 

has been established under KCl-induced stress in Chlamydomonas moewusii (Chapter 4, 

[15]). The analysis of lipid mass and structure has also been applicated to investigate the 

consequences of knock-out and overexpression of PLD, DGK, PLC genes. 
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Figure 3. Pathways of eukaryotic phospho- and galactolipid synthesis under non-starved (thick arrows) 
and P-starved (thin arrows) conditions. De novo synthesized fatty acids (FA) by the FA synthesis complex 
(FAS) are used for ER –localized synthesis of PC and other phospholipids at the ER. For eukaryotic MGDG 
synthesis, PC may be hydrolyzed by PLD to PA which is imported into the plastid through the TGD 
complex, to serve as substrate for MGDG synthesis by MGD1. The MGDG species are characterized by 
two C18 fatty acids, reflecting the composition of its precursors, PA and PC, that are synthesized at the 
ER. During P-starvation, other pathways, involving PC-hydrolyzing NPCs, PAP (PAH) and PLD function to 
provide PA and DAG as substrate for DGDG synthesis in the outer chloroplast membrane through MGD2 
and DGD2. Abbreviations are explained in the text.  
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2.2. Analysis of PA based on metabolic 32P-radiolabelling

A common method to study phospholipid metabolism makes use of the uptake and 

incorporation of 32Pi into organic molecules in a great variety of cells and tissues. When, after 

a period of 32Pi-prelabelling, a stress treatment is given, changes in the levels of 32Pi-lipids 

can be observed. Their quantities are easily determined by phosphoimaging of total lipid 

extracts separated by thin-layer chromatography (TLC) into different phospholipid classes. 

Insights into the factors that determine the kinetics of labelling of individual phospholipids 

have greatly helped to map out PA metabolism. Thus, a distinction can be made between 
32P-PA responses which can be detected using only a brief pre-labelling time (1 to 20 

minutes), visualizing DGK activity, and responses that require a long pre-labelling time 

(hours-days), suggesting PLD activity. How the distinct labelling kinetics can be indicative 

of the metabolic pathway involved, is discussed in Chapter 2. A 32P-radiolabelling approach 

provides information on the flux within metabolic pathways, not on the actual lipid 

quantities, and is therefore complementary to GC- and MS-based analyses.

3. The metabolic fate of PA

While PA is the product of multiple pathways, it is also a precursor to various lipids (Figure 

4). Under conditions where PA functions as LSM, their formation reflects signal attenuation. 

Similar to the PA generating pathways, it is a challenge to unravell the PA metabolizing 

pathways and identify the responsible enzymes. The activity of some of these enzymes 

leads to the accumulation of lipids which are only detected under stress conditions. 

3.1. PA dephosphorylation by PAP

The activity of PAP, which hydrolyzes PA to generate DAG, is pivotal in both chloroplast- 

and ER-localized glycerolipid synthesis (Fig. 4, pathway 1). The DAG produced is used for 

the synthesis of plastidial glycolipids (Fig. 3) as well as the extraplastidial phospholipids 

PC and PE (Fig. 2). PAP can also function to control the level of PA as LSM. While the 

Arabidopsis genome harbours at least nine PAP encoding genes, little is known about 

there functions. PAPs are subdivided into two groups, viz. the lipins, which are soluble 

enzymes that function in lipid biosynthesis [13], and lipid-phosphate phosphatases 

(LPPs), which are transmembrane proteins, capable of hydrolyzing not only PA, but also 

sphingosine-1-phosphate, ceramide-1-phosphate, LPA and diacylglycerolpyrophosphate 

(DGPP) in vitro [16]. The Arabidopsis genome contains LPP genes which belong either to 

the ‘eukaryotic LPPs’ (4 genes), homologs of mammalian LPP, or to the ‘prokaryotic LPPs’ (5 

genes), homologous to cyanobacterial LPPs. LPPa2, belonging to the first group, appears 

to function in ABA signalling during seed germination, as the lpp2-1 mutant displayed 

enhanced PA levels and ABA hypersensitivity, resulting in decreased germination rates [17]. 
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3.2. PA phosphorylation by PAK

The transient accumulation of DGPP through the phosphorylation of PA has been 

described for plants treated with abiotic as well as biotic stresses, whereas it does not 

occur in mammals (Fig. 4, pathway 2). To date, no genes encoding PAK activity have been 

cloned, yet the activity was partially purified from Catharanthus roseus membranes, and 

suggested to be an integral membrane protein, prevalent at the plasma membrane [18]. 

In vivo DGPP formation was first characterized in Chlamydomonas, where it is generated 

upon osmotic stress. Interestingly, whereas PA was shown to increase in response to a 
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wide range of hyperosmotic salt concentrations, DGPP was only generated within a limited 

window of concentrations, suggesting that the metabolic fate of PA was determined by 

the level of stress [19]. It has been suggested that the enzymes catalyzing phosphorylation 

(PAK) and deacylation (PLA, see below) compete for the same PA substrate [20]. 

3.3. PA deacylation by phospholipase A (PLA)

PLA catalyzes the hydrolysis of phospholipids into lysophospholipids and free fatty acids, 

either at the sn-1 (PLA1) or sn-2 position (PLA2) of the glycerol backbone (Fig. 2.3.). In 

Arabidopsis, three families are distinguished: 4 small secretory sPLAs, 10 patatin-like 

pPLAs and 14 lipase-like PLA1s [21]. Although little is known about the substrate they 

use, one gene, AtSRG2, was found to encode a putative PA-specific PLA1 activity [22]. 

Interestingly, the knock-out mutant was defective in shoot gravitropism. 

Osmotic stimulation of Chlamydomonas was shown to trigger the transient accumulation 

of LPA, following a rapid rise in PA. Various lines of evidence suggest an involvement of 

PLA2 ([20]; this thesis, Chapter 5). 

3.4. PA use for the synthesis of CDP-DAG by CDP-DAG synthase (CDS)

PA is substrate to CMP-PA synthase (CDS) to form CMP-PA as precursor in the biosynthetic 

pathways of PI, PG and cardiolipin (Fig 4, pathway 4). In the inner chloroplast envelope 

membrane, CMP-PA is used for the synthesis of PG and in mitochondria for the synthesis 

of PG and cardiolipin (CL, Fig. 2). However, most CDS activity resides in microsomal 

membrane fractions, and demonstrated to be present in plasma membrane preparations 

from Catharanthus roseus [23]. Two CDS-encoding genes have been cloned, StCDS and 

AtCDS1, from potato and Arabidopsis respectively [24]. In mammals and Drosophila 

CDS has been implicated in lipid signalling, as it is required for the regeneration of 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) which is hydrolyzed by PLC [25]. In 

plants, there is no evidence for such function.

4. Eukaryotic PA species as precursors in galacto-
lipid synthesis

The finding that eukaryotic ER-based lipid synthesis is responsible for (part of) plastidial 

synthesis of galactolipids, raised the question how their precursor PA (or DAG) is 

generated, and transported into the chloroplast. 

4.1. PA import into the chloroplast via the TGD1/2/3 transporter

Arabidopsis mutants affected in ER- to plastid lipid trafficking have been isolated which 

lead to the identification of three proteins, TGD1, -2 and -3, forming a complex in the 
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plastid envelope, that is required for the import of PA for galactolipid synthesis (Figure 3; 

[26]). This complex is similar to bacterial ABC transporters, containing a permease, TGD1, 

an ATP-ase, TGD3, and a substrate-binder, TGD2 [27]. The latter protein binds specifically 

to PA, and a C-terminal sequence of 25 amino acids was responsible [28]. All tgd mutants 

displayed an unusual accumulation of trigalactosyldiacylglycerol and triacylglycerol (TAG). 

Moreover, consistent with a function in the supply of PA as substrate for galactolipid 

synthesis, they showed enhanced PA levels at the ER and outer chloroplast envelope 

membrane, and decreases in galactolipids derived from the ER pathway. Following the 

import of ER-derived PA into the plastid, it is dephosphorylated by LPPg, a prokaryotic 

type of PAP [29], to generate DAG as substrate for MGDG synthesis (Fig. 3).

4.2. PA as precursor for galactolipids during phosphate starvation

When plants experience limited availability of phosphate (Pi), phospholipids are used 

as a resource and replaced by galactolipids, particularly DGDG, which is formed in the 

outer chloroplast envelope membrane by DGD2 (Fig. 3; [30]). Several enzymes have been 

found that are required for this remodelling, some of which may also support eukaryotic 

galactolipid synthesis under non-starved conditions. 

Two members of the NPC-family of phospholipases, NPC4 and NPC5, are transcriptionally 

induced during Pi-starvation [12]. While NPC4 is a cytosolic protein, thought to hydrolyze 

PC at the plasma membrane during Pi-starvation [31], NPC5 is localized to the plastidial 

outer envelope membrane to generate DAG for galactolipid synthesis [12]. Whereas the 

latter pathway was found in leaves and does not generate PA, another route, suggested 

to have a function in Pi-starved roots, involves a PLDz2 at the plasma membrane or ER 

[32]. The formed PA may be substrate for PAH1 and PAH2, two lipin-type PAPs, which 

have been implicated in eukaryotic galactolipid synthesis and are also induced during 

Pi-deprivation [13, 17].

5. PA as a phospholipid signal

Evidence of PA’s function in stress-induced signal transduction is emerging from studies 

demonstrating that it is formed within seconds-minutes and can bind enzymes and 

modify their activity [33, 34]. Similar to PPIs, PA can provide a membrane docking site 

to recruit cytosolic target proteins. This function relies on the unique biophysical and 

chemical properties of PA, as it has a negative charge which increases upon binding to 

proteins via hydrogen bonds, and the electrostatic interaction is thought to support the 

lipid-protein association [35]. 

A list of potential PA interactors in plant biology, summarized in Fig. 5, includes: the 

protein phosphatase ABI1 [36], the protein kinases CTR1 [37], PDK1 [38] and SnRK2 [39], 

and the ARF-GAP AGD7 [40]. Several other proteins show in vitro PA binding, such as 
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Arabidopsis dehydrin1 (DHN1, [41]) and wheat phosphoethanolamine methyltransferases 

(TaPEAMT1/2, [42]). A chrystal structure of a PA-binding domain has not been resolved 

yet but some motifs have been reported [37].

PA has also been implicated in vesicle trafficking and cytoskeletal organisation. PLD 

associates with microtubules [43, 44], and with the actin cytoskeleton [45]. PA promotes 

actin polymerisation, through binding and inhibition of actin-capping protein (AtCP, [46]). 

6. Chlamydomonas and Arabidopsis: two distinct 
plant models to study phospholipid metabolism

Although there is a large degree of conservation of the pathways of glycerolipid 

metabolism and signalling within the plant kingdom, and even compared with animals 

and fungi, there are also significant differences. Many of these differences are apparent 

when two evolutionary distinct organisms, the unicellular green alga Chlamydomonas and 

the seed plant Arabidopsis thaliana, are considered. The first belongs to the Chlorophytes, 

containing the green algae, and the second to the phylogenetic branch containing the 

land plants; they share a common ancestor 1.1 * 10 9 years ago [47]. 

Interestingly, the study of phospholipid- and Ca2+-based signal transduction in green 

algae has revealed many similarities to animal signalling, often involving homologous 

components that are not present in land plants [48]. For example, Chlamydomonas, in 

Figure 5. 
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contrast to land plants, contains an inositol(1,4,5)trisphosphate (IP3) receptor, which, 

upon ligand binding, mediates the influx of Ca2+. IP3 can be generated through the 

PLC-mediated breakdown of PI(4,5)P2, a ubiquitous signalling route in animals [33]. 

Another distinctive feature of green algae is the presence of TRP-family channels, also 

found in animals and yeast, whose function can directly be regulated by PPI. Many TRP 

channels function in sensory transduction and a yeast homologue is a mechanosensitive 

Ca2+ channel in the vacuolar membrane which is activated upon hyperosmotic shock [49].

 Glycerolipid species and metabolism in Chlamydomonas displays several features not 

shared with Arabidopsis. Chlamydomonas is a typical 16:3 plant, having MGDG species 

with an sn-2-linked 16-carbon fatty acid, whereas Arabidopsis shows galactolipids of 

mixed origin. This implies that the alga relies on the chloroplast for glycolipid synthesis and 

does not need a mechanism for import of eukaryotic PA/DAG species to the plastid. As 

this process in Arabidopsis is based on PC metabolism, the lack of PC in Chlamydomonas 

may reflect the absence of ER-derived MGDG synthesis. Instead of PC, it contains the 

zwitterionic betaine lipid diacylglyceryltrimethylhomoserine (DGTS, Chapter 3).

Chlamydomonas has been succesfully used to study phospholipid signalling, which has 

lead to the identification of several components. For example, the PPI [50], IP3 [51], the 

signal-dependent formation of DGPP [52], PI3P [53], PI5P [54] and PI(3,5)P2 [55] and 

PLD-catalyzed formation of PA, and, in the presence of n-butanol, phosphatidylbutanol, 

used as activity marker for PLD [8]. Importantly, the uniformity in the sampling of great 

numbers of these unicellular organisms allowed for a very detailed study of the kinetics of 
32P-labelling of phospholipids, under control and stimulatory conditions. 

On the other hand, Arabidopsis thaliana, has taken center stage as a seed plant model 

in plant physiology. Its genome was sequenced first and soon mutants and transgenic 

lines became available. In particular, the use of T-DNA insertion lines raised the possibility 

to implicate proteins and their metabolic products in particular physiological functions, 

e.g. in lipid metabolism [56]. For Chlamydomonas, molecular genetic techniques of 

transformation and silencing have also been developed [57], and the C. reinhardtii 

genome has recently been sequenced [58], on a par with Arabidopsis. 

We have used both plant models to study the rapid increases in PA in response to 

abiotic stress, in particular hypersalinity and cold. Based on analysis of fatty acid and 

molecular species compositions, and 32P-labelling of phospholipids, the metabolic origin 

of induced PA responses was investigated. Chapter 5 exemplifies the effective use of 

these complementary approaches in the analysis a novel potential phospholipid signal in 

Chlamydomonas, LPA.
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Abstract

Accumulating evidence suggests that phosphatidic acid (PA) plays a pivotal role in the 

plant’s response to environmental signals. Besides phospholipase D (PLD) activity, PA can 

also be generated by diacylglycerol kinase (DGK). To establish which metabolic route is 

activated, a differential 32P-radiolabelling protocol can be used. Based on this, and more 

recently on reverse-genetic approaches, DGK has taken center stage, next to PLD, as a 

generator of PA in biotic and abiotic stress responses. The DAG substrate is generally 

thought to be derived from PI-PLC activity. The model plant system Arabidopsis thaliana 

has 7 DGK isozymes, two of which, AtDGK1 and AtDGK2, resemble mammalian DGKe, 
containing a conserved kinase domain, a transmembrane domain and two C1 domains. 

The other ones have a much simpler structure, lacking the C1 domains, not matched in 

animals. Several protein targets have now been discovered that bind PA. Whether the PA 

molecules engaged in these interactions come from PLD or DGK remains to be elucidated. 
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Introduction

Phosphatidic acid (PA) has emerged as an important lipid second messenger in plants, being 

involved in a wide range of biotic (e.g. pathogens) and abiotic (e.g. osmotic, temperature) 

stress responses. Two signaling pathways are predominantly held responsible for its 

formation. PA is directly formed via activation of phospholipase D (PLD), and indirectly, via 

activation of a PLC pathway, which generates diacylglycerol (DAG) that is phosphorylated 

to PA via DAG kinase (DGK). Plant PLD signaling will be reviewed by our colleague, Dr. X. 

Wang. Here, the role of DGK in plant PA signaling responses is discussed.

Structure and classification

DGKs are members of a unique and conserved family of lipid kinases that catalyze 

the phosphorylation of DAG into PA. In mammalian cells, 10 different DGKs can be 

distinguished, which have been classified into 5 different subtypes (Figure 1; [1]). 

Saccharomyces cerevisiae was initially thought to lack a DGK, until recently the lab of 

George Carman discovered a novel type, consuming CTP rather than the common ATP 

[2]. In the genome of the model plant Arabidopsis thaliana, 7 DGK genes are present 

which fall into 3 phylogenetic clusters (Figure 1; [3]). Cluster I most closely resembles 

the DGKe type, which represents the most basic DGK in mammalian cells, containing 

the conserved catalytic DGK kinase domain, two C1-type domains, which are cystein-

rich domains thought to be responsible for binding the substrate DAG, and a predicted 

trans-membrane helix which targets this DGK to the membrane [4]. Cluster II and III 

AtDGKs lack the latter two domains and only exhibit the conserved kinase domain (Fig. 

1). Some DGKs of cluster III are distinguished by alternative splicing variants, containing a 

calmodulin-binding domain (CBD) [3,5]. The rice genome encodes 8 DGKs, falling into the 

same clusters as described for Arabidopsis.

The requirement of C1 domains for DAG binding and for catalytic activity of mammalian 

DGKs has been a matter of dispute. The absence of these domains from two clusters of 

plant DGKs suggests that they are not required for activity. In fact, AtDGK7, which falls 

in cluster III, was shown to have DGK activity [6]. The C1 domains of DGK may bind to 

protein partners rather than DAG, which would provide a mechanism for the spatial and 

functional coupling to other enzymatic activities [7]. Information on the 3-D structures of 

DGKs will help to establish the sites of DAG binding and mechanisms of activity regulation.  

Plant PA signaling via diacylglycerol kinase
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Localization

DGK activity has been characterized biochemically in roots and shoots of wheat [8] 

and in suspension-cultures of tobacco [9] and Catharanthus roseus [10-13]. Activity was 

predominantly found at the plasma membrane [8,9,12-14], while some was associated with 

the cytoskeleton [15], nucleus [16] and chloroplast [17]. A DGK from Catharanthus was 

purified as an intrinsic membrane protein, with a molecular mass of 51 kDa (i.e. a cluster 

II/III DGK). It required phospholipids or deoxycholate and divalent cations for activity, with 

Figure 1. Protein structures of members of the DGK family of mammals and Arabidopsis thaliana. 
Characteristic regulatory domains of typical DGK isoforms are indicated. The DGK clusters of A. thaliana 
are solely based on amino acid homology. AtDGK3, 4 and 7 are in cluster II, AtDGK5 and 6 are in cluster 
III [3]. The putative carboxyterminal calmodulin-binding domain is in a splice variant of AtDGK5, and 
is similar to the structure of SlCBDGK in tomato. In addition to the domains indicated, there are two 
putative Ca2+ binding EF hand domains between the C1 domains and the catalytic domain in AtDGK1 
[16]. Abbreviations: MARCKS, myristoylated alanine-rich C-kinase substrate, NLS, nuclear localization 
sequence, PH, pleckstrin homology, SAM, sterile a-motif. Adapted with permission from [1].
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Mg2+ being the most effective. Negatively charged lipids such as PI and PG stimulated the 

activity [12, 14], in contrast to the wheat enzyme which responded more to PPIs [8]. 

Mammalian DGK activity is generally regulated through signaling-dependent recruitment to 

specific membranes, mediated by defined structural domains (Fig. 1). Plant DGKs are likely 

to be regulated differently, since they hardly contain such domains (Fig. 1). Nevertheless, 

a DGK from tomato, SlCBDGK1, has been shown to have a CBD, which would allows its 

Ca2+-dependent membrane binding [5]. From the same locus, an alternative splice product 

gives rise to SlDGK1, which lacks the CBD and the Ca2+-dependent membrane localisation. 

While a Ca2+-dependent membrane localization is known for mammalian DGKs, the 

calmodulin-dependent mechanism seems a unique to plants. 

AtDGK5 is the Arabidopsis homolog of tomato SlDGK1 and also has two splice variants, 

one of which may contain the CBD [3]. This could have interesting implications in terms of 

physiological function, because a cytosolic rise in Ca2+ is a common element in biotic and 

abiotic stress signaling pathways.

Mammalian type I DGKs are regulated by Ca2+ through EF-hand domains (Fig. 1). Ca2+-binding 

results in a conformational change, which potentially modulates enzyme activity and/or 

exposes other domains. AtDGK1 has two putative EF hands between the C1 domains and 

the catalytic domain [18], but empirical validation of their presence is still missing. 

A recent study established that an amino-terminal transmembrane domain in AtDGK1 

and AtDGK2 was both sufficient and necessary to sequester them to the ER [4]. Transient 

expression of chimaeric constructs of green fluorescent protein (GFP), fused to truncated 

AtDGK1 and AtDGK2 containing the transmembrane domain, revealed ER localization. 

Deletion of the N-terminal region resulted in the loss of membrane localization and 

in this case AtDGK2-associated fluorescence was restricted to the nucleoplasm, while 

GFP-AtDGK1 was cytosolic. Amino acid-sequence analysis by the pfscan program (http://

plantst.genomics.purdue.edu) identified putative bipartite nuclear localization signals 

(NLS) in between the two C1 domains of cluster I AtDGKs (not shown). Overexpression 

of the hydrophobic region fused to yellow FP in Arabidopsis, showed localization to the 

ER in leaves and roots, but not the plasma membrane. Concurring with the prevalence 

of biochemical activity, the results suggested that AtDGK1 and AtDGK2 are permanently 

localized to membranes, primarily at the ER, although we have to keep in mind that the 

parts of the protein outside the hydrophobic stretch, which may also affect localization, 

were not considered in these experiments. The detection of DGK activity in the nucleus 

and Golgi apparatus (ibid.) is particularly interesting in the light of studies in mammals 

and yeast, which have indicated functions for DAG and PA in nuclear signaling [19] and 

vesicular transport between the ER and Golgi [20-22]. 

Since most of the in vitro DGK activity resides at the plasma membrane, the smaller, 

cluster II- and III- DGKs most likely account for this. Indeed, a GFP fusion of AtDGK5 

was found in the plasma membrane when expressed in Arabidopsis (B. van Schooten 

& T. Munnik, unpublished) and earlier, a 51-kDa DGK from Catharanthus was purified 
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as an intrinsic plasma membrane protein 

[14]. Since these smaller DGKs lack the 

C1- and hydrophobic domains, this raises 

the question of how they are anchored to 

the plasma membrane and how they find 

their substrate DAG.

Northern blot analysis of AtDGK1 showed 

transcripts in roots, shoots and flowers  

[18] while AtDGK2 mRNA was mostly 

abundant in cauline leaves, flowers, 

siliques, roots and rosette leaves [3]. 

Promoter-GUS fusions of AtDGK2 were 

used to study its expression during various 

developmental stages [3]. Interestingly, 

the GUS-staining pattern in cotyledons 

shifted in the first week after germination 

from an even distribution towards a 

concentration in the vascular bundles. 

Similarly, a shift from the root-shoot 

junction to the root tip was observed. 

RT-PCR analysis of AtDGK7 transcripts 

showed expression in flowers, young 

seedlings (2 wk) and cauline leaves [6]. 

Using the expression data retrieved by the 

Genevestigator software package (www.

genevestigator.ethz.ch), tissue-specific 

expression patterns of various AtDGK 

genes can be observed (Figure. 2). 

Distinguishing          
between DGK- and 
PLD-generated PA

Both PLD and DGK can generate a PA 

response in plant stress signaling, so how 

do we know which activity is involved? 

Normally, plant PA levels are 1-2 % of 

total phospholipids, depending on the 

plant and tissue. This is usually measured 

Figure 2. Expression pattern of Arabidopsis DGK 
genes in planta. Dark-grey represents the highest 
expression, white represents the lowest. Data were 
retrieved from www.genevestigator.ethz.ch 
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chemically by TLC, GC or HPLC methods, which only reveal relatively big changes in mass 

rather than subtle, localized, alterations in PA synthesis and/or turnover that occur in 

response to cellular stimulation. The majority of the PA probably even reflects the pool that 

functions as precursor for the biosynthesis of structural phospholipids at the ER,  which 

is made via two consecutive acylations of glycerol 3-phosphate and lyso-PA, respectively, 

via the Kennedy pathway. Nonetheless, subtle PA responses can readily be picked-up 

by pre-labelling plant material with inorganic 32P-orthophosphate (32Pi). An example is 

shown in Figure 3, using the unicellular green alga, Chlamydomonas. Cells rapidly take up 

the label and incorporate it into their phospholipids. First, the minor signaling lipids PIP, 

PIP2 and PA become labelled because they are formed  through direct phosphorylation 

using ATP, which is one of the first compounds to become labelled upon 32Pi-incubation. 

Moreover, these lipids turn-over much faster than structural phospholipids (e.g. see PE, PI, 

PG in Fig. 3B), and, as a consequence, the latter are labelled much slower. E.g., it takes 6 

days for the structural phospholipids to reach isotopic equilibrium, as opposed to a few 

minutes for the minor signaling lipids [23-25]. 

PLD activity can easily be monitored because the enzyme has a unique 

transphosphatidylation ability. In a two-step reaction, PLD first removes the headgroup 

(e.g choline or ethanolamine) and then transfers the phosphatidyl moiety to a 

nucleophillic acceptor, which is water under normal conditions, resulting in the formation 

of PA. However, PLD can also transfer the phosphatidyl moiety to primary alcohols, such 

a 1-butanol, resulting in the formation of phosphatidylbutanol (PBut), and this lipid is 

normally not present in cells but is readily synthesized in vivo, when cells are co-incubated 

with low concentrations (0.1-0.5%) of 1-butanol (Fig. 3A and 3C). Thus, when cells are 

prelabelled with 32Pi, the formation of 32P-PBut can be taken as a relative measure for 

PLD activity in vivo [26, 27]. Note, that the PBut will only be radioactive when the cells 

are prelabelled long enough to ensure labelling of PLD’s substrate, i.e. PE, which usually 

takes hours rather than min (Fig. 3A and 3B). Obviously, this also holds for the PA that 

would normally be coming through the PLD pathway (PAPLD). This is in sharp contrast 

with the PA generated via the DGK pathway (PADGK) as the latter is synthesized through 

phosphorylation of DAG using ATP. Thus, when cells are only shortly pre-labelled, a 

stimulus-dependent increase in 32P-PA can only occur through the DGK pathway and not 

via PLD. This so-called ‘Differential labelling protocol’, originally described for neutrophils 

[28], was validated for plants 11 years ago [25, 85] and has since been frequently used to 

distinguish between both pathways in a variety of plant systems [27, 29].

Another, complementary approach, applying the analysis of molecular species by GC-MS 

or LC-MS, uses the unique fatty acyl compositions of phospholipid classes to establish 

precursor-product relations. Thus, the PA that is produced via PLC/DGK matches the 

polyphosphoinositides in their fatty acid composition [23, 27, 30]. Likewise, PLD-generated 

PA inherits the composition of the PLD substrate, e.g. PC and PE [23, 31] which can again 
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Figure 3. Differential 32P-labelling protocol to distinguish between PA generated via a PLC/DGK- or PLD 
pathway. Chlamydomonas cells were metabolically prelabelled with 32P-orthophosphate for the times 
indicated and subsequently treated for 1 min with either buffer (control; panel A, B) or 1 µM mastoparan 
(stimulated; panel C, D), both in the presence of 0.1 % n-butanol. Lipids were then extracted, split into 
half, and either seperated on EtAc TLC (A, C), to separate the PLD-catalyzed phosphatidylbutanol (PBut), 
or Alkaline TLC (B, D), to visualize the rest of the phospholipids, including PA and its phosphorylated 
product, diacylglycerolpyrophosphate (DGPP). The point is that all cells are treated for the same time 
period (1 min) but that the PBut will only be radioactive when its substrate (i.e. PE) becomes labelled 
(> 40 min). The same holds of course for the PA that would be coming through the PLD pathway. In 
contrast, when PA is generated via DGK, then the label comes from ATP and since this is labelled within 
seconds, a massive radioactive PA response can be witnessed if a DGK was involved. Since PA kinase 
also uses ATP, a similar response in DGPP can be picked up (panel D). Since the specific radioactivity of 
32P-ATP decreases in time, the 1-min response decreases concomitantly.  The combined assay  is a relative 
measure and evidence  for PA coming through a DGK and/or PLD pathway.
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be validated by analyzing the fatty acid composition of PBut [23]. Hence, the molecular 

species of PA is indicative of its metabolic origin.

The activities of PLC and DGK, and the downstream responses, are often probed using 

inhibitors, viz. R59022 to inhibit DGK, and U73122 and neomycin to inhibit PLC. R59022 

was found to be more effective against the cluster I AtDGK2 than against cluster II 

AtDGK7 [6]. Nonetheless, the reliability and specificity of some of these compounds have 

been questioned [25].

Historically, DGK has always been linked to the PI-PLC pathway, phosphorylating the DAG 

that is generated through hydrolysis of PIP2. However, higher plants have very little PIP2, 

and a canonical IP3/Ca2+- and PKC pathway is missing [32, 34]. Nevertheless, there is plenty 

of PI4P in the plasma membrane [33] and Arabidopsis contains 9 potential PI-PLCs to take 

this lipid as a substrate. In vitro, plant PLCs hydrolyse PI4P and PIP2 equally well [25].

Interestingly, Arabidopsis also contains 5 bacterial-type PLCs. The latter are non-specific 

and hydrolyse structural phospholipids like PC and PE. Recently, an Arabidopsis KO 

mutant of a non-specific phospholipase C  (NPC5) was shown to be required for 50% of 

the digalactosyldiacylglycerol (DGDG) accumulation in leaves during phosphate limitation 

[35]. This lipid conversion, however, does not involve DGK activity. Hence, we suspect 

that the bacterial PLCs are involved in lipid metabolism rather than cell signaling.

Galactolipids constitute approximately 70% of the total lipids as opposed to 20% 

phospholipids in a typical leaf extract, yet there does not seem to be a lot of free DAG 

[36]. This is in huge contrast to the floral organs of Petunia hybrida, where large amounts 

of DAG were found. In stamens and pistils, DAG is supplied from PC by non-specific PLC 

activity and de novo, via the Kennedy pathway and PA phosphatase, whereas in petals, a 

two-step catalytic pathway via PLD and PA phosphatase predominates. Again, these data 

are likely to reflect metabolism (e.g. fuel for volatile emission) rather than signaling.

Expressing the DAG biosensor YFP-C1PKCg in tobacco BY-2 cells or Arabidopsis seedlings, 

revealed no membrane labelling, with all fluorescence ending up in the cytosol (J.E.M. 

Vermeer & T. Munnik, unpublished). Together, these data imply that the DAG levels in 

the cytosolic leaflet of membranes are very low, or even absent, and that in response to 

stimulation, a PI-PLC together with DGK generates a PA for signaling, and the NPC (or 

PLD/PAP) a DAG for metabolism. 

DGK-specific PA responses

Biotic stress

The PLC/DGK pathway seems generally activated in pathogenic responses, resulting 

in a rapid accumulation of PA during exposure to elicitors or pathogenic infection by 

bacteria, fungi or oomycetes [37]. Specific host-pathogen interactions in cells/tissues of 
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tobacco and Arabidopsis, but also general elicitors typically induce a biphasic PA response 

[38-41]. Several of these studies showed that the first, rapid, phase (mins) involves a 

PLC/DGK pathway while the second phase (hours) involves a PLD. The concurrent 

biphasic accumulation of reactive oxygen species (ROS), is believed to be downstream 

from PA formation. In xylanase-treated tomato cells, the gaseous hormone nitric oxide 

(NO) was projected upstream of the first phase of PA-dependent ROS accumulation [42]. 

ROS formation and the oxidative burst often prelude the hypersensitive response (HR), 

which includes programmed-cell death of the infected and adjacent cells, biosynthesis of 

antimicrobial phytoalexins, and expression of pathogenesis-related (PR) genes. PA may 

interfere directly with oxidative stress signaling through interaction with a protein kinase 

pathway (see below) [29].

Benzothiadiazole (BTH) is a biologically active structural analogue of salicylic acid (SA) 

which induces resistance against pathogens. A rice DGK gene, OsBIDK1, was recently 

found to be transcriptionally induced by BTH or infection with the blast fungus 

Magnaporthe grisea. Moreover, tobacco plants, constitutively overexpressing OsBIDK1, 

displayed enhanced resistance against tobacco mosaic virus (TMV) and Phytophtora 

parasitica infection  [43]. Along the same lines, an Arabidopsis dgk5 knock-out mutant 

was found to be impaired in its basal resistance to a virulent Pseudomonas syringae strain 

(S.C.M. van Wees, B. van Schooten, J.E.M. Vermeer, S. van der Ent, C. Testerink, M.A. 

Haring and T. Munnik, unpublished). Moreover, the transcriptional induction of PR1 by 

the pathogen or SA was almost completely abolished. These results provide the first 

genetic evidence that PA signaling through DGK is instrumental to the plant’s defence 

response to pathogens. Interestingly, two genes that are required for de novo glycerolipid 

biosynthesis (via PA), have also been implicated in SA-dependent resistance signaling, i.e. 

NHO1 and SFD1, encoding a glycerol kinase and a dihydroxyacetone phosphate reductase, 

respectively [44-47].

Abiotic stress

Salinity stress generates a PA response within seconds to minutes of NaCl application. 

This seems universal as many different plant systems show this, including green algae like 

Chlamydomonas and Dunaliella, suspension-cultured cells of tomato, tobacco, Arabidopsis, 

tobacco pollen tubes, and seedlings and leaves of Arabidopsis, rice and tomato [48-53]. 

Often, concomitant increases in the levels of DGPP and PIP2 were reported. 

Osmotic stress, in the form of drought or by treatment with mannitol or PEG, also 

generates PA via DGK although these responses look less severe than NaCl treatments 

and are usually slower. The down-stream responses for this PA increase are still unknown 

but in a screen for PA-binding proteins, two interesting protein kinases were found 

[54] which are known to be activated by osmotic stress and belong to the SNF-related 
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protein kinase 2 (SnRK2) family [55-57]. Whether PA is involved in their activation and/or 

recruitment is still unknown. 

Cold-shock treatment (0 °C) of Arabidopsis suspension-cultured cells rapidly triggered PA 

formation [30]. During the first 10 min, DGK prevailed, accounting for approx. 80% of 

the total PA response, whereas later PLD activity dominates. In a transcriptome analysis 

of Arabidopsis seedlings, an ‘early’ (3 h) and long-lasting induction of AtDGK1 was found, 

followed by a late induction (24 h) of AtDGK2 [58]. The two genes seem to depend on 

the upstream transcription factor, ICE1 (inducer of CBF expression 1), which regulates 

many cold-induced genes, as their expression was differentially affected by the ice1 

mutation [58, 59]. These data suggest that the two structurally similar DGKs are regulated 

separately and have distinct functions in the cold response.

Vergnolle et al. [60] investigated the transcriptome of Arabidopsis suspension cells in 

response to cold stress, and used putative inhibitors of PLC and PLD (i.e. U73122 and 

0.9 % 1-butanol, respectively), to implicate either pathway. As such, two groups of 

cold-regulated genes were discerned: 58 genes that were regulated via PLC and 87 genes 

via PLD. Only a few genes were downstream of both routes.

Freezing stress is different from cold in that it causes a dramatic drop in external water 

potential due to ice formation. Freezing injury triggers massive PA formation, mainly 

through PLD activity, which is unleashed when membranes get disrupted [53], although 

PLD could also play a role in the acclimation response [61]. Nonetheless, molecular species 

analysis of the fatty acids of Arabidopsis lipids after incubation of plants at -8 °C for 

2 h, revealed the formation of a minor fraction of PA with a 34:6 fatty acyl structure 

(total carbon atoms : double bonds), which is typical of plastidial MGDG [31]. It was 

inferred that this galactolipid had been broken down to DAG, which was subsequently 

phosphorylated to PA, implying a DGK activity. Interestingly, isolated chloroplasts contain 

DGK activity [17] and PA can activate a specific MGDG synthase [62]. 

Although both PLC/DGK and PLD give rise to stimulus-triggered PA increase, differences 

in DGK-, PLC- and PLD gene expression, the regulation of their enzymatic activity 

and downstream responses suggest a functional separation of the two pathways. 

Apart from PA formation, the PLC/DGK pathway, of course, also entails DAG- and 

inositolpolyphosphate formation and the removal of PIP and PIP2. Also, the fatty acyl 

composition of the resulting PA’s are distinct. Future studies will have to evaluate the 

implications of these differences.

PA signaling and targets

PA formation has a profound effect on membrane curvature and surface charge [22, 63]. 

PA’s small anionic phosphomonoester headgroup resides very close to the hydrophobic 

interior of the lipid bilayer, and this is different from other anionic phospholipids. Moreover, 
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hydrogen bonding increases the negative charge of PA, explaining why it can form strong 

interactions with target proteins, which has recently been proposed as the Electrostatic/

hydrogen bond switch model [64, 65]. The combined effects are likely to be crucial for 

specific PA responses [64, 66-69]. An excellent example of how PA formation affects 

vesicular trafficking was recently revealed by the observation that PA, in cooperation with 

BARS, induces membrane curvature to promote COPI vesicle formation [66]. 

Major progress has been made in identifying molecular targets for PA. Mammalian targets 

include protein kinases and phosphatases, and various proteins involved in vesicular 

trafficking [29, 70]. Also in plants, several PA-binding proteins have been identified (Table 

1). Those characterized include the protein kinases CTR1 [71] and PDK1 [72] and the 

protein phosphatase ABI1 [73]. PDK1 is stimulated by PA whereas CTR1 and ABI1 are 

both inhibited. CTR1 and ABI1 are negative regulators in ethylene and ABA signaling, 

respectively. Through PDK1, PA enhances the activity of another AGC2 kinase, OXI1 [72], 

which mediates responses to ROS in root hair development and pathogens [72, 74]. PA 

has been shown to promote actin polymerization, through binding and inhibition of the 

actin capping protein, AtCP [75]. Other proteins with affinity for PA include RCN1, a 

protein phosphatase 2A regulatory subunit that is involved in ABA, ethylene and auxin 

signaling [54], the aforementioned SnRK2 protein kinases that are activated by osmotic 

Table 1. Plant PA target proteins

Protein Function Effect of PA Lipid specificity Method Ref.

ZmCPK11 Calcium-dependent 
protein kinase

Activation Anionic 
phospholipids

In vitro activity [76]

AtPDK1 Phosphoinositide-
dependent protein 
kinase

Activation Several PPIs 
and PA

Lipid beads, lipid overlay, 
liposomes, in vivo activity

[72, 79]

TGD2 PA transport into 
the chloroplast

Binding PA Lipid overlay [78]

AtCTR1 Raf/MLK-like 
protein kinase

Inhibition PA>>PS Lipid beads, liposomes, in 
vitro activity 

[71]

PEPC Phosphoenol 
pyruvate 
carboxylase

Inhibition Anionic 
phospholipids

Lipid beads, in vitro activity 
* 

[54]

AGD7 Arf GTPase 
activating protein 
(GAP)

Activation PA Lipid overlay, in vitro 
activation of GAP activity

[77]

ABI1 Protein 
phosphatase 2C

Inhibition PA Lipid overlay, ITC, in vivo 
ABA responses through 
ABI1 

[73, 80]

AtCP Actin capping 
protein

Inhibition PA, PIP2 Lipid overlay, in vitro 
activity, intrinsic tryptophan 
fluorescence quenching

[75]

Abbreviations: ITC: Isothermal Titration Calorimetry, MLK: Mixed-lineage kinase, PPI: phosphorylated 
phosphatidylinositol. *Testerink, unpublished data.
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stress [54], the calcium-dependent protein kinase ZmCPK11 [76], the ArfGAP AGD7 

[77] and TGD2, a protein implicated in PA transport into the plastid [78] (see Table 1). 

However, a general PA-binding domain still remains obscure. While ABI1 has been shown 

to bind PAPLD [73, 80],  in most other cases it is still unclear which PA-generating pathway 

is involved [27, 29, 34, 71, 72, 79]. 

Perspectives

Clearly, PA is an important second messenger in plants, and DGK is one of the crucial 

contributors. Individual knock-out mutants in Arabidopsis, so far, have resulted in minor 

defects (Munnik lab, unpublished), which is likely due to redundancy within the large gene 

family of DGKs. As such, double- and even triple mutants will be required to determine 

which DGK is involved in which process and to investigate downstream gene expression 

responses. Secondly, it will be highly important to develop a PA-biosensor, using a specific 

PA-binding domain fused to a fluorescent protein, similar to what has been described for 

PI3P [51,81], PI4P [33], PI(4,5)P2 [82-84], PS [70] and DAG [83,84]. Such tools will tell us 

where and when PA is generated, in response to the different stimuli. Co-expression of 

PA targets in another fluorescent color may further reveal where and how PA signaling 

works. 
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Abstract

The fatty acid and polar lipid compositions of the unicellular green alga Chlamydomonas 

moewusii were characterized. Since this organism is an important plant model for 

phospholipid-based signal transduction, interest was focused on the lipids phosphatidic 

acid, phosphatidylinositol phosphate and phosphatidylinositol bisphosphate. A 

phosphatidylinositol : phosphatidylinositol phosphate : phosphatidylinositol bisphosphate 

ratio of 100 : 1.7 : 1.3 was found. The polyphosphoinositides accounted for 0.8 mol 

% of the total phospholipids and their fatty acid compositions were similar to that of 

phosphatidylinositol except for the enrichment of linolenic acid in phosphatidylinositol 

phosphate. Phosphatidic acid accounted for 0.67 mol % of the phospholipids. Major structural 

glycerolipids were monogalactosyldiacylglycerol (35 mol %), digalactosyldiacylglycerol 

(15 mol %), sulfoquinovosyldiacylglycerol (10 mol %), diacylglyceryltrimethylhomoserine 

(16 mol %), phosphatidylglycerol (9 mol %), phosphatidylethanolamine (8 mol %) and 

phosphatidylinositol (6 mol %). Relative changes in the total fatty acid compositions found 

during growth on nutrient-limited medium reflected mainly alterations in the compositions 

of the chloroplast lipids phosphatidylglycerol and monogalactosyldiacylglycerol. [32P]

Pi-incorporation studies revealed that it took 6 days before the amount of label in the 

major phospholipids was proportional to their abundance. 

Introduction

In recent years, lipids have emerged as specific regulators of physiological processes in 

plants. The unicellular green algae Chlamydomonas and Dunaliella have proved excellent 

model systems for the study of lipid-based signal transduction. The uniformity of these 

cell systems allows such metabolic pathways to be studied in great detail and the findings 

made can often be extrapolated to higher plants due to the marked similarities between 

these organisms at the cellular level (Thompson, 1996; Munnik, Irvine & Musgrave, 1998). 

While the advantages of green algae in this novel field of exploration are becoming 

clear, only a few species have been examined in detail for their lipid and fatty acid 

Table I.  Changes in fatty acid composition of C. moewusii after 1-5 weeks of growth

Fatty Acid (mol %)*

Week # 14:0 16:0 16:1(∆3t) 16:1w9 16:2 16:3w3 16:4 18:1w7 18:1w9 18:2 18:3w3 18:4

1 6.7 13.7 1.5 1.7 1.5 7.1 16.4 1.3 7.2 6.8 31.8 3.0

3 4.6 16.4 0.9 2.4 2.7 3.4 18.1 2.1 12.0 7.0 25.7 3.9

5 4.1 22.2 0.7 1.2 2.7 2.9 12.4 3.2 15.6 9.1 21.1 3.8

*Fatty acids only found in trace amounts, including 14:3, 18:0 and 18:3w6, are omitted
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compositions. Moreover, most studies have ignored phosphatidylinositol phosphate 

(PtdInsP), phosphatidylinositol bisphosphate (PtdInsP2) and phosphatidic acid (PtdOH), 

because of their low abundance and the difficulty of purifying sufficient amounts. 

These phospholipids have attracted much interest in the study of signal transduction in 

plants, because different kinds of stress stimulate phospholipase C (PLC, EC 3.1.4.11) and 

phospholipase D (PLD, EC 3.1.4.4) activity resulting in the breakdown of PtdInsP2 by PLC, 

and the formation of PtdOH by both phospholipases (Munnik et al, 1998a). Using [32P]

Pi-labeling techniques, these activities have been characterized in C. moewusii (Munnik, 

Arisz, De Vrije & Musgrave, 1995; Munnik, Van Himbergen, Ter Riet, Braun, Irvine, Van 

den Ende & Musgrave, 1998).

Here, we present the polar glycerolipid and fatty acid composition of this alga. Since 

our interest was focused on the polyphosphoinositides (PPIs), procedures for their 

purification, solid-phase extraction and 2D-TLC separation were developed. Because of an 

apparent discrepancy in the measured phospholipid masses with previous in vivo labeling 

experiments, a [32P]Pi-incorporation study is included, showing labeling trends towards 

molar ratios.

Results and discussion

Plant glycerolipids are synthesized in the chloroplast and the endoplasmic reticulum, 

where phosphatidic acid moieties are formed as precursors of all diglycerides (Frentzen, 

1986; Ohlrogge & Browse, 1995). As a result of the activities of specific acyltransferases 

and desaturases in these compartments, each lipid class has its own characteristic fatty 

acid content. In glycerolipids of the Chlorophytae, which are considered very close to 

higher plants with respect to lipid composition and metabolism, polyunsaturated fatty 

acids (PUFAs) of 16 and 18 carbon atoms predominate (Thompson, 1996). 

In order to characterize the fatty acid content of C. moewusii gametes, cells were grown 

on nutrient-limited medium, that enhances the production of gametes which have been 

used in most studies on cell signaling. Since this environmental restriction could affect 

lipid composition, cells were sampled after 1 to 5 weeks of culture (Table I). The PUFAs 

Table I.  Changes in fatty acid composition of C. moewusii after 1-5 weeks of growth

Fatty Acid (mol %)*

Week # 14:0 16:0 16:1(∆3t) 16:1w9 16:2 16:3w3 16:4 18:1w7 18:1w9 18:2 18:3w3 18:4

1 6.7 13.7 1.5 1.7 1.5 7.1 16.4 1.3 7.2 6.8 31.8 3.0

3 4.6 16.4 0.9 2.4 2.7 3.4 18.1 2.1 12.0 7.0 25.7 3.9

5 4.1 22.2 0.7 1.2 2.7 2.9 12.4 3.2 15.6 9.1 21.1 3.8

*Fatty acids only found in trace amounts, including 14:3, 18:0 and 18:3w6, are omitted
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16:3, 16:4 and 18:3, characteristic of the plastidic galactolipids, and 16:1 (D3-trans), 

specific for plastidic phosphatidylglycerol (PtdGro) (Thompson, 1996), decreased from 

week 1 to week 5. Changes in  monogalactosyldiacylglycerol (MGDG) and plastid PtdGro 

have been found as a corollary to changes in temperature, nutrient availability and 

irradiance level (Kuiper, 1985; Sukenik, Yamagutchi & Livne, 1993), and may be regarded 

as a general response to unfavourable growth conditions. The unusual fatty acid 16:1 

(D3-trans), which is thought to play a structural role in chloroplast lipid-protein complexes 

(Trémolières, Roche, Dubertret, Guyon & Garnier, 1991), accounted for 24 mol % of the 

total fatty acids in PtdGro after 1 week and 9 mol % after 5 weeks (not shown). This may 

be related to the morphological changes in thylakoids described for other Chlamydomonas 

cells (Martin & Goodenough, 1975), and is consistent with the reduction in chloroplast 

lipids described elsewhere (Piorreck & Pohl, 1984). The concomitant rise in 16:0 and 18:1 

may reflect synthesis of neutral storage lipid (Piorreck & Pohl, 1984), since these fatty 

acids predominate in neutral lipids of C. moewusii (data not shown). 

To minimize these culture-age-dependent changes, 2- to 3-week-old cultures were 

routinely used for the analysis of lipids and fatty acids (Table II). Quantities were 

deduced from GC mass analysis of the component fatty acids and, for phospholipids, 

by phosphorus determination. The plastid glycolipids MGDG, digalactosyldiacylglycerol 

(DGDG) and sulfoquinovosyldiacylglycerol (SQDG) accounted for 60 mol % of total 

polar glycerolipids. The structural phospholipids PtdGro, phosphatidylethanolamine 

(PtdEtn) and phosphatidylinositol (PtdIns) accounted for 23 mol % and were found 

in a molar ratio of 39 : 35 : 27, in agreement with phosphorus determinations. While 

phosphatidylcholine is absent from Chlamydomonas (Harwood & Jones, 1989), 

diacylglyceryltrimethylhomoserine (DGTS), another zwitterionic lipid common to green 

algae (Eichenberger, 1993), accounted for 16 mol % of the total polar glycerolipid.

Table II.  Major lipids of C. moewusii and their fatty acid compositions

Fatty Acid (mol %) *

Lipid % of total † 14:0 16:0 16:1 ‡  16:2 16:3 16:4 18:0 18:1w7 18.1w9 18:2 18:3w3 18:4

MGDG 35 <1 2 1 2 4 36 <1 - 2 9 43 -

DGDG 15 - 28 2 8 11 2 - 2 19 10 18 -

SQDG 10 - 81 - - - - 1 2 3 5 9 1

DGTS 16 - 71 - <1 2 3 <1 2 4 3 8 7

PtdGro 9 12 35 25 - <1 - 1 2 5 10 11 1

PtdEtn 8 - 5 - - <1 - <1 - 92 1 2 -

Ptdlns 6 - 50 - - 1 - - 20 14 9 7 -

* 2 to 3 week-old cultures. Values represent the averages of at least 4 independent analyses; s.d. ≤ 4 for 
glycolipids and s.d. ≤ 2 for other lipids. Fatty acids only found in trace amounts, including 16:1w7, 16:3w3 
and 18:3w6, are omitted.† Values represent mole percentages of total polar glycerolipids as determined 
by reference to internal GC standards and/ or P-determination. ‡ 16:1w9 or, in the case of PtdGro, 16:1 
(∆3-trans ).
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Galactolipids, as compared to phospholipids, were characterized by an abundance of C16- 

and C18- polyunsaturates (Table II), largely accounting for the high PUFA content of the 

total extracts (Table I). PtdEtn contained mainly oleic acid (18:1w9), consistent with its 

extraplastidic glycerolipid synthesis (Frentzen, 1986). Only one isomer of linolenic acid, 

18:3w3, was consistently found in the polar glycerolipid classes, although the 18:3w6 

isomer was found in trace amounts in total extracts and sometimes in DGTS. This is in 

contrast to C. reinhardtii (Giroud, Gerber & Eichenberger, 1988), where 18:3w6 is a major 

component and the exclusive isomer in PtdEtn and DGTS, while 18:3w3 is the exclusive 

isomer in MGDG and DGDG. Apart from these interspecies differences, their glycerolipid 

and fatty acid compositions are similar. In both species, PtdGro was characterized by the 

presence of 16:1 (D3-trans). The fatty acid 14:3, which is almost limited to PtdGro in C. 

moewusii, has also been found in PtdGro of C. reinhardtii (Janero & Barnett, 1981). In C. 

moewusii, the relative fatty acid compositions of vegetative cells and gametes of both 

mating types were found to be the same (data not shown).

Due to their roles in intracellular signal transduction, the minor phospholipids PtdInsP, 

PtdInsP2 and PtdOH are interesting new subjects for lipid and fatty acid analysis. In 

C. moewusii, PtdInsP2-hydrolyzing PLC activity has been characterized under various 

stimulatory conditions (Munnik et al, 1998a, 1998b). Although PtdIns is the precursor 

to the PPIs, its fatty acid composition is not necessarily the same. For example, in some 

mammalian cells, it is enriched in arachidonic acid (Augert, Blackmore & Exton, 1989).

The small amount of PtdInsP, PtdInsP2 and PtdOH compared with the large background 

of structural lipids makes their analysis a difficult task. Combinations of solid-phase 

extraction and TLC were utilized to resolve sufficient quantities for analysis. We therefore 

developed a modified elution protocol for silica columns that resulted in the recovery 

of 70 % of the total PPIs and 92 % of the PtdOH. The results of these analyses were 

Table II.  Major lipids of C. moewusii and their fatty acid compositions

Fatty Acid (mol %) *

Lipid % of total † 14:0 16:0 16:1 ‡  16:2 16:3 16:4 18:0 18:1w7 18.1w9 18:2 18:3w3 18:4

MGDG 35 <1 2 1 2 4 36 <1 - 2 9 43 -

DGDG 15 - 28 2 8 11 2 - 2 19 10 18 -

SQDG 10 - 81 - - - - 1 2 3 5 9 1

DGTS 16 - 71 - <1 2 3 <1 2 4 3 8 7

PtdGro 9 12 35 25 - <1 - 1 2 5 10 11 1

PtdEtn 8 - 5 - - <1 - <1 - 92 1 2 -

Ptdlns 6 - 50 - - 1 - - 20 14 9 7 -

* 2 to 3 week-old cultures. Values represent the averages of at least 4 independent analyses; s.d. ≤ 4 for 
glycolipids and s.d. ≤ 2 for other lipids. Fatty acids only found in trace amounts, including 16:1w7, 16:3w3 
and 18:3w6, are omitted.† Values represent mole percentages of total polar glycerolipids as determined 
by reference to internal GC standards and/ or P-determination. ‡ 16:1w9 or, in the case of PtdGro, 16:1 
(∆3-trans ).
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confirmed using neomycin-coated glass beads (Schacht, 1978) for purification. Due to 

the high selectivity of neomycin, this method proved more efficient in the extraction of 

PtdInsP and PtdInsP2 (recovery 96 %). 

The quantities of these lipids are expressed in Table III as mole percentages of the total 

phospholipids, which were quantitated from the same extract. Per 109 cells, C. moewusii 

contained 1.4, 1.1 and 2.1 nmoles of PtdInsP, PtdInsP2 and PtdOH, respectively. The PtdIns : 

PtdInsP : PtdInsP2 molar ratio was calculated to be 100 : 1.7 : 1.3. No significant differences 

were found in the fatty acid compositions of PtdIns, PtdInsP and PtdInsP2 except for an 

enrichment of 18:3 in PtdInsP. In contrast to reports on mammalian PPIs (Augert et al, 

1989), but concurring with those on carnation (Munnik, Musgrave & De Vrije, 1994) and 

carrot (Van Breemen, Wheeler & Boss, 1990), these lipids had no distinctive fatty acids 

such as long-chain PUFAs. Also, analysis of D. salina showed the presence of mainly 16:0 

and 18:1 (Ha & Thompson, 1991). Previous analyses with contrary results, are likely to 

have employed insufficient purification protocols (Brederoo, De Wildt, Popp-Snijders, 

Irvine, Musgrave & Van den Ende, 1991). The discrepancy with mammals may be related to 

specific physiological functions of these lipids in plants (Munnik et al, 1998a). 

While PtdOH can function as a second messenger in signaling cascades and can be 

generated via both PLD (Munnik et al, 1995) and PLC activities (Munnik et al, 1998b), its 

fatty acid composition in non-stimulated cells is likely to reflect its role as intermediate in 

de novo glycerolipid synthesis. The predominance of 16:0 and 18:1 (Table III) supports this 

idea since these fatty acids are esterified to glycerol-phosphate in newly formed PtdOH. 

This lipid is the precursor to various complex glycerolipids which serve as substrates 

for further fatty acid desaturation, for which evidence has been found in C. reinhardtii 

(Giroud & Eichenberger, 1989). 

Table III.  Minor phospholipids of C moewusii *

Mol% of 
phospholipids

Fatty Acids (mol %) †

Lipid 16:0 18:1w7 18:1w9 18:2 18:3w3

PtdlnsP 0.45 44 15 14 13 13

PtdlnsP2 0.34 53 19 15 9 5

PtdOH 0.67 20 2 73 2 3

* 2- to 3-week-old cultures † Values represent the averages of at least 4 independent analyses (s.d. ≤ 2).

Metabolic radiolabeling strategies have been utilized to investigate pathways of 

glycerolipid biosynthesis (Giroud & Eichenberger, 1989; Harwood & Jones, 1989) and 

signal transduction in plants (Einspahr, Peeler & Thompson, 1988; Munnik et al, 1998b). 

The molar ratios determined here by fatty acid and phosphorus analysis are not consistent 

with the ratios seen in [32P]Pi-labeling studies of C. moewusii, which show heavily labeled 

phosphoinositides and relatively small amounts of PtdEtn (Munnik et al, 1998b; Brederoo 
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et al, 1991). However, due to divergent rates of label incorporation and lipid turnover, 

amounts of radioactivity need not reflect the molecular abundance of different lipid 

classes. For example, short-term labeling of phospholipids with [32P]Pi has been shown to 

reflect turnover rates rather than abundance (Einspahr et al, 1988; Munnik et al, 1994a, 

1994b, 1998b). However, by extending the time of labeling and adding unlabeled carrier-

phosphate, the influence of different metabolic rates is overruled by differences in pool 

sizes. To investigate whether such a labeling protocol can generate a phospholipid labeling 

pattern equivalent to the mass ratios, a cell suspension was labeled with [32P]Pi in a 1mM 

K-Pi buffer and sampled at subsequent time points (Fig. 1A). After 6 days the [32P]PtdGro : 

[32P]PtdEtn : [32P]PtdIns ratio was 42 : 34 : 25, a close approximation to their molar ratios, 

as determined by fatty acid and phosphorus analysis, indicating that the lipids had become 

equally labeled.

[32P]Pi-labeling of the PPIs is usually very rapid due to their high turnover rates (Munnik 

et al, 1994a, 1994b, 1998b). This is illustrated in Fig. 1B as the high proportion of label 

they contain during the first hours of labeling. However, over a six-day period, labeling of 

PtdOH, PtdInsP and PtdInsP2 changed to represent 1.76, 0.92 and 0.77 %, respectively, 

of the total [32P]phospholipids, approaching their molar ratios in the cell. The apparent 

overestimation relative to the major phospholipids may be due to the particular conditions 

of the labeling experiment. 

While radiolabeling is the method of choice for analyzing rapid changes in phospholipid 

metabolism in response to environmental stimuli, knowledge of the lipid mass levels 

and fatty acid compositions will be useful for the further characterization of the signal 

transduction pathways. Such information may reveal precursor-product relations and thus 

elucidate the metabolic origin and fate of lipid signals.

Figure 1. [32P]Pi-labeling of C. moewusii phospholipids with time. Labeling is expressed as a percentage 
of the total labeled lipid. (A) Structural lipids; PtdGro, PtdEtn and PtdIns. (B) Minor lipids; PtdOH, PtdInsP 
and PtdInsP2.
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Experimental

-Cell cultures. Chlamydomonas moewusii strain UTEX 10 (mating type minus) from 

the Culture Collection of Algae, University of Texas (Austin) and strain 17.17.2 (mating 

type plus) were autotrophically grown as described before (Schuring, Smeenk, Homan, 

Musgrave & Van den Ende, 1987). Swimming gamete suspensions were obtained by 

flooding each plate culture with 20 ml HMCK (10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, 

1 mM KCl; pH 7.4). After 16 hr, cells were harvested. Vegetative cells were grown in the 

liquid medium described by Kates and Jones (1964).

-Lipid isolation. Lipids were extracted by a modification of the Bligh and Dyer method 

(Munnik, De Vrije, Irvine & Musgrave, 1996) and separated by TLC (silica gel 60) using 

the following solvent systems (volume ratios given): A: CHCl3-MeOH-NH4OH-H2O 

(90:70:4:16); B: CHCl3-Me2CO-MeOH-HAc-H2O (80:30:28:26:15); C: CHCl3-MeOH-H2O, 

(65:25:4); D: CHCl3-MeOH-NH4OH (65:35:5); E: EtOAc-iso-octane-HCO2H-H2O (13:2:3:10). 

PtdGro, PtdEtn and PtdIns were separated by 2D-TLC using solvent A in the first dimension 

and solvent B in the second dimension. Other structural lipids were separated by 2D-TLC 

using solvent C in the first and D in the second dimension (Allen & Good, 1971). Lipids 

were localized by autoradiography, iodine or dichlorofluoresceine staining and identified 

on the basis of their migration, specific staining and 32P-labeling properties.

For the purification of minor phospholipids, the extract was fractionated by column-

adsorption chromatography on a 2 g-silica column. Briefly, 10 mg lipid was applied to 

the column in n-hexane. 32P-lipid markers were included to monitor phospholipids and 

to calculate the recovery. Elution solvents were (1) hexane-Et2O (99:1, 18 ml), (2) hexane-

Et2O (4:1, 15 ml), (3) CHCl3 (10 ml), (4) Me2CO-CHCl3 (2:1, 25 ml), (5) Me2CO-MeOH 

(29:1, 10 ml), (6) Me2CO-MeOH (19:1, 30 ml), (7) Me2CO-MeOH (2:1, 25 ml), (8) 

CHCl3-MeOH-H2O-HCl (50:100:40:1, 10 ml). Lipids were extracted from the last fraction 

by a normal two-phase lipid extraction, treating the eluate as a homogeneous phase. 

After drying the eluates, the PPIs were resolved by TLC using solvent C, followed by 

solvent A in the same direction. PtdOH from fraction 7 was separated using solvent E.

Alternatively, PtdInsP and PtdInsP2 were purified by solid-phase extraction with neomycin-

coated glass beads (Schacht, 1978), kindly provided by R. F. Irvine (Cambridge, UK). The 

extract was dissolved in CHCl3-MeOH-170 mM HCO2NH4 (5:10:2) and mixed with beads 

for 15 min at 4°. After several washes with the solvent, the beads were clear of all lipids, 

except the PPIs that were quantitatively recovered by washing with CHCl3-MeOH-2.4 N 

HCl (2:4.5:2). These lipids were extracted from the aq. phase into CHCl3 and resolved by 

TLC using solvent A.

-Fatty acid derivatization and analysis. Lipid spots were scraped off the plates directly 

into the transmethylation reagent. Known concentrations of heptadecanoic (17:0) and 

heneicosanoic (21:0) acid methyl esters served as internal standards. The concentrated 

FAME extract was analyzed in a GC equipped with a 50 m WCOT fused silica column and 
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FID with carrier gas N2 at 30 ml min-1 and a split ratio of 1:75. Injection volume was 1 ml 

and operating conditions were 180° isothermal or temp. programmed 180° to 220° at 

0.5° min-1 with injector and detector temps. at 250° and 270°, respectively.

-Phosphorus determination was by the method of Rouser, Fleischer and Yamamoto (1970). 

-Metabolic radiolabeling. 40 µCi [32P]Pi in a 1 mM K-Pi buffer pH 7.4 was added to 4 

ml of cell suspension in HMCK. Samples were taken at the time points indicated, lipids 

extracted and separated by TLC using solvent A as described earlier (Munnik et al, 1994a). 

Radioactivity was quantitated by phosphoimaging.
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Summary

In response to various environmental stress conditions, plants rapidly form the intracellular 

lipid second messenger phosphatidic acid (PA). It can be generated by two independent 

signalling pathways via phospholipase D (PLD) and via phospholipase C (PLC) in combination 

with diacylglycerol kinase (DGK). In the green alga Chlamydomonas, the phospholipid 

substrates for these pathways are characterized by specific fatty acid compositions. This 

allowed us to establish (i) PLD’s in vivo substrate preference, and (ii) PLD’s contribution 

to PA formation during stress signalling. Accordingly, G-protein activation (1 µM 

mastoparan), hyperosmotic stress (150 mM NaCl), and membrane depolarization (50 mM 

KCl) were used to stimulate PLD, as monitored by the accumulation in 5 min of its unique 

transphosphatidylation product phosphatidylbutanol (PBut). In each case, PBut’s fatty 

acid composition specifically matched that of phosphatidylethanolamine (PE), identifying 

this lipid as PLD’s favoured substrate. This conclusion was substantiated by analyzing the 

molecular species by ESI-MS/MS, which revealed that PE and NaCl-induced PBut share 

a unique (18:1)2-structure. The fatty acid composition of PA was much more complex, 

reflecting the different contributions from the PLC/DGK and PLD pathways. During 

KCl-induced stress, the PA rise was largely accounted for by PLD activity. In contrast, PLD’s 

contribution to hyperosmotic stress-induced PA was less, being approximately 63% of the 

total increase. This was because the PLC/DGK pathway was activated as well, resulting in 

phosphoinositide-specific fatty acids and molecular species in PA. 
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Introduction

The study of phospholipase D (PLD) in several plant systems has indicated functions not 

only in lipid catabolism, but also in cell signalling and regulation (Munnik et al., 1998a; 

Wang, 2002). Its hydrolytic activity on phospholipids, which generates phosphatidic acid 

(PA) and a free head group, responds to a variety of environmental stress conditions, 

e.g. drought (Frank et al., 2000; Katagiri et al., 2001), hyperosmotic stress (Munnik et al., 

2000), wounding (Lee et al., 1997; Ryu et al., 1996, 1998; Zien et al., 2001), and both 

pathogenic (Laxalt et al., 2001; Van der Luit et al., 2000) and symbiotic (Den Hartog et 

al., 2001) interactions. The rapidly and transiently accumulated PA is now considered an 

intracellular signal, activating downstream targets in the stress response (Munnik, 2001). 

PA is however a metabolically complex lipid, because it is formed not just by PLD, but also 

by phospholipase C (PLC) in combination with diacylglycerol kinase. PLC hydrolyzes the 

minor phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP2), releasing inositol(1,4,5)

trisphosphate (IP3) and diacylglycerol (DAG). The latter is then rapidly phosphorylated to 

PA by diacylglycerol kinase (DGK). PLC and PLD have been suggested to be differentially 

activated by stress conditions, resulting in PA increases of different metabolic origins. 

It is important to distinguish these sources of PA since they may well be critical to its 

signal function. Thus, PA should be traced back to its precursors, the substrates of the 

respective phospholipases.

Whereas in the PLC/DGK pathway PA is derived from PIP2, the substrate of PLD is 

less clear. In general, phosphatidylcholine (PC) is considered to be the substrate, 

but in vitro phosphatidylethanolamine (PE) and phosphatidylglycerol (PG), but never 

phosphatidylinositol (PI), can also serve as substrates. The situation is complicated by 

the fact that there is more than one PLD. Six genes have been cloned from Arabidopsis 

(Wang, 2002) and 5 from tomato (Laxalt et al., 2001). Thus, PLD is a heterogeneous 

family of isozymes which differ not only in cellular localization, expression, regulation and 

presumed function, but also in substrate preference (Elias et al., 2002; Pappan and Wang, 

1999; Qin and Wang, 2002). 

Recently, the in vivo substrate of PLDa from Arabidopsis during freezing stress was 

identified as  PC, since its hydrolysis was reduced in PLDa-silenced plants compared with 

wild-type plants (Welti et al., 2002). Expressing multiple Arabidopsis PLDs in E. coli has 

allowed to investigate the in vitro substrate selectivity of the individual isozymes, in assays 

using different substrates (Pappan and Wang, 1999). The a, b and g classes of PLD all 

hydrolyzed PC, phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) (Pappan et 

al., 1998), but the substrate preferences differed. For example, PLDb and g hydrolyzed 

phosphatidylserine and N-acylphosphatidylethanolamine, whereas PLDa did not. In a 

more recent study, PLDd hydrolyzed PE and PC, while the novel PLDz1 only hydrolyzed PC 

(Qin and Wang, 2002). These differences support the notion that PLD recognizes specific 

phospholipid substrates. Simultaneously, they underscore the importance of studying PLD 

Substrate of PLD in Chlamydomonas

61



chapter 4

activity in vivo, activated by physiological stimuli, since in vitro results often depend on 

arbitrary assay conditions.

To specifically monitor PLD activity, its unique ability to catalyze an in vivo 

transphosphatidylation reaction can be used. In the presence of a low concentration 

of a primary aliphatic alcohol, such as butan-1-ol, PLD generates not only PA, but also 

phosphatidylbutanol (PBut; Munnik et al., 1995). The accumulation of this unnatural 

lipid is now commonly used as a relative measure of PLD activity during signalling (Den 

Hartog et al., 2001; Frank et al., 2000; Katagiri et al., 2001; Meijer et al., 2001; Munnik 

et al., 2000; Ritchie and Gilroy, 2000; Van der Luit et al., 2000). Moreover, since PBut, in 

contrast to PA,  is the unique product of PLD activity, its fatty acid and molecular species 

composition reflects that of PLD’s substrate. Thus, if the composition of PBut can be 

matched up with that of one of the structural phospholipids, it provides strong evidence 

for that phospholipid being PLD’s substrate (Hodgkin et al., 1998).

For the first time in a plant system, we used this strategy to identify PLD’s in vivo substrate 

and quantify its contribution to PA formation during signalling. PE was identified as the 

main substrate of PLD activity in the green alga Chlamydomonas moewusii, in response to 

various stimuli. The corresponding PLD-derived PA molecular species were concluded to 

be distinct from those derived from the PLC/DGK branch, providing a basis to discriminate 

between the two routes. Hence, we tested specific stress conditions that are considered 

to differentially stimulate these pathways, i.e. G-protein activation by mastoparan (Munnik 

et al., 1998b), hyperosmotic stress imposed by 150 mM NaCl (Munnik et al., 2000), and 

a condition where only PLD is activated, i.e. via membrane depolarization induced by 50 

mM KCl (Meijer et al., 2001). The molecular compositions of the resulting PAs were found 

to differ, which enabled us to calculate the contributions from the two pathways to PA 

generation.

Results

Phospholipid classes have characteristic fatty acid compositions in 
Chlamydomonas

In order to define PLD’s contribution to PA formation during signalling, a method was 

devised to analyze substrate and product relations on the basis of the composition of their 

fatty acids and molecular species. As such, the composition of PLD’s transphosphatidylation 

product PBut and Chlamydomonas’ structural phospholipids, PG, PE and PI were analyzed. 

Total lipid extracts were pre-purified on silica columns using different solvents (Figure 1). 

Analysis of subsequent fractions revealed the concentrated and separate elution of PBut 

and PA, free of the predominant galactolipids and neutral lipids (Figure 1b). Relevant 

fractions were then subjected to either TLC for GC analysis of the constituent fatty acids, 

62



c 
h

 a
 p

 t
 e

 r
  4

or HPLC for MS analysis of the molecular species. The procedure ensured the complete 

separation of lipid classes from interfering components and yielded relatively high 

amounts, allowing the analysis of constituents. 

Figure 2 shows the fatty acid compositions of the structural phospholipids PG, PE and 

PI, together with those of PA and PBut, isolated from cells incubated for 5 min in 0.2% 

butan-1-ol. PG, PE and PI, which comprise 39, 35 and 26 mol% respectively, of the total 

phospholipids (Arisz et al., 2000) and were found to have distinct fatty acid compositions, 

in agreement with previous studies (Arisz et al., 2000). PBut was relatively rich in 18:1n-9, 

16:0, 18:0 and 18:2n-9 (peaks 5, 1, 4 and 7, Figure 2), constituting 84, 10, 5 and 1 

mol%, respectively, of the total fatty acids. This composition was very similar to that of PE, 

which contained 92, 5, 1 and 1 mol%, respectively, of the same fatty acids, and markedly 

different from PG and PI, suggesting that PE was PBut’s precursor under these conditions. 

Figure 1. (a) Flow scheme of the experimental procedure. After fractionation of the total extract, lipid classes 
were purified by TLC or HPLC, as detailed under Experimental Procedures, and subsequently analyzed for 
their fatty acid and molecular species compositions by GC and HPLC-ESI-MS/MS. (b) The contents of each 
fraction, determined on TLC (corresponding elution solvents are given in Experimental Procedures). Lipids 
were detected using lipid stains and 32P-autoradiography. The picture is a superimposition of the patterns 
visualized using both techniques. Lipid identities: chlorofyll (Chl), digalactosyldiacylglycerol (DGDG), 
diacylglyceryltrimethylhomoserine (DGTS), monogalactosyl-diacylglycerol (MGDG), neutral lipids (NL), 
phosphatidic acid (PA), phosphatidylbutanol (PBut),  phosphatidylethanolamine (PE), phosphatidylglycerol 
(PG), phosphatidylinositol (PI), sulfolipid (SL). 

Substrate of PLD in Chlamydomonas
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A limitation of the analysis of total fatty 

acids is that upon their derivatization 

information on the specific fatty acid pairs 

within one phospholipid molecule is lost. 

To investigate whether the different fatty 

acid compositions reflected the presence 

of distinct molecular species, lipids were 

analyzed by ESI-MS/MS (Figure 3). For each 

structural phospholipid class, PG, PE and PI 

(Figure 3a, b and c, respectively), different 

molecular species were found. The structure 

of the most abundant ones, as determined 

by tandem-MS, are shown in the inserted 

figures. These are 16:1/18:3–PG (m/z 741.6, 

Figure 3a), (18:1)2-PE (m/z 742.5, Figure 3b) 

and 16:0/18:1-PI (m/z 835.6, Figure 3c). The 

structures of some other molecular species 

such as 16:0/18:3-PG (743.6, Figure 3a), 

18:1/18:2-PE (m/z 740.5, Figure 3b) and 

16:0/18:3-PI (m/z 831.6, Figure 3c), were 

also established. 

Molecular species analysis of PBut 
reveals PE as substrate of PLD in 
hyperosmotic stress

Using a hyperosmotic salt concentration 

(150 mM NaCl) as physiological activator 

of PLD (Munnik et al., 2000), the molecular 

species of PBut (Figure 3d) were analyzed. 

(18:1)2-PBut was the predominant species, 

which structurally corresponded to (18:1)2-

Figure 2. Fatty acid analysis by GC of phospholipids 
from Chlamydomonas cells incubated in 0.2% 
butan-1-ol for 5 min. PG (a), PE (b) and PI (c) are 
the structural phospholipids, while PA (d) and the 
transphosphatidylation product PBut (e) are minor 
phospholipids. Peak identification: 1. 16:0; 2. 16:1; 
3. 14:3; 4. 18:0; 5. 18:1n-9; 6. 18:1n-7; 7. 18:2n-9; 
8. 18:2n-6; 9. 18:3n-3; 10. 18:4n-3; I.S. internal 
standard.
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Figure 3. HPLC-ESI-MS spectra of phospholipids from Chlamydomonas. The structural phospholipids 
PG (a), PE (b) and PI (c) consisted of various molecular species. Of each lipid, the most abundant one 
(indicated by an arrow) was subjected to tandem-MS/MS analysis to establish the fatty acid composition 
(inserted figures). These molecular species were identified as 16:1/18:3-PG, (18:1)2-PE and 16:0/18:1-PI. 
In cells treated with 150 mM NaCl, PBut (d) contained predominantly (18:1)2-molecular species, which 
corresponded to (18:1)2-PE.
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PE (Figure 3b). Furthermore, 18:1/18:2-PBut (m/z 753.7), and 18:1/18:0-PBut (m/z 

757.7) were detected, which structurally corresponded to 18:1/18:2-PE (m/z 740.5) and 

18:1/18:0-PE (m/z 744.5), respectively. Thus, on the molecular species level these data 

identified PE as the substrate of NaCl-induced PLD activity. 

Quantitative analysis of PA and PBut formed in response to 
mastoparan

The above results provided detailed structural information on PLD’s substrate, but did not 

give a measure of its actual stimulation, i.e. the increase in its products. A quantitative 

evaluation was made by fatty acid analysis of PA and PBut, using (17:0)2-PBut and (17:0)2-

PA as internal standards and the G-protein activator mastoparan as a stimulus (De Vrije 

and Munnik, 1997; Lein and Saalbach, 2001; Munnik et al., 1995; Munnik et al., 1998b; 

Van Himbergen et al., 1999). After 5 min treatment with 1 µM mastoparan, the total 

masses of PA and PBut showed increases of 2.5 times, and 4.5 times the control mass 

levels, respectively (Figure 4, upper panel). The increase in PBut signified the activation 

of PLD, and implied that at least part of the PA increase in response to mastoparan 

treatment was derived from the PLD pathway. The fatty acid composition of PBut showed 

stimulations in 18:1n-9 and 18:2n-9 (Figure 4, bottom panel), strongly suggesting that 

mastoparan-stimulated PLD specifically used PE as a substrate. PA (Figure 4, middle panel) 

exhibited increases in other fatty acids as well, suggesting that other pathways were 

contributing, e.g. PLC (Munnik et al., 1998b).

Table 1. Fatty acid composition of PA and PBut, formed in response to 1mM Mastoparan, 150 mM 
NaCl or 50 mM KCl in Chlamydomonas

fatty acid (nmoles ± S.D., n=3)

phospholipid 
(nmoles)

16:0 16:1 18:0 18:1
n-9

18:1
n-7

18:2
n-9

18:2
n-6

18:3
n-3

PA

  Control 8.9 4.89 ±1.90 0.52 ±0.27 0.97 ±0.35 9.57 ±1.65 0.72 ±0.44 0.52 ±0.21 0.30 ±0.08 0.50 ±0.11

  MP 28.2 29.07 ±6.15 1.86 ±0.33 4.14 ±2.44 16.60 ±7.58 3.07 ±0.45 0.49 ±0.05 0.47 ±0.04 0.80 ±0.11

  NaCl 31.7 20.13 ±5.64 1.62 ±0.51 0.82 ±0.50 34.74 ±5.39 2.64 ±0.91 1.32 ±0.70 0.70 ±0.10 1.67 ±0.91

  KCl 17.0 8.46 ±0.79 0.72 ±0.10 0.33 ±0.003 21.41 ±1.28 0.92 ±0.06 1.30 ±0.56 0.40 ±0.20 0.54 ±0.26

PBut

  Control 0.5 0.28 ±0.14 _ 0.04 ±0.01 0.58 ±0.21 _ 0.10 ±0.02 _ _

  MP 5.4 0.45 ±0.17 _ 0.16 ±0.17 9.68 ±1.20 _ 0.51 ±0.02 _ _

  NaCl 3.3 0.82 ±0.18 _ 0.18 ±0.11 5.23 ±0.95 _ 0.30 ±0.06 _ _

  KCl 2.9 0.71 ±0.28 _ 0.21 ±0.03 4.68 ±0.64 _ 0.27 ±0.02 _ _
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16:0 16:1 18:0 18:1
n-9

18:1
n-7
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n-6
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n-3

PA

  Control 8.9 4.89 ±1.90 0.52 ±0.27 0.97 ±0.35 9.57 ±1.65 0.72 ±0.44 0.52 ±0.21 0.30 ±0.08 0.50 ±0.11

  MP 28.2 29.07 ±6.15 1.86 ±0.33 4.14 ±2.44 16.60 ±7.58 3.07 ±0.45 0.49 ±0.05 0.47 ±0.04 0.80 ±0.11

  NaCl 31.7 20.13 ±5.64 1.62 ±0.51 0.82 ±0.50 34.74 ±5.39 2.64 ±0.91 1.32 ±0.70 0.70 ±0.10 1.67 ±0.91

  KCl 17.0 8.46 ±0.79 0.72 ±0.10 0.33 ±0.003 21.41 ±1.28 0.92 ±0.06 1.30 ±0.56 0.40 ±0.20 0.54 ±0.26

PBut

  Control 0.5 0.28 ±0.14 _ 0.04 ±0.01 0.58 ±0.21 _ 0.10 ±0.02 _ _

  MP 5.4 0.45 ±0.17 _ 0.16 ±0.17 9.68 ±1.20 _ 0.51 ±0.02 _ _

  NaCl 3.3 0.82 ±0.18 _ 0.18 ±0.11 5.23 ±0.95 _ 0.30 ±0.06 _ _

  KCl 2.9 0.71 ±0.28 _ 0.21 ±0.03 4.68 ±0.64 _ 0.27 ±0.02 _ _

Figure 4. Analysis of PA and PBut from 

Chlamydomonas cells, formed upon 

treatment with 1 mM mastoparan or 

buffer. Upper panel: total quantities 

of PBut (grey bars) and PA (black 

bars). Lower panels: their fatty acid 

compositions under control (open 

bars) and mastoparan-stimulated 

conditions (hatched bars). Values 

are the means of 3 independent 

experiments, expressed as nmoles of 

phospholipid or fatty acid. Error bars 

indicate standard deviations.
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Contributions of PLD and PLC to PA formation during hyperosmotic 
stress and membrane depolarization

Finally, we studied two physiological stress conditions known to differentially activate PLD 

and PLC/DGK in Chlamydomonas (Table 1). Hyperosmotic stress-dependent activation of 

PLD and PLC has recently been described for different plant systems (Drøbak and Watkins, 

2000; Katagiri et al., 2001; Munnik et al., 2000)). In Chlamydomonas, both pathways are 

activated within 5 min by moderate hyperosmotic salt concentrations, e.g. 150 mM NaCl  

(Munnik et al., 2000). Using these conditions, PA and PBut were analyzed for their fatty 

acid compositions (Table 1). The PLD substrate was again PE, since PBut mainly contained 

the fatty acids 18:1n-9, 16:0 and 18:2n-9, which made up approximately 84 mol%, 9 

mol% and 4 mol%, respectively, of newly formed PBut (i.e. the stimulated values minus 

the control values). The PA composition however showed increases in other fatty acids as 

well, featuring 16:0, 18:1n-7, 18:2n-6 and 18:3, which are prevalent in phosphoinositides 

(Figure 2; Arisz et al., 2000). These results were consistent with the activation of both the 

PLD and the PLC/DGK pathway.

A recent study in Chlamydomonas showed that low concentrations of KCl (50-100 mM) 

induce PA formation exclusively via PLD, without a contribution of PLC (Meijer et al., 2001). 

The activation of PLD was concluded to be the result of a K+-induced depolarization of 

the plasma membrane. This dominant role of PLD should be reflected in the fatty acid 

composition of the resulting PA. To test this, PA and PBut from cells challenged for 5 min 

with 50 mM KCl, were analyzed (Table 1). The increases in PBut’s fatty acids were very 

similar to those during osmotic stress, indicating that PE is PLD’s substrate. The fatty acid 

composition of KCl-induced PA was similar to PBut, with increases in 18:1n-9, 16:0 and 

18:2n-9 making up 71 mol%, 21 mol% and 5 mol% of the newly formed PA, respectively, 

confirming the prevalent PLD activity.

Discussion

We have used a relatively simple procedure to study the in vivo substrate and product of 

stress-activated PLD in Chlamydomonas, based on fatty acid and molecular species analysis 

of phospholipids. As determined by GC and tandem-MS analysis, each phospholipid class 

was found to be characterized by unique fatty acids and molecular species compositions 

(Figure 2 and 3; Arisz et al., 2000). Therefore, these features were used to trace PLD’s 

substrate, and subsequently, to identify the activated pathways that generated PA during 

various stress conditions. 

PE was found to serve as substrate for PLD, both during G-protein activation, and under 

conditions that induce hyperosmotic stress or membrane depolarization. It should 

however be noted that in contrast to most other plant systems, PC, which is traditionally 
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considered PLD’s preferred substrate, is absent from Chlamydomonas. However, in vitro 

studies of PLD in Arabidopsis have demonstrated a strict PC selectivity only for the 

z-isozyme, which resembles mammalian PLD, whereas other isozymes had a preference 

for PE (Dyer et al., 1994; Pappan et al., 1998; Qin and Wang, 2002). In vivo substrate 

analyses of PLD isozymes should determine whether PE is a more general substrate. It also 

remains to be elucidated as to whether PE hydrolysis under the diverse stress conditions 

tested reflects the activity of a single isozyme, or that of different isozymes with the same 

substrate specificity.

Previously, Zien et al. (2001) studied the fatty acid composition of PA formed on 

wounding Arabidopsis leaves, in order to identify the phospholipid substrate of PLD. PA’s 

heterogeneous origin was reflected in increases in many different fatty acids. In order to 

resolve this complexity, PLDa's contribution was calculated by subtracting the increment 

of PA in PLDa-silenced plants. However, the fatty acid composition of the remaining PA 

was still suggestive of a multiplicity of precursors, which could result from other pathways 

being affected in transgenic plants. This made it difficult to draw a conclusion on PLDa's 

substrate.

Analysis of PBut circumvents such problems. The technique, used here for the first time 

in a plant system, seems widely applicable, since transphosphatidylation is a specific and 

universal feature of PLD. Of course, caution should be exercised using alcohols, since 

higher concentrations may significantly enhance or inhibit PA formation by PLD, and this 

concentration dependence seems to vary from one plant system to another (Den Hartog 

et al., 2001; Lee et al., 2001; Munnik et al., 1995; Ritchie and Gilroy, 1998).

Using an approach based on fatty acid analysis, it should be realized that (i) PLD might 

prefer substrate lipids with particular subsets of fatty acids, and (ii) molecular species 

are asymmetrically distributed over cellular membranes (Schneiter et al., 1999). Hence, 

the total fatty acid composition of a lipid class may not equal that of the subpool used 

in signalling. The absence of 18:3n-3 from PBut, a minor constituent of PE, may be an 

example of such a discordance (Figure 4, Table 1). Although this is unlikely to have lead us 

to false conclusions, ESI-MS/MS analysis of lipids was performed to investigate molecular 

species compositions. Since they were found to be highly lipid class specific, the finding of 

(18:1)2, 18:1/18:2 and 18:1/18:0 pairs in PBut, unequivocally identified PE as the substrate. 

Recently, the molecular species of the substrates and products of mammalian PLD1 and 

2 have been investigated in three different cell types (Pettitt et al., 2001). In each cell line 

both isozymes used only mono- and di-unsaturated molecular species of PC as substrate, 

generating the according PA molecular species. Although our results showed that the 

di-unsaturated (18:1)2- molecular species of PE is the preferred substrate, freezing induced 

PLDa of Arabidopsis hydrolyzes also polyunsaturated substrates (Welti et al., 2002). 

Moreover, the fact that Arabidopsis PLD isozymes use different substrate lipid classes 

(Pappan et al., 1998) with different fatty acid compositions, implies that, in contrast to 

mammalian systems, the resulting PA molecular species are varied as well. 
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Molecular analysis of PBut is equivalent to specifically sampling PA derived from PLD 

activity. Thus, in identifying PLD’s substrate. we also identified the composition of the 

resulting PA. The alternative route to generate signalling PA is via PLC, using PIP2 as a 

substrate, which has a markedly different fatty acid composition that resembles PI (Figure 

2 and 3; Arisz et al., 2000). Thus, the two routes generate different PA species, which can 

be used as markers of their individual activities.

Putting this idea to the test, we studied PA’s composition under conditions that differentially 

activate the PLC and PLD pathways. As a positive control, cells were stimulated with 

mastoparan (Figure 4), which activates both pathways, as previously demonstrated by in 

vivo 32P-phosphate radiolabelling experiments (Munnik et al, 1998b). Consistently, PBut 

was found to increase, reflecting PLD activation, but its fatty acid composition was not at 

all matched by that of the PA increment, implicating a significant contribution from other 

pathways. Indeed, results from radiolabelling studies implied that only 5-17% of the PA 

increase upon mastoparan stimulation is due to PLD activity (Munnik et al., 1998b).   

Similarly, two physiological stress conditions were tested (Table 1): (i) hyperosmotic stress 

induced by 150 mM NaCl, which activates both PLC and PLD (Munnik et al., 2000), and 

(ii) membrane depolarization in response to 50 mM KCl, which only activates PLD (Meijer 

et al., 2001). The PA fatty acid compositions were analyzed to see whether they reflected 

PA’s different metabolic origins. Quantitative mass analysis of the PA response to 50 mM 

KCl (Table 1) revealed an almost 2-fold increase after 5 min, with marked increments in 

18:1n-9, 16:0 and 18:2n-9. This suggested a predominant contribution from PE-hydrolyzing 

PLD, consistent with in vivo radiolabelling experiments of Chlamydomonas cells, that 

revealed a specific K+-dependent PLD activation at low concentrations, unaccompanied by 

PLC/DGK activity (Meijer et al., 2001). 

In response to hyperosmotic stress however, the stimulation in PBut mass was similar 

but that in PA was greater, approximately 3-times the basal level, and its fatty acid 

composition suggested that both the PLD and the PLC/DGK pathways were activated. 

Increases in 18:1n-9 and 18:2n-9 corresponded with those in PBut, illustrating PLD’s 

contribution, but the concomitant increases in 16:0, 18:1n-7, 18:3n-3 and 18:2n-6 (making 

up 33 mol%, 4 mol%, 3 mol% and 1 mol% in newly formed PA, respectively), which are 

major constituents of the phosphoinositides (Figure 2 and 3; Arisz et al., 2000), indicate a 

contribution from the PLC/DGK pathway. Indeed, tandem-MS analysis of this PA revealed 

increases in 16:0/18:1 and 16:0/18:3 (data not shown), molecular species which are 

typical for phosphoinositides (Figure 3c).

Several other studies have invoked PLC in hyperosmotic stress signalling. Specifically, 

inositol 1,4,5-trisphosphate (Drøbak and Watkins, 2000; Takahashi et al., 2001) 

and PA (Munnik et al., 2000) have been shown to increase. The latter was based on 

differential 32P-phosphate labelling kinetics, showing that part of the PA resulted from 

DAG phosphorylation (Munnik et al., 2001; Munnik, 2001). Whether this DAG came 

from PLC hydrolysis of PIP2 was not known. The present results however, provide the 

70



c 
h

 a
 p

 t
 e

 r
  4

first evidence that a considerable part of the hyperosmotic stress-induced PA reponse is 

indeed generated via this pathway, directly linking the two earlier lines of evidence. Based 

on the qualitative and quantitative analysis of PBut and PA (Table 1), PLD is estimated 

to be responsible for approximately 63% of the PA formed after 5 min of hyperosmotic 

stress. The remainder is probably due to PLC in combination with DGK activity. Of course, 

such numbers may not be totally accurate since the turnover rates of PA in different 

pathways may vary substantially. For example, during hyperosmotic stress PA can be 

rapidly phosphorylated to diacylglycerolpyrophosphate (DGPP) or deacylated to lyso-PA, 

whereas during membrane depolarization this is not the case (Munnik, 2001).

The generation of unique PA species may be physiologically relevant in terms of 

signalling specificity. Depending on the nature of the stress condition, downstream 

effectors are activated. In animal cells, only PLD-generated PA and PLC-generated DAG 

are intracellular signals, activating specific targets such as protein kinases (Cockcroft, 

2001). Lipid dephosphorylation and phosphorylation respectively, may switch off such 

signals, generating biologically inactive DAG and PA species (Pettitt et al., 1999). Similar 

regulation may also occur in plants, although important differences exist (Munnik et 

al., 1998a; Munnik, 2001), e.g. the classical DAG-activated PKC is not present, and PA 

can be metabolized to DGPP. The regulation of PA and DGPP molecular species during 

phospholipid signalling, and the identification of their cellular targets are the subject of 

current investigation. It may prove important in understanding the ubiquitous function of 

these phospholipids as stress signals.

Substrate of PLD in Chlamydomonas

71



chapter 4

Experimental procedures

Cell cultures and incubations

Chlamydomonas moewusii strain UTEX 10 (mating type minus) from the Culture Collection 

of Algae, University of Texas (Austin, USA), was grown autotrophically for 2-4 weeks on 

plate cultures (Schuring et al., 1987). Swimming gamete suspensions of 2.0 * 107 cells 

ml-1 were obtained by flooding with HMCK (10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, 

1 mM KCl; pH 7.4) for 16 h. Treatments of 5 min were performed using 25 ml of cells 

plus 5 ml buffer containing butan-1-ol and mastoparan, saline, or butan-1-ol only, in the 

appropriate concentrations. 

Lipid fractionation 

Solvents for lipid extraction and chromatography were of analytical grade and were 

purchased from Merck (Darmstadt, Germany) unless indicated otherwise. All solvent 

compositions for chromatography are specified by volume ratios. Lipids were extracted as 

described previously (Munnik et al., 1995). To obtain the relevant lipid fractions, extracts 

were loaded to silica Sep-Pak columns (Waters, Milford, MA, USA) in hexane-diethylether 

(99:1). 32P-labelled lipids were included as markers to monitor phospholipid elution. For 

quantitative analysis, (17:0)2-PA and (17:0)2-PBut were added. Elution solvents were (1) 

hexane-diethylether (99:1, 15 ml), (2) hexane-diethylether (4:1, 15 ml), (3) chloroform (12 

ml), (4) acetone-chloroform (2:1, 19 ml), (5) acetone-methanol (29:1, 30 ml), (6) acetone-

methanol (19:1, 25 ml), (7) acetone-methanol (2:1, 4 ml), (8) acetone-methanol (2:1, 25 

ml), (9) chloroform-methanol-H2O (1:2:0.8, 9.5 ml), (10) chloroform-methanol-H2O-HCl 

(5:10:4:0.1, 9.5 ml. An inventory of each fraction was made by TLC analysis of samples 

(Figure 1b), using solvent A (below). Lipids were visualized by 32P-autoradiography 

and staining with a-naphtol (Supelco, Bellafonte, PA, USA) and 50% H2SO4, at 120°C. 

Fractions 1 through 6 eluted most chlorophyll, neutral lipid, monogalactosyl- and 

digalactosyldiacylglycerol and sulfolipid, while diacylglyceryltrimethylhomoserine  was 

confined to fraction 8. PBut eluted in fraction 7, and most PG and PI were in fractions 7 

and 8, while PE and PA eluted in fraction 9. After drying the eluates, lipids were dissolved 

in chloroform and further purified, either by TLC for GC analysis of fatty acids, or by HPLC 

for ESI-MS analysis of molecular species (see below).

TLC

 Lipid fractions were resolved on silica gel 60 TLC plates (Merck, Darmstadt, Germany), using 

the following solvent systems. A: ethylacetate-iso-octane–formic acid-H2O (13:2:3:10); 

B: chloroform-methanol-H2O, (65:25:4); C: chloroform-methanol-25% ammonia-H2O 

(90:70:4:16) D: chloroform-acetone-methanol–acetic acid-H2O (80:30:28:26:15). PBut 

and PA were purified by two TLC runs each, using solvent systems A and B, and C and 
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D, respectively. The lipids were recovered from the plate after the first run, and applied 

to a new TLC plate for the second run. The structural phospholipids PG, PE and PI were 

separated by two-dimensional TLC, using solvent C in the first, and solvent D in the 

second dimension.

GC analysis of fatty acids

PBut and PA spots were localized by autoradiography, scraped from TLC plates, dried 

briefly and mixed with the transmethylation reagent consisting of 3% H2SO4 in methanol. 

After 16 h at 60°C, FAMEs were extracted in hexane (ultra resi-analyzed hexane from 

Baker, Phillipsburg, NJ, USA) containing heneicosanoic acid (21:0) methyl ester as internal 

GC standard. The concentrated FAME extracts were analyzed by gas chromatography (CP 

9000 GC, Varian Chrompack, Bergen op Zoom, The Netherlands) on a CP-sil 88 capillary 

column (0.20 µ film, 0.25 mm x 50 m) using splitless injection with carrier gas N2 at 25 

ml min-1, injection volume 1 ml. The temperature was programmed to start at 50°C for 

2 min, then rise to 180°C at 20°C min-1, staying there for another 25 min. Injector and 

FID temperatures were 250°C and 270°C, respectively. Calibration factors were calculated 

for each peak, using reference standards from Nu-Chek (Elysian, MN, USA). Fatty acid 

and lipid masses were quantitated by reference to heptadecanoic acid-containing lipid 

standards. FAMEs of structural phospholipids were analyzed isothermically at 180 °C 

using split injection.

HPLC

The HPLC system consisted of an HP1100 series binary gradient pump, a vacuum 

degasser, and a column temperature controller (all from Hewlett Packard, Palo Alto, CA, 

USA) and a Gilson 231 XL autosampler (Gilson, Middleton, WI, USA). To resolve lipid 

classes, an analytical HPLC LiChrospher Si 60 column (2.1 x 250 mm, 5 µm particle size) 

from Merck (Darmstadt, Germany) was used. The column temperature was maintained at 

22°C. 5 µl of each sample was loaded and a linear gradient at a flow rate of 0.3 ml min-1 

was performed between mobile phase B (chloroform) and mobile phase A (methanol-

water, 9:1). Both solutions contained 0.01% of a 25% aqueous ammonia solution. The 

gradient was as follows. 0-5 min, 100% B to 90% B; 5-15 min, 90% B to 50%; 15-18 

min, maintain at 50% B; 18-20 min, back to 100% B. The column was equilibrated with 

100% B for 5 min after each run. All gradient steps were linear, and the total analysis 

time, including the equilibration, was 25 min. A splitter between the HPLC column and 

the mass spectrometer was used and 30 µl min-1 of eluent was introduced into the mass 

spectrometer. An electrically operated valve was used so that only the eluent from 9 to 20 

min was introduced into the mass spectrometer. 
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Mass spectrometry

A Quattro II triple-quadrupole mass spectrometer (Micromass, Manchester, UK), was 

used in the negative ESI mode. Nitrogen was used as nebulizing gas. Argon was used as 

collision gas at a pressure of 2.5 * 10-3 mBar. The capillary voltage, source temperature, 

cone voltage energy used was 3 kV, 80°C and 30 V, respectively. Mass spectra were 

obtained during the elution time of separated phospholipid classes, usually between m/z 

500 and m/z 1000. Daughter fragments of m/z 835.6 (PI), 741.6 (PG), 742.5 (PE) and 

755.7 (PBut) were obtained using an optimal collision energy of 40 eV. 

Preparation of (17:0)2-PBut standard

A diheptadecanoyl-PBut standard was prepared by the in vitro activity of Type I PLD from 

cabbage on (17:0)2-PC (Sigma, St. Louis, MO, USA), in the presence of butan-1-ol. 5 mg 

PC was suspended by sonication in 775 µl of a buffer containing 0.1 M CaCl2 and 0.1 M 

K-acetate (pH 5.6). Then, 65 µl butan-1-ol, 25 U PLD (dissolved in 25 µl buffer), and 400 

µl water-saturated diethylether were added. The phases were mixed and the reaction was 

carried out for 3.5 h at 30°C. Under these assay conditions the transphosphatidylation 

reaction prevailed over hydrolysis. Lipid products were extracted, separated by TLC using 

solvent system A, localized by iodine staining and co-chromatography of a 32P-lipid 

standard, and recovered from the silica. PBut was quantified by GC analysis, and a 

standard solution was prepared containing 125 pmoles ml-1 (17:0)2-PBut and 250 pmoles 

ml-1 (17:0)2-PA (purchased from Sigma, St. Louis, MO, USA). 20 ml of this solution was 

added to each extract as internal standard.
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Abstract

The unicellular green alga Chlamydomonas has frequently been used as a eukaryotic 

model system of intracellular phospholipid signalling in response to environmental 

stress. Previous results showed a rapid salt-induced increase in the putative second 

messenger, phosphatidic acid (PA), which was suggested to be generated via activation 

of phospholipase D (PLD) and phospholipase C (PLC) in combination with diacylglycerol 

kinase (DGK) (Chapter 4; [1, 2]). Also, a rise in lysophosphatidic acid (LPA) was witnessed, 

which has previously been attributed to the activation of a phospholipase A2, based on 

pharmacological evidence [3]. So far, it is unknown where this LPA originated from. This 

question is complicated even more by the fact that both LPA and PA are precursors for 

the biosynthesis of structural phospholipids and galactolipids. In this study, we have used 

in vivo 32P-radiolabelling and fatty acid molecular species analysis to answer the question 

of LPA’s metabolic origin in the salt stress response. Evidence is provided that LPA is 

formed from a distinct pool of PA, which is characterized by a high a-linolenic acid (a-LA; 

18:3n3) content. This molecular species is most likely derived from PLC hydrolysis of the 

polyphosphoinositides, and subsequent phosphorylation of diacylglycerol into PA by DGK. 

Differential 32P-radiolabelling assays indicated a leading role for DGK in providing the 

PLA2 substrate, and argued against the PA pools from PLD or de novo synthesis via ER- or 

plastid-localized routes. 
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Introduction

The unicellular green alga Chlamydomonas has proven to be useful in the study of 

phospholipid signalling in response to osmotic and salt stress [4, 5]. Recently, particular 

interest has been focussing on the accumulation of PA as a lipid second messenger in 

plant and animal systems [6]. In Chlamydomonas moewusii, PA is a minor lipid, comprising 

only 0.67 mole% of total phospholipids ([7], Chapter 3). However, in response to 150 

mM NaCl, a 3.6-fold increase is triggered within 5 minutes ([1], Chapter 4). In a recent 

study, also LPA was shown to accumulate in C. moewusii under conditions of salt and 

non-ionic hyperosmotic stress [3]. The response was dose-dependent within the range of 

150 to 400 mM NaCl, reaching a maximum at 300 mM. The present study was devised to 

elucidate the molecular composition of this lipid and to identify the metabolic pathways 

underlying its accumulation. This question is complicated by the multiplicity of pathways 

that can generate LPA.

The primary function of LPA and PA is in the ER and plastidial membranes as intermediates 

in de novo glycerolipid biosynthesis (Fig. 1; Chapter 1). This pathway starts with two 

consecutive acylations of glycerol3phosphate (Gro3P) to generate first LPA and then PA by 

the activities of GroP acyltransferase (GPAT) and LPA acyltransferase (LPAAT), respectively. 

Subsequently, for the synthesis of phosphatidylinositol (PI) or phosphatidylglycerol 

(PG), PA is converted to cytidine monophosphate-PA (CMP-PA), which reacts with 

myo-inositol or GroP. Alternatively, for the synthesis of phosphatidylethanolamine (PtdEtn) 

or monogalactosyl diacylglycerol (MGDG), PA is dephosphorylated by PA phosphatase 

(PAP) to DAG, which acquires its headgroup in a reaction with cytidine diphosphate-

ethanolamine (CDP-Etn) or uridine diphoshate-galactose (UDP-Gal), respectively. 

Although under steady-state conditions, PA formation by LPAAT may be prevalent, 

under environmental stress conditions additional pathways are activated which 

generate a transient accumulation of PA, believed to function as a lipid second 

messenger. These pathways include phospholipase D (PLD), hydrolyzing PE (or PC) to 

generate PA, and DAG kinase (DGK) which produces PA by phosphorylation of DAG. 

Under stimulatory conditions, this DAG can be provided by PLC-mediated hydrolysis 

of polyphosphoinositides (PPIs), i.e. phosphatidylinositol 4-phosphate (PIP) and 

phosphatidylinositol 4,5-bisphosphate (PIP2) [6, 8, 9].

Salt stress in C. moewusii triggers the formation of PA via both PLD- and PLC/DGK-mediated 

pathways [1, 2], and the accumulation of LPA was considered to be produced from PA 

through a PLA2 activity, based on PLA2 inhibitors [3]. However, the picture is more 

complicated since LPA and PA are also product and precursor in the de novo glycerolipid 

biosynthesis pathway (Fig. 1). This raises the possibility that LPA is generated as precursor 

of PA, rather than being its hydrolytic product. Here we present evidence, using fatty acid 

analysis and differential 32P-radiolabelling, that the accumulated LPA is mainly derived 

from a subpool of PA that is generated via DGK, characterized by an enrichment in 18:3 

Salt stress-induced LPA response in Chlamydomonas
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(a-linolenic acid, a-LA). A model illustrating how the metabolic pools of PA and LPA are 

related is presented.

Material and Methods

Cell cultures, treatment and lipid extraction

Chlamydomonas moewusii strain UTEX 10 (mating type minus) from the Culture Collection 

of Algae, University of Texas (Austin) was autotrophically grown as described before [10]. 

Petri dishes containing cultured cells of ~18 d old were flooded with with 20 ml HMCK (10 

mM HEPES, 1 mM MgCl
2
, 1 mM CaCl

2
, 1 mM KCl; pH 7.4) and after 16 hrs, suspensions 

of swimming gametes were harvested [7]. 

For fatty acid analyses, treatments were conducted in separation funnels containing 

60 ml cells (density 2.0 * 107 cells/ml) to which 20 ml buffered NaCl solution (or only 

buffer) was added. Reactions were stopped by the addition of perchloric acid to a final 

conc. of 5% (w/v) and lipids extracted essentially by a previously described method with 

adjustment for the larger extraction volume (Chapter 4; [1]).

From the extracts, PA and LPA were purified by column-adsorption chromatography on a 

2 g-silica column (Sep-pak plus). The lipid extract was dissolved in hexane and applied to 

the column. Elution solvents were (1) hexane-Et2O (99:1, 18 ml), (2) hexane-Et2O (4:1, 15 

ml), (3) CHCl3 (10 ml), (4) Me2CO-CHCl
3 (2:1, 25 ml), (5) Me2CO-MeOH (29:1, 10 ml), (6) 

Me2CO-MeOH (19:1, 30 ml), (7) Me2CO-MeOH (2:1, 25 ml), (8) CHCl3-MeOH-H
2
O (1:2:0.8, 

19 ml). The last eluate was collected in 10 ml tubes in 4 portions of 4.75 ml. To extract 

lipids from these aqueous eluates, 3.75 ml CHCl3 and 1 ml 0.9% (w/v) NaCl was added, 

tubes were vigorously shaken and centrifuged to separate 2 phases of which the lower 

one, containing LPA and PA, was dried down in a gyrovap at 50°C. The concentrated 

extracts were further purified by TLC using silica gel 60 plates (Merck) in a solvent of 

CHCl3-MeOH-NH4OH-H2O (90:70:4:16, by vol.). 32P-lipid markers served to calculated the 

recovery af each lipid after purification and for their localization on the TLC plate.

For 32P-labelling experiments, 100 ml aliquots of cell suspension were labelled with 50 mCi 

carrier-free 32Pi (Fig. 5), or 50 µCi 32Pi in a 1 mM K-Pi buffer at pH 7.4 (Fig. 6). Treatments 

and lipid extraction were performed as described previously (Chapter 4; [1]), separation of 

the extracted lipids was by TLC using the solvent specified above. 

Fatty acid derivatization and analysis 

Lipid spots were scraped off the TLC plates directly into the transmethylation reagent. 

Known concentrations of heneicosanoic (21:0) acid methyl esters served as internal 

standard. The concentrated FAME extract was analyzed in a GC (Varian Chrompack, 

Bergen op Zoom, NL) equipped with a 50 m WCOT fused silica column and FID with 
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carrier gas N2 at 30 ml min-1. Operating conditions were 180° isothermal or temp. 

programmed 180° to 220° at 0.5° min-1 with injector and detector temps. at 250° and 

270°, respectively.

In vitro PLA2 assay of phospholipids

TLC-separated lipids were recovered from the silica as described by Arisz et al. (2000) and 

dissolved by sonication in 1 ml ethylether/MeOH (98:2, by vol). Five units of PLA2 (bee 

venom PLA2, Sigma) was added in 100 ml 100 mM Tris HCl buffer (pH 8.9) containing 9.1 

mM CaCl2. After 3 hrs incubation at 25 °C with frequent shaking, reactions were stopped 

by adding 20 ml 0.5 M EDTA. Lipid products were extracted after evaporation of the 

ether phase by three consecutive extractions of the aqueous phase. Pooled extracts were 

evaporated, and the precipitate was resolved into CHCl3  for TLC purification and analysis. 

For the purpose of accurate quantitation of LPA in fatty acid analyses, a C17-LPA standard  

was prepared from the corresponding, commercially available, di-C17-PA (Sigma), by in 

vitro PLA2 digestion.

Results

When Chlamydomonas cells were metabolically labelled with 32P-Pi and subsequently 

treated with 300 mM NaCl for 5 min, several changes in the 32P-phospholipid pattern can 

be observed (Fig. 2) as reported earlier. Thus, typical 32P-increases were found in PA [2], 

LPA [3], diacylglycerol pyrophosphate (DGPP, [2, 11]), PIP [12], PI(3,5)P2 [13] and PI(4,5)

P2 [5, 13]. The increase in 32P-PA has been suggested to result from a PLD pathway, in 

which the structural phospholipid PE is hydrolyzed, and via the combined activities of the 
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Figure 1. PA is formed by successive 
acylations of Gro3P and LPA for de 
novo synthesis of glycerolipids, but it 
can also be formed through the stress-
induced activities of PLC/DGK and PLD. 
For the synthesis of PI and PG(P), PA is 
converted to cytidine monophosphate-
phosphatidic acid (CMP-PA) by CMP-PA 
synthase (CDS), and for the synthesis of 
PE and MGDG, it is dephosphorylated 
by PAP. Note that the PA/DAG 
substrates in the synthesis of PE and 
MGDG are in actual fact different 
pools localized at the ER and plastidial 
envelope membrane, respectively. 
During salt stress, Chlamydomonas 
cells accumulate the alternative PA 
metabolites DGPP and LPA. The 
latter is suggested to originate from 
PA-hydrolyzing  PLA2 activity.
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PLC/DGK pathway [1, 2]. PLC hydrolyzes PI4P and PI(4,5)P2 into inositolpolyphosphates 

(InsPPs) and DAG, and the latter can be converted to PA via DGK (Fig. 1). DGPP is the 

phosphorylated product of PA, which may represent an attenuation of PA as a signalling 

molecule, but it could also be a phospholipid signal itself [11, 14].

Like PA, the study of LPA, is complicated by the multiplicity of pathways that synthesize it 

(Fig. 1). LPA is formed in the pathway of de novo PA synthesis, but it can also result from 

acyl hydrolysis of PA by a PLA2 activity. The first possibility implies that LPA is precursor 

to PA, whereas the latter implies that LPA is the product of LPA. To study these product-

precursor relationships, fatty acid analysis have been performed, as phospholipid classes 

can have characteristic ‘fatty acid fingerprints’ that are inherited by their metabolites. 

As shown in Fig. 3, salt stress induced major increases in 16:0 and 18:1n9 in both LPA 

and PA pools. However, the LPA generated in response to salt contained a-linolenic acid 

(a-LA, 18:3n3; Fig. 3b, d; peak 8). Since this species was hardly detectable under steady-

state conditions, and increased in response to salt stress to become one of its major 

constituents (Fig. 3b, d), these results strongly suggest activation of a novel metabolic 

pathway, rather than an upregulation of de novo synthesis. Consequently, this possibility 

was further investigated.

Interestingly, a-LA was not particularly abundant in the pool of PA, in both conditions 

(Fig. 2a, 2c). To explain this difference, it was hypothesized that the a-LA-enriched LPA 

was perhaps derived from a preceding, short-lived part of the PA increase, with a similar 

a-LA enrichment in its fatty acid composition. To test this idea, we treated cells for 30 s 

and 5 min with 300 mM NaCl and quantitatively analyzed the fatty acid compositions of 

LPA and PA (Fig. 4).

Already within 30 s of NaCl stimulation, a substantial increase in PA was found, which was 

characterized by the abundance of palmitic (16:0) and oleic acids (18:1), while a-LA (18:3), 

the hallmark of stimulated LPA, was relatively minor at both time points (Fig. 4a, b). While 
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Figure 3. Fatty acid composition analyses of PA and LPA from Chlamydomonas cells under control 
conditions (a and b), or treated with 300 mM NaCl for 5 min (c and d). FAMEs were made from purified 
phospholipids, and analyzed by GC. Peak identification: 1. 16:0; 2. 16:1; 3. 18:0; 4. 18:1n9; 5. 18:1n7; 6. 
18:2n9; 7. 18:2n6; 8. 18:3n3; I.S. (Internal Standard; 21:0). 

this appears to argue against a-LA-enriched LPA resulting from a preceding phase of PA 

formation, it could be derived from a metabolically separated subpool of PA, containing a 

relatively high a-LA content. Indeed, the increase in a-LA was found in the same order of 

magnitude in both lipids, when plotted along the same axis (Fig. 4c). 

As salt stress-induced PA in Chlamydomonas is of mixed origin, it was hypothesized 

that LPA formation selectively drew upon one of the PA metabolic pools, explaining the 

disparate fatty acid compositions of PA and LPA. The LPA molecular species would then 

reflect the composition of either the PLD substrate, PE, or PLC’s substrate, the PPIs. PE 

has been shown to contain mainly 18:1n9 (92 mole%) and in the MS spectrum the (18:1)2 

species was predominant accounting for > 95% of the total PE ([1], Chapter 4). Although 

a minor amount of a-LA (2 mole%) was present in PE ([7], Chapter 3), it probably is 

absent from the PA produced by PLD-mediated PE hydrolysis during salt stress ([1], 

Chapter 4). While this suggested that PLD-derived PA could not lead to the increase in 

a-LA-containing LPA, it could still be precursor to the 18:1-containing LPA. 

In contrast, PPIs contain a-LA and also 18:1n7, a hallmark-fatty acid of PI and its derivatives 

(Chapter 3, [7]). So their hydrolysis by PLC and subsequent phosphorylation of DAG could 

generate these molecular species of PA (Fig. 3a/c, Fig. 4; [1], Chapter 4). If this PA pool 

would be substrate to a PLA2, it might account for the increase in a-LA- and 18:1n7 

species of LPA. 

Salt stress-induced LPA response in Chlamydomonas
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Table 1.  Fatty acid compositions (mol%) of PE and PI (parents) from C. moewusii, and their lyso-derivatives 
(daughters) acquired by in vitro PLA2 –catalyzed digestion

16:0 18:1n9 18:1n7 18:2n6 18:3n3

Parent

PE 5 92 0 1 2

PI 50 14 20 9 7

Daughter

LPE 4 91 0 0 3

LPI 4 13 64 6 12
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Figure 4. Increments in 18:2- and 
18:3-containing PA (a) and LPA (b) 
are registered after 30 s and 5 min of 
hyperosmotic stress in Chlamydomonas. 
Two fatty acids that are characteristic 
for PPIs, 18:1n7 and 18:3n3,  increase 
in LPA and PA during treatment (c). 
Lipids were isolated from suspensions of 
Chlamydomonas gametes after challenge 
with 300 mM NaCl for the respective times. 
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PLA2 hydrolysis of PA from a mixed PLD- and PLC/DGK-derived origin could thus account 

for the production of the corresponding LPA species, provided that these fatty acids are 

esterified to the sn-1-OH position of the respective substrate lipids, i.e. PE and PPIs. To 

test this, a positional study of the fatty acids in PE and PI, which is similar to the PPIs 

(Chapters 3, 4; [1, 7]), was performed (Table 1). First, the lipids were purified from a total 

lipid extract and subsequently digested in vitro using PLA2 from bee venom to generate 

the corresponding lysophospholipids, which were purified on TLC and analyzed for their 

fatty acids by GC. 

As shown in Table 1, the a-LA and 18:1n7 content was not decreased in LPI compared 

to its parent PI, suggesting that these fatty acids were predominantly linked to the sn-1 

position which is resistant to PLA2 digestion. These results are in agreement with the 

suggested pathway in Chlamydomonas, involving PLA2-hydrolysis of PA derived from PPIs.

 To confirm and further investigate the origin of LPA, a differential labelling technique was 

applied [8, 15]. This strategy takes advantage of the extremely fast 32P-radiolabelling of the 

cellular ATP pool when cells are only briefly incubated with 32P-Pi. As a consequence, lipids, 

which are direct products of ATP-dependent phosphorylation, such as DGK-generated 

PA, are quickly labelled. whereas PA that is derived from PLD activity is slowly labelled 

because of the relatively slow labelling kinetics of PE, which takes hours-days [8, 15, 16].

Thus, Chlamydomonas cells were labelled with 32Pi for only 1 min and subsequently 

treated with 300 mM NaCl for different periods of time, ranging from 1-20 min, or 

mock-treated with buffer alone. Lipids were then extracted, separated by TLC, and 

quantitatively analyzed by phosphoimaging (Fig. 5). Analysis of 32P-PA and 32P-LPA 

revealed rapid increases, both peaking after 10 min of treatment (Fig. 5a). The increase in 

PA was larger, and LPA seemed to lag slightly behind, although this was less marked than 

previously found [3]. Under non-stimulated conditions, the levels of 32P-PA and 32P-LPA 

remained low. 

The labelling kinetics of PIP2 and PIP (Fig. 5b and c) were more complex. The transient 

peaks of 32P-PIP2 and 32P-PIP in unstimulated conditions is characteristic of their extremely 

rapid turnover and small pool size, which has been scrutinized in an earlier study [15]. 

The pulse/chase pattern was also seen under salt stress, but with increased 32P-PIP2 and 
32P-PIP levels, suggesting increased PI- and PIP-kinase activities. During the first 2 min 

of salt treatment, 32P-PIP levels were lower than the controls (Fig. 5c). Potentially, this 

could reflect the activation of a PIP-kinase to replenish the PIP2 that is consumed by PLC. 

Alternatively, PIP itself could be a PLC substrate. 

Figure 5d shows the characteristic slow labelling pattern of PE, which is slightly enhanced 

under salt-stress conditions. Nonetheless, the rapid and transient labelling of LPA and PA 

in this experiment is clearly more in agreement with their origin in the PPIs rather than 

from PLD-mediated hydrolysis of PE. 

To examine this further, we labelled cells for extended time periods with 32Pi in the presence 

of unlabelled carrier phosphate to deliberately impede the rapid label incorporation into 

Salt stress-induced LPA response in Chlamydomonas
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the DGK product. Under these conditions, 32P-lipid levels will, over time, reflect actual 

quantities rather than turnover rates. Thus, radioactivity in the structural phospholipids 

such as PE, keeps on increasing for days, while the quantitatively minor PPIs will reduce, 

reflecting their actual levels (Chapter 3, [7]). The opposite labelling trends of PE and 

PPI must be reflected in their products PAPE and PAPPI, which provides a means to 

distinguish them and to determine which pathway is activated during salt stress, a PLD- 

or PLC-mediated pathway, respectively. Thus, PA derived from PLD activity will reflect the 

steadily increasing labelling of 32P-PE, and PA generated by the PLC/DGK pathway will 

show a decreasing labelling. 

Under non-stimulated conditions, the amount of 32P-label in PE increased massively with 

increasing labelling times (Fig. 6a). Also LPA and PA showed increased labelling with time, 

probably reflecting the extensive equilibration of the precursors in de novo synthesis. 

Stimulation of cells with 300 mM NaCl for 5 min (Fig. 6b) induced increased 32P-PA levels 

at all labelling times, and in 32P-LPA until 1 day of labelling (compare Fig. 6a and 6b). 

However, the 32P-LPA response was lower at longer labelling times. Strikingly, after 2 days 

of labelling, salt stress did not induce an increase in 32P-LPA anymore, instead it declined 
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buffer supplemented with 300 mM NaCL (closed symbols). Total lipids were extracted and separated by 
TLC, and subsequently radioactivity in the phospholipid spots was determined by phosphoimaging.
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(Fig. 6a, 6b). Clearly, the declining trend in NaCl-induced 32P-LPA was the opposite of 

the increase in 32P-PE, again suggesting that PLD activity could not be responsible for 

the bulk of 32P-LPA accumulation. Moreover, non-stimulated 32P-LPA levels, presumably 

reflecting de novo LPA synthesis, kept on increasing in radioactivity over the entire 

sampling period (Fig. 6a), which again is in contrast with the decline in the salt-stimulated 
32P-LPA response. This result argues against a major contribution of de novo synthesis to 

the 32P-LPA response and is in agreement with a leading role for DGK in providing PA as 

substrate to PLA2. 

The opposite 32P-labeling trends of LPA and PE are even clearer when the data are 

compared as percentage of the total 32P-lipid (Fig. 6c, d).

Discussion

In recent years, the rapid accumulation of PA has been shown to be an early hallmark 

of plant stress responses. Being the product of the stress-inducible activities of PLD and 
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DGK, but also the precursor in glycerolipid biosynthesis, the study of PA is complex. In 

Chlamydomonas cells, salt stress activates both PLD and DGK, generating a PA increment 

of mixed origin. A recent study showed that 32P-LPA also accumulated, which was 

proposed to be due to PLA2 activity on PA [3]. The present work used a combination 

of fatty acid analysis and differential radiolabelling techniques to provide evidence for a 

pathway; connecting PLC/DGK signalling to the LPA response. A model is presented that 

maps out different metabolic PA and LPA pools and their precursors, and shows where 

the NaCl-induced LPA response fits in (Fig. 7).

LPA accumulates under salt stress due to PLA2 activity

The enzymes GPAT and LPAAT are responsible for de novo synthesis of LPA and PA, 

respectively (Fig. 1). This route prevails at basal conditions, but its activity might be 

induced under stress conditions, similar to observations of de novo synthesized DAG 

in hypo-osmotically stressed Dunaliella salina [17]. However, different lines of evidence 

indicate that the salt-induced LPA response in Chlamydomonas is not a consequence 

of stimulated GPAT activity. First, the a-LA-rich LPA under salt stress is clearly different 

Figure 7. Molecular species 
compositions of distinct LPA 
and PA pools. The fatty acids 
in de novo synthesized PA and 
LPA differ from the fatty acids 
in PA and LPA generated in 
the DGK and PLD signalling 
pathways. The accumulation of 
18:3-enriched LPA in the salt stress 
response in Chlamydomonas, is 
suggested to be derived from 
DGK-generated PA. In the presence 
of n-butanol, PLD can catalyze a 
transphosphatidylation reaction 
by which the artificial lipid PBut is 
formed, which is used as marker 
of PLD activity. The fatty acid 
composition of PBut matches that 
of the PLD substrate lipid pool, and 
of PLD’s normal product, PA.
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from de novo synthesized LPA molecular species (Fig. 3b, 3d, 7). Second, under basal 

conditions, 32P-radiolabelling of LPA occurs slowly, reaching equilibrium after days, 

whereas salt-stimulated LPA showed a contrary labelling trend (Fig. 6). As a product of 

enhanced GPAT activity, LPA would display the slow equilibration kinetics of its precursors, 

which is not the case. 

Similarly we have presented several lines of evidence to suggest that the LPA increase is 

due to a PA-specific PLA2 activity. The increase in LPA concurs with the rise in PA, but 

the latter sets in a bit earlier ([3]; Fig. 5a). Moreover, LPA’s rapid labelling kinetics (Fig. 5) 

and peculiar fatty acid composition (Fig. 3, 4) are consistent with its origin from a specific 

subpool of PA. In addition, no other lysophospholipids were found. These results are also 

in agreement with our previous study, showing that pharmacological inhibition of PLA2 

abrogated the LPA response [3]. This treatment simultaneously increased the 32P-level of 

PA and its metabolite DGPP, suggesting that PA kinase (PAK) and PLA2 compete for the 

same PA pool (Fig. 1). 

Salt-stress-induced PLA2 hydrolyses a subpool of PA that is generated 
via the PLC-DGK route

As summarized in Fig. 1 and 7, several potential pathways could generate PA during salt 

stress. De novo synthesis of PA implicates LPA as precursor, while the PLC/DGK and PLD 

pathways may provide PA as substrate to PLA2, generating LPA as product. Previous studies 

have implicated the PLC/DGK and PLD pathways in the salt response in Chlamydomonas 

([1, 2]; Chapter 4). PLD activity was probed using its transphosphatidylation activity: in 

the presence of a primary alcolhol, such as n-butanol, the alcohol can serve as acceptor 

of the phosphatidyl moiety, generating phosphatidylbutanol (PBut). PBut accumulation 

thus reflects PLD activity, and its fatty acid composition matches that of PLD’s substrate 

and its normal product, PA. Thus, we previously could infer from the PBut fatty acid 

composition that salt-induced PLD activity does not produce a-LA-containing PA [1], 

which is in agreement with our present conclusion that PLA2’s substrate is provided by 

another pathway (Fig. 7). NaCl-stimulated LPA species contain several fatty acids which 

are characteristic of PIP2, PIP and PI: a-LA, 18:1n7 and 18:2n6 (Fig. 7). Each one is present 

at the sn-1 position of PI (Table 1), suggesting that sequential PIP and/or PIP2 hydrolysis 

by PLC and subsequent phosphorylation of DAG could provide the PA substrate to 

PLA2 (Fig.7). This was further supported by our 32P-radiolabelling experiments. Under 

pulse-labelling conditions, which favour labelling of the products of DGK, salt induced 

rapid and large 32P-PA- and 32P-LPA increments. Conversely, under conditions, which 

favour label incorporation into PLD’s substrate, 32P-LPA levels declined, likely following the 

decreased specific radioactivity of ATP. Interestingly, hyperosmotic stress in Arabidopsis 

seedlings induced the formation of DAG and PA species with a high 18:2n6 and 18:3n3 
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content, which was speculated to reflect a PLC/DGK pathway, drawing on a PPI pool with 

increased PUFA levels [18]. 

The finding that pharmacological inhibition of PLA2 not only decreases salt-induced LPA 

formation in Chlamydomonas, but simultaneously increases the levels of PA and DGPP 

[3], has interesting implications, as it suggests that PLA2 and PAK compete for the same 

PA substrate pool. According to the present data, this is the PA pool generated through 

the PLC/DGK pathway. As DGK and PAK are predicted to be mainly localized at the 

plasma membrane ([8, 19]; Chapter 2), PLA2 might be active there as well. Like PAK, it 

might represent a pathway to attenuate PA signalling. Alternatively, LPA has signalling 

functions itself.

LPA signalling

In animal systems, LPA is an intercellular signalling molecule that is ligand for 

G-protein coupled EDG receptors [20]. However, these receptors are missing from the 

Chlamydomonas and Arabidopsis genomes (unpublished), and in a unicellular alga it 

seems unlikely that LPA is secreted and sensed by other cells. 

From Arabidopsis, a putative PA-PLA1 gene was cloned, SRG1, of which the KO mutant 

displayed a reduced gravitropic response [21]. In rat testis, a PA-preferring PLA2 activity 

has been found, which also hydrolyzes lysobisphosphatidic acid [22]. Recently, putative 

targets for PA have been picked up in a proteomics screen using PA-affinity beads [23]. 

It will be interesting to test LPA as a competitor in those assays as some of the proteins 

may be LPA targets.

A novel Arabidopsis PLA2, encoded by SOBER1, with no homology to any of the plant 

PLA families, was suggested to suppress the elicitor-induced induction of a hypersensitive 

response by reducing the accumulation of PA [24]. Based on in vitro activity of recombinant 

SOBER1, its substrate was speculated to be PC rather than PA. 

Salt stress-responses in Chlamydomonas and other green algal 
systems

An LPA response has also been reported in hyperosmotically stressed Dunaliella salina 

[25]. Interestingly, in this system, also 32P-lyso-PC increased , under hypersalinity stress 

and 32P-PA decreased. Such differences may be related to the fact that D. salina lives 

in saline environments and is extremely salt-tolerant. Therefore, phospholipid changes 

were only found when salt concentrations went up from 1.7 to 3.4 M NaCl, which may 

induce effects of NaCl toxicity, disturbed ionic balance and/or membrane destabilization. 

In D. salina, such stress leads to a cell volume decrease, plasma membrane infolding and 

shrinking of nuclear and plastidial membranes [25]. In contrast, hypo-osmotic stress was 

found to increase the level of PA in D. salina, and both PLC/DGK and de novo synthesis 

pathways were implicated in the response [17, 26].
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In another unicellular green alga, Micrasterias denticulata, salt stress has been shown to 

induce all kinds of morphological changes, such as cytoplasmic vacuolization, deformation 

of mitochondria and ultrastructural changes in ER and Golgi [27]. After only 5 min of stress 

treatment a rapid accumulation of reactive oxygen species (ROS) was registered, and 

after prolonged salt stress, several symptoms of programmed cell death (PCD) became 

manifest. Interestingly, PLC and PLD have been implicated in PCD in suspension-cultured 

tomato and rice cells [28, 29], and phosphoinositide-dependent kinase 1 (PDK1), which 

mediates responses to ROS [30], has been identified as a target of PA [31].

With respect to osmoregulation, Chlamydomonas has a unique mechanism based on the 

function of its contractile vacuole, which has been implicated in the elimination of water 

in a low osmotic potential environment [32]; however, its function in hyperosmotic stress 

has yet to be evaluated.

Possible functions of free fatty acids and their metabolites

In Chlamydomonas, the major molecular species of PI that have 18:3, are 18:3/16:0 and 

18:3/18:3 ([1]; Chapter 4, Fig. 7). Upon PLA2 hydrolysis this would generate free palmitic 

acid and a-LA. Free fatty acids and their metabolites may have functions in the regulation 

of enzymes, such as PLDd, whose activity is enhanced in the presence of oleate [33]. 

Moreover, a-LA can be metabolized to octadecanoids such as oxophytodienoic acid and 

jasmonic acid, which acts as growth factor and modulator of stress resistance, in particular 

during wounding and pathogen infection in land plants [34]. Previously, JA accumulation 

has been directly linked to PLDa1-derived PA production during the wounding response 

[35], however, this could not be reproduced by Bargmann et al. [36]. Alternatively, 

two chloroplast-localized galactolipases/PLAs, AtDAD1 and AtDGL1, were found to be 

responsible for the wounding-induced accumulation of JA, whereas PLDa1 was required 

for their transcriptional upregulation [37].  

In an evolutionary distant diatom, Thalassiosira rotula, wounding has been reported 

to trigger PLA2 activity and to release C20 polyunsaturated fatty acids within minutes. 

These fatty acids were further metabolized to the defensive aldehydes 2,4-decadienal and 

2,4,7-decatrienal [38]. In Arabidopsis leaves, wounding induced the formation of hexanal 

through a lipid hydrolyzing activity releasing a-LA as its precursor [39]. Apart from the 

role of these aldehydes in toxic defense against grazers, they have been speculated to 

be chemical signals of unfavourable growth conditions, inducing programmed cell death 

(PCD) within phytoplankton communities [4]. 

Biophysical aspects of PLA2-mediated LPA formation

Due to an intramolecular hydrogen bond between the headgroup of LPA and the 

hydroxyl on the glycerol backbone, LPA carries more negative charge than PA [40]. 

Moreover, at neutral pH, LPA has the shape of an inverted cone, whereas PA has a cone 
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shape, which is even more pronounced if it contains PUFAs like a-LA [41]. Hence, the 

interconversion of PA and LPA by PLA2 and LPAAT may affect local membrane charge and 

curvature depending on the membrane environment. Both effects may contribute to the 

physiological significance of the mammalian LPAATs CtBP/BARS [42] and endophilin 1 [43] 

in vesicle formation. The response to hyperosmotic stress in Chlamydomonas may require 

membrane surface reduction by endocytosis to adapt to the decreased cell volume. 

The question of where the different pools of PA and LPA, characterized in this study (Fig. 

7), are located in the cell will be important. Lipid biosensors for PA and LPA may yield 

valuable information as to where and when, PA and LPA are formed [44]. 
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Abstract

As the devastating impact of high soil salinity on worldwide crop production is becoming 

clear, much research is focussed on the question how various plant species respond to low 

environmental water potential and salinity. The regulation of these responses depends on 

signal transduction pathways, and several have now been implicated. A recent addition 

is the hypersalinity-induced activation of phospholipase D (PLD), producing the lipid 

second messenger, phosphatidic acid (PtdOH). This lipid can also be formed through 

the combined activities of phospholipase C (PLC), hydrolyzing phosphoinositides, and 

diacylglycerol kinase (DGK), phosphorylating the resulting diacylglycerol (DAG). In this 

study, we establish the rapid accumulation of PtdOH in salt-treated Arabidopsis seedlings, 

and investigate its metabolic sources at different stress levels. Evidence is presented for the 

involvement of two distinct pathways. One, active at medium-high NaCl concentrations 

(≥ 100 mM), involving the activity of diacylglycerol kinase (DGK), and another, under the 

experimental conditions, active only at very high concentrations (> 500 mM), involving 

PLD. Using T-DNA insertion mutants the latter activity was found to depend solely on 

the PLDd isozyme. However, a successful identification of the activated DGK and PLC 

isozymes, of which the Arabidopsis genome encodes 7 and 9 genes, respectively, awaits 

the generation of effective knock-out mutants. A study using the sos1, sos2, sos3, fry1, 

los1, and hos1 mutants, provided evidence that the PtdOH response should be positioned 

upstream of each of these components. Finally, in an assay of seedling root growth 

at 25-75 mM NaCl, a plda knock-out mutant, but not the pldd knock-out, displayed 

enhanced sensitivity compared to wild-type. 
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Introduction

Excessive soil salinity imposes major constraints on plant growth and limits the arable land. 

In particular, agricultural potential is compromised by accumulated salts from irrigation 

water, and from rising underground water tables that bring natural salts in the soil to the 

surface. Understanding the mechanisms by which plants respond to salt stress is a major 

goal in plant physiology. Such responses range from the acute phase of stress signal 

transduction, down to acclimatory responses by means of physiological, developmental 

and biochemical changes. High soil salt concentrations decrease the extracellular water 

potential, and challenge turgor maintenance and water uptake. The water potential 

gradient can be restored by synthesis of cytosolic compatible osmolytes and vacuolar 

ion storage. However, intracellular accumulation of ions, particularly Na+, can reach toxic 

levels that interfere with enzymatic activities and membrane structure, and disturb cellular 

ionic balances. To prevent this, Na+ has to be actively removed from the cytosol to the 

apoplast or to the vacuole, which is driven by the electrochemical potential gradients 

across the plasma membrane and the tonoplast, and, in Arabidopsis, involves the Na+-H+ 

antiporters, AtSOS1 and AtNHX1, respectively [1, 2]. 

A number of components in the salt stress response have been found in screens of 

mutants affected in salt tolerance and stress-related gene activation [3-5]. Thus, not only 

AtSOS1, but also AtSOS2, a serine-threonine kinase, and AtSOS3, a Ca2+-regulated protein 

phosphatase, were found. The latter two form a complex to regulate AtSOS1 activity, and 

are thus essential in re-establishing ionic homeostasis. Genes activated in abiotic stresses 

have conserved promoter elements, including ABRE and DRE/C-repeat, which are the 

basis for ABA and CBF/DREB dependent regulation of transcription. Using a  luciferase 

reporter under the control of the stress-responsive RD29A promoter, several mutants 

were isolated in Arabidopsis, that exhibited altered induction of stress-responseve genes 

under cold, drought, salt, and ABA treatments. Thus, the induction was increased in fry1 

and hos1, and decreased in los1. The physiological functions of the wildtype proteins are 

subject of current research.

The signalling network underlying responses to hypersalinity is largely unknown, but a 

high degree of complexity is suggested by the multiplicity of components and pathways 

involved. They include calcium [6], reactive oxygen species, nitric oxide, cGMP [7], and 

a variety of protein kinases, including mitogen-activated protein kinases (MAPKs, [8]) 

calcium-dependent protein kinase (CDPK), SNF-related protein kinases (SnRKs), and S6 

kinase. Moreover, the generation of lipid second messengers has been established as one 

of the fastest responses to hypersalinity [9-11].

Recently, interest has focussed on the minor phospholipid phosphatidic acid (PtdOH) and 

the enzymes that form it during various stress responses. In a variety of plant systems, it 

accumulates rapidly in response to osmotic and salt stress [11], drought [9, 12, 13], and low 

[14] (see Chapter 7), as well as high temperatures [15]. Two different pathways have been 
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implicated in its formation under these stresses [16-18]. Phospholipase D generates PtdOH 

by hydrolysis of structural phospholipids such as phosphatidyl ethanolamine (PtdEtn) 

or phosphatidyl choline (PtdCho), and diacylglycerol kinase (DGK) produces PtdOH by 

phosphorylation of diacylglycerol (DAG). In the latter pathway, DAG can be derived 

from PLC-catalyzed hydrolysis of polyphosphoinositides, possibly phosphatidylinositol 

4-phosphate (PtdIns4P) or phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2). This 

activity would liberate the soluble headgroups, inositol bisphosphate (InsP2) or inositol 

trisphosphate (InsP3), respectively. The latter is believed to function in the generation of 

a cytosolic calcium signal, perhaps because multiple phosphorylation generates inositol 

hexaphosphate (InsP6), a potent activator of calcium release in stomatal guard cells [19] 

(Munnik PCE). Increased levels of InsP3 have been found in salt-stressed Arabidopsis 

cells [20] and plants [21-23] within minutes after onset of the treatment, suggesting the 

activation of PLC. 

Numerous studies have pointed to a role for different PLD isozymes in water stresses 

[11, 13, 24-26] (add Wang, Welti). AtPLDd transcripts accumulated within 1 h of salt 

stress in Arabidopsis plants, and antisense suppression decreased its induced activity 

upon dehydration [13]. In leaf discs, both AtPLDa1 and AtPLDd contributed to salt-and 

dehydration-induced PtdOH increases and, using knock-out mutants, the same PLDs were 

suggested to be essential for root growth under osmotic stress conditions [9]. While 

the activation of PLC under similar conditions suggested another pathway of PtdOH 

formation, namely via the phosphorylation of PLC-generated DAG by DGK, this possibility 

remained largely unexplored.

This study uses whole Arabidopsis seedlings as model, and focusses on the question 

which enzymes are responsible for the rapid PtdOH response that we found. We used 
32P-radiolabelling techniques to dissect the pathways of PtdOH formation, and tried to 

identify the isozymes involved using T-DNA insertion mutants. Using loss-of-function 

mutants of SOS1, SOS2, SOS3, LOS1, HOS2, FRY1, and SNOW1, we assessed whether 

the PtdOH response was downstream of any of these elements in the response to high 

salinity.

Results

In vivo 32P-radiolabelling assays are well-suited for the study of rapid phospholipid 

responses to environmental stresses, which in general are very fast (minutes), and they 

allow quantitatively minor phospholipid changes to be analyzed, while they simultaneously 

provide evidence for precursor-product relations. Arabidopsis seedlings rapidly take up 
32P-Pi added to the liquid medium and incorporate it into organic compounds such as 

phospholipids. Seedlings are useful in the study of responses to abiotic stress because 

they are particularly sensitive to environmental cues and capable of stress signalling and 
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acclimatory responses. We set out to investigate the early phospholipid response to salt 

stress, focussing on the accumulation of 32P-PtdOH in seedlings, and the enzyme activities 

underlying this. 

Seedlings were prelabelled for 16 hr and then exposed to 300 mM NaCl for 5 min. When 

their phospholipids were extracted, separated by TLC and visualized by autoradiography, 

a consistent and substantial increase in PtdOH was detected (Fig. 1a). Moreover, a 

dose-response experiment revealed two other changes in the phospholipid pattern (Fig. 

1b). An increase in DGPP was witnessed, signifying the phosphorylation of PtdOH. In 

addition, an increase in the minor phosphoinositide PtdInsP2 was detected at higher 

osmolarity (> 500 mM NaCl). Time-course experiments using 300 mM NaCl doses showed 

a rapid PtdOH accumulation, with a marked increase already after 1 min. (Fig. 1c) and a 

slower PtdInsP2 accumulation (Fig. 1d). 

Since PtdOH is a metabolite in several phospholipid signalling pathways, we set out to 

determine its metabolic origin under conditions of salt stress. For this purpose a differential 
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Figure 1. Hypersalinic conditions rapidly induce the formation of PtdOH in Arabidopsis. 5-day-old seedlings 
were O/N labelled with 32Pi and then treated with NaCl. Extracted phospholipids were separated by 
TLC and analyzed by phosphoimaging. (a) The treatment of seedlings with 300 mM NaCl (5 min) was 
characterized by massive PtdOH formation. (b) Applying a range of NaCl concentrations (5 min) revealed 
a dose-dependent PtdOH response. In addition, there was an increase in PtdInsP2. The time course of the 
accumulation of PtdOH (c) and PtdInsP2 (d) in response to 300 mM NaCl shows a very rapid and sustained 
increment in PtdOH and a slower PtdInsP2 response. The levels are expressed as radioactivity percentage 
of the total radiolabelled phospholipids. Values represent the means of triplicates of a representative 
experiment; error bars indicate standard deviations. 
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labelling strategy was followed. Using this protocol, the formation of 32P-PtdOH through 

the activities of DGK and PLD can be distinguished, as the first depends on the 32P-labelling 

of ATP and the second depends on the 32P-labelling of the phosphodiester of the PLD 

substrate, e.g. PtdEtn or PtdCho. Hence, after short prelabelling, when the ATP pool has 

a high degree of radiolabelling, but the PLD substrates are hardly labelled, the formation 

of 32P-PtdOH reflects DGK rather than PLD activity. However, long labelling times 

warrant sufficient 32Pi-incorporation into the PLD substrates, and hence, the 32P-PtdOH 

it produces. To specifically assay PLD, its ability to catalyze the transphosphatidylation 

of a primary alcohol is used; i.e. in the presence of 0.5% n-ButOH, PLD transfers the 
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Figure 2. Distinguishing between DGK- and 
PLD-mediated PtdOH formed in response to 5 
min. of hypersalinity. (a) To discriminate DGK- and 
PLD-mediated PtdOH a differential labelling strategy 
was applied [46].  Probing DGK activity, seedlings 
were metabolically labelled with 32Pi for 15 min. 
followed by 5 min NaCl treatment. Lipids were 
extracted, separated by TLC, and quantified by 
phosphoimaging. Data are in arbitrary units (AU) 
because after a short labelling time the amount of 
PtdOH cannot be expressed relative to the weakly 
labelled structural lipids. (b) Alternatively, plants were 
labelled O/N and treated with salt in the presence 
of 0.5% ButOH. The accumulation of PtdOH (white 
bars) was monitored and the formation of PBut 
(grey bars) was taken as a measure of PLD activity 
and expressed as percentage of the total labelled 
lipid. (c) Detailed dose-response study, using O/N 
32Pi labelling, showing PA and concurrent changes 
in the PPIs.
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phosphatidyl moiety of the phospholipid substrate to the alcohol to produce the artificial 

lipid PtdBut. The accumulation of PtdBut is used as a measure of the activity of PLD [27]. 

Fig. 2a shows the 32P-PtdOH response of seedlings, prelabelled for 15 min and 

subsequently challenged with  different concentrations of NaCl. There was a clear increase 

of 32P-PtdOH at 250 mM NaCl, but higher concentrations did not elicit greater increments. 

This was in contrast with the pattern after long prelabelling (Fig. 2b) which featured an 

increase at 250 mM, but an additional, larger rise between 500 and 1500 mM NaCl. After 

15 min prelabelling the structural phospholipids were hardly labelled (not shown), so the 
32P-PtdOH accumulation could not be the result of PLD activity. Rather, an activation 
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Figure 3. Salt-induced PtdOH formation and 
root growth inhibition in PLD-knockout lines. 
(a) The PtdOH response to severe hypersalinity 
is abrogated in the pldδ and the pldα1/pldδ 
double mutants. Seedlings were prelabelled 
O/N with 32P-Pi and treated 5 min with the 
NaCl concentrations indicated. Incubations were 
terminated by the addition of PCA to a final conc 
of 5%, and lipids were extracted, analyzed by TLC 
and quantified by phosphoimaging (values ± SD). 
(b) Similarly, a more detailed study of the pldα1/
pldδ double mutant showed saturation of the 
PtdOH response at 250 mM NaCl. (c) Primary root 
length (mean ± SE) of Col-0, and the mutants 
pldα1, pldδ and pldα1/pldδ, after 7 d of seedling 
growth. Data were analyzed for significance (p 
< 0.01) by one-way ANOVA; a = different from 
Col-0 at the same salt conc; b = different from 
pldδ at the same salt conc.
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Table 1. Hypersalinity-induced PtdOH formation in DGK T-DNA insertion lines 5-day old Arabidopsis 
seedlings were labelled O/N with 32Pi  and treated with 300 mM NaCl for 5 min. Lipids were extracted, 
separated by TLC and quantified by phosphoimaging. PtdOH levels are expressed as a percentage of 
the total 32P-labelled lipids and represent the averages of multiple samples containing 2 seedlings each, 
followed by stdev’s. The total numbers of replications and experiments per genotype are listed in the 
last column.  Wt = Col-0

gene AGI ID Line Name Control Salt Stim.Fold Replicates (exp)

wt - 0.75 ± 0.18 1.73 ± 0.29 2.3 10 (3)

AtDGK1 At5g07920 SALK 053412 dgk1-1 0.67 ± 0.09 1.83 ± 0.10 2.7   6 (2)

AtDGK2 At5g63770 SAIL 718_G03 dgk2-1 0.77 ± 0.11 1.95 ± 0.31 2.5   6 (2)

SAIL 71_B03 dgk2-2 0.63 ± 0.10 1.74 ± 0.33 2.8   6 (2)

AtDGK3 At2g18730 SALK 082600 dgk3-1 0.72 ± 0.03 1.94 ± 0.12 2.8   3 (1)

AtDGK4 At5g57690 SAIL 339_C01 dgk4-1 0.73 ± 0.09 1.77 ± 0.19 2.4   6 (2)

SALK 069158 dgk4-2 0.70 ± 0.08 1.53 ± 0.14 2.2   6 (2)

AtDGK5 At2g20900 SAIL 1212_E10 dgk5-1 0.57 ± 0.07 1.63 ± 0.12 2.9   3 (1)

SAIL 253_E12 dgk5-2 0.62 ± 0.06 1.82 ± 0.21 2.9   3 (1)

AtDGK6 At4g28130 SALK 016285 dgk6-1 0.79 ± 0.05 1.85 ± 0.28 2.3   3 (1)

AtDGK7 At4g30340 SAIL 51_E04 dgk7-1 0.70 ± 0.07 1.90 ± 0.27 2.7   6 (2)

SALK 059060 dgk7-2 0.87 ± 0.26 2.04 ± 0.16 2.4   6 (2)

SALK 007896 dgk7-3 0.79 ± 0.11 2.04 ± 0.20 2.6   6 (2)

Table 2. Hypersalinity-induced PtdOH formation in PLC T-DNA insertion lines. Experiment 
as in Table 1. PtdOH levels are expressed as a percentage of the total 32P-labelled lipids 
with stdev’s in brackets.

Wild type Gene AGI ID Line Name Control 300 mM NaCl Stim. Fold Replicates (exp)

Columbia gl 1 - - - - 0.57 ± 0.03 1.88 ± 0.18 3.30 6 (2)

PLC1 At5g58670 ET Jack plc1-1 0.49 ± 0.04 1.83 ± 0.11 3.73 6 (2)

Columbia-0 - - - - 0.63 ± 0.09 1.76± 0.07 2.80 6 (2)

PLC2 At3g08510 SAIL 224_F02 plc2-1 0.55 ± 0.05 1.84± 0.20 3.37 6 (2

PLC3 At4g38530 SAIL 1219_G08 plc3-1 0.63± 0.09 1.80± 0.19 2.87 6 (2

PLC4 At5g58700 SAIL 791_05 plc4-1 0.50± 0.07 2.02± 0.14 4.06 6 (2)

PLC5 At5g58690 SALK 144469 plc5-1 0.62± 0.10 1.84± 0.20 2.94 6 (2)

PLC6 At2g40116 SALK 090508 plc5-1 0.54± 0.09 1.88± 0.31 3.50 6 (2

SALK 041365 plc6-2 0.61± 0.10 1.62± 0.36 2.64 6 (2)

PLC7 At3g55940 SAIL 303_H07 plc7-1 0.63± 0.08 1.78± 0.15 2.82 3 (1)

SAIL 636_F05 plc7-2 0.62± 0.05 1.73± 0.06 2.79 3 (1)

SALK 030333 plc7-3 0.74± 0.10 2.01± 0.17 2.72 3 (1)

SALK 148821 plc7-4 0.56± 0.03 1.58± 0.24 2.84 6 (2)

PLC9 At3g47220 SALK 025949 plc9-1 0.71± 0.07 1.94± 0.24 2.75 6 (2)

SALK 021982 plc9-2 0.71± 0.08 1.99± 0.18 2.79 6 (2)
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Table 1. Hypersalinity-induced PtdOH formation in DGK T-DNA insertion lines 5-day old Arabidopsis 
seedlings were labelled O/N with 32Pi  and treated with 300 mM NaCl for 5 min. Lipids were extracted, 
separated by TLC and quantified by phosphoimaging. PtdOH levels are expressed as a percentage of 
the total 32P-labelled lipids and represent the averages of multiple samples containing 2 seedlings each, 
followed by stdev’s. The total numbers of replications and experiments per genotype are listed in the 
last column.  Wt = Col-0

gene AGI ID Line Name Control Salt Stim.Fold Replicates (exp)

wt - 0.75 ± 0.18 1.73 ± 0.29 2.3 10 (3)

AtDGK1 At5g07920 SALK 053412 dgk1-1 0.67 ± 0.09 1.83 ± 0.10 2.7   6 (2)

AtDGK2 At5g63770 SAIL 718_G03 dgk2-1 0.77 ± 0.11 1.95 ± 0.31 2.5   6 (2)

SAIL 71_B03 dgk2-2 0.63 ± 0.10 1.74 ± 0.33 2.8   6 (2)

AtDGK3 At2g18730 SALK 082600 dgk3-1 0.72 ± 0.03 1.94 ± 0.12 2.8   3 (1)

AtDGK4 At5g57690 SAIL 339_C01 dgk4-1 0.73 ± 0.09 1.77 ± 0.19 2.4   6 (2)

SALK 069158 dgk4-2 0.70 ± 0.08 1.53 ± 0.14 2.2   6 (2)

AtDGK5 At2g20900 SAIL 1212_E10 dgk5-1 0.57 ± 0.07 1.63 ± 0.12 2.9   3 (1)

SAIL 253_E12 dgk5-2 0.62 ± 0.06 1.82 ± 0.21 2.9   3 (1)

AtDGK6 At4g28130 SALK 016285 dgk6-1 0.79 ± 0.05 1.85 ± 0.28 2.3   3 (1)

AtDGK7 At4g30340 SAIL 51_E04 dgk7-1 0.70 ± 0.07 1.90 ± 0.27 2.7   6 (2)

SALK 059060 dgk7-2 0.87 ± 0.26 2.04 ± 0.16 2.4   6 (2)

SALK 007896 dgk7-3 0.79 ± 0.11 2.04 ± 0.20 2.6   6 (2)

Table 2. Hypersalinity-induced PtdOH formation in PLC T-DNA insertion lines. Experiment 
as in Table 1. PtdOH levels are expressed as a percentage of the total 32P-labelled lipids 
with stdev’s in brackets.

Wild type Gene AGI ID Line Name Control 300 mM NaCl Stim. Fold Replicates (exp)

Columbia gl 1 - - - - 0.57 ± 0.03 1.88 ± 0.18 3.30 6 (2)

PLC1 At5g58670 ET Jack plc1-1 0.49 ± 0.04 1.83 ± 0.11 3.73 6 (2)

Columbia-0 - - - - 0.63 ± 0.09 1.76± 0.07 2.80 6 (2)

PLC2 At3g08510 SAIL 224_F02 plc2-1 0.55 ± 0.05 1.84± 0.20 3.37 6 (2

PLC3 At4g38530 SAIL 1219_G08 plc3-1 0.63± 0.09 1.80± 0.19 2.87 6 (2

PLC4 At5g58700 SAIL 791_05 plc4-1 0.50± 0.07 2.02± 0.14 4.06 6 (2)

PLC5 At5g58690 SALK 144469 plc5-1 0.62± 0.10 1.84± 0.20 2.94 6 (2)

PLC6 At2g40116 SALK 090508 plc5-1 0.54± 0.09 1.88± 0.31 3.50 6 (2

SALK 041365 plc6-2 0.61± 0.10 1.62± 0.36 2.64 6 (2)

PLC7 At3g55940 SAIL 303_H07 plc7-1 0.63± 0.08 1.78± 0.15 2.82 3 (1)

SAIL 636_F05 plc7-2 0.62± 0.05 1.73± 0.06 2.79 3 (1)

SALK 030333 plc7-3 0.74± 0.10 2.01± 0.17 2.72 3 (1)

SALK 148821 plc7-4 0.56± 0.03 1.58± 0.24 2.84 6 (2)

PLC9 At3g47220 SALK 025949 plc9-1 0.71± 0.07 1.94± 0.24 2.75 6 (2)

SALK 021982 plc9-2 0.71± 0.08 1.99± 0.18 2.79 6 (2)

of DGK could account for this, since the ATP pool is 

rapidly labelled. However, the additional increase at 

1500 mM, visualized only after long 32P-labelling, is 

most likely the consequence of PLD activation. To 

test this possibility, the transphosphatidylation assay 

was applied. When 0.5% ButOH was added to the 

medium, 32P-PtdBut formation was witnessed (Fig. 

2b). Its level remained constant at salt concentrations 

up to 500 mM, but showed a marked increase at 

1500 mM NaCl, correlating with the second large rise 

in 32P-PtdOH. This suggested the activation of PLD 

at high NaCl concentrations, and the involvement 

of DGK at concentrations < 250 mM. A detailed 

dose-response experiment (Fig. 2c) showed a distinct 

increase in 32P-PtdOH at 100 mM NaCl, while higher 

concentrations up to 600 mM resulted in gradual 

increments. Also, 32P-PtdInsP2 increased slightly under 

these conditions. Interestingly, 32P-PtdInsP levels 

declined at concentrations of 150 mM NaCl or higher. 

This is suggestive of its hydrolysis by PLC, which could 

be the basis for the increase in 32P-PtdOH at low NaCl 

levels as it would provide the DAG substrate for DGK. 

The Arabidopsis genome encodes 7 DGKs and 9 PLCs, 

some of which have been implicated in responses to 

abiotic stresses. E.g. DGK2 is transcriptionally induced 

by cold and PLC1 by drought, salt and cold [28, 29]. 

In an attempt to identify isozymes responsible for 

the early PtdOH response in Arabidopsis seedlings, 

we made use of T-DNA insertion lines. Several 

homozygous lines containing an insert in or close to 

the respective coding regions were obtained from 

SAIL and SALK collections (Suppl. Tables 1 and 2) 

and tested for their PtdOH response (Table 1, Table 2, 

Suppl. Fig. 1). In the DGK set of mutants, the control 

levels of PtdOH were similar, and stimulations varied 

between 2.2 and 2.9 times control levels. In the PLC 

lines, stimulations ranged from 2.8 to 4.06 times 

control levels. Variations in values obtained from 

different experiments sometimes made it difficult 
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to compare them, and assess reproducible significant alterations. None of the T-DNA 

insertion lines displayed a decreased PtdOH response. 

By a similar genetic approach, the two predominant PLD isozymes in Arabidopsis, 

previously implicated in the response to high salt concentrations, viz. PLDa1 and PLDd, 

were tested for their contribution to the PtdOH increase in salt-stressed seedlings, using 

the previously described plda1 and pldd knock-out lines, and the plda1/pldd double 

mutant [9]. Since our biochemical data implied a role for PLD at high concentrations 

NaCl (> 500 mM), mutant and wild-type seedlings were challenged with a range of 

concentrations up to 1500 mM (Fig. 3a and b). Interestingly, the PA increase of plda1 

seedlings was unaffected, but clearly suppressed in pldd and the double mutant (Fig. 

3a). This suppression was most clearly visible at 1500 mM NaCl, effectively wiping out 

any increases in excess of the level attained at 250 mM. A more detailed analysis of the 

double mutant confirmed that the mutations affected responses at salt concentrations 

higher than 500 mM (Fig. 3b). These results are in good agreement with our biochemical 
32P-labeling data suggesting PLD involvement under severe salt stress (Fig. 2), and indicate 

a principal role for AtPLDd in seedlings. 

Salt and osmotic stress affects growth and development of the root system [30]. In 

particular, high salt concentrations have been shown to inhibit primary root growth and 

the formation of lateral roots. The inhibition of primary root growth of seedlings grown 

on agar supplemented with 150 mM NaCl has previously been found to be more severe 

in plda1, pldd and double knock-out lines [9]. Similarly, we tested the same mutants 

at concentrations of 0, 25, 50 and 75 mM NaCl, quantifying root length after 7 d of 

seedling growth (Fig. 3c). Seeds were sown directly on agar containing the appropriate 

salt concentrations, their germination being hardly affected by the supplement. At 

concentrations of 50 mM and 75 mM NaCl, primary root lengths in wt plants were 

decreased by 14% and 25%, respectively. In plda1 seedlings, control root lengths were 

unaffected, but the inhibition at 50 and 75 mM NaCl was stronger, showing reductions 

of 23% and 36% the control values, respectively. Although pldd root length tended to be 

more inhibited, it was not statistically significant. The plda1/pldd double mutant displayed 

a reduced root growth phenotype similar to plda1.

The accumulation of PtdOH is a fast response to hypersalinity, and as such one would 

predict it to be upstream of other components in salt stress signalling. The SOS proteins 

function in restoring ionic balance in the presence of high [Na+] in the environment. SOS3 

encodes a Ca2+-binding protein which binds to SOS2, a serine/threonine protein kinase. 

One of the functions of the SOS2-SOS3 complex is to activate the Na+/H+ exchange 

activity of SOS1. KO mutants of these genes are impaired in salt stress adaptation. To 

investigate whether the PtdOH response occurs up- or downstream of these protein 

functions, we analyzed PA accumulation in the sos1, sos2 and sos3 mutants.

Since growth of sos1 seedlings was generally retarded, they were grown for seven days 

instead of five, to allow them to reach the same developmental state as the other strains. 
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Basal levels of 32P-PtdOH (Fig. 4a) and other 32P-lipids (not shown) were similar. Treatment 

with 300 mM NaCl for 5 min. resulted in stimulations in PtdOH, varying between 2.0 and 

2.4 times the control levels. 

Finally, several mutants were tested which are altered in their responses to water-stress: 

fry1, hos1, los1 (Fig. 4b). The results showed no reproducible changes in the levels of 
32P-PtdOH. Taken together, these data suggest a position of PtdOH signalling in the NaCl 

response, upstream of these previously characterized components. In contrast, myb15 a 

KO mutation in AtMYB15, an R2R3 transcription factor, which is thought to be a negative 

regulator of CBF/DREB1 in cold acclimation [31], and may function in ABA signalling under 

drought stress [32], was associated with an increased PtdOH response of, on average, 3.7 

times control values, compared to wt stimulations of 2.8 times control values (Fig. 4c). In 

contrast, the response to cold shock treatment was unaffected in myb15.
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Figure 4. Salt-induced PtdOH response in several 
mutants. (a) 5-day old sos1, sos2, sos3 and Col-gl 
seedlings were labelled O/N with 32Pi and then 
challenged with 300 mM NaCl for 5 min. Lipids 
were subsequently extracted, separated by TLC 
and quantified by phosphoimaging. The results 
shown are representative of 3 independent 
experiments and the values are means of 
triplicates of 2 seedlings each. Similarly, fry1, 
hos1, los1 and their genetic background control 
C24RD29A-luc were investigated (B), while 
myb15 seedlings (C) were assayed with 300 
mM NaCl or at 0°C for 5 min. Asterisk marks a 
significant difference between wt and mutant 
values (p=0.003).
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Discussion

32P-PtdOH accumulates under salt stress in Arabidopsis seedlings

This study shows that high environmental NaCl concentrations induce the rapid 

accumulation of PtdOH in Arabidopsis seedlings. Within 1 min of 300 mM salt treatment, 

an average 2.3-fold increase in 32P-PtdOH was found. A sigmoidal dose-response relation 

(Fig. 2b) suggested the involvement of different metabolic pathways at moderate (250 

mM NaCl) and severe (1500 mM NaCl) salt stress levels. PtdOH, traditionally just regarded 

as common precursor in glycerolipid synthesis and product of basal turn-over, is now 

emerging as a potential phospholipid signal in environmental stress responses. PtdOH 

metabolism is complex, because of the diversity of enzymes that are involved in its 

synthesis and breakdown (Chapter 1).

Previous studies have found osmotic stress- and salt-induced accumulation of PtdOH in 

a variety of other plant models, ranging from leaves of Arabidopis [9, 23] and rice [10], 

to suspension-cultured cells of tomato and alfalfa [9, 11] and Chlamydomonas [11, 33]. 

Frequently, it was explained in terms of the activation of PLD activity, the evidence being 

based on both biochemical and genetic approaches. Nevertheless, PtdOH is also the 

product of the phosphorylation of DAG by DGK activity, which has been implicated in 

several environmental stress responses of biotic as well as abiotic origin. Moreover, several 

AtPLC genes are induced under conditions of environmental stress, including salt stress 

[34, 35], and the accumulation of Ins(1,4,5)P3 in Arabidopsis  cells [20] and plants [21, 

23] suggested its activation. These data suggested that salt-induced PtdOH may involve 

not only PLD activity but also DGK, acting on PLC-generated DAG. Hence, we decided to 

investigate the source(s) for PtdOH in salt-stressed seedlings. 

DGK generates PtdOH at moderate and high levels of salt stress

To dissect the pathways a differential phospholipid radiolabelling protocol was followed 

[16, 36]. In experiments using short prelabelling times to probe DGK activity, we 

found a distinct increase in PtdOH at moderate stress levels (Fig. 2a). Studies using 

Chlamydomonas cells similarly implicated DGK activity in salt-induced PtdOH accumulation 

[11]. Interestingly, in another study, analysis of the fatty acid profiles of PtdInsP2, DAG 

and PtdOH of salt-stressed Arabidopsis plants, provided evidence not only for DAG 

phosphorylation, but for DAG production through PLC-mediated hydrolysis of a subpool 

of polyphosphoinositides [23]. Accordingly, the 32P-PtdInsP decrease, which accompanied 

PtdOH formation (Fig. 2c), may reflect its hydrolysis by PLC.  It could also be due to its 

phosphorylation to PtdInsP2, but this seems less likely as the increase in the latter does 

not complement the PtdInsP decrease (Fig. 2c), and is much slower (Fig. 1d). 
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PLD generates PtdOH at levels of severe salt stress in seedlings: 
AtPLDd is responsible

As the first part of the PtdOH response (< 500 mM NaCl) was tentatively ascribed to 

DGK activity, the source for the second part (> 500 mM NaCl) reflected PLD activity. This 

hypothesis was substantiated by the enhanced formation of the artificial phospholipid 

PtdBut through PLD-catalyzed transphosphatidylation as a measure of PLD activity (Fig. 

2b). The increase in 32P-PtdBut at 1500 mM NaCl suggested that at this concentration 

PLD activity was stimulated, responsible for the second part of the PtdOH response curve 

(Fig. 2b). The first part was not accompanied by 32P-PtdBut formation, in agreement with 

our conclusion that this reflected DGK activity rather than PLD. 

Several previous studies have argued for PLD functioning in responses to dehydration 

and salinity stress, and in Arabidopsis, four PLD isozymes have been implicated [25], 

PLDa1, PLDd, PLDa3 and PLDe. The latter two have been linked to the regulation of 

root architecture under hyperosmotic and salinity stress. The most abundant PLDs in 

Arabidopsis seedlings, PLDa1 and PLDd, are thought to be involved in the ABA-dependent 

regulation of stomatal aperture (PLDa1) and defence against oxidative stress (PLDd), and 

their silencing or knock-out leads to altered water stress responses. 

In the present study, knock-out mutants of PLDa1 and PLDd, and a double mutant, were 

tested for their salt-induced PtdOH responses, and, surprisingly, the activity of PLDd was 

found to account for the entire increment in PtdOH at concentrations in excess of 1 M 

NaCl (Fig. 2b). Previously, using leaf discs of the same knock-out lines, not only PLDd but 

also PLDa1 has been suggested to contribute to the PtdOH response under dehydration 

and hypersalinity stress [9]. Also, in PLDd antisense-suppressed Arabidopsis leaf discs a 

partial reduction in dehydration-induced PtdOH accumulation has been found [13]. The 

apparent difference between results from seedlings and leaves could merely reflect the 

distribution of the PLD isozymes. Interestingly, whereas PLDa1 is constitutively expressed, 

PLDd is upregulated by dehydration within one hour, most clearly in the vascular tissues of 

cotyledons, which could indicate a localized early activation of the enzyme [25]. 

PLDa1, but not PLDd, is required for normal seedling primary root 
growth on media supplemented with NaCl (25-75 mM)

High environmental salt concentrations inhibit root growth, as a result of high osmotic 

strength [9, 25, 30], and we used this response in a physiological test, to investigate 

whether the sensitivities of plda1, pldd and double mutant seedlings were altered. 

Compared to Col-0, primary root growth of plda1 and plda1-pldd seedlings was reduced 

at NaCl concentrations ³ 25 mM, and ³ 50 mM, respectively. PLDd-deficient seedlings 

were not affected, which indicated a discongruency with the reduced early PtdOH 

formation at higher stress levels in this mutant. Another study found that abrogation of 

PLDd does not compromise drought tolerance [37], although pldd plants generated less 
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PtdOH in response to drought [13]. This does not preclude a physiological role of this 

enzyme in the response, since different PLD enzymes might substitute for one another. 

For example, PLDa1-silenced plants display an enhanced induction of PLDd under drought 

stress, which was speculated to mitigate the adverse effects of the loss of PLDa1 function 

[37]. Of course, PLDd may have a function which is not associated with root growth.

Nevertheless, earlier studies of plda1 and pldd seedlings showed reduced root growth 

in both single and the double mutants at 150 mM salt, suggesting that PLDd could play 

a role at more severe stress levels. In addition, a recent study [38] showed that also 

AtPLDe contributed to the PtdOH response and was required for root growth under salt 

stress, since corresponding knock-out lines displayed excessive growth reductions at 50 

mM NaCl. 

PtdOH formation is ’upstream’ of SOS1/2/3, FRY1, HOS1 and LOS1, 
and is enhanced in Atmyb15 seedlings

The Ca2+-dependent SOS pathway functions under salt stress to remove cytoplasmic Na+, 

and, as a consequence, the sos1, sos2 and sos3 KO mutants displayed retarded growth 

on salt-supplemented agar plates. The interesting question is now raised, whether the 

SOS proteins function upstream of PtdOH signalling. To this end, the salt-induced PtdOH 

responses in the SOS mutants were analyzed. Neither the accumulation in PtdOH (Fig. 

4a), nor that of PtdInsP2 (not shown), was significantly altered in any of the mutants. Also 

the lipid responses in the fry1, los1 and hos1 mutant seedlings were not affected (Fig. 4b). 

These results suggest that the accumulation of PtdOH does not occur downstream of 

these components, as one might expect based on its extremely rapid kinetics. This adds 

PtdOH to the list of potential second messengers with a function in salt stress signalling, 

together with PtdInsP2 and Ca2+. Interestingly, abrogation of MYB15, a transcription factor 

which has been implicated in different abiotic stress responses, increases salt-induced 

PtdOH, which may reflect altered transcript levels of PLC or DGK genes. Remarkably, cold 

stress-induced PtdOH accumulation was unaltered (Fig. 4c).

In summary, we characterized the early salt-induced accumulation of PtdOH in Arabidopsis, 

and found two distinct parts of the response, one occurring at medium-high salt stress 

levels featuring DGK activity, and the other at high salt concentrations involving PLD. 

The separation of the two pathways offers the unique possibility to identify signalling 

components associated with either one of the activities. E.g. the formation of the 

enigmatic plant stress lipid DGPP, witnessed at 250 mM, is most likely the phosphorylation 

product of DGK-derived PtdOH, and not of PLD-derived PtdOH, since the latter is only 

stimulated at much higher NaCl concentrations. 
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Our attempt to identify the responsible DGK isozyme, and the PLC providing its substrate 

DAG, was not successful, likely due to the missing out of effective T-DNA insertion 

mutants for each of the genes, and redundancy problems. In contrast, surprisingly, the 

PLD-dependent increment in PtdOH at very high salinity levels was demonstrated to be 

entirely the result of PLDd activity. For seedling growth on salt media several PLDs are 

required and it will be interesting to learn how they work. Some answers to questions of 

functionality might result from the use of multiple mutants, which will more effectively 

abrogate the enzyme's activity. Furthermore, determining the distribution and subcellular 

localization of the PtdOH-generating enzymes using fluorescently-tagged proteins may 

give important clues which will help to fit them into the current models of environmental 

stress.

Materials and Methods

Plant material and culture

Unless indicated otherwise, Arabidopsis thaliana ecotype Col-0 was used. 
RT-QPCR of DGK T-DNA insertion lines was performed as described elsewhere (see Chapter 

7). Inserts in dgk2-1 (SAIL718_G03), dgk2-2 (SAIL71_B03), dgk7-2 (SALK059060) and 

dgk7-3 (SALK007896) caused suppressed expression, and dgk5-1 (SAIL1212_E10) showed 

gene knock-out (see Supplementary table 1). Six of the PLC insertion mutant lines (see 

Supplementary table 2), and plda1, pldd, and plda1/pldd double mutants [9] displayed 

abrogation of gene expression. Seeds of the sos1 [39], sos2 [40], sos3 [41], fry1 [42], hos1 

[43], los1 [44] and myb15 [45] mutant lines were kindly provided by Dr. J.K. Zhu. 

Surface-sterilized seeds were sown on 1% agar plates containing 2.15 g/l MS salts and 

0.5 g/l MES buffer. For uniform germination and growth of the mutants, media were 

supplemented with 1 % sucrose. After a 2-day period at 4°C in the dark, plates were 

transferred to a climate room, under a 12 h light/ 12 h dark regime at 21°C and 70% 

humidity. 

Treatments and lipidology
5-day-old seedlings were transferred to 2.0 ml Eppendorf tubes, containing MES(2-[N-

Morpholino]ethane sulfonic acid)-based buffer of 2.56 mM MES (pH 5.7) and 10 mM KCl. 

To label phospholipids, 5 µCi carrier-free 32P-PO4
3- (32P-Pi) per tube was added for different 

periods of time. Treatments were started by adding the MES buffer supplemented with 

the appropriate NaCl concentrations, and stopped by addition of perchloric acid to a 

final concentration of 5% (w/v) and 10 min of subsequent shaking. The total solvent 

was removed and 375 µl CHCl3/MeOH/HCl (50:100:1, [v:v:v]) was added to extract the 

lipids. After 10 min of vigourous shaking, two phases were induced by adding 375 µl 
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CHCl3 and 200 µl 0.9% (w/v) NaCl. The organic lower phase was then transferred to a 

tube containing 375 µl CHCl3/MeOH/1M HCl (3:48:47, [v:v:v]). Shaking, spinning and 

removing the upper phase yielded a purified organic phase, which was dried down in a 

vacuum centrifuge at 50°C. The residue was resuspended in 50 µl CHCl3, and sampled 

for lipid analysis. 

Phospholipids were analyzed by thin-layer chromatography (TLC) on silica gel 60 plates 

(20x20 cm) using one of the following solvent systems (ratios by vol.): A ethylacetate/

iso-octane/formic acid/H2O (13:2:3:10), B CHCl3/MeOH/NH4OH(25%) /H2O (90:70:4:16). 

Only the organic phase of A was used for TLC. Radiolabelled phospholipids were visualized 

by autoradiography and quantified by phosphoimaging. 

Root growth assay
Seeds were sown directly on agar plates supplemented with the appropriate NaCl 

concentrations. Genotypes were represented by 3 sets of 12 seedlings each. After at least 

2 days dark-incubation at 4°C, plates were transferred to the growth chamber. Primary 

root lengths of 7-day-old seedlings were microscopically measured using Object Image 

Software. 
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Supplementary Figure 1. Hypersalinity-induced PtdOH formation in PLC T-DNA insertion lines. 
Experiment of Table 2.
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Supplementary Table 1. DGK T-DNA insertion lines used in this study.

Name AGI ID  Line Position insert 
relative to ATG

Status

dgk1-1 At5g07920 SALK 053412 >+ 1398 KD

dgk2-1 At5g63770 SAIL 718_G03 >+ 1367

dgk2-2 At4g38530 SAIL 71_B03 <+ 698

dgk3-1 At2g18730 SALK 082600 <+ 2819

dgk4-1 At2g20900 SAIL 339_C01 >+ 2407

dgk4-2 SALK 069158 >+ 2277

dgk5-1 At2g20900 SAIL 1212_E10 >+ 2795 KO

dgk5-2 SAIL 253_E12 > -  511

dgk6-1 At4g28130 SALK 016285 <+ 1625

dgk7-1 At4g30340 SAIL 51_E04 >+ 1480

dgk7-2 SALK 059060 > -  300 KD

dgk7-3 SALK 007896 >+ 1743 KD

Supplementary Table 2. PLC T-DNA insertion lines used in this study.

Name AGI ID Line Position insert relative 
to ATG

Status

plc1-1 At5g58670 ET Jack < - 400

plc2-1 At3g08510 SAIL 224_F02 > - 600

plc3-1 At4g38530 SAIL 1219_G08 > - 41

plc3-2 SALK 037453 >+ 698 KO

plc4-1 At5g58700 SAIL 791_05 >+ 255

plc5-1 At5g58690 SALK 144469 >+ 2242 KO

plc6-1 At2g40116 SALK 090508 <+ 480 KO

plc6-2 SALK 041365 <+ 2234

plc7-1 At3g55940 SAIL 303_H07 > - 133

plc7-2 SAIL 636_F05 > - 279

plc7-3 SALK 030333 >+ 1768 KO

plc7-4 SALK 148821 <+ 13

plc9-1 At3g47220 SALK 025949 <+ 711 KO

plc9-2 SALK 021982 <+ 934 KO
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Abstract

Phosphatidic acid (PtdOH) is emerging as a signalling lipid in the response of plants 

to cold. Previous studies using suspension-cultured Arabidopsis cells implicated both 

phospholipase D (PLD) and diacylglycerol kinase (DGK) in this PtdOH response. Using 
32P-labelled Arabidopsis seedlings and leaf discs, we show that cold stress triggers a rapid 
32P-PtdOH increase, peaking within 5 min. Using a 32P-differential labelling protocol and 

the transphosphatidylation assay for PLD activity, we provide evidence to suggest that the 

rapid 32P-PtdOH response is primarily generated through DGK. A concomitant decrease in 

the levels of 32P-PtdInsP, correlating in time and magnitude with the 32P-PtdOH increase, 

suggests that a PLC is involved, which would generate the DAG to phosphorylate by DGK. 

The Arabidopsis genome encodes 7 DGK and 9 PLC genes. Available T-DNA insertion lines 

were 32P-labelled and assayed for the chilling induction of 32P-PtdOH, but no differences 

compared to wild-type levels were found, indicating functional redundancy. In contrast, 

a knock-down mutant allele of DGK7, displayed enhanced levels of cold-induced PtdOH, 

both in seedlings and in leaf discs. Finally, various cold response mutants, including hos1, 

los1 and fry1, were analyzed to see whether the PtdOH response acted up- or downstream 

of the respective gene products. Each mutant showed a normal PtdOH response, 

indicating that PtdOH is upstream. The ice1 mutant showed a smaller PtdOH response 

but this was also observed with salt stress, indicating that the difference in response was 

a pleiotropic effect in this mutant. A tentative model is presented illustrating potential 

direct cold effects on phospholipid de novo synthesis.
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Introduction

The potential to survive low temperatures is one of the factors that determine the 

geographical distribution of plants. Moreover, freezing and cold stress restrict the arable 

land and yield of crops. Therefore, much effort is made to understand the mechanisms that 

make plants more tolerant to low temperatures. One of the most popular plant models in 

these studies is Arabidopsis thaliana [1]. Like many temperate plants, Arabidopsis is capable 

of cold acclimation, i.e. during a period of cold, non-freezing temperatures, its tolerance for 

freezing temperatures increases. This process, also referred to as cold hardening, involves 

a myriad of metabolic and developmental changes accompanied by accumulation of 

proteins and compatible solutes, and membrane alterations [2-5].Transcriptome profiling 

and mutant screens have resulted in the characterisation of multiple genes involved in cold 

acclimation and freezing tolerance. These include the conserved CBF/DREB1 transcription 

factors that are responsible for activating the expression of many cold response (COR) 

genes. Zhu and coworkers have used Arabidopsis plants transfected with the RD29A-

LUC construct to select for mutants with altered responses to cold treatment (‘cold 

response mutants’), resulting in the identification of several genes. Enhanced cold-induced 

expression was found in the fry1 and hos1 mutants, whereas los1 showed decreased 

expression. Moreover, the dominant negative ice1 mutation has been demonstrated to 

negatively affect cold-induced gene transcription by interfering with the function of AtICE1, 

a myc-type transcription factor which functions in CBF transcription in cold signalling. The 

myb-type transcription factor SNOW1/MYB15, also binds to the CBF promoter region, 

interacting with ICE1. Upon exposure to cold stress (4 °C), the transcript levels of CBF/

DREB1 genes increase within 15 to 30 min, followed by the accumulation of COR gene 

transcripts after about 2 hrs. Much less is known about the signal transduction pathway 

that preceeds the gene expression changes. Nonetheless, there is mounting evidence that 

calcium functions as a second messenger [6-8] and that part of the pathway involves 

activation of a MAP kinase cascade [9-11]. One of the latest additions to the field of cold 

signalling is the formation of the lipid second messenger, phosphatidic acid (PtdOH). In 

Arabidopsis suspension-cultured cells, this phospholipid was shown to accumulate within 

minutes of cold stress [12]. Like calcium and MAP kinases, PtdOH is involved in the signal 

transduction pathways of several other plant stress responses, including drought, wounding 

and pathogen infection [13, 14], and it is not unlikely that these pathways strongly overlap. 

In stress-induced signal transduction, PtdOH responses have been mainly attributed to two 

pathways. It is the direct product of phospholipase D (PLD), which hydrolyses structural 

phosholipids like phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEtn), 

and a secondary product of the phospholipase C (PLC) pathway, which first hydrolyzes 

polyphosphoinositides (PPIs) to diacylglycerol (DAG), that is subsequently phosphorylated 

to PtdOH by diacylglycerol kinase (DGK). However, PtdOH metabolism is more complex 

because it is formed de novo via acylation of glycerolphosphate (Gro3P, Fig. 10; Chapter 

Cold-induced PA signalling in Arabidopsis 
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1) as a common intermediate in glycerolipid biosynthesis, both in the plastid and the 

ER. So PtdOH is precursor to all phosphoglycerolipids as well as triacylglycerols and 

galactolipids, and its turnover is crucial in determining lipid metabolic fluxes and membrane 

compositions. The Arabidopsis genome is predicted to encode 12 PLDs, 9 PLCs and 7 DGKs 

[13, 15, 16]. Their genetic abundance and specific gene expression patterns suggests 

that some of these enzymes are specific to certain locations in specific organs and/or 

involved in distinct processes. The PLC/DGK and PLD pathways have been implicated in the 

transcriptional induction of an array of cold-induced genes in Arabidopsis [17]. PLDd has 

been shown to be important in the generation of freezing tolerance during acclimation 

[18]. In contrast, PLDa1 negatively influenced survival of freezing both in cold-acclimated 

and in non-acclimated plants [19]. In suspension-cultured cells, biochemical evidence was 

found that cold shock activated both PLC/DGK and PLD pathways [12]. Moreover, several 

genes have been shown to be upregulated in response to cold stress, including PLDa1, 

PLDd, PLC1, PLC4, PLC5, DGK1, DGK2 [18, 20-22].In this study, we show that Arabidopsis 

seedlings and leaf disks exposed to low temperatures, accumulate PtdOH within minutes. 

Using a differential 32P-labelling strategy [15] and PLD’s ability to transphosphatidylate 

n-butanol to PtdBut [23], we provide evidence that the rapid PtdOH response does not 

originate from PLD but a DGK. The simultaneous decrease in the level of PtdInsP suggests 

the involvement of a PtdInsP-hydrolyzing PLC. T-DNA insertion lines were used to address 

the question which DGK was involved, while the cold response mutants hos1, los1, fry1, 

ice1 and snow1 were analyzed to see whether PA was up- or downstream of these genes 

in the cold response.

Results

PtdOH levels in plants are approximately 2 mol% of total phospholipids [24] which likely 

represents ER- and plastid-localized PtdOH as precursor to structural glycerolipids. To be able 

to see PtdOH increases during stress-signalling, plants can be metabolically radiolabelled 

with carrier-free 32P-phosphate (32Pi). To study phospholipid metabolism during cold shock 

in Arabidopsis, we radiolabelled 5-days-old seedlings for 16 hrs with 32Pi and subsequently 

incubated them for 5 min at 0°C. Phospholipids were then extracted, separated by TLC 

and analyzed by autoradiography. A typical 32P-labelling pattern is shown in Figure 1, 

revealing a clear PtdOH increase in response to cold.To test the temperature dependency 

of this response, 32Pi-prelabelled seedlings were exposed to different temperatures for 

5 min. As shown in Figure 2a and 2b, a temperature-dependent PtdOH response was 

found. Concomitantly, a decrease in 32P-PtdInsP was observed (Fig. 2a), which will be 

further addressed later on in this manuscript. To investigate whether leaves of adult plants 

responded similarly, leaf disks of 3-weeks-old plants were subjected to the same labelling 

procedure and cold treatment. Quantitation of the PtdOH levels by phosphoimaging 
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Figure 1. Cold stress triggers the formation 
of PtdOH in Arabidopsis seedlings. 5-days-old 
seedlings were metabolically radiolabelled 
O/N with 32P-Pi and then incubated for 5 min 
at 0°C  or maintained at 20 °C. Lipids were 
extracted, separated by TLC and visualized 
by phosphoimaging. Each lane represents an 
extract of 2 seedlings. Abbrev. SPL, structural 
phospholipids.
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Figure 2. Exposure of Arabidopsis leaves and 
seedlings to a range of low temperatures 
reveals a dose-dependent PtdOH response. (a) 
O/N 32P-prelabelled seedlings were incubated 
for 5 min at the indicated temperatures. 
Lipids were then extracted, separated by 
TLC and visualized by autoradiography. (b) 
Quantitation by phosphoimaging of PtdOH 
formed at different temperatures in seedlings. 
(c) Formation of PtdOH in leaf disks at different 
temperatures. Values (± SD) are derived from 
triplicate incubations. 
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revealed a response at 8 °C or lower (Fig. 2c), which is different for seedlings which also 

responded to moderate temperature decreases (Fig. 2b). Next, the kinetics of the PtdOH 

response was investigated. As shown in Figure 3a, PtdOH accumulation at 0 °C in seedlings 

reached a maximum within 2 min. and then levelled off, staying up for at least 2 hrs. The 

response of leaf disks of adult plants to 0°C was found to be slightly slower, but was 

still relatively fast, peaking at 5 min after the onset of incubation after which it levelled 

off, approaching control levels after 2 hrs (Fig. 3b). We then focussed on the metabolic 

origin of the cold-induced PA response. Previous studies in suspension-cultured Arabidopsis 
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Figure 3. Kinetics of cold-induced PtdOH accumulation in Arabidopsis seedlings and leaves. (a) 
32P-prelabelled seedlings, or (b) leaf disks, were incubated at 0°C (closed circles) or 20°C (control, open 
circles) for different periods of time. Lipids were then extracted, separated by TLC and quantified by 
phosphoimaging. Data points (± SD) are from triplicate incubations. 

cells indicated that part of the cold shock-induced PtdOH response was generated by PLD 

activity. To investigate PLD’s contribution a transphosphatidylation assay was performed, 

i.e. in the presence of a low concentration of a primary alcohol, such as n-ButOH, this 

serves as a substrate in a PLD-catalyzed reaction generating PtdBut, at the cost of PLD-

catalyzed production of PtdOH [23]. The accumulation of PtdBut is a measure of PLD 

activity. Thus, seedlings were prelabelled for 16 h with 32Pi, then n-ButOH (0.5% final 

conc.) was added, and 30 min. later the seedlings were transferred to 0 °C for 5 min. or 

kept at room temperature. As shown in Figure 4a, cold stress did not affect 32P-PtdBut 

levels, while 32P-PtdOH levels increased. Similar results were obtained with leaf disks (not 

shown). These data indicate that PLD is not responsible for the initial PtdOH response. To 

investigate the potential involvement of DGK, a differential radiolabelling protocol was 

applied [25, 26]. In short, when cells are metabolically labelled with 32P-Pi, the phospholipid 

classes are labelled with different kinetics, depending on the labelling of their precursors, 

their rates of synthesis, turnover and pool size. Thus, DGK-derived PtdOH is labelled after 

relatively short labelling times because it acquires its 32P-phosphate directly from ATP 

molecules, which are rapidly labelled. This is in contrast to PtdOH molecules arising from 

PLD activity, which will not be labelled until the pool of their substrates, i.e. PtdEtn, PtdCho 

and PtdGro, is sufficiently labelled, which is typically O/N [27]. Thus, seedlings were 32Pi-
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prelabelled for different periods of time (20, 60, 180 min. or 16 hrs), after which they were 

subjected for 5 min. to 0 °C. As shown in Figure 4b and 4c, cold stress triggered a marked 

increase in 32P-PtdOH in seedlings that were only prelabelled for 20 min. Under these 

conditions, structural phospholipids like PC and PE were hardly labelled excluding them as 

precursors to 32P-PtdOH in a PLD-catalyzed reaction. This is in agreement with the results 

of the transphosphatidylation assay (Fig. 4a). Hence, the increase in 32P-PtdOH is unlikely 

to reflect a PLD activity, and is consistent with a DGK activity. At longer prelabelling times, 

the relative increases in 32P-PtdOH gradually diminished (Fig. 4c) as a consequence of a 

general increase in phospholipid labelling and due to a decrease in the specific radioactivity 

of the ATP pool. Accordingly, the radioactivity of 32P-PtdOH derived from DGK activity 

reflects this. In summary, the labelling characteristics argue against PLD involvement in 

the cold-shock-induced PA response and strongly point to a role for DGK.The substrate for 

DGK, DAG, could be provided by the induced PLC hydrolysis of the polyphosphoinositides 
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Figure 4. Metabolic origin of the chilling-induced 
PtdOH response in Arabidopsis seedlings. (a) In 
the presence of 0.5% n-butanol, accumulation 
of the transphosphatidylation product phosphat-
idylbutanol (PtdBut) is a measure of PLD activity. 
White bars, PtdOH, grey bars, PtdBut. (b) 
Seedlings were prelabelled with [32P]Pi for 20, 60 
or 180 min, to preferentially label the monoester-
phosphates of lipids with high turnover rates. 
Subsequently, seedlings were transferred to cold 
(0°C) or kept at 20°C for an additional 15 min. 
Lipids were separated on TLC and visualized by 
phosphoimaging. (c) Relative PtdOH levels in 
control (white bars) and cold conditions (grey 
bars) depend on the 32P-prelabelling time. 
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PtdInsP and/or PtdInsP2, a well-defined plant stress response, and this was supported by the 

observation that 32P-PtdInsP decreased in response to cold (Fig. 2a). To explore this further, 

we investigated in more detail the cold-induced changes in 32P-PtdInsP and compared 

it with the formation of 32P-PtdOH. As shown in Figure 5, cold exposure of seedlings 

for 5 min. induced a decrease in 32P-PtdInsP (Fig. 5a) which correlated closely with an 

increase in 32P-PtdOH, in a time- and dose-dependent fashion (Fig. 5b-c). These results are 

in agreement with a scenario that cold stress activates PLC hydrolysis of PtdInsP to form 

DAG, which is subsequently phosphorylated to PtdOH by DGK. Arabidopsis contains 7 DGK 

and 9 PLC encoding genes. In an attempt to identify the isozymes involved in the cold-

induced PtdOH response, a reverse genetic appoach was used, screening a series of T-DNA 

insertion lines (Table 1-3). These lines carry genetic insertions in the DGK or PLC encoding 

regions, but not all of the lines were established as KO/KD mutants (See also Chapter 6, 

Suppl. Table 1). Accordingly, these lines were 32P-Pi-prelabelled (O/N) as seedlings and 

then exposed to  0 °C for 5 min. to measure their PA response.In response to cold stress, 

no significant differences in the increases of PtdOH were found in the DGK insertion lines, 
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Figure 5. Cold stress-induced PtdOH formation 
is accompanied by a concomitant decrease in 
PtdInsP. (a) TLC analysis of 32P-phospholipids 
extracted from seedlings after 5 min exposure 
to the temperatures indicated. (b) Similar 
experiment as (a) Quantitation of radioactivity in 
the lipids was by phosphoimaging. Filled circles, 
PtdOH; open circles, PtdInsP. (c) A time course 
experiment at 0 °C shows contrary changes in 
32P-PtdOH and 32P-PtdInsP. All values are means 
of at least 3 samples containing 2 seedlings 
each from a representative experiment (error 
bars indicate SDs).
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except for unexpected larger increases in cold-stressed dgk7-2 seedlings (Table 1). Also, 

leaf discs of the T-DNA insertion lines dgk6-1, dgk7-1 and dgk7-2  produced enhanced 

levels of cold-stress induced PtdOH (Tabel 2). Although the plc7-4, plc9-1 and plc9-2 lines 

suggested a diminished response, this could not be confirmed in indepent experiments 

using  another seed batch (not shown). 

PtdOH responses in cold mutants

To gain further information on the ‘position’ of the PtdOH response in the cold signalling 

cascade, various cold mutants were analyzed for their cold-induced PtdOH response (Table 

4). The fry1 [28], hos1 [29] and los1 [30] mutants showed a normal response (Fig. 6a), but 

snow1 [31] had a lower basal and cold shock-induced level of 32P-PA (Fig. 6b); the relative 

stimulation levels were however not significantly altered. Ice1 [32] exhibited a diminished 

cold-induced PtdOH response (Fig. 7), but this was likely not specific, because the PtdOH 
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Figure 6. Cold-induced PtdOH induction in known Arabidopsis cold response mutants. Five-days-old 
seedlings were prelabelled O/N with 32P-Pi and subsequently incubated at 0°C or kept at RT for 15 
min. Lipids were then extracted, separated by TLC and quantified by phosphoimaging. PtdOH levels are 
expressed as percentage of the total 32P-lipid. Values are means from triplicate incubations from a typical 
experiment; error bars are SD. White bars, control; grey bars, 0°C. (a) The mutants fry1, hos1, los1 and 
their wt background, C24RD29A-LUC. (b) The snow1 mutant and the wt control, Col-0.
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Figure 7. Seedlings of the ice1 mutant and ICE1 
overexpression transgenic line (Super-ICE1) exhibit impaired 
PtdOH responses. Five-days-old seedlings were prelabelled 
O/N with 32P-Pi and incubated at 0°C or with 300 mM NaCl 
for 15 min. Lipids were extracted, separated by TLC and 
quantified by phosphoimaging. PtdOH levels are expressed 
as percentage of the total 32P-lipid. Values (± SD) are means 
from triplicate incubations. 
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response induced by salt stress (300 mM NaCl) was also less. Since these seedlings look 

stunted, pleiotropic effects are most likely to account for the observed differences. The 

overexpressor of ICE1, Super-ICE1, displayed reduced control and salt-stimulated levels of 

PA compared to wt, again indicating pleiotropic effects (Fig. 7). 

Table 1. Cold-induced PA formation in seedlings of DGK T-DNA insertion lines. 5-days-old Arabidopsis 
seedlings were labelled O/N with 32Pi and incubated at 0°C for 5 min. Lipids were then extracted, 
separated by TLC and quantified by phosphoimaging. PA levels are expressed as a percentage of 
the total 32P-labelled lipids and values represent averages of multiple samples containing 2 seedlings 
each (±SD). Significance 1: P < 0.01. Gene expression levels, measured by RT-PCR, have confirmed 
knock-down (KD) or knock-out (KO) status in 4 lines. Wt = Col-0

gene AGI ID line name status control cold stim.fold replicates

wt - - - 0.98  ± 0.07 3.00 ± 0.20 3.1 6

AtDGK1 At5g07920 SALK 053412 dgk1-1 0.93  ± 0.07 3.11 ±  0.31 3.4 6

AtDGK2 At5g63770 SAIL 718_G03 dgk2-1 KD 1.00  ± 0.06 2.70  ± 0.48 2.7 6

SAIL 71_B03 dgk2-2 KD 0.96  ± 0.10 3.19  ± 0.40 3.3 6

AtDGK4 At2g20900 SAIL 339_C01 dgk4-1 1.22  ± 0,08 3.73  ± 0.26 3.1 3

SALK 069158 dgk4-2 0.83  ± 0.08 3.65  ± 0.50 4.4 3

AtDGK5 At2g20900 SAIL 1212_E10 dgk5-1 KO 0.85  ± 0.07 3.73  ± 0.15 4.4 3

AtDGK6 At4g28130 SALK 016285 dgk6-1 1.08  ± 0.03 4.48  ± 0.55 4.1 3

AtDGK7 At4g30340 SAIL 51_E04 dgk7-1 0.90  ± 0.17 2.92  ± 0.22 3.2 8

SALK 059060 dgk7-2 KD 0.91  ± 0.14 3.24  ± 0.15 1 3.6 8

SALK 007896 dgk7-3 KD 0.87  ± 0.14 2.94  ± 0.19 3.4 8

Table 2. Cold-induced PA formation in leaf disks of DGK T-DNA Insertion lines. Rosette leaf disks of 5- 
to 6-week-old Arabidopsis plants were labelled O/N with 32Pi and incubated at 0°C for 5 min. Lipids 
were extracted, separated by TLC and quantified by phosphoimaging. PA levels are expressed as 
percentage of the total 32P-labelled lipids. Values are averages of multiple samples containing 2 leaf 
discs each (±SD). Significance 1: P <  0.05; 2: P <  0.01

control cold fold increase

Col-O 2.1  ±  0.7  6.0  ± 1.1 2.9

dgk1-1 2.2  ±  0,5  5.1  ± 0,4 2.3

dgk2-1 2.2  ±  0.6  6.7  ± 1.7 3.1

dgk2-2 1.9  ±  0.3  6.5  ± 1.8 3.3

dgk4-1 1.9  ±  0.4  5.9  ± 0.9 3.2

dgk4-2 2.0  ±  0.3  7.2  ± 1.0 3.7

dgk5-1 3.3  ±  0.3  8.4  ± 0.4 2.6

dgk6-1 2.6  ±  0.2  9.7  ± 0.6  1 3.7

dgk7-1 2.0  ±  0.4  9.4  ± 1.4  1 4.6

dgk7-2 2.3  ±  0.5 10.3 ± 1.0  2 4.5

dgk7-3 1.8  ±  0.2   8.7 ±  0.5 4.9
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Table 1. Cold-induced PA formation in seedlings of DGK T-DNA insertion lines. 5-days-old Arabidopsis 
seedlings were labelled O/N with 32Pi and incubated at 0°C for 5 min. Lipids were then extracted, 
separated by TLC and quantified by phosphoimaging. PA levels are expressed as a percentage of 
the total 32P-labelled lipids and values represent averages of multiple samples containing 2 seedlings 
each (±SD). Significance 1: P < 0.01. Gene expression levels, measured by RT-PCR, have confirmed 
knock-down (KD) or knock-out (KO) status in 4 lines. Wt = Col-0

gene AGI ID line name status control cold stim.fold replicates

wt - - - 0.98  ± 0.07 3.00 ± 0.20 3.1 6

AtDGK1 At5g07920 SALK 053412 dgk1-1 0.93  ± 0.07 3.11 ±  0.31 3.4 6

AtDGK2 At5g63770 SAIL 718_G03 dgk2-1 KD 1.00  ± 0.06 2.70  ± 0.48 2.7 6

SAIL 71_B03 dgk2-2 KD 0.96  ± 0.10 3.19  ± 0.40 3.3 6

AtDGK4 At2g20900 SAIL 339_C01 dgk4-1 1.22  ± 0,08 3.73  ± 0.26 3.1 3

SALK 069158 dgk4-2 0.83  ± 0.08 3.65  ± 0.50 4.4 3

AtDGK5 At2g20900 SAIL 1212_E10 dgk5-1 KO 0.85  ± 0.07 3.73  ± 0.15 4.4 3

AtDGK6 At4g28130 SALK 016285 dgk6-1 1.08  ± 0.03 4.48  ± 0.55 4.1 3

AtDGK7 At4g30340 SAIL 51_E04 dgk7-1 0.90  ± 0.17 2.92  ± 0.22 3.2 8

SALK 059060 dgk7-2 KD 0.91  ± 0.14 3.24  ± 0.15 1 3.6 8

SALK 007896 dgk7-3 KD 0.87  ± 0.14 2.94  ± 0.19 3.4 8

PLC

InsP2 InsP6

Ins Compatible
solutes

PtdIns PtdIns4P

PI4K

Sac1

ATP ADP

Pi

DAG

PtdOH

DGK
ATP

ADP

IPCS

IPC

Cer
Ca2+

Storage

Figure 8. Two pathways to generate DAG and PtdOH at the expense of PtdIns4P, involving either PLC, 
or  Sac1/IPCS, combined with DGK. PI4P is suggested to be the substrate of cold-induced PLC activity 
which not only generates DAG, but at the same time releases InsP2 that can be converted to InsP6 
and/or Ins. The latter  products may have a functional relevance in the stress response because InsP6 
is a signalling compound in plants, and Ins is a precursor to compatible solutes . Alternatively, IPCS 
generates DAG while transferring the InsP headgroup from PtdIns to ceramide, generating IPC. The 
PtdIns substrate in this conversion can be derived from PtdIns4P dephosphorylation, as, in yeast, through 
Sac1 activity. DAG generated via either one of these pathways can subsequently be phosphorylated by 
DGK to generate PtdOH. Abbreviations: Cer, ceramide; Ins, inositol; InsPCer, inositolphosphorylceramide; 
IPCS, inositolphosphorylceramide synthase
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Table 4. EMS-mutagenized Arabidopsis thaliana lines used in this study

Mutant AGI WT Reference

ice 1 At3g26744 Col-glabrous [32]

snow 1 At3g23250 Col-0 [31]

hos 1 At2g39810 C24RD29A-LU C [29]

los 1 At1g56070 C24RD29A-LU C [30]

fry 1 At5g63980 C24RD29A-LU C [28}

Table 3. Chilling-induced PA formation in PLC T-DNA insertion lines. Experiment as described in Table 
1.

Wt Gene AGI ID Mutant Status Control Cold Stim. 
Fold

Replicates 
(exp)

Columbia–gl1 0.73 ± 0.15 3.18 ± 0.40 4.35 7 (2)

 PLC1 At5g58670 plc1-1 0.74 ± 0.04 3.20 ± 0.38 4.39 6 (2)

Columbia-0 0.96 ± 0.13 3.52 ± 0.31 3.70 8 (2)

PLC2 At3g08510 plc2-1 0.65 ± 0.14 3.21 ± 0.58 4.97 6 (2)

PLC3 At4g38530 plc3-1 0.71 ± 0.08 3.17 ± 0.31 4.47 6 (2)

PLC4 At5g58700 plc4-1 0.87 ± 0.41 4.07 ± 0.51 4.70 6 (2)

PLC5 At5g58690 plc5-1 KO 0.69 ± 0.06 3.71 ± 0.28 5.38 3 (1)

PLC6 At2g40116 plc6-1 KO 0.47 ± 0.07 3.97 ± 0.28 8.45 3 (1)

PLC6 plc6-2 0.66 ± 0.12 3.24 ± 0.26 4.91 3 (1)

PLC7 Atg55940 plc7-1 0.98 ± 0.01 3.86 ± 0.38 3.94 3 (1)

PLC7 plc7-2 1.02 ± 0.05 3.75 ± o.35 3.68 3 (1)

PLC7 plc7-3 KO 1.07 ± 0.18 4.02 ± 0.31 2.76 3 (1)

PLC7 plc7-4 0.92 ± 0.14 2.93 ± 0.27 3.19 8 (2)

PLC9 At3g47220 plc9-1 KO 1.03 ± 0.18 3.02 ± 0.12 2.93 8 (2)

PLC9 plc9-2 KO 0.99 ± 0.13 3.25 ± 0.28 3.29 8 (2)
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Discussion

In Arabidopsis, the acclimation process is rapidly initiated in response to low temperatures, 

reaching a maximal freezing tolerance after 48 hrs at 4°C. The formation of PtdOH has 

been speculated to function in the regulation of this response [12, 17-19, 21, 33]. Whereas 

many lipidological analyses were performed using suspension-cultured cells, we have 

focussed on the response in plants. The results showed that cold shock treatment triggered 

a rapid and sustained accumulation of PtdOH both in seedlings and in leaf disks of mature 

Arabidopsis plants. The leaf response was generally somewhat more pronounced, but in 

seedlings the PtdOH increase was faster and already visible upon minor temperature shifts, 

which did not lead to a rise in leaf PtdOH. Since the accumulation of PtdOH is emerging as 

a common early element in the response to environmental stress and because it has been 

suggested to play a role in the acclimation process, it is important to have knowledge of 

the underlying mechanisms.

Figure 10. Model illustrating de novo phospholipid biosynthesis through the Kennedy pathway, and 
potential effects of cold stress. The activity of PECT, which produces the precursor of the polar head 
of PtdEtn, CDP-Etn, is proposed to be down regulated by low ambient temperature (1). This would 
lead to reduced PtdEtn formation, and potentially, to DAG accumulation, which might cause PtdOH to 
accumulate as a result from phosphorylation of DAG by a DGK (2), or due to product inhibition of PAP 
by DAG (3). The major pathway of PtdCho synthesis depends on methylation of EtnP to ChoP by PEAMT, 
which could be inhibited by PtdOH (4). Note that the model only highlights some potential, immediate 
effects of cold temperature; longer exposure to cold induces a myriad of metabolic changes which impact 
lipid biosynthesis in different ways.
Abbreviations: Acyl-CoA, acyl-coenzyme A; CDP-DAG, cytidine diphosphate-diacylglycerol; CDS, CDP-DAG 
synthase; DAG, diacylglycerol; DHAP, dihydroxylacetone phosphate; EK, ethanolamine kinase; EPT, 
CDP-ethanolamine phosphotransferase; Etn, ethanolamine; EtnP, ethanolamine phosphate; Etn-CDP, 
cytidine diphosphate-ethanolamine; GK, glycerol 3-kinase; GPAT, glycerol 3-phosphate acyltransferase; 
GPD, glycerol 3-phosphate dehydrogenase; Gro3P, glycerol 3-phosphate; LPAAT, lysophosphatidic acid 
acyltransferase; lyso-PtdOH, lysophosphatidic acid; Ins, inositol; PAP, phosphatidic acid phosphatase; PECT, 
CTP:phosphorylethanolamine cytidylyltransferase; PIS, PtdIns synthase; PtdEtn, phosphatidylethanolamine; 
PtdIns, phosphatidylinositol; PtdOH, phosphatidic acid.
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Absence of PLD activity

The activity of PLD was probed in a transphosphatidylation assay [23]. The absence 

of a 32P-PtdBut increase under chilling conditions that triggered massive 32P-PtdOH 

accumulation indicated that PLD was not activated (Fig. 4a). Moreover, the 32P-PtdOH 

response was not affected in plda1 and pldd  knock-out plants, nor in the plda1/pldd 

double mutant (not shown), suggesting that, in the first 5 min. of the response, PLD is not 

involved. Consistently, under 32Pi-labelling conditions where the structural phospholipids 

PtdEtn, PtdCho and PtdGro were not labelled, a cold-induced 32P-PtdOH increase was 

found (Fig. 4b), confirming a PLD-independent pathway. Thus, taken together, the results 

strongly argue against an involvement of PLD at this stage of the response. Although this 

result seemed at variance with studies of suspension-cultured cells, which suggested a cold-

activated PLD activity [12], it is very likely, that PLD plays a role at a later phase of the cold 

response. This is for example supported by the induced membrane localization of PLDd 

after 1 day at 2 °C [34], its importance in freezing tolerance [18], and the accumulation of 

PLDd and PLDa1 transcripts during cold acclimation [18, 24, 33].

Involvement of PLC-DGK

The 32P-labelling kinetics of cold-induced PtdOH were consistent with its formation from 

DAG phosphorylation by DGK (Fig. 4b). Concomitant, equivalent decreases in PtdInsP may 

suggest that this lipid is the precursor to DAG (Fig. 5). Previously, cold stress in Arabidopsis 

cells has been shown to trigger similar decreases in both PtdInsP2 and PtdInsP [12]. PdInsP2 

is usually considered a substrate for PLC, but in plant cells it is low abundant compared to 

PtdInsP, and, in vitro, the latter is hydrolyzed equally well [16, 35].Next, the question was 

raised which of the 9 DGK isozyme(s) in Arabidopsis was responsible for the cold shock-

induced PtdOH response. Hence, T-DNA insertion lines with insertions in or near the coding 

regions were tested for their cold-induced PtdOH response. However, neither seedlings 

(Table 1), nor leaf discs (Table 2) carrying the insertion mutations displayed an abrogation of 

the PtdOH response. In contrast, in both systems a knock-down allele of DGK7, dgk7-2, was 

associated with an increased accumulation of PtdOH. These results could suggest functional 

redundancy based on compensating for a deficiency in a DGK gene by the induction of 

an alternative DGK gene. In the case of the dgk7-2 knock-down (KD), this mechanism 

could account for an ‘overshoot’ of PtdOH. It should however also be noticed that not for 

every gene a KD of KO line was available. For example, no mutant was available affecting 

the DGK2 gene, which has been shown to be upregulated in 2-weeks-old cold-stressed 

plants within 24 hrs [20]. Also, the PtdOH response seemed normal in the dgk1-1 KO  

mutant, affecting the DGK1 gene which has been shown to be upregulated after 3 hrs. 

Since DGK1 and DGK2 are structurally similar [15, 21], they might be able to substitute 

for one another. Therefore, this genetic approach should be more succesful if KO mutants 

become available for every DGK gene, and the redundancy problem may be solved by 
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generating double or triple mutants. In young seedlings, but also in rosette leaves, DGK7 

is more abundantly expressed than DGK1 and DGK2 [15], but its transcript levels have not 

been found to increase upon cold stress. Transgenically expressed DGK7 protein has been 

shown to have in vitro DGK activity, despite the lack of a C1 domain, which is thought to 

function in the regulation of the kinase activity in cluster 1 DGKs, DGK1 and DGK2 [15, 21, 

36]. DGK7 belongs cluster II, and its closely related other members, DGK3 and DGK4 may 

by responsible for the enhanced PtdOH production in dgk7-2 seedlings.For the identification 

of PLC isozymes that could be involved in the cold-induced PtdOH response, a series of 

T-DNA mutants was tested. Although the plc7-4, plc9-1 and plc9-2 lines showed reduced 

responses, this could not be reproduced in independent experiments. The results indicated 

a lack of effective mutants, and/or functional redundancy within the family of PLCs.

A role for IPCS?

Although the concerted activities of PtdInsP-PLC and DGK could very well account for 

the increase in 32P-PtdOH and the simultaneous decrease in 32P-PtdInsP, there is another 

possible explanation, involving the activity of inositolphosphorylceramide synthase (IPCS, 

Fig. 8). IPCS transfers the phosphorylinositol group from PtdIns to ceramide to generate 

IPC and DAG. In yeast, the dephosphorylation of PtdIns4P by SAC1 generates PtdIns as 

substrate for IPCS (encoded by AUR1) [37]. Such a pathway, which links phosphoinositide 

turnover to sphingolipid metabolism, has been implicated in plant-pathogen interactions 

[38], but also in the response to temperature stress and programmed cell death [39]. 

Its physiological function may also be based on the decrease in PtdIns4P, which has 

novel functions in vesicle trafficking, and recruitment of proteins to the membrane, e.g. 

Arabidopsis dynamin-like protein 2 (ADL2) which is suggested to bind PtdIns4P and be 

required for vesicle formation from the inner chloroplast envelope membrane [40]. The 

IPCS mutant in Arabidopsis, erh1 [38], will be helpful in the study of a potential role in 

cold signalling. Importantly, within several hours, cold stress at 4 °C induces ultrastructural 

changes, e.g. membrane invaginations, and accumulations of microvesicles near the 

plasma membrane in Arabidopsis [41] and in cold–treated chloroplasts of various cold-

sensitive species. After 5 days in a cold environment, the structures of all major membranes 

in the cell are affected. [42] Cold temperatures inhibit vesicle fusion more than fission, 

which could be the basis of some of the observed vesicle accumulations. Membrane 

accumulations have also been noted during cold acclimation, and were speculated to be 

required for membrane surface area regulation during freezing and thawing [43, 44]. The 

hyperosmotic stress response may entail similar cell volume changes.

Low temperatures may slow down de novo PtdEtn synthesis

In some of our experiments, 32P-labelling conditions were chosen such that de novo 

synthesis of structural phospholipids was witnessed, for example in seedlings, labelled for 
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only 20 min. (Fig. 4b), or leaf disks for 30 min., which is just long enough for quantitation 

of 32P-PtdEtn, -PtdGro and -PtdIns labelling, likely reflecting their biosynthesis (Fig. 9). 

Subsequent treatment at a range of low temperatures revealed a 32P-PtdOH accumulation 

at < 12 °C, and a much more pronounced decrease at < 4 °C, similar to experiments using 

O/N labelling (Fig. 2c). However, using brief labelling conditions, cold-sensitive 32P-PE levels 

were apparent (Fig. 9). This may reflect a direct effect on biosynthetis, since cold slows 

down enzymatic activities; however, labelling of other structural phospholipids was not 

affected by cold stress, indicating that there was not a general inhibition in the uptake of 
32Pi or its incorporation into the Kennedy pathway of glycerolipid de novo synthesis (Fig. 

10; Chapter 1). This pathway starts with two acylations of GroP to generate PtdOH. For 

the synthesis of PtdIns (and PtdGro), PtdOH is converted to CDP-DAG, the substrate for 

PtdIns synthase. Alternatively, PtdOH is dephosphorylated by PAP to generate DAG as 

substrate in a reaction by which phosphoethanolamine (EtnP) is transferred from CDP-Etn 

to the lipid moiety, yielding PtdEtn. As the common phospholipid biosynthesis pathway 

was unaffected, the cause of decreased 32P-PtdEtn labelling is most likely in the headgroup 

synthesis or supply. 

The headgroup precursor CDP-Etn is generated through the cytidylation of EtnP by 

phosphoethanolamine cytidylyl transferase (PECT), analogous to the PtdCho headgroup 

precursor CDP-Cho, being the product of phosphocholine cytidylyl transferase (CCT) using 

ChoP as substrate. The latter is produced by repeated methylations of EtnP, catalyzed by 

phosphoethanolaminemethyltranferase (PEAMT). This activity, which is considered rate-

limiting for PtdCho synthesis, could account for the different labelling kinetics of PtdCho 

and PtdEtn, as only the latter was radioactively detected after 30 min. of 32Pi-labelling. 

As previous studies have shown that low temperatures can inhibit the in vitro activity 

of recombinant CCT, we speculate that PECT activity may be similarly downregulated 

by cold (indicated by number 1 in Fig 10), resulting in a limited availability of CDP-Etn 

for PtdEtn synthesis. This could account for the decreased biosynthesis of PtdEtn. The 

selective inhibition of headgroup synthesis could have another interesting consequence: 

the accumulation of DAG molecules synthesized as precursors for PtdEtn synthesis. This 

DAG could be an additional source for cold-induced PtdOH if it is converted back to PtdOH 

by a DGK activity (Figure 10: reaction 2), which in Arabidopsis has been shown to be partly 

localized at the ER [45]. Alternatively, accumulated DAG may block its own formation 

through feedback inhibition of PtdOH phosphatase (Fig 10: reaction 3), again promoting 

PtdOH accumulation. Such regulation of PAP activity by product inhibition has been 

demonstrated in chloroplast envelope membranes from spinach [46]. Interestingly, recent 

data suggested that PtdOH inhibits the in vitro activities of two wheat PEAMT isoforms 

[47]. In cold conditions, such an inhibition could cause a decrease in the formation of ChoP 

and a reciprocal increase in EtnP (Fig 10, arrow 4). This may help to restore the generation 

of CDP-Etn in a cold environment, and counter a decreased PECT activity and synthesis of 
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PtdEtn. However, it is unclear as yet to what extent the monocot enzymes involved are 

similar in structure and function to their dicot counterparts. Several studies of long-term 

responses to cold (days, weeks) have described changes in PtdEtn and PtdCho metabolism. 

Cold acclimation of etiolated rape hypocotyls displayed an enrichment in PtdEtn [48], while 

photosynthetically active plants show increased levels of PtdCho, for example in wheat 

leaves where PEAMT activity increased within 24 hrs, boosting PtdCho synthesis [47]. 

Enhanced levels of diunsaturated PtdCho have been shown to protect membranes from 

freezing and thawing injury [4, 44, 49]. Whether the fast responses in our experiments 

are related to these long-term adaptive changes is unclear.In summary, we have shown 

a fast accumulation of PtdOH in response to cold temperatures and provided evidence 

for a dominant role of DGK while exluding substantial contributions of PLD under these 

conditions. DAG substrate for DGK is likely to be provided by PLC-mediated PtdInsP 

hydrolysis, based on a coinciding, equivalent decrease in the latter. We gathered from a 

study of T-DNA insertion lines that, to identify the DGK and PLC isozymes involved, it might 

well be necessary to generate T-DNA insertion lines with multiple KO mutations. Putting 

cold-induced PtdOH into a broader perspective, we used the previously characterized cold 

response mutants, fry1, hos1 and los1. The PtdOH increases in mutant seedlings were 

not affected, suggesting an upstream position.  The hypothesis of cold-induced PtdOH 

formation through the combined activities of PLC and DGK was challenged by two other, 

tentative, models (Fig. 8 & 10). The activities of IPCS or de novo glycerolipid synthesis could 

generate DAG and PtdOH in response to cold stress. Although for neither of the proposed 

pathways there is enough evidence at present, they must be taken into consideration 

when studying PtdOH responses to cold and other environmental stresses.

Materials and Methods

Plant Material

Arabidopsis thaliana seeds were sterilized in 70 % EtOH (1 min) and 25 % bleach (20 

min), and sown on media in Petri dishes. For 32P-radiolabelling experiments, seedlings were 

grown on ½ x Murashige and Skoog (MS) basal medium at pH 5.7 (KOH), solidified with 

1.0 % bacto-agar. The ice1, snow1, los1, hos1, fry1 mutants and their WT’s were grown 

on 1 x MS medium supplemented with 1 % sucrose. A 16 h light/ 8 hr dark regimen 

(150 umol quanta m-2s-1) at 21 °C was set. To promote uniform germination, plates were 

routinely kept in the dark at 4°C for at least 2 days before transfer to a climate room. 

Arabidopsis cold response EMS-mutants are listed with references in Table 1.
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32P-orthophosphate radiolabelling in vivo and analysis of 
phospholipids

5-days-old seedlings or leaf disks (5 mm Æ) of 3-weeks-old plants were transferred to 

a 2.0 ml Eppendorf tube, containing MES (2-[N-morpholino]ethane sulfonic acid)-based 

buffer of 2.56 mM MES (pH 5.7) and 1 mM KCl. To label phospholipids, 5 µCi carrier-free 
32P-orthophosphate per tube was added for 16 h, unless indicated otherwise. Leaf disks 

were labelled similarly. Cold shock treatments were executed by transferring tubes to ice 

water. Incubations were stopped by the addition of HClO4 (final concentration 5 %, w/v), 

and 10 min of subsequent shaking. The total solvent was removed and 375 µl CHCl3/

MeOH/HCl (50:100:1, [v:v:v]) was added to extract the lipids. After 10 min of vigourous 

shaking, two phases were induced by adding 375 µl CHCl3 and 200 µl 0.9% (w/v) NaCl. The 

organic lower phase was then transferred to a tube containing 375 µl CHCl3/MeOH/1M 

HCl (3:48:47, [v:v:v]). Shaking, spinning and removing the upper phase yielded a purified 

organic phase, which was dried down in a vacuum centrifuge at 50°C. The residue was 

resuspended in 50 µl CHCl3 and sampled for lipid analysis. Phospholipids were analyzed by 

thin-layer chromatography (TLC) on heat-activated silica gel 60 plates (Merck, 20x20 cm) 

using one of the following solvent systems (ratios by vol.): A) CHCl3 /MeOH /NH4OH (25%) 

/H2O (90:70:4:16); or B) ethylacetate /iso-octane /formic acid /H2O (13:2:3:10). Only the 

organic phase of B was used for TLC. Radiolabelled phospholipids were visualized and 

quantified by phosphoimaging (Molecular Dynamics, Sunnyvale CA, USA).
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General discussion

In Chlamydomonas as well as seed plants such as Arabidopsis, the induced accumulation 

of PA, a known lipid second messenger (LSM) in mammalian systems, has emerged as a 

common element in the acute phase of various plant stress responses. Determining the 

biochemical pathways underlying this PA response is the main research objective of this 

thesis. 

In the web of lipid metabolism, PA takes a central position (Chapter 1). It is precursor in de 

novo biosynthesis of glycerolipids, which includes phospholipids, galactolipids, sulfolipids, 

and triglycerides. As such it is formed by successive acylations of the two free hydroxyls 

of glycerol 3-phosphate. For the synthesis of PE, PC, and galactolipids, this nascent PA 

is dephosphorylated to DAG, whereas for the synthesis of PI, and PG it is converted to 

CMP-PA. DAG and CMP-PA are substrates in reactions by which they receive their polar 

headgroups (Chapter 1). 

Alternatively, PA can be formed through the inducible activities of PLD, hydrolyzing a 

structural phospholipid (e.g. PE or PC), or by DGK, which phosphorylates DAG. The DAG 

substrate for DGK can be provided by PLC, which hydrolyzes PPIs, such as PI4P, or PI(4,5)P2. 

Thus, PA originates from multiple cellular subpools, and distinguishing them is crucial to 

understanding the nature of the observed increases of this lipid under stress conditions. 

PA-increases measured in total lipid extracts, however, do not tell which metabolic 

route was responsible. To discriminate between PAs resulting from different pathways, 

several approaches were used. The first approach we applied makes use of differential 

in vivo 32P-radiolabelling ([1, 2], Chapter 2). When cells are incubated with 32Pi, label 

incorporation into ATP and, consequently, labelling of the products of ATP-dependent 

phosphorylation such as DGK-derived PA, is fast (within minutes). In contrast, labelling of 

PA derived from PLD activity takes much longer labelling times (hours-days) reflecting the 

slow labelling kinetics of PLD’s substrates, e.g. PE or PC. Hence, short labelling conditions 

monitor DGK-generated PA, and long labelling times predominantly show PLD-derived 

PA. To specifically probe PLD, its unique ability to catalyze a transphosphatidylation 

reaction is used. In the presence of an alcohol such as butanol, the phosphatidyl moiety 

of a structural phospholipid is transferred to the alcohol, generating PBut, which can be 

visualized by TLC separation and is used as an in vivo marker of PLD activity [3]. 

Finally, we applied a method relying on fatty acid compositions of phospholipids 

as distinguishing features of the cellular subpools. These features are passed on to 

downstream metabolic products, raising the possibility to directly link precursors to 

products, and vice versa. Thus, during stress signalling, the fatty acid composition of PA 

reflects not only de novo synthesized species, but also the composition of PPIs when a 

PLC-DGK route is active, or of a structural phospholipid when PLD is involved. 

To apply this method in Chlamydomonas, it was necessary to establish the fatty acid 

compositions of its glycerolipid classes, including the PPI and PA, by gas chromatography 
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([4], Chapter 3). Subsequently, to determine which phospholipid served as substrate to PLD 

during stimulation with various stresses, the fatty acid and molecular species composition 

of PBut was analyzed. Irrespective of the stimulus, di-oleoyl species prevailed, matching 

the predominant species in PE, identifying the latter as the PLD substrate ([5], Chapter 4). 

Analysis of NaCl-stimulated PA showed a mixture of PPI- and PE-like molecular species, 

suggesting the involvement of both PLC-DGK and PLD pathways. In principle,  as discussed 

in Chapter 1 and 7, the activity of inositolphosphoceramide synthase (IPCS) would also 

be able to generate DAG at the expense of PPI, however this is not confirmed by the 
32P-radiolabelling patterns during salt stress. The suggested formation of PLC/DGK- and 

PLD-generated PA is in agreement with previous results indicating the involvement of both 

pathways in the salt stress response ([6]). Based on fatty acid analysis of Chlamydomonas 

cells treated for 5 min. with 150 mM NaCl, we concluded that the PLD contribution to PA 

was dominant. 

In contrast, in the response of Arabidopsis seedlings to 5 minutes salt treatment, PA 

originating from the PLC/DGK pathway was prevalent at concentrations of 50-500 

mM NaCl, whereas only at very high concentrations (> 1000 mM), PLD was activated, 

giving rise to an additional PA increase (Chapter 6). These results were not only based 

on differential labelling experiments and transphosphatidylation, but also on the use 

of knockout (KO) mutants. Seedlings of pldd (T-DNA insertion mutant) showed total 

abrogation of the additional rise in PA at high concentrations. However, a seedling growth 

assay on saline media suggested decreased tolerance in the plda1 mutant, but not in pldd 

plants, suggesting that there is no direct relationship between the rapid PA response 

after brief exposure to stress and long-term responses in terms of acclimation and stress 

tolerance mechanisms. Currently, four different Arabidopsis PLDs have been suggested to 

play a role in growth under hypersalinic conditions [7, 8], but only one was found to be 

active in the immediate salt-induced PA response in seedlings. 

Using T-DNA lines with insertions in or close to the DGK- and PLC-genes, an attempt was 

made to identify the involved isozymes. However, in none of the lines the salt-induced 

PA response was affected, suggesting that either an isozyme was involved for which 

no effective KO line was available, or that the suppression of one gene has lead to the 

upregulation of another, compensating for the loss. It will therefore be important to 

obtain KO mutants for every DGK and PLC gene and to check gene transcription levels of 

the other family members in these lines. To circumvent redundancy, multiple KOs might 

have to be generated for the total suppression of the PA response. 

An interesting aspect of the phospholipid responses to hypersalinity is the finding that in 

Arabidopsis and in Chlamydomonas, different pathways are being activated at different 

levels of stress. This is obvious in the Arabidopsis PA response, but the other observed 

changes, viz. increases in PIP2 and DGPP, also occurred at lower NaCl concentrations. 

Specific combinations of these putative LSMs could be associated with the activation of 
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different protein targets such as protein kinases and small G-proteins, as was suggested 

for the Chlamydomonas salt response [9]. 

The finding that Chlamydomonas accumulated lysophosphatidic acid (LPA) under salt 

stress conditions, prompted us to investigate the origin of this lipid, which normally 

does not accumulate, but plays a role as intermediate in lipid biosynthesis (Chapter 5). 

Previous results, using pharmacological inhibitors, suggested that LPA increased due 

to the activation of a PA-hydrolyzing PLA2 activity [10]. We addressed the question of 

LPA’s metabolic origin using a combination of differential labelling and fatty acid analysis 

(Chapter 5). The results lead us to propose a tentative model of different pools of PA, LPA, 

and their precursors, connected by pathways functioning in lipid biosynthesis or signalling. 

The accumulation of a-linolenic acid-rich (18:3)LPA species argued for its formation 

via PLA2-hydrolysis of a PA subpool with similar enrichment. This subpool is suggested 

to be formed by DGK through phosphorylation of PLC-generated DAG, reflecting the 

composition of a-linolenic acid-rich PPI species. Interestingly, the suggested metabolic 

relationships argue for the co-localization of the enzymes involved, i.e. PLC, DGK and 

PLA2. Moreover, the finding that the PLA2 inhibitor aristolochic acid suppressed the LPA 

response and simultaneously induced an equivalent rise in DGPP, suggest that PA kinase 

competes for the same substrate and also has to be in the vicinity. The integrated analysis 

of such metabolic relationships and the subcellular localization of the phospholipids and 

enzymes by microscopic techniques will be one of the most challenging avenues of future 

phospholipid research. 

Chapter 7 investigates the PA response of Arabidopsis seedlings and leaf discs to 

acute cold stress. Strikingly, also under this stress condition, PA increased within 2-10 

min, with DGK activity being its most likely contributor. Moreover, the production of 
32P-PA coincided with an equivalent decrease in 32P-PIP, suggestive of a PIP-hydrolyzing 

PLC activity that provides DAG. Notably, while PLD did not play a role in the early PA 

response, several isozymes, including PLDa1 [11] and PLDd [12] have been implicated 

in long-term responses to cold with a role in cold acclimation. Moreover, the activity of 

PLDa1 is stimulated at freezing temperatures, due to the loss of membrane integrity. 

The leading role for DGK in the early cold response is reflected in the finding that, of all 

genes encoding phospholipid metabolic enzymes found to be induced under cold stress, 

only DGK1 gene was induced within the first 2 h of cold exposure [13]. Our attempt at 

identifying the involved PLC and DGK isozymes using T-DNA insertion lines was again 

confounded, indicating the lack of effective KO mutants and/or redundancy. 

Over the last few years, a number of PA-binding proteins have been identified which 

are thought to be recruited to the membrane when and where PA is formed [14]. Their 

enzymatic activity can thus be regulated in a signal-dependent manner. With respect to 

hyperosmotic responses, two interesting candidate PA targets were protein kinases that 

are known to be activated by osmotic stress. They belong to the so-called SNF-related 

protein kinase 2 (SnRK2) family [15]. Current research is aimed at determining the protein 
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domains that are responsible for PA binding in these proteins but also other PA targets. 

By fusing such PA-binding domains to a fluorescent protein, PA biosensors are being 

generated. This will enable visualisation of PA pools in vivo, using confocal microscopy, 

adding spatial information to our knowledge of metabolic pathways. 

As the understanding of the organisation of PA metabolism increases, combining these 

data in mathematical models is becoming an interesting possibility. The metabolic network 

underlying the salt-induced accumulation of PA and LPA in Chlamydomonas, described 

in Chapter 5, may be particularly suitable for making a biochemical systems model, 

comparable to the modelling of sphingolipid metabolism in Saccharomyces cerevisiae 

[16]. It may generate testable hypotheses and thus be validated, and give insight into the 

regulation of PA metabolism under conditions of environmental stress.
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Summary

Plants are exposed to an environment which is characterized by frequent changes in 

abiotic factors like temperature, soil salinity and availability of nutrients. Some conditions 

may adversely affect physiological processes, such that an adaptive response is required to 

minimize detrimental consequences. The initiation of these stress responses depends on 

the generation of intracellular signal molecules [1]. One of them, the minor phospholipid 

phosphatidic acid (PA) has emerged as a common, rapidly generated, element in abiotic 

as well as biotic stress responses in plants [2]. The metabolism of PA is complex due 

to the multiplicity of its origins (Chapter 1). It can be formed through the activity of 

phospholipase D (PLD), hydrolyzing a structural phospholipid like PC or PE [3], or by DGK 

[4], phosphorylating diacylglycerol (DAG) which can be formed through PLC hydrolysis 

of polyphosphoinositides. Moreover, PA is also a central intermediate in glycerolipid 

biosynthesis [5]. To better understand the functions of this lipid, it is important to 

distinguish between the different pathways.

To achieve this, two experimental approaches were applied (Chapter 2; [6]). The first relies 

on in vivo 32Pi-radiolabelling of phospholipids, allowing the visualisation and quantitation 

of fast changes (minutes) in minor phospholipids. To dissect the different PA forming 

pathways, a differential labelling protocol is followed which is based on the disparate 

labelling kinetics of different metabolic pools of PA and its precursors [7]. The second 

approach is based on mass analysis by GC of constituent fatty acids of phospholipids. 

As fatty acid compositions differ between phospholipid classes, they can be used as 

‘fingerprints’ to trace PA’s precursors, thus providing evidence of a metabolic pathway. 

A detailed fatty acid analysis of phospholipid classes of the unicellular green alga 

Chlamydomonas moewusii revealed distinctive features (Chapter 3; [8]). This raised the 

possibility to investigate the origins of the PA response under various stress conditions. By 

analysis of the specific transphosphatidylation product of PLD, phosphatidylbutanol, PE 

was identified as its substrate (Chapter 4; [9]). Under salt stress, various metabolic routes 

were suggested to contribute to PA formation, including also a PLC-DGK pathway. 

In Chlamydomonas, hypersalinity stress not only induced the formation of PA but also, 

of lyso-PA (LPA; [10]). The question whether this was derived from de novo synthesis, 

or from PLA2-mediated hydrolysis of DGK- or PLD-generated PA, was addressed using 

both experimental approaches (Chapter 5). The results argue for a dominant role of 

PLA2 hydrolyzing PA which is derived from a PLC-DGK route. The data are combined in 

a model showing multiple metabolic pools of PA and LPA characterized by distinct fatty 

acid compositions and radiolabelling characteristics. 

Similarly, the rapid response to high NaCl concentrations in the seed plant Arabidopsis 

thaliana was shown to involve multiple PA forming pathways (Chapter 6). One, active at 

moderate NaCl concentrations (≥100 mM), involved DGK activity, and a second, active 

at high concentrations (≥ 500 mM), featured PLD activity. A PIP-hydrolyzing PLC was 
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suggested to provide the DAG substrate for DGK activity. Also under conditions of cold 

stress, PA rapidly accumulated in Arabidopsis seedlings and leaves of adult plants, with a 

leading role for DGK (Chapter 7). Again, this enzyme was suggested to phosphorylate 

DAG generated by PLC-mediated hydrolysis of PIP, based on 32P-labeling experiments. 

The Arabidopsis genome contains 7 DGK genes, 9 PLC genes, and 12 PLD genes. To 

implicate specific isozymes in the salt- and cold-induced PA responses, T-DNA insertion 

lines were used. Thus, using plda and pldd knock-out seedlings, the rapid, PLD-dependent 

PA increase under high salt stress was shown to depend on PLDd (Chapter 6). Assays 

of DGK and PLC insertion lines failed to demonstrate clear defects in stress-induced PA 

formation. This could be due to the lack of knock-outs for certain genes, or a consequence 

of redundancy, by which a deficient gene function is neutralized by the upregulation 

of another gene or enzyme. To solve this experimental problem, it will be necessary to 

generate mutant lines containing multiple knock-outs.

 The integrated analysis of the biochemical pathways leading to the formation and 

attenuation of PA, together with the subcellular localization of the enzymes and lipid 

pools by confocal microscopy [11], is a challenge for current and future research. PA has 

recently been suggested to act as a membrane localization signal for proteins, based 

on electrostatic interactions and hydrogen bonding [12], and several interesting binding 

partners have been found [13]. Taken together, these studies may further increase our 

understanding of the role of PA in stress responses.  
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Samenvatting

Planten staan bloot aan veranderingen in omgevingsfactoren zoals temperatuur, het 

zoutgehalte van de bodem, en de beschikbaarheid van voedingsstoffen. Sommige 

condities kunnen de fysiologie nadelig beïnvloeden, zodat een adaptieve respons nodig is 

om de plant te beschermen. In de cellen van de plant worden signaalmoleculen gevormd 

die zo’n respons kunnen initiëren [1], en één daarvan is fosfatidylzuur (PA). Zowel 

biotische als abiotische stress condities induceren in het algemeen een snelle toename 

in dit fosfolipide [2]. Het metabolisme van PA is ingewikkeld omdat het op meerdere 

manieren gevormd kan worden (Hoofdstuk 1). Zo is PA het product van de activiteit 

van fosfolipase D (PLD) dat structurele fosfolipiden zoals PC en PE hydrolyseert [3]. 

Diacylglycerolkinase (DGK) maakt PA door fosforylatie van diacylglycerol (DAG; [4]); dit 

laatste kan geproduceerd worden via hydrolyse van polyfosfoinositiden door fosfolipase C 

(PLC). PA is bovendien een centraal intermediair in de de novo-synthese van glycerolipiden 

[5]. Het is dus een heterogene lipideklasse en om de functies ervan te kunnen begrijpen is 

het belangrijk onderscheid te maken tussen de metabolische routes. 

 Hiertoe zijn twee experimentele benaderingen toegepast (Hoofdstuk 2; [6]). De eerste 

is gebaseerd op het radioactief labelen van levende planten met 32Pi. Dit maakt het 

mogelijk snelle veranderingen (binnen minuten) in laag-abundante fosfolipiden (zoals 

PA) zichtbaar te maken en te kwantificeren. Om de verschillende routes van PA-vorming 

te onderscheiden wordt een zogenaamde ‘differentiële labeling’ toegepast, die een 

onderscheid maakt tussen snel en langzaam gelabelde fracties van PA en zijn precursors 

[7]. De tweede aanpak is gebaseerd op analyse van de samenstellende vetzuren van 

fosfolipiden met behulp van gaschromatografie. Omdat de vetzuursamenstellingen van 

fosfolipide-klassen van elkaar verschillen kunnen ze gebruikt worden als ‘vingerafdruk’ 

om de precursors van PA te vinden en zo een metabolische route bloot te leggen. 

Een gedetailleerde studie van vetzuursamenstellingen van fosfolipide-klassen in 

de ééncellige groenalg Chlamydomonas moewusii liet kenmerkende onderlinge 

verschillen zien (Hoofdstuk 3; [8]). Dit maakte het mogelijk om de oorsprong van de 

PA-respons onder verschillende condities van stress te bestuderen. Door analyse van 

het transfosfatidyleringsprodukt van PLD, fosfatidylbutanol, is PE geïdentificeerd als 

zijn substraat (Hoofdstuk 4; [9]). Zout-stress induceerde PA vorming via meerdere 

metabolische routes, onder andere een PLC-DGK-route.

In Chlamydomonas induceren hoge zoutconcentraties niet alleen de vorming van PA maar 

ook van lyso-PA (LPA; [10]). Gebruikmakend van beide methodes is onderzocht waar 

dit lipide vandaan kwam: van de novo-synthese of van PLA2-gemediëerde hydrolyse van 

PA, dat op zijn beurt kan worden geproduceerd door DGK of PLD (Hoofdstuk 5). De 

resultaten wezen op een dominante rol voor PLA2 dat PA hydrolyseert, afkomstig uit 

een PLC-DGK-route. De data zijn vervat in een model van meerdere metabolische fracties 
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van PA en LPA, die gekarakteriseerd worden door verschillen in vetzuursamenstelling en 

radiolabeling. 

Zo bleken ook in de zaadplant Arabidopsis thaliana meerdere metabolische routes 

betrokken te zijn bij de snelle PA respons op hoge NaCl-concentraties (Hoofdstuk 6). 

Een DGK was actief bij matig hoge NaCl-concentraties (≥100 mM), en een PLD bij hoge 

concentraties (≥500 mM). Het DAG substraat voor DGK werd waarschijnlijk geleverd 

door een PIP-hydrolyserende PLC-activiteit. Onder koude stress accumuleerde PA snel in 

Arabidopsis zaailingen en in bladeren van volwassen planten, waarbij DGK de hoofdrol 

speelde (Hoofdstuk 7). Ook in dit geval wezen 32P-labeling-experimenten erop dat het 

DAG-substraat voor DGK geproduceerd was door PLC-hydrolyse van PIP.

Het Arabidopsis-genoom bevat 7 DGK-genen, 9 PLC-genen en 12 PLD -genen. Om de 

betrokkenheid van specifieke isozymen in de zout- en koude-geinduceerde PA-responsen 

te onderzoeken is gebruik gemaakt van T-DNA insertie-lijnen. Zo is, gebruikmakend van 

plda- en pldd-knock-out zaailingen, aangetoond dat de PLD–afhankelijke PA-toename 

onder zoutstress toegeschreven kan worden aan PLDd. In assays van DGK- en PLC-T-DNA-

insertielijnen zijn geen duidelijke gebreken gevonden in de stress-geinduceerde 

PA-vorming. Dit kan het gevolg zijn van het ontbreken van knock-out mutanten voor 

bepaalde genen, of een consequentie van redundantie, waarbij een defect in een 

genfunctie  wordt ondervangen door de toegenomen activiteit van een ander enzym. 

Om dit experimentele probleem op te lossen moeten meervoudige knock-out mutanten 

gegenereerd worden.

De geïntegreerde analyse van de biochemische routes die leiden tot de vorming en 

omzetting van PA, en de subcellulaire localisatie van de betrokken lipidefracties en 

enzymen met confocale microscopische technieken [11] is een uitdaging voor het lopende 

en toekomstige onderzoek. PA wordt beschouwd als een membraan-localisatie signaal 

voor eiwitten, op basis van electrostatische interacties en waterstofbruggen [12], en 

verscheidene interessante bindingspartners zijn gevonden [13]. Bijelkaar zullen deze 

studies bijdragen aan het begrip van de rol van PA in stress-responsen.
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Everything that is interesting in nature happens at boundaries: the surface of the earth, 

the membrane of a cell, the moment of catastrophe, the start and finish of a life. 

The first and last pages of a book are the most difficult to write.

Nicholas Humphrey

In een merkwaardig sneeuwlandschap, een ‘liefdesbrief uit de hemel’ volgens 

zen-boeddhisten, begaf ik me -volgens mijn notities van toen- op maandagochtend 29 

november 1993 naar Anna’s Hoeve, waar ik in een lokaaltje Teun Munnik, AIO aan de 

vakgroep Plantenfysiologie, aantrof die bezig was zich voor te bereiden op zijn praatje 

voor de vakgroep. Hij had met stift op grote kartonnen biochemische reacties geschreven. 

De vrijdag tevoren had ik met hem en Alan Musgrave gepraat over de mogelijkheden voor 

mij, student, om stage te lopen en Teun was bereid gevonden mij te begeleiden. Alan 

had met zijn uitermate boeiende colleges mijn interesse gewekt in signaaltransductie en 

ik was er zeker van dat ik me hierin verder wilde verdiepen. Die stage was het begin van 

mijn kennismaking met de echte wetenschapsbeoefening, het begin van Plantenfysiologie 

als mijn werkplek, van Teun als mijn leraar en begeleider, een begin dat toen een nieuw 

perspectief gaf in een voor mij persoonlijk moeilijke tijd. 

De stage was uitermate stimulerend en vervullend voor mij, dankzij Teuns aanstekelijke 

enthousiasme en gedrevenheid. Na mijn afstuderen ben ik in dezelfde groep promovendus 

geworden, met Herman van den Ende als promotor, en Alan en Teun als supervisors. Ik 

ben jou, Herman, dankbaar voor het vertrouwen dat je in mij stelde en je vakkundige 

hulp bij het ontwikkelen van de gaschromatografie in ons lab. Daarbij was ook de hulp 

van Corrie Popp-Snijders en Frans Martens (VUMC) buitengewoon waardevol. Ook 

ben ik dank verschuldigd aan Piet van Egmond en John van Himbergen, die mij vaak 

hebben geholpen bij technische vragen. John, jou wil ik in het bijzonder bedanken voor 

je gezelschap en voortreffelijke assistentie bij het ICBL-congres in Halle waar ik voor 250 

lipidologen een praatje mocht geven. Andere vroegere (plantfys-)mensen die ik om 

uiteenlopende redenen bijzonder heb gewaardeerd zijn (o.a.) Monique Raats, Bas ter Riet, 

Harold Meijer, Martine Vink, Ana Laxalt, Joop Vermeer, Ap van der Luit, Christa Testerink, 

Gabi Gonorazky, Elske Schouten, Hedwich Teunissen, Gertien Smits, Sylvia Blad, Fredoen 

Valianpour (AMC) en José Vos (Aquatische Ecologie). Ana, Christa, Joop en Martine, door 

jullie geëscorteerd kon ik meedoen aan de FEBS advanced course Lipid Signalling in Santa 

Maria Imbaro (Italië), een fantastische ervaring. 

Na het vertrek van Herman bij Plantenfysiologie is Michel Haring hem opgevolgd en hij 

werd mijn promotor. Michel, ik weet dat ik het jou en Teun in verschillende periodes niet 
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bepaald gemakkelijk heb gemaakt. Het is dankzij jullie inspanningen om mij tot meer 

daadkracht en productiviteit te brengen dat dit werk nu voltooid is. De wetenschappelijk 

zorgvuldige, altijd to-the-pointe inbreng van Michel, met name in de laatste fase van het 

schrijven is heel waardevol en leerzaam voor mij geweest. Teun, jij bleef ook in die periode 

mij betrekken bij het onderzoek, waarbij je  mij steeds eraan herinnerde waarom biologie 

zo’n ongelofelijk mooi vak is. Jij liet zien hoe je je kritisch moet opstellen tegenover 

gevestigde wetenschappelijke ideeën. Michel en Teun, ‘a dynamic duo’, bedankt.

Na een lange periode van afwezigheid door ziekte van mij in 2004 heb ik het werk 

kunnen hervatten mede doordat Gert-Jan de Boer bereid was mij te betrekken in het 

onderzoek van koude stress in Arabidopsis, een project waarin hij ook Noemi von 

Meijenfeldt begeleidde, toen nog student en nu ‘lotgenoot’ op weg naar promotie. Ik 

dank Noemi voor haar kameraadschappelijkheid -gelukkig was het in ons contact niet 

alleen ‘kou’ en ‘stress’ wat de klok sloeg. Ik wil Gert-Jan, maar ook Christa (destijds met 

dikke buik) bedanken dat ze me toen vele malen met de auto thuis opgehaald en naar het 

lab gebracht hebben. 

Van de laatste periode wil ik een heel aantal mensen bedanken omdat ze bijzonder toffe 

collega’s en vrienden waren en zijn. Bastiaan Bargmann, Chris van Schie, Julian Verdonk, 

Joop Vermeer, Saskia van Wees, Bas ‘Loebas’ van Schooten, Kai Ament, Sergio de la 

Fuente-van Bentem, Alex Van Moerkercke, Essam Darwish en de lipid signalling-mensen 

van nu, Laura Zonia, Ringo van Wijk, Wendy Roels, Carlos Galvan en Fionn McLoughlin, 

mijn compaan, toeverlaat, en nu paranymph. Verder heb ik het contact zeer gewaardeerd 

met Wilfried Jonkers, Gerben van Ooijen, Petra Bleeker, Eleni Spyropoulou, Rossana 

Mirabella, Petra Houterman, Rob Schuurink, Frank Takken, Martijn Rep, Lotje van der 

Does, Ewa Lukasik en Dieuwertje van der Does. Ik heb aan jullie, maar ook aan mensen 

die ik hier ten onrechte niet genoemd heb, mooie herinneringen, en ik prijs me gelukkig 

met zo’n fijne club om me heen.  

Ludek Tikovsky ben ik erkentelijk voor het genereren van zaden voor mijn proeven. 

Van het secretariaat wil ik Kitty Göbel bedanken voor haar persoonlijke betrokkenheid 

en hulpvaardigheid vanaf het begin. En Laura Wind, die mij op effectieve en creatieve 

wijze geholpen heeft met het vervaardigen van de proefschrift-manuscripten voor de 

commissie. Ik ben John Pattipeilohy (PZ) dankbaar voor zijn betrokkenheid en hulp. 

Zo ook decaan Piet Vriens, die zich heeft ingespannen voor hulpmiddelen zodat ik het 

labwerk kon voortzetten. En Femmy Wolthuis (LAC) vanwege de belangrijke dingen die 

ze me meegegeven heeft. Ik ben de UvA en Pantar erkentelijk voor het vinden van een 

kader waarin ik mijn werkzaamheden in de tweede fase heb kunnen voortzetten. In 

het bijzonder wil ik Marjan Mommers bedanken voor de actieve en toegewijde manier 

waarop zij mij heeft begeleid. 
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Tenslotte wil ik mijn lieve vrienden en familie bedanken zonder wier support en liefde dit 

alles ondenkbaar was. Mijn grote vriend Willem van der Eerden, mijn jazz-maten van het 

eerste uur Eric Diepraam en Wim Lammen, en tenslotte, aan mijn basis, schoonzus en 

paranymph Tamira, mijn broer Allard, nichtjes Mare en Fien, en mijn ouders Frits en Bé.

Het is een lange weg die ik afgelegd heb, van het besneeuwde weiland en de man die de 

PLC-route wilde uitleggen op bordkarton, naar dit boek. Het is op dit moment nog niet 

duidelijk hoe de weg precies verder zal gaan, maar het is voor mij prettig om dit gedeelte 

af te sluiten en terug te kunnen kijken. Ver terugkijkend zie ik in mijn fantasie mijn 

grootvader Willem Hendrik Arisz (1888-1975) aan de Rijksuniversiteit Groningen college 

geven in de plantenfysiologie, en het is een bijzonder feit dat een van zijn studenten, 

Nanne Nanninga, op 8 september 2010 voorzitter bij de plechtigheid van mijn promotie 

zal zijn. 

Steven Arisz

Amsterdam, 19 juli 2010
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Abbreviations
32Pi 

32P-orthophosphate 
ABRE ABA responsive element
ACP acyl-binding protein
CBD calmodulin-binding domain
CBF C-repeat Binding Factor
CCT phosphocholine cytidylyl transferase
CDS CDP-DAG synthase
DAG diacylglycerol 
DGDG digalactosyldiacylglycerol
DGK diacylglycerol kinase
DGPP diacylglycerol pyrophosphate
DGTS diacylglyceryltrimethylhomoserine
DHAP dihydroxyacetonphosphate
FAME fatty acid methyl ester
FAS fatty acid synthesis complex
GFP/YFP  green/yellow fluorescent protein
GC gas chromatography
GPAT glycerol(3)phosphate acyltransferase
HOS high expression of osmotically responsive genes
HPLC-MS  high performance liquid chromatography- mass spectrometry
ICE Inducer of CBF Expression
Ins inositol
InsPCer inositolphosphorylceramide
IP3 inositoltrisphosphate
IPCS inositolphosphorylceramide
KD /KO knock down/ knock out
LA linolenic acid
LOS low expression of osmotically responsive genes
LPA lysophosphatidic acid
LPAAT  lysophosphatidic acid acyl transferase
LPP lipid phosphate phosphatase
LSM lipid second messenger
MGDG monogalactosyldiacylglycerol
NL neutral lipid
NPC non-specific phospholipase C
PA phosphatidic acid
PAH phosphatidic acid phosphohydrolase
PAK phosphatidic acid kinase
PAP phosphatidic acid phosphatase
PBut phosphatidylbutanol
PC phosphatidylcholine
PCD programmed cell death
PDK 3’-phosphoinositide-dependent protein kinase
PEAMT phosphoethanolamine methyltransferase
PECT phosphoethanolamine cytidylyltransferase
PG phosphatidylglycerol
PIP phosphatidylinositolphosphate
PIP2 phosphatidylinositolbisphosphate
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PLA phospholipase A
PLD phospholipase D
PPI polyphosphoinositide
PtdBut phosphatidylbutanol
PtdCho phosphatidylcholine
PtdEtn phosphatidylethanolamine
PtdGro phosphatidylglycerol
PtdIns phosphatidylinositol
PtdInsP phosphatidylinositolphosphate
PtdInsP2 phosphatidylinositolbisphosphate
PtdOH phosphatidic acid
PUFA polyunsaturated fatty acids
ROS reactive oxygen species
SOS salt overly sensitive
T-DNA transposon DNA
TAG triacylglycerol
TGD trigalactosyldiacylglycerol
TLC thin-layer chromatography
UDP-Gal uridine diphosphate-galactose
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