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1. Introduction 

 

Living cells delimit themselves from their surroundings by a biological membrane. 

This biological membrane is essential to maintain chemical gradients between the 

intracellular and extracellular environment and leakage would quickly be followed 

by death. The structural integrity of the membrane is the result of the biophysical 

properties of its primary building blocks, the phospholipids. Phospholipids have 

two hydrophobic fatty acid tails and a hydrophilic headgroup, held together by a 

simple glyceryl backbone. When in acqueous solution, phospholipids spontaneously 

form a bilayer with their hydrophobic tails facing each other and their hydrophilic 

headgroups forming hydrogen bonds with the water molecules in the solution. The 

result is a barrier that is impermeable to large and charged molecules. In addition to 

preventing molecules to leave or enter, the membrane is also involved in 

communication between the outside world and the inside of the cell. These two 

functions are reflected by the composition of the lipid bilayer. The majority of the 

phospholipids have a structural role and their concentrations are relatively constant. 

However, a minority of the phospholipids rapidly turn over in response to various 

external stimuli. In mammals, the role of phospholipids in intracellular signaling is 

well described. For plants, evidence for such roles is emerging, although differences 

are also found. Plant phospholipid signaling is the subject of my thesis. In the first 

two sections of the general introduction, phospholipid biosynthesis will be 

described, as well as the different species of phospholipids and their mode of action. 

In the third section we will focus on the available techniques to study plant 

phospholipid signaling and our model organism, Arabidopsis thaliana will be 

introduced. In the final sections of this introduction, an overview will be given of 

several biological processes that have been associated with phospholipid signaling. 

These sections form a bridge to the four experimental chapters of this thesis. In the 

last chapter, selected findings are discussed within a broader context.  
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2. Phospholipidology 

 

2.1 Phospholipid biosynthesis 

 

Phospholipid biosynthesis takes predominantly place at the endoplasmic reticulum 

(ER) and starts by acylation of the non-lipid molecule glycero-3-phosphate (G3P), 

resulting in lyso-phosphatidic acid (L-PA) (Fig. 1). A second acylation step yields 

phosphatidic acid (PA). PA is the branchpoint of two lipid biosynthetic pathways, 

leading to the formation of phosphatidylinositol (PI) or phosphatidylglycerol (PG) 

on the one hand and phosphatidylcholine (PC) or phosphatidylethanolamine on the 

other hand [1]. The commited step of the latter pathway is the dephosphorylation of 

PA to diacylglycerol (DAG) by PA-phosphatase (PAP). The next step is the 

addition of an headgroup onto DAG, forming either PC or PE. The other pathway 

starts by adding a cytidine monophosphate (CMP) moiety onto PA, forming CMP-

PA. CMP can subsequently be exchanged for glycerol yielding PG or inositol, 

yielding PI. PI is a structural phospholipid that is abundantly present in the 

membranes of plant cells but is also the precursor of a class of molecules that are 

thought to have a signaling function. Chloroplasts and mitochondria have their own 

phospholipid biosynthesis but this is beyond the scope of this thesis. 

 

2.2 Phospholipid signaling 

 

In plants, PI can be phosphorylated at 2 positions of the inositol ring by specific PI-

kinases (PIK) forming either PI3P or PI4P [2, 3]. PI3P levels are relatively low in 

plants (2-15% of the total PIP pool) and PI3P is predominantly localized on late 

endosomes and prevacuolar compartments [4-7]. PI4P has been found at the plasma 

membrane and the golgi apparatus in Arabidopsis. Interestingly, a tip-focussed 

gradient of PI4P was present at the plasma membrane in growing root hairs and a  
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Fig. 1. Phospholipid biosynthesis and signaling. See text for details. 
 

massive accumulation of PI4P on the cell plate during cytokinesis was observed 

(Vermeer et al., submitted).  Disruption of the two closely related Arabidopsis PI-4-

OH kinases PI4Kβ1 and PI4Kβ2 resulted in aberrant root hairs and smaller plant 

size [8], suggesting an important role for PI4P during growth and development. 

PI4P can be phosphorylated to PI(4,5)P2 by PIP-kinase activity [3]. When 32P-

labeled, PIP2 levels of Arabidopsis are low, but after osmotic stress, PIP2 levels 

increase spectacularly [9]. In mammals, PI(4,5)P2 is important for a variety of 

cellular events [10] and it is the precursor of three other signaling molecules, DAG, 

inositoltriphosphate (IP3) [11] and PI(3,4,5)P3 [12], although the latter is only found 

in animals. In plants, PI(4,5)P2 can be metabolized by two different enzymes, 

phospholipase C (PLC) and PIP2-phosphatases. When PI(4,5)P2 is 

dephosphorylated, both PI4P and PI5P can be formed, depending on the specificity 
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of the PIP2-phosphatase [13, 14]. PI5P constitutes only a minor fraction of the total 

PIP pool (3-8%) [15, 16] and its function and localization are still unknown. Some 

mammalian lipid kinases were reported to phosphorylate PI at the D-5 position in 

vitro, but such an activity has not been described for plants [17, 18]. 

 

PLC acts by cleaving off the inositol headgroup from PI(4,5)P2, thereby leaving a 

DAG molecule in the membrane and releasing water-soluble IP3 into the cytosol 

[11]. In mammals, these molecules are important second messengers. IP3 binds to 

IP3-receptors on the ER where it triggers the release of Ca2+ into the cytosol and 

DAG activates protein kinase C that in turn activates a protein phosphorylation 

cascade. These pathways are apparently not conserved in plants, as no IP3-receptors, 

nor PKC homologues have been found. IP3 can be dephosphorylated or further 

phosphorylated all the way up to IP6 [19, 20]. Interestingly, the latter was shown to 

bind to the auxin receptor TIR1 [21]. At this point, it is not clear whether this 

binding serves a regulatory or structural role. DAG does not appear to have a 

signaling function in plants but it can be quickly phosphorylated by diacylglycerol 

kinase (DGK) to form PA [22]. PA can also be formed by the action of 

phospholipase D (PLD) that hydrolyzes PE and PC [23]. Thus, PA is not only a key 

intermediate of phospholipid biosynthesis [1], it is also the product of both the 

PLC/DGK- and PLD-pathway. Interestingly, PA has been proposed to have a 

signaling function in plants [24]. Activation of PLC/DGK and/or PLD pathway 

could potentially serve to control appropriate PA levels in different membranes. In 

the next section the downstream targets of PA and PIP2 will be discussed. 
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3. Downstream targets of phospholipids 

 

Phospholipid signaling in mammalian cells is a well-established field, whereas the 

equivalent in plant is very much in development. Therefore, more downstream 

targets of phospholipid second messengers have been identified in mammalian cells 

than in plants. To see what kind of mechanisms we can expect to find in plants, a 

few examples from the mammalian and the yeast literature will be discussed first. 

 

3.1 Mammalian and yeast lipid-binding proteins 

 

In addition of being a precursor of other signaling molecules [11], PIP2 has been 

shown to regulate a plethora of cellular events [10]. The predominant mechanism 

by which PIP2 exerts its effect is by binding to proteins via lipid-binding domains, 

of which the pleckstrin homology (PH) domain of human PLCδ1 is the best 

characterized [25]. Binding of PIP2 to proteins functions to spatially concentrate the 

target protein and/or to modify its activity [10]. The latter is exemplified by PLD, 

which requires PIP2 for activity [26] or by ion channels that are regulated by direct 

interactions with PIP2 [27, 28]. Recruitment of target proteins to the membrane can 

result in cytoskeletal rearrangements and membrane trafficking. Several proteins that 

bind to actin have been shown to bind to PIP2 as well. In this way, localized 

production of PIP2 can lead to changes in cell architecture [29, 30]. In a similar 

manner, Adaptor protein 180 has been shown to bind to PIP2 and clathrin 

simultaneaously. PIP2 could orchestrate membrane trafficking events by serving as 

a docking site for the endocytotic machinery [31, 32]. Another interesting function 

of PIP2 is highlighted by its binding to the transcriptional regulator TUBBY. Upon  

PIP2-hydrolysis, TUBBY is no longer retained at the membrane and translocates to 

the nucleus where it can regulate gene expression [33]. 
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In animal cells, most of the PA involved in signaling seems to be derived from PLD 

[34, 35]. DGK also generates PA, but this is believed to predominantly attenuate 

DAG signaling [36, 37]. PLD activity is strictly regulated by several proteins [38] 

and by PIP2 [26]. The PA produced by PLD is involved in mitogenic signaling, 

vesicular trafficking and the oxidative burst [24, 35]. PA formation might function 

by altering the biophysical properties of the membrane, potentially facilitating 

membrane trafficking events [39]. In addition, PA binds several signaling proteins 

and in some cases modifies their activities. The targets of PA include protein 

kinases and phosphatases, lipid kinases and other signaling proteins, such as small 

G-proteins and cAMP phosphodiesterase [24]. In contrast to PIP2 binding proteins, 

no consensus PA-binding domain is known yet [40]. The best-known PA target is 

probably Raf-1 kinase. Raf-1 kinase is recruited to the membrane by binding to PA, 

where it is activated by other proteins [41, 42]. The in vivo relevance of this 

mechanism was shown by expression of a dominant negative Raf-1 kinase that 

could not bind PA, resulting in developmental abnormalities in zebrafish [43]. 

Another target of PA is a type I PIP kinase [44]. This target is of particular interest 

because PA stimulates its activity, resulting in the formation of PIP2, which in turn 

stimulates PLD activity. Together, type I PIP kinase and PLD could form a positive 

feedback loop, potentially serving as a signal amplifier. Recently, growth factor 

signaling through receptor tyrosine kinases was shown to be dependent on PA-

mediated membrane targeting of SOS (Son of sevenless) [45]. 

 

In the Yeast Saccharomyce cerevisiae, an interaction between PA and the 

transcriptional regulator Opi1p has been described that functions in a similar way as 

PIP2 binding to TUBBY [33]. Opi1p was found to shuttle between the nucleus and 

the ER, depending on the PA concentration at the ER [46]. PA concentrations in 

Yeast are high when inositol concentrations are low. When inositol becomes 

available, it is rapidly incorporated in phospholipids at the expense of PA, causing 

Opi1p to dissociate from the ER and to enter the nucleus where it represses target 
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genes, among which the INO1 gene which encodes for the rate limiting step in 

inositol formation.  

 

3.2 Plant lipid-binding proteins 

 

Homology searches have revealed the presence of 53 genes that contain regions 

with similarity to PH domains in the Arabidopsis genome [47]. However, binding 

specificity of these PH domains should be determined experimentally, as not all PH 

domains bind to PIP2 and some do not bind lipids at all. PDK1 (3-phosphoinositide 

dependent protein kinase 1) is the only Arabidopsis protein with a PH domain for 

which lipid binding specificity has been determined. By incubating a nitrocellulose 

membrane-filyer on which various lipids were immobilized with recombinant 

PDK1, followed by immunoblotting (called lipid overlay) it was shown that PDK1 

binds various phosphoinositides, including PIP2 but also PA [48]. Interestingly, 

these two phospholipids were also found to stimulate PDK1 activity in vitro [49]. 

PDK1 can phosphorylate many but not all members of the large AGC family of 

protein kinases [50]. The AGC family consists of 39 members and is subdivided 

into 5 subfamilies [51], of which the AGC VIII subfamily is the best characterized. 

One of the PDK1 targets belonging to this subfamily is PINOID (PID) [52]. PID 

phosphorylates the auxin-efflux transporters PINFORMED1 (PIN1) and PIN2, and 

thereby regulates their proper cellular localization [53]. Mutations in the PIN1 gene 

lead to a pinformed phenotype due to disturbed polar auxin transport [54, 55]. pid 

mutants have a similar phenotype, hence the name pinoid [56-58]. PID is directly 

phosphorylated by PDK1, providing a link between polar auxin transport on the one 

hand and phospholipid signaling on the other [52] (Fig. 2). Moreover, PID was 

reported to localize to the cell periphery [51] and to bind to a variety of 

phosphoinositides and PA as judged by lipid overlay analysis [50].  
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Fig. 2. Arabidopsis lipid binding proteins and their downstream responses. 
PA can be formed by PLD-mediated hydrolysis of structural phospholipids or 
by the combined action of PLC and DGK. PDK1, RCN1, ABI1, SnRK2 and CTR1 
bind to PA (as indicated by dotted arrows). PDK1 binds to PIP2 as well. CTR1 
is localized to the ER but PA-binding could be somewhere else. Note that 
localization of most PLC-, DGK- and PLD-isoforms has not been established 
yet. See text for details. 
 

Another member of the AGC VIII subfamily that is phosphorylated by PDK1 is 

AGC2-1. AGC2-1 is identical to OXI1, a gene that was found to be induced by 

oxidative stress [59]. Interestingly, phosphorylation of OXI1 was stimulated by PA 

[49], suggesting that PA can influence downstream signaling events. PDK1 activity 

could also be stimulated by xylanase [60], a fungal elicitor known to induce PA 
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formation in tomato cells [61]. This stimulating effect could be blocked by n-

butanol, a competitive inhibitor of PLD activity, but not by U73122, a PLC 

inhibitor. OXI1 activity itself was also stimulated by xylanase, although to a lesser 

extent than PDK1. Downstream of OXI1 is the protein kinase PTI1-2, which was 

also activated by xylanase in Arabidopsis cells [60]. This activation was dependent 

on PDK1 and OXI1, as deduced from silencing of PDK1 and OXI1 [60]. 

Interestingly, PTI1-2 resembles the tomato Pti kinase that has been implicated in the 

hypersensitive response (HR), a strong defense response against pathogens. The 

importance of OXI1 for defense against pathogens was demonstrated by enhanced 

susceptibility of an oxi1 mutant against the Hyaloperonospora parasitica strain 

Emco5 [59]. In addition, oxi1 showed less activation of MPK3 and MPK6, two map 

kinases that have been associated with disease resistance signaling [62, 63].  

 

Recently, CTR1 (Constitutive Triple Response) was found to bind PA [64]. CTR1 

is an homologue of human Raf-1 kinase, and negatively regulates ethylene 

responses. Since PA inhibited the kinase activity of CTR1, PA may be a positive 

regulator of ethylene responses [65]. CTR1 is localized at the ER [66] but PA can 

be formed by multiple pathways with different subcelullar localizations. Therefore, 

it is not clear how PA-mediated CTR1 inhibition would be regulated. 

 

PA was reported to inhibit the protein phosphatase 2C (PP2C) ABI1 (ABA 

insensitive). Because ABI1 is a negative regulator of ABA responses [67], 

inhibition by PA would decreases ABI1 activity, hence positively regulating ABA 

responses [68].  

 

A proteomic screen for PA binding proteins resulted in the identification of 

additional PA targets, including RCN1 (Roots Curl in NPA), SnRK2.10 [69] and 

SnRK2.4 (C. Testerink, personal communication). The SnRK2 (Sucrose non 

fermenting Related Kinase 2) family of protein kinases contains ten members, of 
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which SnRK2.6/SRK2E/OST1 is the best characterized [70]. SnRK2.6 activity is 

stimulated by ABA [71] and snrk2.6 mutants are affected in stomatal closure [72]. 

All SnRK2 isoforms except SnRK2.9 are activated by hyperosmotic stress [73]. 

Consistently, transgenic lines that over- or underexpress SnRK2.8/SRK2c display 

enhanced and reduced salt tolerance respectively [74]. 

 

RCN1 was originally identified in a screen for altered responsiveness to an inhibitor 

of auxin efflux, naphthylphthalamic acid (NPA) [75, 76]. RCN1 is also called 

PP2AA1, because it is a member of the family of regulatory subunit A of PP2A 

[77]. RCN1 has also been associated with ABA [78] and ethylene responses [79]. 

Interestingly, RCN1 and CTR1 both interact with the PP2A catalytic subunit 1C in 

vitro [79]. RCN1 and its closest homologues PP2AA2 and PP2AA3 were shown to 

be important for embryo development [77]. Recently, these phosphatases were 

shown to regulate the phosphorylation status of PIN1 and PIN2, antagonizing PID 

[53]. Taken together, these data suggest a role for phospholipid signaling in 

modulating responses to various phytohormones and to pathogens (summarized in 

Fig. 2). 
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4. Techniques to study phospholipid signaling in plants 

 

So far, phospholipid signaling has mainly been studied mostly by biochemical and 

pharmacological approaches, using various plant species.  Genetic approaches are 

feasible when using the model plant Arabidopsis. Here, a brief overview of the 

available techniques is given. 

 

4.1 Biochemical approaches 

 

A straightforward way to study phospholipids is to extract them from a plant and 

quantatively measure the different phospholipid species. Traditionally, the 

identification of phospholipids is performed after separation by thin layer 

chromatography (TLC) and/or HPLC. The introduction of mass spectrometry has 

increased the sensitivity and also allows the detection of different fatty acid species 

[80, 81]. Unfortunately, phosphoinositides cannot be detected by mass spectrometry 

yet, therefore limiting the use of this method to study phospholipid signaling [81].   

 

Phospoinositides can, however, be detected by isotopic labeling with 32PO4
3-. 

Moreover, labeling studies can give information about the direction and rate of 

metabolic fluxes. Cell suspensions are suitable for these studies because they are 

more or less homogeneous and label in a much more synchronized manner. A 

detailed investigation of phospholipid turnover has been performed with the 

unicellular green alga Chlamydomonas moewussi [6]. When labeled with 32PO4
3-, 

the ATP-pool is labeled first, followed by the phospholipids that are produced by 

lipid kinases. These include phosphorylation of PIP by PIK, PIP2 by PIPK, PA by 

DGK and diacylglycerol pyrophosphate [82] by PA-kinase. Later, the label enters 

the phospholipid biosynthetic pathway via G3P and via the biosynthesis of 

phosphorylated headgroups [1], ultimately leading to labeling of the structural 

phospholipids. These differences in labeling kinetics can used to distinguish 
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between DGK- and PLD-mediated PA formation. When labeling only for a short 

period of time, no structural phospholipids are labeled, therefore excluding PLD 

activity as the origin of 32P-PA [6]. In this thesis, relative amounts of labeled 

phospholipids were determined by dividing their radioactivity by the total amount 

of labeled phospholipids. 

 

4.2 Pharmacological approaches 

 

Pharmacological interference has been widely used to establish the contribution of 

phospholipid modifying enzymes to cellular responses. PLD activity can be 

conveniently monitored by the unique ability of PLD to use primary alcohols as 

acceptor for the phosphatidyl moiety. Under physiological conditions, water is 

transferred to the phosphatidyl moiety and PA is formed. When primary alcohols, 

such as 1-butanol are added, PLD can use them as acceptor as well, resulting in the 

formation of the artificial phospholipid phosphatidylbutanol (PBut). Since PBut has 

different chromatographic properties than PA, it can be easily separated and 

quantified, providing information about the relative contribution of PLD to PA 

formation. Because butanol is an alternative PLD substrate, it can be considered as 

a competitive inhibitor of PLD-mediated PA formation. However, butanol 

stimulates PLD activity as well, therefore raising the question whether PBut 

formation truly reflects PLD activity. In addition, butanol has been shown to 

interfere with the integrity of the cytoskeleton, presumably via PLD [83]. Therefore, 

the usage of butanol as an inhibitor of PLD activity is unadvisable when looking at 

long-term effects, as the collapse of the cytoskeleton is likely to have effects on 

overall cell biology. 

 

PLC activity has been commonly manipulated by addition of the inhibitor U73122, 

although its effects are controversial. As a control, the inactive analogue U73343 is 

often used but several reports describe a similar effect observed with both 
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compounds, indicating that other processes are targeted than PLC [84-88]. In a 

comprehensive study, it was shown that some effects of U73122 are attributable to 

alkylation of various proteins [89]. PLC activity can be inhibited by neomycin as 

well. However, because neomycin binds to PIP2, it potentially affects PLC-

independent PIP2-related processes [90]. 

 

In general, data obtained with inhibitors should be accompanied by data that 

support their specificity. In particular when long-term effects, such as gene 

expression, are studied, evidence based solely on inhibitors should be interpretated 

with care.  

 

4.3 Genetically encoded phospholipid biosensors 

 

An exciting development in the field of plant phospholipid signaling is the 

introduction of genetically encoded biosensors [91, 92]. These biosensors consist of 

a fluorescent protein fused to a protein domain that binds a phospholipid. 

Depending on the affinity of the sensor for the lipid and the concentration of the 

lipid in the membrane, the biosensor will either be cytosolic or bound to the lipid in 

the membrane. Translocation of the biosensor provides spatio-temporal information 

about the concentration of the phospholipid. In plants, biosensors have been 

successfully applied to study the localization of PI3P, PI4P, PI(4,5)P2 and DAG by 

expressing respectively the FYVE [7], PH domain of the FAPP protein (Vermeer et 

al., submitted), the PH domain of human PLCδ1 [93] and the C1a domain of PKCγ 

[94, 95] respectively. These biosensors have the potential to overcome most of the 

limitations that are associated with the traditional biochemical and pharmacological 

approaches. PI3P levels for instance, are low and difficult to distinguish from PI4P. 

Moreover, by extracting lipids, information about their spatial distribution is lost. 

By using fluorescent proteins with different spectral properties, multiple biosensors 

can be monitored simultaneously in a single living cell.  
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4.4 Forward and reverse genetics 

 

Classical or forward genetic approaches depend on genetic variation, either 

naturally occurring or induced chemically, physically or biologically. When the 

genetic variation results in a phenotype, it is possible to link the phenotype to the 

responsible gene by map-based cloning [96]. The availability of the Arabidopsis 

genome sequence [97] has significantly shortened the time required for map-based 

cloning. Forward genetic approaches have proved to be extremely successful to 

identify genetic determinants for a large number of biological processes. However, 

no phospholipid-modifying enzyme has been identified by screening for phenotypes 

in disease resistance or salt tolerance. 

 

The availability of the Arabidopsis genome sequence [97] has allowed the 

development of several reverse genetic tools for Arabidopsis. These tools are based 

on the generation of a large pool of mutagenized individuals by radiation [98], 

Agrobacterium tumefaciens-mediated transferred DNA (T-DNA) insertion [99, 100] 

or by transposon tagging. By screening pools of DNA with gene specific primers 

(for deletions) or an insertion specific primer in combination with a gene specific 

primer (for insertions), it is possible to identify mutations in any gene of interest. 

These tools have been developed further by high throughput sequencing of the 

junctions between T-DNA insertions and genomic DNA, resulting in gene-indexed 

insertion libraries [101, 102].  

 

These insertion collections allow the systematic study of the genes encoding 

phospholipid-modifying enzymes. The Arabidopsis genome contains 9 PLC [3, 

103], 7 DGK [22] and 12 PLD [23] genes. All PLC genes contain an EF-hand 

domain [104], followed by an X-, Y- and a C2-domain [3]. The EF-hand may serve 

a structural role by interacting with the C2 domain. The C2 domain may be 

important for membrane interaction and the X- and Y-domain are required for 
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catalytic activity. Arabidopsis PLC8 and PLC9 may be inactive, because 

substitutions are present in their catalytic domain. It is also doubtful whether PLC7 

encodes a functional PLC because the only cDNA isolated contained an early 

stopcondon, as a result of alternative splicing [103]. Of the remaining six PLCs, 

PLC1-5 have been shown to have hydrolytic activity towards PIP2 in vitro [103].  

 

The seven DGK genes all contain a DGK catalytic domain [22]. DGK1 and DGK2 

contain an extra N-terminal domain, which is predicted to be a transmembrane helix 

and targets them to the ER upon overexpression [105]. Only DGK2 and DGK7 

have been shown to have DGK activity in vitro [22, 106]. 

 

The Arabidopsis genome encodes 12 PLDs which can be divided into two 

subfamilies, based on the N-terminal lipid-binding domain. PLDξ1 and PLDξ2 

contain a Phox- and a PH-domain, whereas the other 10 PLD genes contain a C2 

domain. These PLD genes can be further subdivided based on sequence homology 

and in vitro activity requirements [23]. The predominant activity in plants originates 

from PLDα1 [107] and PLDδ [108]. The α-class PLDs are active at acidic pH and 

require high concentrations of Ca2+ [107]. The plasma membrane localized PLDδ is 

stimulated by the addition of oleate, and also requires high Ca2+ concentrations, 

although lower than the α class [109]. In the next sections, several biological 

processes in which phospholipid signaling is implicated will be described.  
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5. The Arabidopsis-Pseudomonas pathosystem 

 

Plants have evolved multiple lines of defense against pathogens [110]. The first line 

of defense depends on the recognition of conserved parts (Pathogen-Associated 

Molecular Patterns; PAMPs) of the pathogen by specific receptors [111]. When 

these receptors are activated, downstream responses are triggered which lead to 

transcriptional reprogramming and ultimately to an effective defense response, also 

known as PAMP triggered immunity (PTI) [110]. A successful pathogen would 

have to change its PAMPs in such a way that they are no longer recognized, thus 

remaining undetected and evading the defense response. Plants, in turn, have 

responded over evolutionary time by changing their receptors. In this evolutionary 

arms race, pathogens are at a disadvantage because they have less ‘evolutionary 

freedom’ to change PAMPs without affecting their fitness, whereas changes in 

receptors are without major consequences for the plant. 

 

As PAMPs allow limited evolutionary change, pathogens had to evolve drastic 

measures to counteract the alarm system of the plant. Such an adaptation is the 

bacterial type III secretion system (TTSS) that injects several bacterial proteins into 

the plant cell. The function of these effector proteins is to manipulate the plant to 

provide a more favourable habitat and importantly, suppress the plant defense 

responses. This process has been called effector-triggered susceptibility (ETS) [110, 

112, 113].  

 

The plant in turn has responded by evolving intracellular receptors that detect the 

presence of the effectors. However, the roles in this evolutionary arms race seem to 

be reverted now, because there are no restraints on the possible variation of 

pathogen effectors. Moreover, the pressure is on the plant to keep up with the novel 

adaptions of the pathogen. For this reason, it was proposed that a strategy in which 

the plant has an intracellular receptor for every effector, would always fail. Instead, 
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the plant should not detect the effectors directly but their virulence function. 

According to this ‘guard hypothesis’, the intracellular receptors should trigger a 

defense response, whenever an effector manipulates a plant protein. In this way, 

effector molecules can only escape detection by losing their virulence function. 

Substantial molecular evidence for the guard hypothesis has emerged over the last 

years and the most detailed example of the signal transduction pathways leading to 

this effector-triggered immunity (ETI) [110] will be discussed. Before that, an 

overview of the combined effects of PTI and ETS will be given. At the end of this 

section, the involvement of phospholipids in these responses will be discussed.  

 

5.1 Basal disease resistance  

 

Basal disease resistance can be viewed as PTI minus ETS. The paradigm for PTI is 

the detection of the Pseudomons syringae protein flagellin by the Arabidopsis 

receptor kinase FLS2 [111]. Upon recognition of the flagellin-derived peptide flg22, 

FLS2 undergoes endocytosis [114] leading to the accumulation of salicylic acid 

(SA) [115], callose deposition [116], MAPK activation [116, 117] activation of 

WRKY transcription factors [62] and consequently transcriptional reprogramming 

[118].  

 

Pathogenic bacteria inject approximately 20-30 effectors into the plant cell in order 

to suppress these defense response [119]. The dramatic effect that pathogen-derived 

effectors have on susceptibility of a plant is demonstrated by the inability of 

Pseudomonas mutants lacking a functional TTSS to cause disease. Virulence of 

these mutants can be rescued by in planta expression of effectors [116].  

 

Plant defense responses against biotrophic pathogens such as Pseudomonas 

syringae and Hyaloperonospora parasitica are strongly dependent on SA [120] 

(Fig. 3). SA by itself is sufficient to induce strong defense responses by inducing  
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Fig. 3. PAMP-recognition leads to immunity and to PA formation 
Flg22-perception by the receptor kinase FLS2 results in various downstream 
responses, including DGK-mediated PA formation and accumulation of SA. 
The latter is dependent on the signaling protein PAD4 and the biosynthetic 
enzyme SID2. SA accumulation results in the monomerization of NPR1, 
followed by its translocation into the nucleus. There, NPR1 interacts with 
various transcription factors that regulate the expression of pathogenesis 
related genes and subsequently PTI. The contribution of DGK-mediated PA 
formation to PTI has not been established yet. 
 

defense gene expression such as PR1 and BGL2/PR2 [121]. Mutational analyses 

have led to the isolation of mutants with strong enhanced disease susceptibility 

phenotypes that are defective in SA accumulation or SA responsiveness [122, 123]. 

The pad4 mutant is defective in a regulatory gene that functions in a signal 

amplification loop that leads to the accumulation of SA in response to infection 

[124, 125]. sid2 mutants are defective in the ICS (isochorismate synthase) gene that 
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is required for SA biosynthesis [126, 127]. SA accumulation is perceived by 

NPR1/SAI1/NIM1, a protein that was identified by screening for mutants that did 

not express pBGL2::GUS in response to SA or its analogue INA [121, 128-130]. 

Uninduced, NPR1 forms homodimers via some of its cysteyl residues and resides in 

the cytosol. Accumulation of SA results in changes in the redox potential that 

breaks the sulfur bonds between cysteines, causing NPR1 to monomerize [131]. 

Monomeric NPR1 translocates into the nucleus [132], where it interacts with TGA 

transcription factors to regulate the transcription of numerous defense related genes, 

among which PR1 [133-136] (Fig. 3).  

 

5.2 Effector-triggered immunity 

 

ETI is the defense response that follows upon recognition of an effector. Strong ETI 

can lead to plant cell death, also known as hypersensitive response (HR). The most 

detailed example of ETI is the Arabidopsis RPM1-mediated immunity (Fig. 4). 

RPM1 can be activated by the Pseudomonas effector protein AvrRpm1. As 

recognition of AvrRpm1 results in a strong resistance response, AvrRpm1 is called 

an avirulence protein. Absence of either AvrRpm1 or RPM1 results in susceptibility 

(PTI-ETS). RPM1 is a CC-NB-LRR (Coiled-Coil Nucleotide Binding Leucine-

Rich-Repeat) Resistance (R) protein [137, 138] that resides at the plasma membrane 

[139]. AvrRpm1 is a small protein that undergoes N-terminal myristoylation upon 

its delivery in the plant cell [140]. As predicted by the guard hypothesis, RPM1 

does not interact directly with AvrRpm1. Instead, both RPM1 and AvrRpm1 

interact with RIN4 (RPM1 interacting 4) [141]. AvrRpm1 induces the 

phosphorylation of RIN4, which triggers RPM1 activation. As expected, AvrRpm1 

enhances the virulence of pseudomonas on rpm1 plants [142]. In fact, RIN4 is also 

targeted by AvrRpt2, although this perturbation is not detected by RPM1 but by 

another R protein, RPS2 [143, 144]. AvrRpt2 is a cysteine protease [145] that is 

activated in the plant and cleaves RIN4 which leads to activation of RPS2 [146].  
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Fig. 4. Recognition of AvrRpm1 by RPM1 leads to immunity and PA formation 
Several Pseudomonas effector proteins, including AvrRpm1 are injected into 
the plant cell and cause virulence (ETS). AvrRpm1 induces the 
phosphorylation of RIN4, which betrays its presence to RPM1. RPM1 activation 
leads to a strong resistance response (ETI). One of the downstream responses 
of RPM1 activation is PLD-mediated PA formation but its contribution to ETI 
has not been established yet. 
 

In a near-saturating screen for mutants that fail to respond to conditional expression 

of AvrRpm1, many (95) rpm1 alleles were found [147]. Unexpectedly, the 

remaining mutants fell in two complementation groups only. The largest one (eight 

alleles) was found to be allelic to pbs2 (avrPphB susceptible) and rar1. The other 

complementation group were shown to be mutated in HSP90.2 [148]. pbs2 and rar1 

were identified in screens for loss of RPS5 mediated resistance [149] and for loss of 
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resistance against the avirulent H. parasitica isolate Noco2 respectively [149, 150]. 

Additional testing revealed that RAR1 was required for the function of many but 

not all R proteins. It was found that RPM1 protein levels were reduced in rar1 

mutants, indicating that RAR1 is important for R protein stability or accumulation 

[151]. Reduced RPM1 levels were also observed in the hsp90.2 alelles, although 

resistance mediated by other R proteins was not affected [148]. The hsp90.2 alleles 

carried rare (4, opposed to 95 rpm1 alleles) missense mutations in the conserved 

ATPase domain of HSP90.2. In summary, both RAR1 and HSP90.2 function in 

maintaining appropriate levels of RPM1. Despite the high extent of saturation, no 

downstream components of RPM1 signaling were identified in this screen. 

Apparently, these components are either essential for viability or act redundantly. 

Downstream events of RPM1 activation have been studied mainly by biochemical 

methods. These include Ca2+ elevations [152], the production of reactive oxygen 

species [153] and the formation of PA [154] (Fig. 4).  

 

5.3 Pathogen-induced changes in phospholipid composition 

 

Early studies showed that suspension-cultured soybean treated with the elicitor 

polygalacturonic acid responds with a transient increase in IP3, which was 

accompanied by a decrease in PIP2 [155]. These responses could be blocked by 

neomycin, suggesting that they were mediated by PLC. A decrease in 32P-PIP2 

labeling was also observed when tomato cells were treated with the bacterial PAMP 

flg22, suggesting activation of PLC [156]. Moreover, an increase in the formation 

of PA in response to flg22 was observed, which was shown to be derived from 

DGK activity, using a differential 32P-labeling protocol (Fig. ). No contribution of 

PLD to flg22-induced PA formation could be detected as judged by the absence of 

PLD-mediated transphosphatidylation of propanol. These results suggest that 

PAMPs activate a PLC/DGK pathway in plants. 
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The involvement of phospholipid signaling in ETI has been studied using tobacco 

BY-2 cells that heterologously express the tomato resistance protein Cf-4. When 

treated with the Cladosporium fulvum avirulence protein Avr4, these cells 

responded by producing PA [157]. Using the short-labeling strategy, DGK was 

shown to be involved, whereas no PLD-mediated transphosphatidylation was 

observed. The formation of PA could be inhibited by U73122, indicating that PLC-

mediated DAG formation might precede DGK-mediated PA-formation. The 

avirulence protein xylanase also induces PA-formation in tomato cells [156]. In this 

case, both DGK and PLD activity contributed to PA formation. The involvement of 

PLD was further supported by experiments in which tomato PLDβ1 was silenced 

[61]. These transgenic cell-lines displayed less xylanase-induced PA formation. Not 

only do these genetic experiments complement data obtained by biochemical 

methods, they also can inform us about individual members of the large families of 

genes involved in phosholipid signaling. This resolution is hard to obtain with 

biochemical methods alone.  

 

Recently, the study of phospholipid signaling during ETI was extended to 

Arabidopsis. Using transgenic plants that conditionally express AvrRpm1, it was 

shown that RPM1-activation results in PA formation [154] (Fig. 4). The formation 

of PA was accompanied by the disappearance of the PLD substrates PC and PE. A 

role for PLD during this PA response was further supported by reduced PA 

formation in the presence of 1-propanol, which acted as a competitive inhibitor in 

this assay (explained in 3.2). This study demonstrates that Avr-induced 

phospholipid signaling can be studied using whole Arabidopsis plants.  
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6. Salt stress signaling in Arabidopsis 

 

Forward genetic screens have identified three sos (salt overly sensitive) loci that 

significantly contribute to salt tolerance in Arabidopis [158, 159]. SOS1 encodes a 

plasma membrane localized Na+/H+-antiporter that presumably functions to keep 

cytoplasmic Na+-concentrations low [160]. SOS1 is phosphorylated by the protein 

kinase SOS2 [161] which is dependent on its interaction with the membrane-

localized Ca2+-binding protein SOS3 [162, 163]. SOS2 belongs to the large SnRK 

family of protein kinases. At least one other SnRK protein, the SnrK2.8/SRK2c 

isoform is involved in salt tolerance [74]. Interestingly, SnRK2.4 and SnRK2.10 

were identified in a proteomic screen for PA-binding proteins [69] (Christa 

Testerink, personal communication). Moreover, SOS2 and other SnRK isoforms 

were found to interact with the protein phosphatases, ABI2 and/or ABI1 [164]. 

ABI1 (and possibly ABI2) binds to PA [68], suggesting that these phospholipids 

serve to spatially concentrate signaling proteins and their binding partners. 

 

Although the major determinants of Arabidopsis salt tolerance have been identified, 

it is still not clear how salt stress is actually perceived. Possibly, salt stress alters the 

physical properties of membranes, which are sensed and translated into a 

downstream response. Several studies have shown that NaCl induces a rapid change 

in the composition of phospholipids, including the accumulation of PIP2 [9, 165] 

and PA [166]. The NaCl-induced formation of PA in tomato cells was attributed to 

DGK activity based on experiments using the differential labeling protocol 

(explained in 3.2) [166]. In Arabidopsis cells and seedlings, the NaCl-induced 

formation of PIP2 is accompanied by IP3. [165, 167]. When treated with U73122, 

NaCl triggered less IP3 formation while PIP2 accumulated to even higher levels, 

suggesting that PLC was actived by NaCl [167]. NaCl-induced PIP2 accumulation 

was further demonstrated by the translocation of cytosolic PHPLCδ1:GFP (explained 

in 3.4) to the plasma membrane [93]. Possibly, PIP2 and/or PA function by 
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recruiting or activating cytosolic proteins. E.g., the phospholipid binding proteins 

PDK1, SnRK2 and ABI1 could function in such a signal signalosome complex. 

Alternatively, enhanced formation of PIP2 might influence the activity of ion 

channels such as SOS1, which has an important role in salt tolerance. 
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7. Auxin 

 

The phytohormone auxin regulates a wide variety of responses such as 

organogenesis and tropic growth [168-170]. A central question in auxin biology has 

been how one molecule can induce such a diversity of responses. Key to answering 

this question is the observation that auxin is actively distributed, leading to 

localized concentrations of auxin. The majority of auxin is synthesized in apical 

tissues and transported via the phloem to basal tissues. Here, every cell expresses a 

unique set of polarly localized auxin influx and efflux carriers, ensuring a 

directional movement of auxin from cell to cell. The resulting local patterns of 

auxin distribution are translated into the expression of a large number of target 

genes [21, 171-173].  

 

7.1 Auxin influx 

 

Auxin influx is mediated by members of the LAX (Like AUX1) family of 

transmembrane amino acid permeases [174-176] The LAX family consists of 4 

members of which AUX1 was the first to be identified [177]. AUX1 is expressed in 

the phloem, columella, the lateral root cap and epidermal cells of the root apex 

[178]. aux1 mutants were isolated based on their resistance to the inhibitory effects 

of auxin on root growth. In addition, aux1 mutants are agravitropic [179] and 

develop less lateral roots [180]. Consistent with a role as auxin influx carrier, aux1 

mutants can be rescued by the membrane permeable auxin analogue NAA, whereas 

the membrane impermeable auxin analogue 2,4-D cannot [181]. In some cells, 

AUX1 has a polar localization and cycles between the plasma membrane and 

endosomes [182]. Recently, the ER protein AXR4 has been shown to be required 

for the correct intracellular localization of AUX1 [183], although the molecular 

basis for this requirement is not clear. 
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Like aux1, lax3 mutants form less lateral roots while aux1 lax3 double mutant 

hardly develop lateral roots at all [184]. Lateral roots develop from pericylce cells 

that surround the vasculature as a single cell layer. It is likely that AUX/LAX-

mediated auxin unloading from the phloem is necessary to reach the required 

intracellular auxin concentration to determine the faith of the pericycle cells.  

 

7.2 Auxin efflux 

 

Auxin efflux is mediated by members of the MDR/PGP family [185] and the PIN 

family [186]. pgp1 and pgp19 mutants have auxin related phenotypes, which may 

be partially explained by physical interactions between PGP and PIN proteins [187]. 

The PIN family consist of 8 members. pin1 was isolated based on its pinformed 

phenotype as caused by reduced acropetal auxin transport [54]. Both PIN2 [188, 

189] and PIN3 [190] function in tropisms while PIN4 [191] and PIN7 [192] 

function in root patterning and embryogenesis respectively. Loss of multiple PIN 

genes causes severe developmental phenotypes [192, 193]. 

 

PIN proteins have an asymmetrical subcellular localization which is established and 

maintained by their constant cycling between the plasma membrane and 

endosomes. The cycling of PIN proteins may allow their rapid relocalization and 

hence altering the direction of auxin flow. PIN3 for instance, relocalizes laterally 

upon gravity stimulation [190]. PIN cycling is regulated by the ARF GEF protein 

(guanine nucleotide exchange factor) GNOM [194, 195] which is sensitive to 

inhibition by BFA [196]. BFA treatment results in the accumulation of endosomes 

into large multivescilar bodies, which is a useful tool to study the cycling of PIN 

proteins.  

 

Interestingly, different PIN proteins can have a different polar localization within 

the same cell, as exemplified by a basal localization of PIN1 and apical localization 
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of PIN2 in epidermal cells. As PIN1 expressed from the PIN2 promoter is still 

basically localized in these cells, the polarity-determing information must reside 

within the protein itself [197]. It was shown that the phosphorylation status of PIN1 

determines its subcellular localization and is antagonistically controlled by the 

regulatory subunit of protein phosphatase 2a, RCN1 and the protein kinase PINOID 

(PID) [53]. PID is phosphorylated by PDK1 [52]. As both PDK1 [48] and RCN1 

[69] bind PIP2 and/or PA, these lipids could be involved in the pathway that 

determines PIN polarity.   
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8. Outline of this thesis 

 

Plant phospholipid signaling has been studied mainly biochemically. Changes in the 

levels of PIP2 and PA have been observed in response to biotic and abiotic stresses 

and several proteins that bind PA or PIP2 have been discovered (Fig. 2). However, 

the significance of phospholipid signaling for the tolerance of plants to these stress 

conditions has not been adequately addressed. Arabidopsis contains 9 PLC, 7 DGK 

and 12 PLD genes. We took a reverse genetic approach to test the requirement of 

these genes for tolerance against biotic and abiotic stresses. PA induction has been 

observed during PAMP- and effector-triggered immunity (PTI and ETI). During 

PTI, PA appears to be exclusively derived from DGK (Fig. 3) whereas both DGK 

and PLD contributed to ETI-associated PA formation (Fig. 4). Chapter 2 describes 

the phenotype of a dgk5 T-DNA mutant, which had reduced resistance against 

virulent Pseudomonas. dgk5 had completely lost the ability to express the marker 

gene PR1. Surprisinlgly, this could not be rescued by SA treatment, suggesting that 

DGK5 functions downstream of SA accumulation. In chapter 3, pldα1 and pldδ T-

DNA mutant alleles are described that display a reduced HR when challenged with 

avirulent Pseudomonas. Loss of both PLDα1 and PLDδ resulted in a reduced ability 

to restrict bacterial growth. Moreover, at least PLDδ was found to contribute to 

AvrRpm1-induced PA formation. In chapter 4, the contribution of PLC to NaCl 

tolerance was explored by phenotyping plc3, plc6 and plc9 single, double and triple 

mutants. In chapter 5, evidence is presented for a role of PLC3 in lateral root 

formation. Subsequent experiments suggested that PLC3 is involved in cellular 

influx of auxin. Co-expression and co-localization of PLC3 with known auxin 

influx carriers is consistent with this hypothesis. In chapter 6, I will summarize the 

impact of these findings on the current knowledge of plant Arabidopsis signaling 

systems.  
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Abstract 

 

Upon elicitation by pathogen-derived elicitors, phosphatidic acid (PA) is produced 

which is proposed to function as a lipid second messenger. PA is generated via 

either the phospholipase C (PLC)/diacylglycerol kinase (DGK) or the 

phospholipase D (PLD) pathway. Here, we provide genetic evidence that DGK5 is 

required for resistance to the virulent pathogens Pseudomonas syringae pv 

maculicola (Psm) and Hyaloperonospora parasitica Waco9, using an Arabidopsis 

DGK5 knock-out mutant.  After Psm infection, the DGK5 gene is elicited within 6 

hours, reaching induction levels of 5-fold. Expression analysis of the SA signaling 

mutants pad4, sid2, and npr1 show that the induction of DGK5 by Psm is not 

affected in these mutants. However, the resistance defect of dgk5 is correlated with 

a strongly reduced expression of the PR1 gene after Psm infection. Treatment with 

SA did not induce PR1 in dgk5, suggesting that DGK5 functions downstream of or 

in parallel with SA. SA treatment of dgk5 led to wild-type levels of PR-2 induction, 

indicating that a subgroup of SA-regulated genes is affected in dgk5. 
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Introduction 

 

Plants are constantly challenged by infectious pathogens; however, successful 

infections are relatively rare, with only a few pathogens being able to damage the 

plant. This is explained in part by the observation that plants are equipped with a 

complex network of defense strategies that are induced upon encountering 

microbes. Fundamental for this inducible defense system to operate is the ability of 

the plant to recognize potential pathogens. The plant has developed specific pattern 

recognition receptors that recognize pathogen-associated molecular patterns 

(PAMPs), such as bacterial flagellin and lipopolysaccharides, which are present in 

most bacteria, regardless of their pathogenic potential in plants (reviewed in [1]). 

This recognition triggers an array of defense reactions that limits the pathogen 

growth. The sum of these plant defense responses may be classified as PAMP-

triggered immunity (PTI; [2]). For a pathogen to succeed in infection, it needs to 

weaken or delay the plant’s defense. Virulent pathogens have evolved strategies to 

suppress resistance by secreting effector proteins, toxins, or other virulence factors 

into the plant cell to alter resistance signaling that in turn cause plant disease 

(effector-triggered sucseptibility (ETS; [2-4]). Specialized resistance (R) proteins 

are present in plants that monitor the integrity of host cellular targets of pathogen 

effectors, and as a consequence their defense is activated, referred to as gene-for-

gene resistance or effector-triggered immunity (ETI; [2]). 

 

There are many overlapping principles between PTI and ETI, as exemplified by 

qualitatively similar changes in global gene expression profiles of Arabidopsis 

plants treated with flagellin or infected with either virulent, avirulent, nonhost or 

hrcC mutant (deficient in secreted pathogen effectors) strains of Pseudomonas 

syringae bacterial pathogens [5-7]. Moreover, the induced responses require the 

same activated signaling pathway [5, 7, 8]. These P. syringae-related inducers all 

elicit the production of the molecule salicylic acid (SA) and moreover, exogenous 
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application of SA partly activates the same genes [7-11], indicating that the SA 

signaling pathway has a central role in these different resistance mechanisms. This 

supposition is enforced by the finding that all known mutations that interfere with 

SA signaling cause partly similar changes in transcriptional activation of genes and 

is accompanied by (enhanced) susceptibility to P. syringae strains [5, 7, 12]. 

 

NPR1 (nonexpressor of PR genes 1) is a key regulatory protein that plays a critical 

role in the SA-dependent signaling pathway. Mutations in the NPR1 gene render the 

plant largely unresponsive to pathogen-induced SA production, thereby blocking 

the induction of SA-dependent PR (pathogenesis-related) genes [13-15]. In an 

uninduced state, NPR1 forms oligomers, but the redox change that is induced by SA 

reduces the intermolecular disulfide bonds that hold the NPR1 oligomer together so 

that monomeric NPR1 is released and is then translocated into the nucleus [16]. In 

the nucleus, NPR1 interacts with different proteins, such as TGA transcription 

factors and NIMINs (NIM(=NPR1)-interacting), modulating the expression of 

downstream genes, such as PR1 [17-20],  but also genes involved in protein folding, 

modification and secretion [21]. Expression of these proteins ensures a proper 

processing of PR transcripts and secretion of PR proteins, which contributes to SA-

based resistance. 

 

Whereas SA is predominantly effective against (hemi)biotrophic pathogens like P. 

syringae and the oomycete Hyaloperonospora parasitica [12], jasmonic acid (JA) is 

mostly active against necrotrophic pathogens, like Alternaria brassicicola, and 

insects [12, 22]. In addition, numerous other molecules are being induced in the 

plant upon pathogen recognition, including reactive oxygen species, nitric oxide, 

cytosolic calcium and the phospholipid phosphatidic acid [23-25]. 

 

Phosphatidic acid (PA) is a membrane-localized signaling molecule, implicated in 

responses to various biotic and abiotic stress factors, including PAMPs but also 
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wounding, drought, salinity, and cold [26, 27]. PA is present in minute amounts, yet 

its levels rapidly and transiently inrease upon stimulation. PA is proposed to 

function as a signaling molecule by acting as a docking site to which specific 

proteins are recruited, or it may change the protein’s conformation, affecting its 

enzymatic activity [26, 28]. A known target of PA in plants is the protein kinase 

AtPDK1 [29]. PA stimulates PDK1 activity which results in phosphorylation of 

OXI1/AGC2-1 [30], a kinase involved in oxidative stress and disease resistance 

signaling [31]. OXI1 acts upstream of protein kinase PTI1-2 and the mitogen-

activated protein kinases MPK3 and MPK6, which are also implicated in defense 

signaling [32-36]. PA has also been reported to bind to the protein phosphatase 

ABI1, a negative regulator of ABA responses [37]. ABA has been shown to be 

important for fine-tuning of resistance responses [38]. Recently, PA was reported to 

bind CTR1 and inhibit its activity. As CTR1 is a negative regulator of ethylene 

responses [39, 40], PA could be positively affecting ethylene signaling [41]. 

 

Stress induced PA formation is catalyzed by either the phospholipase D (PLD) or 

the phospholipase C/diacylglycerol kinase (PLC/DGK) pathway. PLD directly 

generates PA by hydrolysis of structural phospholipids such as phosphatidylcholine 

or phosphatidylethanolamine. PLC hydrolyses the phosphatidylinositol 4,5-

bisphosphate into DAG, which can be phosphorylated by DGK to form PA. 

 

In total, there are 9 PLC [42] and 7 DGK [43] genes in Arabidopsis. Different 

pathogen elicitors, like flagellin and xylanase have been reported to induce PA 

formation within minutes in cell cultures of tomato [44]. Similarly, the avirulence 

factor AVR4 of the fungus Cladosporium fulvum triggered a PA response in 

transgenic tobacco cells expressing the tomato R gene Cf-4 [45]. Production of the 

PA signal in these systems appeared to be derived mainly from the PLC/DGK 

pathway.  
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A recent paper showed that conditional expression of either one of the avirulence 

factors AvrRpm1 or AvrRpt2 of P. syringae results in PA formation in Arabidopsis 

leaf tissue [46]. Both PLC/DGK and PLD pathways appeared to contribute to the 

induced PA formation. Although genetic evidence is still lacking, these data point 

to a role for PA in plant defense. 

 

In this study, we aimed to obtain plants affected in PLC or DGK genes to test their 

contribution to disease resistance. A mutant knocked out in DGK5 was identified 

that is impaired in resistance to the virulent pathogens P. syringae and H. 

parasitica. Interestingly, expression of the PR1 gene was strongly reduced, upon 

either pathogen infection or SA treatment. This finding points to a role for DGK5 in 

disease resistance signaling, downstream of SA. 

 

Results 

 

Knock-out mutant dgk5 is compromised in basal resistance to virulent P. syringae 

and H. parasitica 

  

To examine the role of PA in the defense response, we obtained homozygous 

Arabidopsis T-DNA insertion lines with mutations in the PA-generating enzymes, 

PLC and DGK. We obtained 20 lines with T-DNA insertions in all of the 9 PLC 

genes and 16 lines with mutations in all of the 7 DGK genes (Supplemental table 1). 

All lines were subjected to bioassays with virulent P. syringae pv. maculicola 

(Psm), avirulent P. syringae pv. tomato carrying avrRpt2 (Pto avrRpt2), and the 

fungal necrotroph A. brassicicola. None of the lines displayed reduced resistance to 

Alternaria or an altered hypersensitive response to Pto avrRpt2 (Supplemental table 

1). Enhanced susceptibility to virulent Psm was found for three lines with T-DNA 

insertions in or close to PLC7, DGK2 and DGK5 (Supplemental table 1). The PLC7 

T-DNA insertion line was found to over-express PLC7 and was not studied, as we  
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Fig. 1. dgk5 is compromised in basal disease resistance 
(a) Symptoms caused by infiltration of leaves with Psm 3 days post 
inoculation (dpi). (b) Growth of Psm in inoculated leaves. Data points are 
means (cfu/cm2) with standard deviations (represented by error bars) from 8 
sets of 2 randomly selected leaf discs of 12 plants per genotype. The data 
presented are from a representative experiment that was repeated three times 
with similar results. (c) Distribution of disease severity classes of plants 
infected with H. parasitica Waco9. Classes represent the percentage of leaves 
with: I, no symptoms; II, trailing necrosis; III, <50% of leaf area covered with 
sporangia; IV, >50% of leaf area covered with sporangia, with additional 
chlorosis and leaf collapse. Data represent 280 leaves of 40 plants per 
genotype. Asterisk indicates statistical significant different frequency 
distribution of the disease severity classes (χ2 test; α = 0.05). This experiment 
was repeated with similar results. 
 

preferred loss-of function mutants. The phenotype of the DGK2 T-DNA insertion 

line was not linked to the T-DNA insertion and was not pursued either. Instead, we 

choose dgk5 for further analysis. Fig. 1a shows that Psm infection of dgk5 leaves 

caused more water-soaked lesions and chlorosis than infection of wild-type leaves. 

This was accompanied by an enhanced growth rate of the pathogen in the leaves, 

reaching a 10-fold difference in bacterial titer between dgk5 and wild-type at 3 days 

after inoculation (Fig. 1b). Under normal growth conditions, dgk5 did not display 

any morphological phenotypes. Although resistance to Pto avrRpt2 and A. 

brassicicola was still intact, infection with the virulent oomycete H. parasitica 

Waco9 resulted in significantly more disease symptoms in dgk5 compared to wild- 

type (Fig. 1c), indicating that DGK5 is required for basal resistance against different 

virulent pathogens. 
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Fig. 2. dgk5 is a knock-out mutant that can be complemented by DGK5 cDNA 
(a) Schematic representation of the DGK5 gene. Exons are shown as boxes, 
the T-DNA insertion point is indicated by a triangle and the region amplified by 
RT-PCR is indicated by a line above the gene structure. (b) Mutant dgk5 does 
not express the DGK5 gene. Q-RT-PCR analysis of transcript levels of DGK5 
and UBI in wild-type and dgk5. CT reflects the number of PCR amplification 
cycles required to reach a critical SYBR Green fluorescent value. The critical 
value for DGK5 in the dgk5 sample was not reached after 40 cycli (CT expected 
to be infinite), indicating that there is no or an extremely low transcript level. 
This experiment was repeated 10 times with similar results. (c) Western blot 
analysis of ectopically expressed DGK5:GFP. Transgenic lines #7 and #20 
express DGK5:GFP under control of the 35S promoter in dgk5 mutant 
background. A line expressing GFP only was included as a control. The 
Western blot was probed with an anti-GFP antibody (top) and stained with 
Ponceau to confirm equal loading (bottom). Arrows indicate the ~80 kDa 
DGK5:GFP fusion protein and the ~30 kDa GFP protein. (d) Restoration of 
resistance in dgk5 by complementation with DGK5 cDNA. Titer of Psm in 
leaves at 3 dpi is depicted. Lines described in the legend to Fig 1C were used. 
Different letters indicate statistically significant differences between 
genotypes (Tukey HSD test; α = 0.05, n = 8). For details see the legend to Fig 
1B. The data presented are from a representative experiment that was 
repeated two times with similar results. 
 

The T-DNA insertion site in dgk5 was verified by amplification of the genomic 

DNA, flanking the T-DNA insertion using a DGK5-specific forward primer and a 

T-DNA left border primer. Subsequent sequence analysis of the amplicon 

confirmed the presence of the T-DNA insertion 2621 bp downstream of the DGK5 

translation start codon (Fig. 2a). Knockout of DGK5 gene expression was 

determined by RT-PCR with DGK5-specific primers (Fig. 2a). DGK5 transcript 
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levels were undetectable by quantitative PCR in dgk5 (Fig. 2b), confirming that 

dgk5 can be considered a loss-of-function allele.  

 

No other T-DNA insertion line available from different publicly-available mutant 

collections with a predicted mutation in or around the DGK5 gene turned out to be a 

dgk5 mutant allele (data not shown). To obtain additional evidence that the 

observed enhanced disease susceptibility phenotype of dgk5 was caused by the 

mutation in DGK5 we set out to test complementation of the dgk5 mutant line with 

DGK5 cDNA. Western blot analysis shows that transgenic lines #7 and #20, which 

are dgk5 mutants carrying a construct of DGK5:GFP under control of the 35S 

promoter, express the full length fusion protein (Fig. 2c). Infection of these 

transgenic lines with Psm resulted in a disease level that was statistically significant 

lower than in the dgk5 mutant and comparable to that in wild-type plants (Fig. 2d). 

These complementation data confirm that a functional DGK5 gene is required for 

basal resistance against Psm. 

 

DGK5 is plasma membrane localized 

 

To determine the subcellular localization of the DGK5 protein, dgk5 plants, 

complemented by 35S::DGK5:GFP, were subjected to confocal imaging. In the two 

independent lines tested, GFP was localized at the cell periphery, suggesting that 

DGK5:GFP is localized to the plasma membrane (Fig. 3a,b). This was confirmed by 

a plasmolysis control (Fig. 3c,d), consistent with enriched DGK activity in the 

plasma membrane fraction of various plant species [47]. 
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Fig. 3. DGK5 localizes at the plasma membrane 
5 days-old transgenic Arabidopsis expressing 35S::DGK5:GFP 
(line #20) before (a,b) and after (c,d) treatment with 500 mM 
Mannitol. GFP fluorescence (a,c) and differential contrast image is 
shown (b,d). Bar represents 10 µM.   

 

Induction of DGK5 gene expression by Psm is independent of SA signaling 

 

To determine whether the expression of the DGK5 gene is regulated by pathogen 

infection, we performed quantitative RT-PCR on Psm-inoculated plants. DGK5 

transcript levels increased from 6 hrs after inoculation and increased up to 5-fold 

after 24 hrs (Fig. 4a). To investigate whether the SA signaling pathway is required 

for this induction, Arabidopsis mutants pad4, sid2, and npr1, with defects in SA 

production or responsiveness, were examined for DGK5 induction by Psm.  
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Fig. 4. Psm-induced DGK5 expression in wild-type and SA-related mutants 
(a) Expression of DGK5 in wild-type leaves at different times after inoculation 
with Psm. Transcript levels were determined by quantitative RT-PCR and the 
ratio of DGK5/UBI was depicted relative to that at 0 hpi (just before 
inoculation). In this experiment, ∆CT DGK5-UBI at 0 hpi was 10.9. The 
experiment was repeated 5 times with similar results. (b) Expression of DGK5 
in mutants pad4-1, sid2-1, and npr1-1 compared to wild-type at 0 and 24 hpi in 
Psm-challenged leaves. The ratio of DGK5/UBI was relative to that at 0 hpi in 
wild-type (just before inoculation). In this experiment, ∆CT DGK5-UBI at 0 hpi 
was 6.93. This experiment was repeated twice with similar results.  
 

All mutants showed DGK5 expression levels that were comparable to those in wild- 

type, either before or after inoculation with Psm (Fig. 4b), suggesting that SA 

signaling does not affect the induced expression of DGK5 by Psm. Treatment with 

SA did not induce DGK5 expression (data not shown), supporting this hypothesis. 

 

dgk5 is affected in SA signaling downstream of SA  

 

The dgk5 mutant is affected in resistance against SA-controlled pathogens like Psm 

and Hpp. To determine whether dgk5 has a defect in the SA-dependent signal 

transduction pathway, we assessed the induction of PR1, which is a marker gene for 

SA-triggered resistance. Fig. 5a shows that infection of wild-type with Psm greatly 

induced PR1 gene expression. In the dgk5 mutant, the induction level was more  
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Fig. 5. PR-1 and PR-2 expression and disease resistance in dgk5 and npr1 
(a) Expression of PR-1 at different times after inoculation with Psm as 
determined by quantitative RT-PCR. The ratio of PR-1/UBI was depicted 
relative to that at 0 hpi in wild-type. ∆CT PR-1-UBI at 0 hpi was 15.57. The 
experiment was repeated twice with similar results. (b) Expression of PR-1 at 
different times after treatment with 5 mM of SA. The ratio of PR-1/UBI was 
depicted relative to that at 2 hpt (hours post treatment) of mock-treated wild-
type. ∆CT PR-1-UBI at 2 hpt mock was 7.88. This experiment was repeated 
twice with similar results. (c) Titer of Psm in leaves 3 dpi.  Different letters 
indicate statistically significant differences between genotypes (Tukey HSD 
test; α = 0.05). For details see the legend of Fig. 1b. The data presented are 
from a representative experiment that was repeated four times with similar 
results. (d) Expression of PR-2 at 24 hours after treatment with 1 mM of SA. 
The ratio of PR-2/UBI was depicted relative to that at 0 hpt of wild-type. ∆CT 
PR-2-UBI at 0 hpt mock was 4.41. 
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than 20-fold lower than found in wild-type and comparable to the established SA 

signaling mutant npr1. Likewise, treatment of plants with SA resulted in a strong 

induction of  PR1 gene expression in wild-type plants, but this induction level was 

much lower in dgk5 mutants, comparable to that in SA-treated npr1 mutants (Fig. 

5b). These data indicate that the dgk5 mutant is impaired in SA signaling and that 

DGK5 has a role downstream of SA. 

 

To verify whether the dgk5 mutation affects disease resistance signaling as severely 

as npr1 does, we compared the basal resistance levels of both mutants. Fig. 5c 

shows that in planta growth of Psm was higher in both mutants. However, Psm 

multiplied to higher levels in npr1 compared to dgk5, suggesting that parts of the 

disease resistance response other than SA-induced PR1 are intact or less affected in 

dgk5 compared to npr1. This possibility was tested by determining the expression 

of another SA-regulated gene, PR-2. Fig. 5d shows that SA treatment resulted in 

induction of PR-2 in dgk5 to the same extent as in wild-type, indicating that a 

subset of the SA responses is still intact in the dgk5 mutant.   

 

PA treatment protects dgk5 against Psm but not by restoring PR1 expression 

 

The reduced resistance of dgk5 to Psm is likely due to a reduced increase in PA 

levels. We wanted to verify whether PA functions either as a signaling molecule 

mediating activation of defense responses or exerts a direct toxic effect on the 

pathogen. An in vitro Psm growth assay in the presence of PA was performed to 

determine the effect of PA on Psm growth. The bacteria were cultured in King’s 

medium B (KB) without MgSO4, because PA precipitates in the presence of Mg2+. 

KB without MgSO4 allowed bacterial proliferation, albeit to a lesser extent (Fig. 

6a). Addition of 0.1 mM of PA did not significantly affect the growth of Psm, while 

1 mM of PA was even found to stimulate growth (Fig. 6a). A direct inhibitory effect 

of PA on Psm is therefore very unlikely.  



•    Chapter 2 64 

 
Fig. 6. Study of the effect of PA treatment on disease resistance 
(a) In vitro growth of Psm in KB medium with or without MgSO4 (Mg) and 
supplemented with either 1 mM or 0.1 mM of PA. Bacterial titer was determined 
at the times indicated. (b) 1 mM of PA was pressure infiltrated in leaves at 20 
hours before challenge inoculation with Psm of the same leaves. Control (Ctrl) 
plants were not pre-infiltrated and mock plants were pre-infiltrated with water. 
Growth of Psm is depicted as means (cfu/cm2) with standard deviations from 8 
sets of 2 randomly selected leaf discs of 12 plants per genotype at 3 days after 
inoculation. The experiment was repeated with similar results. (c) For 
treatments, see legend to Fig. 5a. PR-1 expression was determined by 
quantitative RT-PCR and the ratio of PR-1/UBI was depicted relative to that at 0 
dpi in wild-type. ∆CT PR-1-UBI at 0 hpi was 8.27. (d) Uptake of NBD-PA by 
wildtype mesophyll cells. Confocal images were taken 1 day after pressure 
infiltration of the leaf with liposomes containing 5 µM NBD-PA:95 µM PA (16:0 
18:1). 
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Next, we tested whether PA could restore the resistance defect of dgk5 by pressure 

infiltration of PA in the leaves. As expected, untreated dgk5 allowed more growth 

of Psm than wild-type plants (Fig. 6b). The mock treatment, consisting of pressure 

infiltration of water in leaves 20 hrs before challenging them with Psm, caused a 

small decrease in Psm growth in both wild-type and dgk5. Treatment with PA led to 

an additional reduction of Psm growth in the dgk5 mutant, reaching levels 

comparable to those in mock-infiltrated wild-type plants. The PA treatment did not 

affect Psm growth in the wild-type plants (Fig. 6b). Thus, application of PA 

protected dgk5 mutants to Psm infection, suggesting that it supplemented for the 

lost increase in PA production due to the dgk5 mutation. 

 

To verify whether the PA treatment complemented the defect in DGK5-mediated 

defense signaling in dgk5, we studied the expression behavior of the PR1 gene in 

dgk5 after PA treatment. Fig. 6c shows that PA treatment alone did not induce PR1 

in wild-type plants, which is in line with our bioassay findings that no resistance is 

induced by PA in wild-type. PR1 is also not induced in dgk5 by PA treatment, 

which is to be expected as in wild-type also no PR1 is induced. Infection with Psm 

led to PR1 induction, but the expression level was not influenced by pretreatment 

with PA, neither in wild-type nor in dgk5 (Fig. 6c). This indicates that the PA 

treatment did not complement the defect signaling pathway in dgk5, and that 

consequently, the protection to Psm in dgk5 accomplished by PA treatment is 

unlikely due to a restoration of the DGK5-mediated signaling pathway. 

 

To gain more insight in the mechanisms responsible for the protection 

accomplished by PA treatment, the fate of the infiltrated PA in the leaves was 

examined. PA labeled with the fluorophore nitrobenzoxadiazole (NBD) allowed us 

to visualize the PA. Liposomes consisting of PA-NBD mixed with non-labeled PA 

with or without the carrier (PC; phosphatidylcholine) were taken up by the cells 

within minutes after infiltration, as was seen by fluorescent cytoplasmic strands (not 
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shown). After 20 hrs, the PA-NBD was present at the edges of the cells, possibly 

the plasma membrane or cell wall (Fig. 6d). Remarkably, it seemed trapped at this 

location, because upon photobleaching of a section of a cell, which renders this part 

non-fluorescent, no recovery of the signal was observed, implying that PA-NBD 

had not moved from fluorescent parts of the tissue to the bleached section. These 

data support our finding that exogenous PA application unlikely functions as 

DGK5-generated PA. 

  

Discussion 

 

Here, we provide genetic evidence that DGK5 is required for resistance of 

Arabidopsis against the virulent pathogens Psm and H. parasitica (Fig. 1). None of 

the tested lines carrying mutations in other DGKs or in PLCs displayed an altered 

resistance level to these pathogens due to reduced expression of the PLC or DGK 

genes.  This suggests that either none of these enzymes is involved in resistance to 

these pathogens, or that (several of) the PA-generating enzymes function 

redundantly in the activation of defense signaling. 

 

Expression of the DGK5 gene was induced upon infection with Psm, which was 

unaffected in pad4, sid2 and npr1, indicating that DGK5 induction is independent 

of SA signaling (Fig. 4). Psm-induced PR1 expression was strongly affected in 

dgk5 (Fig. 5a). The levels of PR1 expression in dgk5 were comparable to those 

found in the SA signaling mutants npr1 (Fig. 5a), pad4 and sid2 (data not shown), 

placing DGK5 firmly in the SA signaling pathway. Unlike pad4 and sid2, the dgk5 

phenotype could not be rescued by exogenous application of SA, suggesting that 

DGK5 acts downstream of this important signaling molecule (Fig. 5b). 

 

NPR1 responds to SA by translocating to the nucleus where it activates gene 

expression amongst which PR1 [48]. We are currently crossing the dgk5 mutation 
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into the transgenic line 35S::NPR1:GFP to determine whether DGK5 affects the 

nuclear localization of NPR1 upon activation of the defense. It is unlikely that loss 

of DGK5 fully undermines the function of NPR1, because bacterial proliferated to 

lower levels in dgk5 compared to npr1 (Fig. 5c) and the defense gene PR-2 is 

induced in to wild-type levels by SA in dgk5 (Fig. 5d). This indicates that only a 

subset of NPR1-dependent defense responses are affected in dgk5. Besides PR 

genes, also genes involved in protein secretion have been reported to be regulated 

upon nuclear translocation of NPR1 monomers [21]. Evidence was provided that 

NPR1 regulates the expression of secretion-related and PR genes through different 

transcription factors and cis-elements. DGK5 may be involved in PR1 gene-

regulating activity, while other responses downstream of NPR1 that contribute to 

resistance are still intact. An example of such a protein is the whirly transcription 

factor AtWHY1 that has been shown to bind to promoters of PR genes in a SA-

dependent and NPR1-independent manner [49, 50]. Mutations of AtWHY1 in its 

DNA-binding domain were found to affect SA-induced PR1 expression and 

resistance to H. parasitica [50]. Together, these results suggest that AtWHY1 

works in conjunction with NPR1 to activate SA-dependent defenses [49]. It may be 

possible that DGK5 affects AtWHY1 function, which would render the plant 

unresponsive to SA with regard to PR1 gene expression and resistance. 

 

Confocal microscopy studies showed that GFP-labeled DGK5 is localized at the 

plasma membrane (Fig. 3). Since ectopic expression of DGK5:GFP functionally 

complemented the dgk5 mutant (Fig. 2), it is likely that the observed plasma-

membrane localization of DGK5:GFP reflects the true localization of DGK5. In 

accordance, DGK activity is typically enriched in plasma membrane preparations 

[51, 52]. It is unclear what targets DGK5 to the plasma membrane, as no obvious 

membrane targeting domains were identified [43].  
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Our study indicates that DGK5 acts downstream of SA in plant defense signaling. 

SA is synthesized in the chloroplast and exported to the cytoplasm where it induces 

a change in redox and consequently induces monomerization of NPR1, leading to 

its translocation into the nucleus [16]. It is unclear how plasma membrane-localized 

DGK5 can influence SA responsiveness. A candidate downstream response of 

DGK5 is the PA-mediated activation of the protein kinase cascade composed of 

PDK1 and OXI1, which has been shown to function in disease resistance (29-31).  

 

In yeast, PA binds to the transcription factor Opi1p. Only when PA levels decrease, 

Opi1p is released and subsequently enters the nucleus where it represses target 

genes [53]. Although no such mechanism has been described for plants, it could 

explain how DGK5 influences gene expression downstream of SA. Identification of 

additional PA binding proteins will increase our understanding of how PA functions 

in disease resistance. 

 

Several pathogen elicitors have been reported to induce PA formation in plant cell 

cultures [54-56]. Effort was taken to measure PA formation induced by live Psm, 

Psm cell extract and flagellin, but none of the treatments reproducibly induced PA 

in wild-type leaf discs or seedlings (data not shown). This may be due to very 

localized and transient increases in PA content. To solve this problem, a PA 

biosensor should be developed, as has been described for PI3P [57] and PI(4,5)P2 

[58]. These biosensors are fusions of GFP with specific lipid binding domain which 

have been expressed in cell cultures and plants. Currently different PA-binding 

motifs are constructed and tested (J.E.M. Vermeer, R. van Wijk, C. Testerink and T. 

Munnik, unpublished data).  

 

Our data show that exogenous application of PA led to an enhanced protection of 

the dgk5 mutant to Psm infection but this was not accompanied by an enhanced 

expression of PR1 after Psm challenge (Fig. 6b,c). Therefore, it is unlikely that PA 
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treatment complemented the defense signaling defect of dgk5. More likely, PA 

exerted its protective effect to Psm through blocking the accessibility of the plant 

cells to the pathogen, as we saw that the NBD-labeled PA got stuck at the outer 

layer of the cells (Fig. 6d). Somehow, PA treatment rigidified the cell structure. 

Others have reported that leaf discs floating in PA solutions exhibited chlorosis and 

cell death [59, 60]. The expression of PR1 observed in these symptomatic leaf discs 

[59] does not necessarily has to be a direct effect of PA and could be explained by a 

last attempt of self defense by the macerated tissue. We never observed the cell 

death effects of PA treatment in infiltrated leaves or floating leaf discs, also not 

after careful studying of trypan blue-stained tissue (data not shown). This 

discrepancy may be explained by the fact that we apply PA in the more natural form 

of liposomes generated by an extruder instead of solutions that were sonicated only.  

 

Materials and methods 

 

Arabidopsis genotypes and growth conditions 

Arabidopsis thaliana ecotype Col-0 was used throughout the study. Mutants npr1 

was npr1-1 [61], pad4 was pad4-1 [62], and sid2 was sid2-5 [63]. The dgk5 mutant 

was isolated from the Syngenta Arabidopsis Insertion Library [64]. Mutant dgk5 

was line SAIL_1212_E10 (see Fig. 2a and the legend to it for the structure of the 

DGK5 gene and the localization of the mutation). The wild-type DGK5 locus was 

identified by PCR amplification using DGK5-specific primers F (5'-GAC ATT 

GCC TGA GTG CTA CAT-3') and R (5'-CCT GAT GGC GGG GTG TTG A-3') 

that flank the insertion. The mutant dgk5 locus was identified using primer F and a 

T-DNA specific primer (5'-GCT TCC TAT TAT ATC TTC CCA AAT TAC CAA 

TAC A-3'). Plants were grown in soil and assayed in a controlled-environment 

chamber at 21ºC, 70% relative humidity, and 150 µM·m2·sec-1 of cool white 

fluorescent illumination with a 13-h light/11-h dark cycle. 
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Bioassays  

Psm and Pto avrRpt2 were cultured in King’s B medium (KB) as described [63]. 

Leaves were inoculated with the bacteria by pressure infiltration using a syringe. 

Bacterial titers were determined in cut leaf discs that were homogenized and plated 

on KB agar containing 25 mg·L-1 streptomycin as described [63]. Culturing of 

A.brassicicola and bioassays were performed as described [65]. For bioassays with 

H. parasitica Waco9, three-week-old plants were misted with a spore suspension 

containing 5x104 sporangiospores/mL [66]. Disease symptoms were scored at 9 

days after inoculation for abot 280 leaves per genotype.  

 

Construction of transgenic plants 

DGK5 cDNA was PCR-amplified with Gateway-compatible primers 5’- AA AAA  

GCA GGC TCA ATG GAG AAA TAC AAC AGT T-3’ and 5’ A GAA AGC TGG  

GTT ACA GAG CAC ATG TGA CCA TG –3’,  followed by PCR-amplification 

with Gateway-adapter primers. The resulting DNA fragment was recombined into 

pDONR yielding pENTR-DGK5. The DGK5 cDNA fragment was subsequently 

recombined into the binary vector pGWB5 yielding pGWB5-DGK5. pGWB5-

DGK5 harbors DGK5:GFP under control of the 35S promoter. pGWB5-DGK5 was 

transformed to dgk5 by floral dipping. Primary transformants were selected on 20 

µg/ml hygromycin and allowed to self. T2 progeny plants that displayed 

fluorescence were selected and bred to homozygousity. The first two homozygous 

T3 families isolated were tested for complementation. 

 

Protein extraction and western blot 

Protein extraction buffer (9.5 M Urea, 0.1M Tris-HCl pH 6.8, 2% (w/v) SDS and 

2% (v/v) β-mercapto-ethanol) was added to an equal volume of ground leaf tissue, 

mixed and centrifuged in an eppendorf centrifuge for 10 min at maximal speed. 

Sample buffer was added to the supernatant and samples were loaded on a 10% 

SDS-PAGE gel, blotted on nitrocellulose and incubated overnight in PBST with 5% 
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(w/v) powdered milk and a monoclonal anti-GFP antibody (mouse ascites fluid, 

Sigma). The blot was washed three times in PBST and incubated for 1 hour with an 

appropriate peroxidase-conjugated secondary antibody. The peroxidase activity was 

detected by enhanced chemiluminescence (Amersham, Buckinghamshire, UK). 

Equal loading was confirmed by staining the blot with Ponceau S. 

 

Confocal microscopy 

For confocal microscopy, Arabidopsis seedlings expressing AtDGK5:GFP were 

grown for 5 days at 21 °C and transferred to object slides containing a fixed 

coverslide and ½ MS supplemented with 1% (w/v) sucrose. Microscopy was 

performed on a Zeiss LSM 510 CLSM (Confocal laser scanning microscope) (Carl 

Zeiss GMBH, Jena, Germany). Confocal configurations were as described before 

[67].  

 

Preparation of PA suspensions 

Synthetic PA 16:0 18:1(Avanti Polar Lipids, Alabaster, AL, USA) was used in all 

experiments. PA that was suspended in chloroform was dried in the speedvac and 

sonicated in deionized water. This was used for the in vitro growth assays of Psm 

and the Psm bioassays. For the confocol imaging of PA-NBD (Avanti Polar Lipids, 

ask Christa) liposomes of PA-NBD mixed with non-labeled PA or PC (dioleoyl 

phosphatidylcholine; Avanti Polar Lipids) were used (5 µM PA-NBD:95 µM 

PA:400 µM PC). For this purpose, the lipids were mixed in the right molar ratios 

before drying in the speed vac. After sonification in 1 mM of MES buffer, 

unilamellar vesicles were produced using a lipid extruder (0.2 µm filters; Avanti 

Polar Lipids) according to the manufacturer's instructions. 

 

RNA extraction and quantitative RT-PCR  

Total RNA was extracted as described previously [68]. Gene expression was 

analyzed by quantitative RT-PCR. Five µg of RNA was digested with Turbo DNA-
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free (Ambion, Huntingdon, United Kingdom) according to the manufacturer’s 

instructions. To check for contamination with genomic DNA a PCR was performed 

on the DNase-treated RNA. DNA-free RNA was converted to cDNA using oligo-

dT18 primers, dNTPs, and SuperScript III Reverse Transcriptase (Invitrogen, 

Breda, The Netherlands) according to the manufacturer’s instructions. Quantitative 

PCR was performed on the cDNA using SYBR Green Supermix reagent 

(Invitrogen) in a final volume of 15 µL, following the manufacturer’s protocol, 

using the Applied Biosystems 75000 real time PCR machine. Gene-specific primers 

were designed for DGK5 and PR1: DGK5 F (5'- GAC TCA GTG GCT GAA GGC 

G-3'), DGK5 R 5'- ACT GTG TTC TCC CTC ATC AGG AA 3' (over intron), PR1 

F (5'-CTC GGA GCT ACG CAG AAC AAC T-3'), and PR1 R (5'-TTC TCG CTA 

ACC CAC ATG TTC A-3'). Primers for the reference gene UBI10 (At4g05320) 

were UBI10 F (5'-GGC CTT GTA TAA TCC CTG ATG AAT AAG-3') and UBI10 

R (5'-AAA GAG ATA ACA GGA ACG GAA ACA TAG T-3'). CT values were 

normalized to CT of UBI10, after which the fold-differences in transcript levels 

were calculated. 
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Supplemental table 1 1Insertion site based on sequence read using the left border primer for the 
insertion as obtained from the website http://signal.salk.edu/, depicted as base 
number relative to the ATG start site. > and < indicate that the insertion site is 
further away or closer to the predicted site, respectively (depending on the 
orientation of the insertion). 2Bioassays were performed as described in materials and methods. For Psm 
assays, disease was quantified by determining bacterial titer at 3 days after 
inoculation. For Pto avrRpt2 and Alternaria assays, the amount of necrosis of 
the inoculated tissue was scored by eye. x, no difference in disease compared 
to wild type; eds, enhanced disease susceptible. 3Susceptible phenotype was not genetically linked to the mutation in DGK2. 4This line constitutively expressed high levels of the PLC7 gene due to the 
insertion upstream of the coding sequence. 5No plants carrying a homozygous mutation in the particular PLC genes were 
identified, only heterozygous plants, which were not tested in the bioassays. 6,7,8These lines were kindly provided by J.E. Gray (University of Sheffield, UK).  6Enhancer Trap line from Jack collection (http://www.dratmouth.edu/~tjack/) 
and 7SLAT line from Jones collection 
(http://arabidopsis.info/info/slat_info1.htm 
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Supplemental table 1. Resistance to different pathogens of Arabidopsis T-DNA 
insertion lines carrying mutations in DGK or PLC. 
 

locus 
gene 
name Arabidopsis line 

position 
from start1 comments Psm2 

Pto 
avrRpt22 Alternaria2 

At5g07920 DGK1 SALK 053412 >+1398  x x x 
At5g63770 DGK2 SAIL 718_G03 >+1367  eds3 x x 

  SAIL 71_B03 <+698  x x x 
At2g18730 DGK3 SALK 082600 <+2819 3' UTR x x x 
At5g57690 DGK4 SAIL 339_C01 >+2407  x x x 
  SALK 069158 >+2277  x x x 

  SALK 151239 >-237  x x x 
At2g20900 DGK5 SAIL 1212_E10 2621  eds x x 

  SAIL 253_E12 >-511 upstream x x x 
At4g28130 DGK6 SALK 016285 <+1625  x x x 

  SALK 054320 <+20  x x x 
At4g30340 DGK7 SAIL 51_E04  >+1480  x x x 

  SALK 059060 >-300 upstream x x x 
    SALK 007896 >+1743   x x x 

At5g58670 PLC1 ET Jack6 16  x x x 
At3g08510 PLC2 SAIL 224_F02 >-600 upstream x x x 

  SALK 152284 <+2640 homo lethal5    
  SALK 130513 >-324 homo lethal    

At4g38530 PLC3 SAIL 1219_G08 >-41 upstream x x x 
  SALK 037453 >+698  x x x 

At5g58700 PLC4 SAIL 791_G05 >+255  x x x 
At5g58690 PLC5 SALK 144469 >+2242  x x x 
At2g40116 PLC6 SALK 090508 <+480  x x x 

  SALK 041365 <+2234  x x x 
At3g55940 PLC7 SAIL 303_H07 >-133 upstream x x x 

  SAIL 636_F05 >-279 upstream eds4 x x 
  SALK 030333 >+1768  x x x 
  SALK 148821 <+13  x x x 
  SLAT Jones7 1236  x x x 

At3g47290 PLC8 SALK 144385 <+1 homo lethal    
  CSHL_GT69618 <133  x x x 

At3g47220 PLC9 SALK 025949 <+711  x x x 
    SALK 021982 <+934   x x x 
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Abstract 

 

The Arabidopsis thaliana RPM1 resistance (R) protein confers strong resistance 

against Pseudomonas syringae expressing the avirulence (Avr) protein AvrRpm1. 

Upon AvrRpm1 recognition, the phospholipid phosphatidic acid (PA) is formed. 

PA can be formed by the action of phospholipase D (PLD). Here we show that 

Arabidopsis PLDα1 and PLDδ are redundantly required for full RPM1-mediated 

and RPS2-mediated resistance. Evidence is presented that PLDδ contributes to 

AvrRpm1-induced PA formation in vivo. These data indicate that PA is a positive 

regulator of Arabidopsis disease resistance. 
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Introduction 

 

Plants are under constant threat from pathogens. In order to defend themselves, they 

have evolved sophisticated mechanisms to resist pathogen attack. Broadly, this 

resistance can be separated into two layers [1]. The first layer of defense consists of 

cell surface receptors that specifically recognize conserved parts of the pathogen 

(Pathogen Associated Molecular Patterns, PAMPs), for instance the bacterial 

flagellum [2-4]. Upon recognition, receptors trigger downstream signaling events 

that lead to changes in gene expression [5, 6] and ultimately to effective resistance 

against the pathogen [7], also known as PAMP-triggered immunity (PTI) [1]. 

However, certain pathogenic bacteria have evolved a protein secretion system that 

injects proteins directly into the plant cell where they can interfere with the plant’s 

defense response, resulting in effector-triggered susceptibility (ETS) [1, 8-10]. 

Successful suppression of PTI causes the pathogen to be virulent. Plants in turn, 

have evolved a second layer of defense that guards against interference by these 

pathogen-derived effectors [11]. This layer of defense consists of intracellular R 

(for Resistance) proteins, which monitor the integrity of the plant’s cellular 

machinery that might be the target of ETS. In this case, the effector that triggers 

ETS is called an Avr (avirulence) protein. When an R protein perceives the Avr-

induced modification of a plant protein, this results in a very strong and rapid 

defense response that halts the pathogen, termed effector triggered immunity (ETI) 

[1]. ETI is often accompanied by localized cell death, also called the hypersensitive 

response (HR).  

 

The Arabidopsis thaliana – Pseudomonas syringae interaction has become a model 

system to study R protein-mediated resistance. Several Arabidopsis R genes and 

Pseudomonas Avr genes have been cloned. Of these, Arabidopsis RPM1 (Resistance 

against Pseudomonas syringae, pathovar maculicola) has received most attention. 

RPM1 encodes an NBS-LRR (Nucleotide Binding Site Leucine Rich Repeat) 
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protein [12]. RPM1 indirectly detects the presence of the Pseudomonas effector, 

AvrRpm1 [13]. Upon delivery into the plant cell, AvrRpm1 mediates 

phosphorylation of Arabidopsis RIN4 by an unknown mechanism which in turn is 

perceived by RPM1, resulting in HR and resistance [14]. In addition, RIN4 is 

guarded by RPS2, an R protein that detects the perturbation of its guardee by 

AvrRpt2 [15]. AvrRpt2 probably has additional targets, as it still promotes 

virulence on rps2 rin4 plants [16]. 

 

Several forward genetic screens for loss of R gene-mediated resistance have been 

performed and have led to the isolation of numerous mutant r alleles [17, 18] and a 

few loci that function in regulating R protein stability [19-21]. Other proteins have 

been found to function in both ETI and PTI, such as NDR1 (Nonrace-specific 

Disease Resistance) [22]. NDR1 is required for resistance against virulent 

Pseudomonas as well as for the isogenic avirulent strain expressing AvrRpt2 [20]. 

Apparently, NDR1 is a point of convergence between PTI and ETI. To date, the 

mechanism by which R proteins activate ETI has remained elusive. It is known that 

R protein activation results in a multitude of responses, including the elevation of 

cytosolic calcium [23], formation of reactive oxygen species (ROS) [24] and 

formation of the phospholipid phosphatidic acid (PA) [25, 26].  

 

Evidence for the formation of PA in response to Avr perception comes from 

tobacco cell suspensions that express the tomato resistance protein Cf4 [25]. 

Elicitation of these cells with the Cladosporium fulvum avirulence protein Avr4 

resulted in the rapid accumulation of PA. PA production was observed in tomato 

cell suspensions after treatment with the avirulence protein xylanase as well [27]. 

Part of this PA response originated from the activity of phospholipase D (PLD). 

Silencing of LePLDβ1 resulted in decreased xylanase-induced PA formation [28]. 

Recently, PA has been shown to accumulate to high levels in whole Arabidopsis 
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leaves after conditional expression of AvrRpm1 [26]. Biochemical evidence 

supports a role for PLD in this process. 

 

The Arabidopsis genome contains 12 PLD genes. All PLDs have two C-terminal 

catalytic domains and are subdivided based on sequence homology, their N-

terminal lipid-binding domains and their in vitro requirements for activity [29, 30]. 

PLDζ1 and PLDζ2 contain N-terminal phox homology (PX) and pleckstrin 

homology (PH) domains. The remaining 10 PLD genes contain an N-terminal C2 

domain. C2 domains are able to bind lipids in the presence of calcium. These 10 

PLDs are further subdivided based on their in vitro dependency on phosphatidyl 

inositolbisphosphate (PIP2), oleate, Ca2+ and pH [30, 31] The predominant PLD 

activities in Arabidopsis are encoded by PLDα1 [32] and PLDδ [33]. These PLD 

isoforms are likely candidates to function in (part of) the AvrRpm1-triggered PA 

formation.  

 

To study the role of PLDα1 and PLDδ in R gene mediated resistance, we took a 

reverse genetics approach T-DNA mutants were assayed for their response to 

Pseudomonas syringae, pathovar tomato, expressing avrRpm1 (Pto avrRpm1) and 

we found that PLDα1 and PLDδ are required for full AvrRpm1-mediated HR. 

Analysis of the double mutant demonstrated that PLDα1 and PLDδ are redundantly 

required for various aspects of the response to avirulent Pseudomonas, including 

restriction of its growth. Furthermore, we show that AvrRpm1-induced PA 

formation was reduced in a pldδ background. 
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Results 

 

Isolation of pldα1 and pldδ loss of function mutants 

 

In order to establish the importance of PLD activity in the response to AvrRpm1 

recognition, we aimed at testing pld mutants for phenotypes when challenged with 

Pto avrRpm1. Because PLDα1 and PLDδ are responsible for the largest part of the 

PLD activity in Arabidopsis, we focussed on mutants with T-DNA insertions in 

these genes. We obtained two T-DNA insertion lines for both PLDα1 and PLDδ 

from the SALK collection [34]. Those in pldα1-1 and pldα1-2 are located in the 

second and third exon of PLDα1 respectively. The T-DNA insertions in pldδ -1 and 

pldδ -2 are both located in the first intron of PLDδ (Fig. 1a). To confirm that these 

insertions cause a loss of function, we determined the expression of PLDα1 by 

western blot analysis and the expression of PLDδ by Q-PCR. As shown in Fig. 1b, 

the PLDα1-specific antibody detected a protein of the expected size (90 kDa) in 

wild-type plants but this band was lacking for pldα1-1 and pldα1-2. Similarly, 

PLDδ transcripts extending downstream of the insertion in pldδ-1 were not detected 

by Q-PCR (Fig. 1c). Therefore, pldδ-1 is very unlikely to produce a functional 

PLDδ protein. 

   

Loss of PLDα1 or PLDδ expression leads to reduced RPM1-mediated HR 

 

Infiltration with a high dose of Pto avrRpm1 results in macroscopically visible HR 

within 6 hours. We quantified AvrRpm1-induced HR in pldα1 and pldδ mutants by 

classifying individual leaves for the surface area that showed cell death (Fig. 2). 

Compared to wild-type, pldα1 and pldδ mutant alleles showed a reduced HR (p < 

0.1), while HR was completely absent in the rpm1 mutant. Since independent  
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Fig. 1. Characterization of pldα1 and pldδ insertion lines 
(a) Gene structure of PLDα1 and PLDδ. Filled boxes represent exons,  lines 
represent introns, open boxes represent untranslated regions, grey boxes 
represent regions that are absent in some splice variants and triangles 
represent T-DNA insertions. Primers used for Q-PCR are indicated by arrows. 
Drawing is approximately to scale. (b) PLDα1 expression in pldα1 alleles. Total 
protein was extracted from indicated genotypes, blotted and probed with a 
PLDα1-specific antibody (top) or stained with coomassie (bottom). (c) PLDδ 
expression in pldδ-3 as determined by Q-PCR. PLDδ expression in wild-type 
was arbitrarily set to 1. 
 

mutant alleles of both PLDα1 and PLDδ exhibited a reduced HR, both genes seem 

to be involved in this defense response. 
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Fig. 2. Pto avrRpm1 induced HR in pldα1 (a) and pldδ (b) insertion lines 
Leaves were classified according to the percentage of leave surface that 
showed HR symptoms. The insertion lines were compared pairwise to wild-
type using χ2 analysis. Statistical significant differences are indicated by * (p < 
0.1). This experiment was independently repeated with consistent results. 
 

PLDα1 and PLDδ have partially overlapping functions in RPM1- and RPS2-

mediated responses 

 

To investigate the effect of combined loss of PLDα1 and PLDδ on HR, a double 

mutant was constructed by crossing pldα1-1and pldδ-1. These parental lines will be 

referred to as pldα1 and pldδ from here onwards. The pldα1 pldδ double mutant 

developed normally. As was observed with both single mutants, the pldα1 pldδ 

double mutant showed a reduced HR, 6 hours after infiltration with Pto avrRpm1 

(Fig. 3a). The HR of the double mutant appeared to be slightly more reduced 

compared to the single mutants but this was not statistically significant. Possibly, 

the severity and speed of cell-death development (visible symptoms within 6 hours) 

prevented us from detecting subtle differences between genotypes. The HR in 

response to Pto avrRpt2 is delayed, compared to the RPM1-mediated HR (24 hrs 

compared to 6 hrs) and this allowed us to score for more intermediate levels of HR. 

As a control, the ndr1 mutant was used which does not show an RPS2-mediated HR 

[35] (Fig. 3b). Comparison to wild-type revealed a statistical significant reduction  
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Fig. 3. HR symptoms in 
pldα1 pldδ double mutant 
after Pto avrRpm1 (a) and 
Pto avrRpt2 (b) infection. 
Leaves were classified 
according to the percentage 
of leave surface that 
showed HR symptoms. 
Mutants were compared 
pairwise to wild-type using 
χ2 analysis. Statistical 
significant differences are 
indicated by * (p < 0.1). 
Experiments were repeated 
with similar results. 

 

 

 

 

 

 

of RPS2-mediated HR, only in the pldα1 pldδ double mutant, suggesting a 

redundant role for PLDα1 and PLDδ here. 

 

A quantitative marker for HR is electrolyte leakage [14]. Infiltration of a high dose 

of Pto avrRpm1 resulted in electolyte leakage within 4 hrs, whereas only 

background leakage was observed in rpm1 (Fig. 4a). The kinetics of the response 

measured were in agreement with those published by others [14, 15]. The pldα1 

pldδ double mutant showed a statistical significant reduction in RPM1-mediated 

electrolye leakage after 7 hrs and onwards. The response to Pto avrRpt2, which 

exhibits different kinetics (electrolyte leakage after 5 hours), was reduced in pldα1 

pldδ but the effect was not as severe as in ndr1 (Fig. 4b). 
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Fig. 4. Electrolyte leakage after infection with Pto avrRpm1 or Pto avrRpt2 
(a) AvrRpm1-mediated electrolyte leakage. Error bars represent standard 
errors. Four to six leaf discs per replicate were used. The three genotypes 
were different at the last three time points according to Tukey (α = 0.05). 
Similar results were obtained in four out of five replicate experiments. (b) 
AvrRpt2-mediated electrolyte leakage. Error bars represent standard errors. 
Four to five leaf discs per replicate were used. Statistically significant 
differences between Col-0 and pldα1 pldδ were observed at the last two time 
points (Tukey, α = 0.05) 
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PLDα1 and PLDδ are redundantly required for full RPM1- and RPS2-mediated 

resistance 

 

Up to this point, responses after infiltration of relatively high doses of avirulent 

bacteria have been described. Although informative, such high doses may not 

reflect the natural situation in which bacteria enter the leaf in small numbers. 

Therefore, we set out to test the ability of the pld mutants to restrict the growth of 

low doses of avirulent Pseudomonas. The pldα1 pldδ double mutant allowed 

approximately 10-fold more bacterial growth than wild-type, demonstrating that 

PLDα1 and PLDδ are redundantly required for full RPM1-mediated resistance (Fig. 

5a). The average bacterial titer in the single mutants was marginally higher than in 

wild-type but this difference was not statistically significant. Bacterial titer 

measured after 3 days was 10.000-fold higher in rpm1 compared to wild-type, 

demonstrating that RPM1-mediated resistance is sufficient to restrict the growth of 

Pto avrRpm1 under our experimental conditions. To substantiate these data, time-

course experiments after challenge with Pto avrRpm1 (Fig. 5b) and Pto avrRpt2 

were performed (Fig. 5c). The results show that  pldα1 pldδ allowed approximately 

10-fold more growth of both Pto avrRpm1 and Pto avrRpt2 compared to wild-type 

and this difference was sustained over 4 days.  

 

AvrRpm1 induced PA formation is reduced in a pldδ background 

 

Conditional expression of AvrRpm1 resulted in RPM1-mediated PA formation 

[26]. In order to establish the contribution of PLDα1 and PLDδ to this response, 

transgenic Arabidopsis harbouring avrRpm1 under control of a dexamethasone-

inducible promoter (DEX::avrRpm1) was crossed with the pldα1 pldδ  double 

mutant. Although various mutant combinations that were genetically homozygous 

for the DEX::avrRpm1 transgene were isolated, these lines did not respond to 

dexamethasone. Western blot analysis revealed that these lines fail to express  
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Fig. 5. Growth of Pto expressing AvrRpm1 or AvrRpt2 in pld mutants. 
(a) Growth of Pto avrRpm1 was measured 3 days after inoculation. The values 
are the average of 10 - 12 replicate samples. Error bars represent standard 
deviations. Letters indicate statistical significant differences according to 
Tukey (α = 0,05). (b) Growth of Pto avrRpm1 was measured at the times 
indicated. The values are the average of 6 - 8 replicate samples, except for day 
0 for which 3 replicates were used. Error bars represent standard deviations 
(c) Growth of Pto avrRpt2 was measured at the times indicated. The values are 
the average of 6 - 8 replicate samples, except for day 0 for which 3 replicates 
were used. Error bars represent standard deviations. 
 

significant amounts of AvrRpm1 after dexamethasone induction. Recently, it was 

published that transgenes under control of the 35S promoter are silenced in various  
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Fig. 6. AvrRpm1-induced PA formation in pldδ-3 background 
Leaf discs of indicated F3 families were labeled overnight with 32P-PO4

3-. 
AvrRpm1 expression was induced by treatment with 20 µM dexamethasone for 
2 hours. Phospholipids were then extracted, separated by TLC and PA was 
quantified as a percentage of total labeled phospholipids. Error bars represent 
standard errors.  
 

T-DNA tagged backgrounds, including SALK lines [36, 37]. To circumvent this 

problem, we obtained another pldδ allele (pldδ-3) from the Wisconsin collection 

that does not contain a 35S promoter [38]. pldδ-3 was reported to be a null allele 

[39]. Accordingly, pldδ-3 was crossed with DEX::avrRpm1, selfed and lines 

homozygous for DEX::avrRpm1 and PLDδ or pldδ were selected in the F3. As these 

plants were in a mixed Col/WS background, multiple independent F3 families were 

selected for analysis. Dexamethasone treatment resulted in a ~ 4 fold increase in PA 

levels in two PLDδ lines after 2 hrs (Fig. 6). This induction was ~ 40% lower in 

three lines homozygous for the pldδ-3 allele. These results strongly suggest that part 

of the AvrRpm1-induced PA formation is derived from PLDδ. 
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Discussion 

 

A reverse genetics approach was undertaken to establish the contribution of PLDα1 

and PLDδ to R-mediated HR and resistance. Both pldα1 and pldδ alleles displayed 

a slightly reduced HR in response to AvrRpm1. As we observed similar phenotypes 

for independent alleles, it is likely that these were caused by mutations in the PLD 

genes. A pldα1 pldδ double mutant was also affected in AvrRpt2-induced HR. This 

phenotype was accompanied by reduced electrolyte leakage. Both Pto avrRpm1 and 

Pto avrRpt2 proliferated to higher levels in pldα1 pldδ. In contrast, the single 

mutants did not allow more growth than wild-type, indicating that PLDα1 and 

PLDδ are redundantly required for full R-mediated resistance.  

 

Conditional expression of AvrRpm1 in a pldδ background demonstrated that PLDδ 

contributes to AvrRpm1-induced PA formation. The reduced PA formation 

correlates with reduced resistance phenotypes that we observed for mutants 

containing a pldδ allele. Thus, these data are consistent with the hypothesis that 

reduced PLD-mediated PA formation causes the observed phenotypes.  However, 

we cannot exclude that loss of PLDα1 and PLDδ caused a loss of resistance via 

another mechanism than reduced PA formation. 

 

Our attempts to measure PA in a pldα1 background after conditional expression of 

AvrRpm1 failed, because the transgenic lines lost their responsiveness to 

dexamethasone over generations. This reduced responsiveness is probably caused 

by trans-inactivation of the 35S promoters present in the T-DNA’s used for 

mutagenesis and for dexamethasone induction [36, 37]. 

 

In a pldδ backrground, AvrRpm1-induced PA formation was reduced but not 

abolished. As PLDα1 and PLDδ are redundantly required for RPM1-mediated 
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resistance, we suspect that PLDα1 is also activated in response to AvrRpm1 

recognition. In this scenario, either PLDα1- or PLDδ-mediated PA formation is 

sufficient for full resistance but loss of both PLDs cannot be compensated for.  

 

How could PLD-mediated PA formation contribute to resistance? PA has been 

shown bind to several proteins [40]. These PA binding proteins include signaling 

proteins such as CTR1 [41], SnrK2.10 [40] and PDK1[42]. The latter activates and 

interacts with the protein kinase OX11/AGC2-1 in a PA-dependent manner [43]. 

oxi1 mutants were affected in their resistance against Hp Emco5 [44]. It is possible 

that PA generation is perceived by PDK1 and is translated in OXI1 activation that 

mediates appropriate defense responses. Downstream of OX1 are PTI1-2 [45], a 

protein kinase that shares similarity with tomato Pti kinase [46] and the mitogen 

associated kinases MPK3 and MPK6 which have been associated in defense 

responses [5, 47]. Alternatively, PA could bind to heterodimeric capping protein 

[48] or AGD7 (Arf GAP domain) [49] and influence cytoskeleton dynamics and 

membrane trafficking which have been proposed to play a role in pathogen 

resistance [50]. 

 

Comparison to rpm1 showed that pldα1 pldδ has residual resistance. It is possible 

that other PLD isoforms contribute to resistance or that RPM1 activation leads to a 

divergent response, including PLD activation. PLDα1 and PLDδ were required for 

responses mediated by both RPM1 and RPS2 (Fig.5b,c). As xylanase induced PLD 

activity in tomato [27, 28], it is conceivable that PLD activation is a general 

response to R protein activation.  
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Materials en methods 

 

Plant material 

pld mutants were obtained from the SALK collection [34] or the Wisconsin 

collection [38] (table 1). Homozygous lines were selected by PCR, using gene-

specific primers in combination with a T-DNA border primer (table 2). The pldα1 

pldδ double mutant was constructed by crossing pldα1-1with pldδ-1 and a line 

homozygous for both mutations was identified in the F2 by PCR. rpm1 was rpm1-3 

in a glabrous background. ndr1 [35], Dex::avrRpm1 [26] and pldδ-3 [39] have been 

described. For conditional expression of AvrRpm1 in pldδ-3 and PLDδ sibling 

controls, Dex::avrRpm1 was crossed with pldδ-3. Plants that were at least 

hemizygous for Dex::avrRpm1 were indentified in the F2 by localized application of 

dexamethasone and the presence of pldδ-3 was determined by PCR. Plants that 

were homozygous for pldδ-3 or PLDδ were selfed and F3 families for 

Dex::avrRpm1 were identified. 

 

Table 1. 

Genotype  forward reverse border primer with 
pldα1-1 SALK_067533 787 788 LBa  788 
pldα1-2 SALK_053785     
pldδ-1 SALK_023247 469 470 LBa  469 
pldδ-2 SALK_023808 469 470 LBa 470 
pldδ-3 (WS)  PLDdF PLDdR JR70 PLDdF 
 

Growth conditions  

Plants were grown in a growth chamber at 21°C, 70% humidity under a 11 hours 

photoperiod. Pto expressing avrRpm1 or avrRpt2 was grown in liquid King’s B 

medium containing the appropriate antibiotic. The next day, bacteria were 

resuspended in 10 mM MgSO4 (or deionized water for electrolyte leakage assays) 

and diluted for use in bioassays 
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Table 2. 

Primer Sequence 
469 TAC TCG GTG CTT CGG GAA AAC 
470 GAG AAA CAA TGG TGC GAC ATG 
787 GAC GAT GAA TAC ATT ATC ATT GG 
788 GTC CAA AGG TAC ATA ACA ACA AC 
LBa TGG TTC ACG TAG TGG GCC ATC G 
PLDdF TGA GAT CTA CAC GGA ATA ATG TC 
PLDdR TCC CGA AGC ACC GAG TAC AG 
JR70 TCC CAA CAG TTG CGC ACC TGA ATG 
PLDd4440R GAA ACC CCA AAA CAA ATG CTG AA 
PLDd4363F ATT CCA TGG CTC TTC CTG ACA CTT 
UBI10 F GGC CTT GTA TAA TCC CTG ATG AAT AAG 
UBI10 R AAA GAG ATA ACA GGA ACG GAA ACA TAG T 
 
Bioassays 

Four weeks after sowing, three to five leaves (the fourth true leave and younger 

leaves) were syringe inoculated with either a high dose (OD 0.02-0.05, 1.0 – 2.5 x 

107 colony forming units (cfu) per ml) of Pto for HR symptoms and electrolyte or a 

low dose (OD 0.00005, 1.0 x 104 cfu/ml) for bacterial growth assays. HR symptoms 

were scored 6 hours (Pto avrRpm1) or 24 hours (Pto avrRpt2) after inoculation. 

Electrolyte leakage was monitored by floating leaf discs on deionized water and 

measuring the conductivity with a Radiometer Copenhagen CDM80 conductometer 

equipped with a type CDC114 electrode at room temperature. Bacterial growth was 

measured by grinding 2 leaf discs per replicate in 10 mM MgSO4 and plating 10-

fold dilutions in duplicate on KB plates containing 25 µg/ml rifampicin. Plates were 

left at room temperature for three days and colonies were counted. 

 

Protein extraction and western blot 

Protein extraction buffer (9.5 M Urea, 0.1M Tris-HCl pH 6.8, 2% (w/v) SDS and 

2% (v/v) β-mercapto-ethanol) was added to an equal volume of ground leaf tissue, 

mixed and centrifuged in an eppendorf centrifuge for 10 min at maximal speed. 

Sample buffer was added to the supernatant and samples were loaded on a 10% 
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SDS-PAGE gel, blotted on nitrocellulose and incubated overnight in PBST with 5% 

(w/v) powdered milk and the an affinity purified polyclonal peptide specific anti-

LePLDα1 antibody which also detects AtPLDα1 (rabbit; Eurogentech, Liege, 

Belgium. The blot was washed three times in PBST and incubated for 1 hour with 

an appropriate peroxidase-conjugated secondary antibody. The peroxidase activity 

was detected by enhanced chemiluminescence (Amersham, Buckinghamshire, UK). 

Duplicate gels stained with Coomassie Brilliant Blue (0.25% (w/v) CBB, 30% (v/v) 

methanol and 10% (v/v) acetic acid) of the blot served as loading control. 

 

RNA extraction and Q-PCR  

Total RNA was extracted as described previously [51]. Gene expression was 

analyzed by quantitative RT-PCR. Five µg of RNA was digested with Turbo DNA-

free (Ambion, Huntingdon, United Kingdom) according to the manufacturer’s 

instructions. To check for contamination with genomic DNA a PCR was performed 

on the DNase-treated RNA. DNA-free RNA was converted to cDNA using oligo-

dT18 primers, dNTPs, and SuperScript III Reverse Transcriptase (Invitrogen, 

Breda, The Netherlands) according to the manufacturer’s instructions. Quantitative 

PCR was performed on the cDNA using SYBR Green Supermix reagent 

(Invitrogen) in a final volume of 15 µL, following the manufacturer’s protocol, 

using the Applied Biosystems 75000 real time PCR machine. Gene-specific primers 

for PLDδ were PLDd4363F and PLDd4440R. Primers for the reference gene UBI10 

(At4g05320) were UBI10 F and UBI10 R. CT values were normalized to CT of 

UBI10, after which the fold-differences in transcript levels were calculated. 

 

Dexamethasone induced AvrRpm1 expression and phospholipid analysis 

For the determination of AvrRpm1-induced PA formation, leaf discs from four-

week old plants labelled overnight in 100 µl labeling buffer (2.5 mM MES, 1mM 

KCl pH 5.7 with KOH) in 2ml Eppendorf tubes by the addition of 1 µl 32P-labeled 

PO4. The next day, 100 µl labeling buffer supplemented with 20 µM 
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dexamethasone and 0.005% (v/v) Silwet was added. The treatment was stopped 

after 2 hours by addition of 5% (v/v) final concentration of perchloric acid. Lipid 

extraction and separation was essentially done as described previously [27]. 
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Abstract 

 

Phospholipase C (PLC) has been proposed to function in NaCl tolerance. 

Arabidopsis expresses nine PLC genes. Using reverse genetics, we tested the 

relative contribution of these PLCs to NaCl tolerance. None of the T-DNA insertion 

lines tested showed clear NaCl hypersensitivity. To address functional redundancy, 

plc3, plc6 and plc9 were crossed to generate higher order mutants. Although NaCl 

induced an increase in the levels of PIP2 and PA in leaf discs and seedlings, no 

differences in NaCl-induced changes in phospholipid composition were found 

between wild-type and the various plc mutant combinations. Root elongation of the 

plc3,6,9 triple mutant was slower than wild-type but NaCl sensitivity remained 

unaffected. These results suggest that PLC3, PLC6 and PLC9 are redundantly 

required for a normal growth rate of roots but not for NaCl tolerance. 
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Introduction 

 

Hypersalinity is a major problem for crop plants. A thorough understanding of the 

response of plants to hypersalinity is critical for devising strategies to cope with this 

problem. Forward genetic screens have identified three loci that contribute to a 

large extent to NaCl tolerance in the model plant Arabidopsis thaliana. These loci 

are called SOS (salt overly sensitive) [1]. SOS1 encodes a Na+/H+ antiporter that 

presumably functions to keep cytoplasmic Na+ levels low [2]. SOS2 encodes a 

protein kinase [3] and SOS3 encodes a calcium binding protein [4]. Biochemical 

and genetic studies demonstrated that SOS2 and SOS3 function in the same 

pathway, which regulates SOS1 Na+/H+ antiporter activity [2, 5, 6]. 

 

At this point it is unclear what is upstream of the SOS2/3 salt stress-signaling 

cascade. SOS3 has been shown to undergo dimerization upon Ca2+ binding [7]. 

However, cytosolic Ca2+ increases are not exclusively observed under salt stress, so 

it remains to be elucidated what determines the specificity of the salt stress response 

[8, 9]. Most likely a second signal is somehow integrated to ensure that the 

appropriate response results. 

 

Likely places to sense salt stress are the membranes. This is where ion exchange 

takes place and where salt stress may alter the physical membrane properties that 

somehow may be sensed and translated in a signal. Interestingly, expression of 

Arabidopsis AHK1, encoding a transmembrane histidine kinase, was able to rescue 

viability of a temperature-sensitive osmosensing-defective yeast mutant [10]. 

Functional characterization showed that AHK1 makes a minor contribution to NaCl 

tolerance in Arabidopsis. 

 

The effect of NaCl stress on membrane biology is highlighted by significant 

changes in phospholipid composition in cell suspensions of various plant species. 
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An increase in phosphatidylinositol bisphosphate (PIP2) was measured in 

Arabidopsis cell suspensions upon NaCl treatment [11, 12]. Recently, NaCl-

induced PIP2 accumulation has been visualized in vivo by expressing YFP fused to 

the pleckstrin homology (PH) domain of human PLCδ1 which specifically binds 

PIP2 [13]. Due to low basal PIP2 levels in the membrane, this PIP2-sensor was 

cytosolically localized in untreated cells but upon NaCl treatment, the PHPLCδ1:YFP 

sensor transiently translocated to the plasma membrane indicating an increase in 

PIP2 there. Interestingly, the Arabidopsis genome contains numerous genes 

encoding proteins containing PH domains [14], including PDK1, a key regulator of 

growth and stress responses [15, 16]. PIP2 has been shown to bind and regulate the 

activity of PDK1 via its PH domain [17, 18], suggesting that PIP2 is an upstream 

component of PDK1-mediated signaling. In addition to an increase in PIP2, NaCl 

stress also causes an accumulation of inositoltriphosphate (IP3) in various plant 

cells, including Arabidopsis [12, 19]. These findings are reminiscent of 

phospholipase C (PLC) signaling. PLC hydrolyzes PIP into diacylglycerol (DAG) 

and IP3. Consistently, the PLC inhibitor U73122 could block NaCl-induced IP3 

formation in Arabidopsis seedlings, while simultaneously causing a 

hyperaccumulation of PIP2 [20]. A function of PLC could be to regulate the levels 

of the proposed lipid second-messenger PIP2.  

 

In mammals, also the products of PLC have been shown to function in signaling 

cascades. DAG activates protein kinase C while IP3 activates ligand-gated Ca2+ 

channels on the endoplasmic reticulum. However, neither PKC homologues, nor 

IP3-gated channels have ever been found in plants, although this signaling cascade 

has been proposed to function in plants [21, 22]. Studies on the metabolism of DAG 

in plants are scarce but DAG can be phosphorylated quickly to phosphatidic acid 

(PA) by DAG kinase (DGK) [23, 24]. Indeed, an increase in phosphatidic acid (PA) 

levels upon NaCl stress was measured in tomato and alfalfa cell suspensions as well 

as in the green alga Chlamydomonas moewussii. In the latter organism, part of the 
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PA was concluded to originate from phosphorylation of (DAG), as deduced from a  

differential labeling strategy [25, 26]. In plants, instead of DAG, PA is thought to 

trigger downstream responses [27]. Thus, PLC could function not only by 

controlling PIP2 levels but also by providing the substrate for PA generation [27].  

 

A role for PLC during NaCl stress signaling is supported by studies in which 

U73122 was able to inhibit known downstream responses of NaCl stress, such as 

proline accumulation and marker gene expression [12, 28]. However, the 

contribution of these downstream responses to NaCl tolerance is not clear. 

Moreover, inhibitor studies can be informative when the response measured is fast 

but when looking at later timepoints, the observed effect can be caused by 

pleiotropic effects of the inhibitor treatment. Ideally, pharmacological data should 

be complemented by genetic evidence. The sequencing of the Arabidopsis genome 

[29] and the availability of T-DNA insertion lines [30] have made a genetic 

approach feasible.    

 

The Arabidopsis genome contains nine PLC genes. All of the predicted PLC protein 

sequences contain the X- and Y-boxes that form the catalytic site. However, it is 

doubtful whether PLC8 and PLC9 encode a functional PLC protein, because amino 

acid substitutions are present in the Y-box that should make them inactive [31]. 

PLC7 probably does not encode a functional PLC either, because its transcribed 

mRNA was reported to contain a premature stopcodon due to an unpredicted 

splicing event. Nonetheless, of the remaining six PLC genes, five have been shown 

to encode proteins with hydrolytic activity towards PIP2 in vitro [32]. Furthermore, 

PLC1, PLC4 and PLC5 were shown to be induced by abiotic stresses, including 

NaCl treatment, indicating that they are important for NaCl tolerance [32, 33]. 

 

We are interested in the functional significance of the observed increase of PIP2 and 

PA during NaCl stress. We reasoned that if the increase in PIP2 and/or PA is indeed 
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required to activate appropriate cellular responses, then a mutant lacking the gene 

encoding the responsible enzyme would show a phenotype when subjected to NaCl 

stress. With this hypothesis in mind, we set out to functionally characterize 

members of the Arabidopsis PLC family with respect to NaCl stress. In order to 

monitor NaCl-induced changes in phospholipids in Arabidopsis seedlings and 

leaves, we established a method to measure increases in PIP2 and PA. We also 

investigated whether plc T-DNA insertion lines are more sensitive to NaCl stress 

than wild-type by measuring root elongation in the presence of NaCl and 

scrutenized NaCl-induced alterations in PIP2 and PA in these mutants. Here, we 

show that PA and PIP2 formation, induced by NaCl treatment remain unaffected in 

plc3, plc6 and plc9 single, double and triple mutant seedlings and leaf discs. 

However, root elongation was reduced in the triple mutant, suggesting a role for 

these genes in root growth. 

 

Results 

 

NaCl-induced phospholipid accumulation in Arabidopsis plants 

 

Most of our knowledge about NaCl-induced phospholipid accumulation is derived 

from studies with cell suspensions [11, 12, 25]. Although cell suspensions are an 

excellent model system for biochemical and pharmacological studies, they are not 

very well suited for genetic approaches. As Arabidopsis is the model system for  

plant genetics, we wanted to extend our analysis of NaCl-induced phospholipid 

changes to Arabidopsis seedlings and leaves. NaCl treatment resulted in a dose-

dependent accumulation of PIP2 and PA (Fig. 1). When stimulated with 250 mM 

NaCl, the increase of PA was approximately 2-fold in both leaf discs and seedlings, 

which is similar to what has been reported for alfalfa cells (1.5-fold) and tomato  
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Fig. 1. NaCl induced changes in phospholipids 
Arabidopsis leaf discs (a) or seedlings (b) were labelled overnight with 32P-
PO4

3- and incubated in NaCl concentrations indicated, for 15 (leaves) or 5 
(seedlings) min. Lipids were extracted and separated by TLC and PA and PIP2 
were quantified as a percentage of total radioactive phospholipids. Error bars 
represent standard deviations (n = 3). 
 

cells (2-fold at 200 mM) [25].  PIP2 was induced 2-fold in leaves and 3.5-fold in 

seedlings which falls within the same range as previously reported for suspension 

cells [11, 12]. These results show that the characteristics of the cell suspension 

model can be recapitulated in a whole plant system.  

 

Functional characterization of Arabidopsis PLC genes with regard to NaCl 

tolerance 

 

To obtain genetic evidence for the importance of PIP2 and PA in the response of 

Arabidopsis to NaCl, we set out to test available plc T-DNA insertion lines for 

decreased NaCl tolerance. Our lab isolated at least one T-DNA insertion line for 

each PLC gene. For PLC2 or PLC8, we have been unable to isolate homozygous 

plants containing an insertion in, or close to the coding region. Of the remaining 7 

PLC genes, T-DNA insertion lines were tested for the inhibitory effect of 80 mM 

NaCl on root elongation. 
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Fig. 2. NaCl induced inhibition of root elongation in plc insertion lines 
Seedlings were grown on agar plates for five days and transferred to fresh 
plates supplemented with indicated concentrations of NaCl. (a) Root 
elongation of plc3-2 after 5 days. (b) Root elongation of plc6 after 6 days. (c) 
Root elongation of plc9 insertion lines after 5 days. Error bars represent 
standard errors. 
 

PLC1, PLC4 and PLC5 are transcriptionally upregulated by osmotic stress [32, 33] 

but lines with T-DNA insertions in these genes were not hypersensitive to 80 mM 

NaCl (data not shown). plc3-2, plc6, plc9-1 and plc9-2 appeared to be slightly more 

sensitive to NaCl than wild-type (Fig. 2). A dose-response experiment was 

performed for plc3-2 and wild-type.  50mM NaCl hardly had any effect on root 

elongation of either genotype (Fig. 2a). Increasing concentrations of NaCl caused a 

disproportional reduction in root elongation, resulting in the occasional cessation of 

growth before the end of the experiment at 120 mM. plc3-2 appeared to be slightly 

more affected by 100 mM NaCl, but not by the other concentrations. plc6, plc9-1 

and plc9-2 also appeared to have a modest reduction in root elongation compared to 

wild-type at 80 mM (Fig. 2b,c). However, root elongation of plc9-1 and plc9-2 

seemed to be lower on control plates as well, complicating the interpretation of 

these data (Fig 2c). At this point, we could not conclude whether any of these PLC 

genes contribute to NaCl tolerance, but we considered them as candidates for 

further investigation.  
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Fig. 3. Characterization of plc insertion lines 
(a) Gene structure of PLC3, PLC6 and PLC9. Filled boxes represent exons, 
grey boxes represent the X- and Y-domains, lines represent introns, open 
boxes represent untranslated regions and triangles represent T-DNA 
insertions. Primers used for RT-PCR are indicated by arrows. Drawing is 
approximately to scale. (b) PLC3 and PLC9 expression in plc3 and plc9 
insertion lines. RNA was extracted from wild-type and insertion lines and 
cDNA was made, which was subsequently PCR amplified for 40 cycles with 
PLC specific primers (indicated in a) and for 30 cycles with primers specific for 
TUBULINα4 (TUB) as a loading control.  
 

Molecular characterization of plc3, plc6 and plc9 T-DNA insertion lines 

 

First, the effect of the T-DNA insertions on the expression of the PLC genes was 

investigated (Fig. 3). No transcript downstream of the insertion in plc3-2 could be 

detected by RT-PCR. We cannot exclude that a truncated transcript is present, but it 

is very unlikely that this transcript still encodes for a functional protein, as it would 

miss the complete Y-domain. No PLC6 transcript could be detected in wild-type 
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leaves or seedlings (data not shown). Because the insertion in plc6 is located in an 

intron, it is possible that the insertion is removed during RNA processing, resulting 

in a functional PLC6 transcript. No PCR product was obtained with primers 

spanning the insertion site when cDNA derived from plc9-1 or plc9-2 RNA was 

used as a template, whereas cDNA derived from wild-type RNA resulted in a PCR 

product of the expected size (Fig. 3).  

 

NaCl tolerance in higher order mutants 

 

Several PLCs might contibute redundantly to NaCl tolerance, which could be 

revealed by combinations of mutations in these genes. PLC1, PLC4 and PLC5 are 

transcriptionally upregulated by osmotic stress but since these genes are very close 

together on the same chromosome it was impractical to cross them. Attention was 

therefore focussed on plc3, plc6 and plc9. Pairwise crosses were made to generate 

all three combinations of double mutants and also a triple mutant was constructed. 

In order to establish the relative contribution of PLC3, PLC6 and PLC9 to NaCl 

tolerance, root elongation in the presence of 80 mM NaCl was measured of all 

mutant combinations (Fig. 4). The data was analyzed by a 2-way ANOVA. A 

highly significant effect of NaCl  (F1,304 = 70,746, p = 0,002) and genotype (F7,304 = 

3,426, p = 0,000) on root growth was found but we found no evidence for an 

interaction (F7,304 = 0,593, p = 0,762). This suggests that the root growth was 

different between genotypes but NaCl sensitivity between genotypes was not. In 

order to establish which genotypes were different from each other, the multiple 

comparison procedure of Tukey was performed at α = 0,05. It was found that the 

root growth of the plc3,6,9 triple mutant was statistically significant different from 

wild-type and the plc6 mutant. The other genotypes were not different from either 

wild-type, plc6 or plc3,6,9. Therefore we conclude that PLC3, PLC6 and PLC9 are 

redundantly required for normal root growth but not for NaCl tolerance. 
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Fig. 4. Root elongation of higher order plc mutants on 80 mM NaCl 
Five day-old seedlings were transferred to plates supplemented with 80 mM 
NaCl (filled bars) or control plates (open bars). After 5 days, root elongation 
was measured. Data was analyzed by 2-way ANOVA. Statistical significant 
differences between genotypes are indicated by letters (Tukey, α = 0.05). Error 
bars represent standard errors. Consistent results were obtained in 
independent experiments.  
 

NaCl induced phospholipid accumulation in the plc mutants 

 

PLC3, PLC6 and PLC9 do not appear to have a role in Arabidopsis NaCl tolerance. 

Next, their contribution to the observed lipid responses in NaCl stimulated 

Arabidopsis was evaluated. Based on the ability to hydrolyze PIP2 and to produce 

DAG, which can be phosphorylated to PA, one could expect a plc mutant to 

accumulate more PIP2 and less PA. PLC3 has already been shown to be functional 

in vitro [32] but for PLC6 and PLC9 these analyses have not been performed yet. 

We took advantage of our experimental system to test the contribution of PLC3, 

PLC6 and PLC9 to NaCl-induced phospholipid accumulation in vivo. Because 

functional redundancy was anticipated, we started by examining NaCl-induced lipid 

responses in the higher order mutants. 
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Fig. 5. NaCl induced phospholipids in leaf discs of plc double mutants 
Leaf discs of plc double mutants (a,b) or plc triple mutant (c-e) were labeled 
overnight with 32P-PO4

3- and treated in quintuplicate with 250 mM NaCl or 
buffer as a control for 15 min. Lipids were extracted, separated by TLC and 
visualized by autoradiography (c). PA (a,d) and PIP2 (b,e) were quantified as a 
percentage of total radioactive phospholipids. Error bars represent standard 
deviations. 
 

Treatment of wild-type leaf discs with 250 mM NaCl for 15 min resulted in a clear 

increase of PIP2 and PA but no difference could be detected in the double (Fig. 

5a,b) or triple mutants (Fig. 5d,e). From the autoradiogram it becomes apparent that 

the phospholipid profile of wild-type and the plc3,6,9 triple mutant is practically 

identical after control or salt treatment (Fig. 5c). In order to rule out the possibility 

that plc3,6,9 would respond differently than wild-type at other concentrations of 

NaCl, a dose-response experiment was performed but again, no differences were 

found (Fig. 6). Because PLC could theoretically also influence the levels of PIP 

[34], these were also quantified (Fig. 6c) but also there, no differences in PIP levels 

were found between different NaCl concentrations or between genotypes. 

 



 

 

 

Fig. 6. NaCl-induced 
phospholipid 
responses in plc3,6,9 
triple mutant seedlings 
 
Seedlings were 
labelled overnight with 
32P-PO4

3- and treated 
with indicated 
concentrations of NaCl 
for 5 minutes. Lipids 
were extracted and 
separated by TLC. PA 
(a), PIP2 (b) and PIP (c) 
were quantified as a 
percentage of total 
radioactive 
phospholipids. Error 
bars represent 
standard deviations  
(n = 5).



 

Discussion

 

We set out to functionally characterize the Arabidopsis PLC gene family with 

regard to NaCl tolerance. We obtained evidence that PLC3, PLC6 and PLC9 are not 

involved in NaCl tolerance, but are redundantly required for normal root growth. 

The following picture about the Arabidopsis PLC genes is emerging: Because we 

were unable to isolate homozygous plants containing an insertion in region of PLC2 

(two independent alleles) or PLC8 (one allele), we suspect that these genes are 

essential for viability. However, a homozygous plc8 allele in the Landsberg erecta 

background has been isolated  (Julie Gray, personal communication). Perhaps, a 

lethal mutation cosegregates with the Columbia allele, or the requirement for PLC8 

is influenced by ecotype-specific modifiers.  

 

Although PLC1, PLC4 and PLC5 are upregulated by abiotic/salt stress [32, 33], no 

NaCl hypersensitivity could be observed with transgenic lines harbouring T-DNA 

insertions in these genes (data not shown). PLC4 and PLC5 share considerable 

sequence homology, suggesting that they might have overlapping functions. 

However, obtaining a double mutant by a genetic cross is impossible as PLC4 and 

PLC5 are located in tandem on chromosome 5. Conventional genetic crosses have 

allowed us to study the result of the combined loss of PLC3, PLC6 and PLC9. 

PLC3 has been shown to have PLC activity, but for PLC6 and PLC9 this 

information was not available. PLC9 was even predicted to lack the amino acids 

essential for PLC activity [31]. We were unable to provide evidence that PLC6 or 

PLC9 have in vivo PLC activity as judged by phospholipid analysis of a plc6,9 

double mutant. Root elongation of the plc6,9 double mutant was also 

indistinguishable from wild-type, but when combined with a plc3 loss of function 

allele, root elongation was statistically significant reduced compared to wild-type. 

Although this analysis does not prove that PLC6 and PLC9 encode functional PLC 

proteins, it is more likely that the loss of functionally related genes lead to 
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phenotypes than functionally unrelated genes. Therefore, our results provide 

circumstantial evidence that PLC6 and PLC9 encode functional PLC proteins.  

 

If PLC6 and PLC9 indeed encode functional PLCs, why did we not find a 

difference in NaCl-induced phospholipid accumulation in a plc3,6,9 triple mutant? 

As plc3,6,9 is not hypersensitive to NaCl, it is possible that PLC3, PLC6 and PLC9 

are not activated by NaCl. Alternatively, phospholipid metabolism might be 

different in plc3,6,9 but the differences might have been masked by mechanisms 

that we cannot detect by our experimental system. E.g., PIP2 levels might be kept 

constant by increased dephosphorylation by PIP2 phosphatases. If PIP2 is 

dephosphorylated rather than hydrolyzed in plc mutants, IP3 levels should be 

reduced accordingly.  

 

It has been shown that PLC is also able to hydrolyze PIP in vitro [34]. Could PIP be 

the in vivo substrate of PLC instead of PIP2? In this scenario, loss of PLC would 

lead to increased PIP levels. However, we did not detect any difference in PIP 

levels in our plc mutants either (Fig. 7, data not shown) Nonetheless, as PIP is 40-

100 times more abundant than PIP2 [34, 35], it is possible that a relative small 

change in PIP escaped our detection. According to this explanation, the observed 

formation of IP3 should be due to phosphorylation of IP2. 

 

Loss of PLC activity should also lead to reduced DAG accumulation during NaCl 

stress. Unfortunately, we cannot detect DAG because it does not contain a 

phosphate group. As an alternative, the DAG-binding domain C1a, fused to YFP as 

a DAG-sensor could be used to visualize DAG [36]. However, when transiently 

expressed in tobacco BY-2 cells, C1a:YFP was localized in the cytosol, even after 

NaCl treatment. These results suggest that the affinity of the DAG-sensor is too low 

for the available concentrations of DAG in the membrane [37] (J.E.M. Vermeer, 

T.W. Gadella and T. Munnik, unpublished). Possible explanations for this 
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phenomenon are that the NaCl-induced increase of DAG was not sufficient to 

trigger C1a:YFP translocation or that the DAG formed by PLC was rapidly 

phosphorylated to PA by DGK. Consistently, PA is produced upon NaCl treatment 

in various plant cells and in the green algae Chlamydomonas [25]. Our results show 

that PA levels were not reduced in plc3,6,9. Perhaps other PLCs in combination 

with DGK are responsible for the observed accumulation of PA. However, 

preliminary data suggest that the PA response is not affected by T-DNA insertions 

in the other PLC genes after NaCl treatment (S.A. Arisz, M.A. Haring and T. 

Munnik, unpublished).  

 

We did not find a role for PLC in NaCl tolerance. This seems to contradict the 

studies in which the PLC inhibitor U73122 was reported to reduce NaCl-induced 

marker gene expression and proline accumulation [12, 28]. However, marker gene 

expression is not necessarily the same as NaCl tolerance. Moreover, it cannot be 

excluded that the inhibitor affected these markers by a mechanism other than by 

inhibition of PLC signaling.  

 

This study showed that the combined loss of multiple PLC genes results in a growth 

phenotype. However, it also suffered from the limitations of genetics: lethality and 

redundancy. Nonetheless, there are several new developments that could contribute 

to our understanding of PLC function, including the isolation of weak loss of 

function alleles by TILLING [38], inducible silencing and the simultaneous 

knockdown of related genes by targeted deletions [39] or amiRNAs [40]. 
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Materials and methods 

 

Plant material  

T-DNA insertion lines were isolated by PCR with gene specific primers in 

combination with the left border primer LBa (table 1 and 3) as described [30]. The 

double mutants were generated by crossing the indicated mutant lines (table 2). 

Successful crosses were identified by PCR as heterozygous in the F1. The double 

mutants were identified by PCR in the F2. The triple mutant was generated by 

crossing indicated double mutants that shared the plc3-2 background. 

 

Table 1. T-DNA insertion lines used in this study 

genotype  F R orientation of 
LBa 

RT F RT 
R 

plc3-2 SALK_037453 495 496 F/R* PLC3_RT_F 496 
plc6 SALK_090508 658 659 F   
plc9-1 SALK_025949 510 511 F 510 511 
plc9-2 SALK_021982 510 511 F 510 511 
 

* Left border primer gives a product with both gene specific primers 

 

Table 2. Generation of higher order mutants 

Genotype pollen acceptor pollen donor 
plc3,6 plc3-2 plc6 
plc3,9 plc3-2 plc9-1 
plc6,9 plc9-1 plc6 
plc3,6,9 plc3,6 plc3,9 
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Table 3. Primers used in this study 

Primer Sequence 
495 TGC TGA AGT TCG TCA TGG CAG 
496 GTC CAC CCA ACA TGA GGA TCG 
510 GGT CGC GTC CCA AAT TAT TTC A 
511 TCC AAG CTT TGT TGG GGG TCT 
658 GGT CGC GTC CCA AAT TAT TTCA 
659 GCA AGG CTT TGA TCA CAG GGA 
LBa TGG TTC ACG TAG TGG GCC ATC G 
PLC3_RT_F TTA ACT AAA ACA TAC AGA GGG ATG 
TUB_F CCA GCC ACC AAC AGT TGT TC 
TUB_R CAC AAG ACG AGA TTA TAG AGA 
 

 

Growth of seedlings 

Seeds from comparable seed batches were used. A maximum of 100 µl seeds was 

put into an Eppendorf tube which was placed in a dessicator together with a beaker 

containing 100 ml household bleach to which 3 ml concentrated HCl was added. 

After 3 hours, the Eppendorf tubes were placed in a flow cabinet to allow the 

chloride gas to evaporate. Seeds were placed on plates containing 2,2 g/l Murashige 

and Skoog medium, pH 5,7 with KOH (supplemented with 1% (w/v) sucrose for the 

experiment in Fig. 4) which were kept in the cold for 3 days to promote uniform 

germination. Seeds were allowed to germinate by placing the plates in a climate 

room which was kept at 22 °C and 70 % humidity, with a 16-hour photoperiod. 

 
32P labeling of seedlings 

For phospholipid analysis, 4 day-old seedlings were transferred from plate to 2ml 

eppendorf tubes (2 seedlings per tube), containing 200 µl labeling buffer (2.5 mM 

MES, 1mM KCl pH 5.7 with KOH). 1 µl 32P-labeled PO4
3- (2.5 – 10 µCi, 

Amersham, carrier free) was added and the seedlings were allowed to label 

overnight.  
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32P labeling of leaf discs 

Plants were grown in a climate cabinet at 21°C, 70% humidity under an 11-hour 

photoperiod. After 4 weeks, leaf discs were prepared from the 4th true leaf and 

younger which were floated in 100 µl of labeling buffer. 1 µl 32P-labeled PO4
3- (2.5 

– 10 µCi, Amersham, carrier free) and the leaf discs were allowed to label 

overnight.  

 

Phospholipid analysis of NaCl treated Arabidopsis 

NaCl treatment was started by adding 1 volume of labeling buffer containing NaCl 

in a double concentration. After 5 minutes (seedlings) or 15 minutes (leaf discs), the 

treatment was stopped by adding 5% (v/v) final concentration of perchloric acid. 

Lipid extraction and separation was essentially done as described by Munnik [41] 

 

Root growth assay 

Five days after germination, seedlings of comparable size were transferred under 

sterile conditions to fresh plates with or without NaCl. The length of the root was 

indicated with a marker to allow quantification of root elongation. After 5-6 days of 

growth, the plates were scanned and root elongation was quantified with Object 

Image software. 

 

RT-PCR 

Total RNA was extracted as described previously [42]. 5 µg of RNA was converted 

to cDNA using oligo-dT18 primers, dNTPs, and SuperScript III Reverse 

Transcriptase (Invitrogen, Breda, The Netherlands) according to the manufacturer’s 

instructions. PLC genes and TUBULINα4 were PCR amplified for 40 and 30 cycles 

respectively with gene specific primers (table 1 and 3) 
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Abstract 

 

Phospholipase C (PLC) hydrolyzes phosphatidylinositol 4,5-bisphosphate and 

genetrates inositoltriphosphate and diacylglycerol, which are important second 

messengers in animal cells. In plants, the role of PLC remains enigmatic. Here we 

show that plc3 T-DNA insertion lines develop less lateral roots. Although the 

membrane permeable auxin analogue NAA could rescue this phenotype, addition of 

2,4-D, which requires auxin influx carriers for its uptake, did not restore lateral root 

formation to wild-type levels. This suggests that PLC3 is involved in auxin influx. 

Promoter-reporter gene studies and database searches revealed that PLC3 is 

specifically expressed in the phloem and phloem companion cells, together with the 

auxin influx carrier AUX1 and its homolog LAX3. Red fluorescent protein-tagged 

PLC3 partially colocalized with the auxin influx carrier AUX1 at the 

plasmamembrane. We hypothesize that PLC3 plays a role in auxin transport. 
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Introduction 

 

In mammals, phospholipase C (PLC) is at the heart of signal transduction processes 

by controlling the removal and formation of three distinct second messenger 

molecules. PLC hydrolyzes the phospholipid phosphatidylinositol 4,5-bisphosphate 

(PIP2), resulting in the formation of water-soluble inositoltrisphosphate (IP3) and 

membrane localized diacylglycerol (DAG) [1]. PIP2 binds to several proteins that 

regulate vesicular trafficking and cytoskeletal rearrangements [2]. In addition, PIP2 

has been shown to modulate ion channel activity [3, 4]. IP3 triggers Ca2+ release 

from internal stores by activating Ca2+ channels [5], leading to a multitude of 

downstream effects [6]. DAG recruits protein kinase C (PKC) to the plasma 

membrane, resulting in phosphorylation of downstream signalling components [7, 

8]. The DAG signal can be turned off by diacylglycerol kinase (DGK) that 

phosphorylates it to form phosphatidic acid (PA) [9, 10]. In addition to an 

attenuation product of DAG signalling, PA is involved in signal transduction and 

membrane trafficking [11], by binding and modulating the activity of several 

signaling proteins, including Raf-1 [12-14], Arf (ADP-ribosylation factor) [15] and 

mTOR [16]. 

 

Although PIP2, IP3 and DAG are present in plants, it is questioned whether similar 

functions are fulfilled, as no IP3 receptors nor PKC homologues have ever been 

found. Instead of DAG, PA is thought to have signalling functions in plants [17]. 

This is based on the observation that PA is rapidly generated in response to various 

stress conditions and by the discovery of PA-binding proteins. These PA-binding 

proteins include the Raf-1 homologue CTR1 [18], ABI1 [19] and RCN1 [20], 

which are involved in responses to the phytohormones ethylene, abscisic acid and 

auxin respectively. Other Arabidopsis PA-binding proteins are AGD7 (ARF GAP 

(GTPase activating protein) Domain) [21] and heterodimeric capping protein [22]. 

The former stimulated Arf1 GTPase activity in a PA dependent manner whereas the 
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actin-binding activity of the latter was inhibited by PA, suggesting that PA plays a 

role in membrane trafficking and cytoskeletal rearrangements.  

 

The only PA-binding protein for which so far downstream targets have been 

indentified is the protein kinase PDK1. In addition to PA, PDK1 binds to PIP2 via 

its Pleckstrin Homology (PH) domain [23]. PDK1 phosphorylates many but not all 

members of the large AGC protein kinase family [24]. Among these is the PINOID 

(PID) protein kinase, which was also reported to bind PA [24, 25]. PID was shown 

to phosphorylate the auxin efflux carrier PIN1 [26, 27]. The phosphorylation state 

of PIN1 determines its subcellular localization, leading to directional auxin flux.  

 

The model plant Arabidopsis thaliana contains 9 PLC genes [28]. These PLCs 

contain an X- and Y-domain, which are required for catalytic activity [29]. PLC1-5 

have been shown to possess hydrolytic activity towards PIP2 in vitro [28]. Here, we 

describe the characterization of PLC3 T-DNA mutant alleles that were found to 

develop less lateral roots. PLC3 mutants could be rescued by NAA, demonstrating 

that auxin perception is not affected. In contrast, 2,4-D could not restore lateral root 

formation to wild-type levels, indicating that auxin influx is compromised. 

GUS/YFP- reporter gene studies and database searches revealed that PLC3 is 

specifically expressed in the phloem, where the auxin influx carriers AUX1 and 

LAX3 are expressed as well. The putative role of PLC3 in regulating AUX1 and/or 

LAX3 is discussed. 

 

Results 

 

PLC3 is important for lateral root development 

 

In our ongoing efforts to study PLC function in plants, we discovered that a PLC3 

T-DNA insertion line, plc3-2, develops less lateral roots than wild-type (Fig. 1a).  
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Fig. 1. PLC3 T-DNA lines develop less lateral roots 
Indicated genotypes were grown on plates for 
eight days (a), lateral roots were counted under a 
dissecting microscope and the primary root 
length was measured. Shown are the number of 
lateral roots per seedling (b), primary root length 
(c) and number of lateral roots per mm primary 
root (d). Statistical significant differences are 
indicated by letters (Tukey, α = 0.05).  
  

 
 
 
 
 
 
 
 

A second insertion line, plc3-3, also exhibited this phenotype, which was similar to 

that of the auxin influx carrier mutant aux1-7 [30, 31] (Fig. 1b). Primary root 

elongation of plc3 lines was similar to wild-type, although a small difference for 

plc3-2 was observed (Fig. 1c). When corrected for these differences, the lateral root  

density of plc3-2 and plc3-3 was found to be ~ 30% lower than wild-type and 

comparable to aux1-7 (Fig. 1d). Lateral roots of plc3 mutants were morphologically 

normal, suggesting that plc3 is not affected in lateral root growth per se but rather in 

their initiation. No other developmental phenotypes were observed.  

 

To confirm that plc3-2 and plc3-3 are loss of function mutants, PLC3 expression 

was determined by RT-PCR. Using primers on both sites of the insertion (Fig. 2a), 

no expression was found in either plc3-2 or plc3-3 (Fig. 2b). To obtain additional 

evidence that loss of PLC3 causes the lateral root phenotype, PLC3 cDNA under 

control of a 2.4 kb promoter fragment was introduced in the plc3-2 background. 

Lateral root formation in T3 seedlings, that are homozygous for this construct, was 
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Fig. 2. (a) Gene structure of PLC3. Filled boxes represent exons, grey boxes 
represent the X- and Y-domains, lines represent introns, open boxes represent 
untranslated regions and triangles represent T-DNA insertions. Primers used 
for RT-PCR are indicated by arrows. Drawing is approximately to scale. (b) 
PLC3 expression in plc3 alleles. RNA was extracted from wild-type and plc3 
alleles and cDNA was made, which was subsequently PCR amplified for 40 
cycles with PLC3 specific primers (indicated in d) and for 30 cycles with 
primers specific for TUBULINα4 (TUB) as a loading control. (c) 
Complementation of plc3-2 with PLC3 cDNA. Indicated genotypes were grown 
on plates for eight days, lateral roots were counted under a dissecting 
microscope and the primary root length was measured. Shown is the number 
of lateral roots per mm primary root. Statistical significant differences are 
indicated by letters (Tukey, α = 0.05). 
 

restored to wild-type level, strongly supporting the conclusion that PLC3 is required 

for a normal lateral root density (Fig. 2c) 

 

Exogenous NAA, but not 2,4-D, can rescue the plc3 phenotype 

 

The phytohormone auxin is well known to induce lateral root development. Lateral 

root formation in the plc3 mutant alleles was determined in response to the 

exogenously applied auxin analogues 2,4-D and NAA. 2,4-D depends on auxin  
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Fig. 3. Lateral root formation in plc3 is rescued by NAA but not by 2,4-D 
Indicated genotypes were grown with or without 20 nM 2,4-D or 30 nM NAA, for 
8 days. Lateral roots were counted under a dissecting microscope and the 
primary root length was measured. Shown is the number of lateral roots per 
mm primary root. 
 

influx carriers to enter the cell while NAA is membrane permeable and bypasses 

this requirement. Therefore, aux1 mutants are rescued by NAA but not by 2,4-D 

[32]. As shown in Fig. 3, treatment with NAA rescued lateral root formation in plc3 

mutants and aux1-7, demonstrating that plc3 is not affected in auxin perception. 

Treatment with 2,4-D enhanced lateral root formation in wild-type but not in plc3 

mutants and aux1-7. The difference in responses elicited by NAA and 2,4-D in plc3 

may reflect a defect in auxin influx in this mutant. 

 

To substantiate the role of PLC3 in auxin transport, dose-response experiments 

were performed. Primary root elongation remained essentially unaffected by the 

addition of NAA (Fig. 4a) while lateral root density increased in a dose-dependent 

manner (Fig. 4b). Lateral root development was completely rescued in plc3-2,  
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Fig. 4. Dose-dependent induction of lateral root formation in plc3 by auxins 
Indicated genotypes were grown at increasing concentrations of NAA for 8 
days (a, b) or at increasing concentrations of 2,4-D for 9 days (c, d). Lateral 
roots were counted and the primary root length measured. Shown are the 
primary root length (a, c) and the lateral root density (b, d). 
 

confirming that auxin perception is not affected. Addition of 2,4-D had an 

inhibitory effect on the root elongation of wild-type and plc3-2 but not on aux1-7 

(Fig. 4c). Lateral root development in wild-type seedlings was dose-dependently 

induced by 2,4-D (Fig. 4d). Although lateral root development in plc3-2 was still 

responsive to 2,4-D, it was lower than wild-type at every concentration tested, 

shifting the dose-response curve to the right, suggesting that plc3 mutants have a  
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Fig. 5. DR5::GFP 
expression in wild-
type (a) and plc3 
(b). Seedlings were 
grown for 5 days, 
stained with 
propidium iodide 
and imaged by 
confocal laser 
scanning 
microscopy. Red is 
propidium iodide, 
green is GFP.  

 

 

 

 

 

reduced influx capacity. For comparison, aux1-7 was completely unresponsive to 

2,4-D. 

 

DR5 expression 

 

The synthetic auxin responsive element DR5 has been widely used to monitor auxin 

responsive-gene expression [33]. In auxin response mutants such as axr1 and axr3, 

DR5 expression is reduced. Altered DR5 expression patterns are found in auxin 

efflux mutants pin1 and pin2 but not in the auxin influx mutant aux1-7 [34]. 

DR5rev::GFP was crossed to plc3-2. Subsequently, plc3 and wild-type plants 

homozygous for DR5rev::GFP were identified in the F2. In root tips of plc3, no 

difference in DR5 expression was observed compared to wild-type (Fig. 5).  
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Fig. 6. Expression of PLC3 in Arabidopsis seedlings 
(a-c) GUS staining of transgenic seedlings expressing pPLC3::GUS:YFP. (a) 5 
days-old seedling, (b) root tip of 9 days-old seedling, (c) outgrowing lateral 
root of 9 days-old seedling. (d-f) CSLM analysis of transgenic seedlings 
containing pPLC3::GUS:YFP. (d,e) Longitudinal section showing PLC3 
expression in the stele (f) Transverse confocal section showing PLC3 
expression in two opposing vascular strands. (g) Relative expression levels of 
PLC3 and the LAX family in cells expressing the marker lines SUC2 (phloem 
companion cells), APL (phloem and phloem companion cells) and S32 
(protophloem). 
 

PLC3 is co-expressed with members of the LAX family of auxin influx carriers in 

the phloem 

 

In order to study the expression of PLC3, a 2.4 kb fragment of the PLC3 promoter, 

which was sufficient to drive PLC3 cDNA to rescue the plc3-2 phenotype (Fig. 2c), 

was used to drive expression of a GUS:YFP fusion. GUS staining revealed 

ubiquitous PLC3 expression in young seedlings, mainly associated with the 

vasculature, in four independent transgenic lines (Fig. 6a). Diffuse staining was 

observed in the elongation zone but was absent in the root tip (Fig. 6b). In 9 days- 

old seedlings, expression was predominantly found in the elongation zone and less 

intense in the more mature parts of the root. Strong staining was observed at the 

base of outgrowing lateral roots (Fig. 6c). Confocal imaging revealed that PLC3 

expression was confined to two separate cell layers in the stele (Fig. 6d,e). When 

imaged in a transverse section, PLC3 expression could be observed in two vasculare 

bundles (Fig. 6f). Brady et al. have published a comprehensive expression map of 

the Arabidopsis root by isolating specific cell types followed by micro-array 

experiments. Using this database, PLC3 expression was found to be confined to the 

phloem and the phloem companion cells (Supplemental table 1) [35, 36]. Using an 

independent marker line, these data have recently been confirmed [37]. Since our 

data suggests that plc3 mutants have a lower auxin influx capacity and auxin influx 

is mediated by the LAX family of auxin influx carriers [38], the expression of 

AUX1 and LAX1-3, was analyzed in the cells that express PLC3. This analysis 
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revealed that PLC3 is co-expressed with AUX1 and LAX3 in the phloem and phloem 

companion cells (Fig. 6g).  

 

RFP-tagged PLC3 colocalizes with AUX1 at the plasmamembrane 

 

To study the subcellular localization of PLC3, it was translationally fused to 

monomeric red (cherry) fluorescent protein (RFP). This construct, driven by its 

native promoter, was transformed into plc3-2 or, under control of the 35S promoter, 

into wild-type. pPLC3::RFP:PLC3 rescued the lateral root phenotype of plc3-2 

(supplemental figure 1), indicating that RFP:PLC3 is functional. Unfortunately, the 

fluorescence was too low to study the subcellular localization of PLC3 by confocal 

microscopy (data not shown). Analysis of 35S::RFP:PLC3 however, revealed 

strong fluorescence in root tissue, which localized to both the cytoplasm and plasma 

membrane (Fig. 7a). Plasma membrane localized fluorescence was also observed 

when RFP and PLC3 were swopped (data not shown). RFP alone localizes to the 

cytosol only. The plasma membrane localization of PLC3 is very likely to reflect 

the true localization of PLC3 while the fluorescence in the cytosol is probably due 

to the strong overexpression. In support of this, plasma membrane localization of 

PLC is consistent with subcellular fractionation studies, followed by activity assays 

[39]. 

 

Next, the extent of colocalization between RFP:PLC3 and AUX1:YFP was studied. 

AUX1 localizes to the plasma membrane, endosomes and the Golgi apparatus. This 

localization is sensitive to the ARF-GEF inhibitor Brefeldin A, which causes AUX1 

to accumulate in large multivesicular bodies, called BFA compartements [40]. As 

expected, RFP:PLC3 and AUX1:YFP co-localized at the plasmamembrane (Fig. 

7b,c). However, when the plants were treated with BFA for 30 min, AUX1:YFP 

accumulated in BFA compartments (Fig. 7e), whereas RFP:PLC3 remained at the 

plasma membrane (Fig. 7d, f). 
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Fig. 7. Subcellular localization of RFP:PLC3 and AUX1:YFP 
5 days-old F1 seedling from a cross between 35S::RFP:PLC3 and 
pAUX1::AUX1:YFP, before (a-c) or after (d-f) treatment with 50 µM Brefeldin A. 
(a,d) RFP:PLC3, (b,e) AUX1:YFP, (c,f) overlay. 
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Discussion 

 

The role of the Arabidopsis PLC3 gene was studied using T-DNA loss-of-function 

mutants. Two independent plc3 alleles were found to develop less lateral roots than 

wild-type, which could be restored by expression of PLC3 cDNA behind its own 

promoter, demonstrating that PLC3 is involved in lateral root development.  

 

Lateral root formation in plc3 could be restored to wild-type level by the addition of 

the membrane permeable auxin analogue NAA, suggesting that the level of auxin 

was the limiting factor. Lateral root formation could not be completely restored 

with 2,4-D, which depends on auxin-influx carriers to enter the cell. Accordingly, 

2,4-D cannot rescue aux1, whereas NAA can [32]. At higher 2,4-D concentrations, 

plc3 became responsive, suggesting that auxin influx capacity is reduced in plc3.   

 

GUS/YFP-reporter gene analysis, combined with results from gene expression 

databases revealed that PLC3 is expressed in phloem cells and phloem companion 

cells. Auxin is known to move basipetally via the phloem. The pericycle, from 

which lateral roots emerge, surrounds the vasculature. It is tempting to speculate 

that auxin is taken up from the phloem and moves laterally toward the pericylce 

cells, which are stimulated by auxin to divide into a different direction, leading to a 

new lateral root and that this process is disturbed in plc3. DR5 expression is a 

function of the auxin concentration and the auxin responsiveness of a cell and this 

was not altered in plc3.  As PLC3 expression was not found in the root tip, this 

experiment did not address the auxin responiveness of plc3 but it does, however, 

show that the auxin maximum is not disturbed, which is often observed with auxin 

efflux but not with auxin influx mutants [34]. These results are therefore consistent 

with a role for PLC3 in auxin influx. In contrast to aux1, plc3 is not agravitropic 

and (data not shown), which can be explained by the different expression patterns of 
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AUX1 and PLC3. AUX1 is expressed in the graviresponding lateral root cap and 

epidermal cells [41] while PLC3 is not.  

 

Reciprocally, cells that express PLC3, also express genes encoding for auxin influx 

carriers AUX1 and LAX3. In protophloem cells, AUX1 is asymmetrically localized 

at the apical membrane and cycles between the plasmamembrane and endosomes 

[40]. Perhaps, PLC3 contributes to auxin influx by regulating the function of AUX1 

and/or LAX3. PLC hydrolyses PIP2 into DAG which can be quickly phosphorylated 

to PA. Several connections between PIP2 and AUX1/LAX3 function can be thought 

of. PIP2 functions in vesicular trafficking in yeast and mammals [2]. A yeast mutant 

with elevated PIP2 levels was impaired in endocytosis [42]. PIP2 has been shown to 

regulate ion channel activity. In some cases, PIP2 negatively regulates ion channel 

activity [43]. Therefore, PLC mediated depletion of PIP2 results in derepression of 

ion channel activity.  PIP2 could have similar functions in Arabidopsis. Possibly, 

PLC3-regulated PIP2 levels are important for the cycling of AUX1/LAX3. 

Alternatively, PIP2 could influence auxin influx carrier activity directly.  

 

PLC3 could also regulate appropriate levels of PA in cooperation with DGK. In 

mammals, PA is involved in membrane trafficking by binding to Arf [15] and the 

ARF GAP protein ASAP1 [44]. GTPase activity of Arf was stimulated by ASAP1 

in a PA-dependent manner. A similar mechanism has been described for 

Arabidopsis AGD7 and Arf1, suggesting that this mechanism is conserved across 

kingdoms and hence could play a role in the subcellular trafficking of 

AUX1/LAX3.  

 

Both PIP2 and PA are potentially involved in regulating PIN1-mediated auxin efflux 

by binding PDK1/PID [24, 25]. Interestingly, PDK1 phosphorylates many protein 

kinases in vitro [24]. It could be that one ore more PDK1 targets regulate 

AUX1/LAX3 localization and/or activity. We could not detect a difference in the 
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levels of PA, PIP2 or PIP between plc3 and wild-type after 32P-labeling of seedlings 

(data not shown). Since PLC3 is expressed in the phloem only, any local differences 

could have been below detection limits. 

 

Subcellular fractionation followed by enzyme assays has demonstrated that PLC 

activity is predominantly localized in the plasmamembrane [39], in agreement with 

our hypothesis. To study the subcellular localization of PLC3, translational fusions 

with RFP were expressed under the control of its native promoter in the plc3-2 

background or overexpressed behind the 35S promoter in wild-type plants. 

pPLC3::RFP:PLC3 complemented the plc3-2 lateral-root phenotype (Supplemental 

figure 1), indicating that RFP:PLC3 is functional. Preliminary CLSM experiments 

with T2 plants failed due to low fluorescence. This is in contrast with 

pPLC3::GUS:YFP, which could be visualized by CLSM. Possibly, RFP:PLC3 is 

more rapidly turned over than GUS:YFP. Similar differences in fluorescence 

between transcriptional and translational fusions have been reported with several 

trancription factors [45]. Nonetheless, overexpression of RFP:PLC3 (Fig. 6a) and 

PLC3:RFP (data not shown) resulted in plasma membrane-localized fluorescence. 

Fluorescence was appearant in the cytosol as well, probably as a result of the high 

expression level. RFP:PLC3 did not appear to cycle between the plasma membrane 

and endosomes as BFA treatment did not induce its accumulation in multivesicular 

bodies as observed with AUX1:YFP [40]. 

 

In order to test the dependency of AUX1 and LAX3 localization on PLC3, 

experiments were designed to pharmacologically and genetically interfere with 

PLC3 function. AUX1:YFP and LAX3:YFP reported lines were crossed with plc3-2 

or treated with PLC inhibitors. However, the phloem in which PLC3 is exclusively 

expressed, could not be imaged with high enough resolution to yield conclusive 

data.  To obtain a better resolution, we are currently implementing a two-photon 

imaging technique. 
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If PLC3 regulates the function of AUX1 and/or LAX3, then plc3 should be epistatic 

to aux1 and/or lax3. The phenotype of plc3 is comparable to aux1 and lax3, and 

intermediate compared to the aux1 lax3 double mutant which hardly develops any 

lateral roots [46]. These phenotypes allow us to test the genetic interactions between 

plc3, aux1 and lax3. If PLC3 regulates AUX1 or LAX3, then at least one of the plc3 

aux1 or plc3 lax3 double mutants should have a more severe phenotype than the 

single mutants containing a PLC3 wild-type allele. We are currently in the process 

of constructing these double mutants.  

 

Materials and methods 

 

Plant material used in this study 

PLC3 T-DNA insertion mutants were obtained from the SALK collection (table 1) 

[47] and homozygous plants were selected by PCR using gene specific primers in 

combination with the left border primer LBa (table 1). aux1-7 [48] 

pAUX1::AUX1:YFP [49] and DR5rev::GFP [33] have been described previously. 

 

Table 1. T-DNA insertion lines used in this study 

genotype  F R orientation of LBa RT F RT R 
plc3-2 SALK_037453 495 496 F/R* 495 496 
plc3-3 SALK_054406 495 497 F 495 496 
* LBa gives a product in both directions 

 

Table 2. Primers used in this study 

primer Sequence 
495 TGC TGA AGT TCG TCA TGG CAG 
496 GTC CAC CCA ACA TGA GGA TCG 
497 CCG TTG GAG TTC TTG TGG TGT G 
LBa TGG TTC ACG TAG TGG GCC ATC G 
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RT-PCR 

Total RNA was extracted as described previously [50]. 5 µg of RNA was converted 

to cDNA using oligo-dT18 primers, dNTPs, and SuperScript III Reverse 

Transcriptase (Invitrogen, Breda, The Netherlands) according to the manufacturer’s 

instructions. PLC3 and TUBULINα4 were PCR amplified for 40 and 30 cycles 

respectively with gene specific primers (table 2) 

 

Growth of seedlings 

Seeds from comparable seed batches were used. A maximum of 100 µl seeds was 

put in an eppendorf tube which was placed in a dessicator together with a beaker 

containing 100 ml household bleach to which 3 ml concentrated HCl was added. 

After 3 hours, the eppendorf tubes were placed in a flow cabinet to allow the 

chloride gas to evaporate. Seeds were placed on plates containing 2,2 g/l Murashige 

and Skoog medium, pH 5.7 (KOH) and 1% sucrose (w/v), supplemented with 

auxins where indicated. Plates were kept in the coldroom (4°C) for 3 days to 

promote uniform germination. Next, the seeds were allowed to germinate by 

placing the plates in a climate room kept at 22 °C and 70% humidity with a 16-hour 

photoperiod. After 8-9 days, lateral roots were counted under a dissecting 

microscope and the length of the root was indicated with a marker. Plates were 

scanned and the length of the primary root was quantified with Object Image 

software. The lateral root density was obtained by dividing the number of lateral 

roots by the length of the primary root. 

 

DNA manipulation 

To generate the pPLC3::GUS:YFP fusion, a 2437 bp upstream region of AtPLC3 

(At4g38530) was amplified from genomic DNA using PLC3promHinDIIIfw 5’-

CCC AAG CTT CAA GTC GCC GAA CGA GAC ATC -3’ and 

PLC3promNheIrev 5’- CTA GCT AGC TCT TCT TCT TCT TAC TTG TTA G -3’ 

and cloned in a HindIII/XbaI digested pJV-GUSYFP. The PLC3::GUS:YFP 
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cassette was transferred to pGreen0179 using NotI resulting in pGreen179-

PLC3::GUSYFP. To generate pGreen179-PLC3::PLC3, the AtPLC3 orf was 

amplified from the full-length cDNA clone pda16929 obtained from the RIKEN 

bioresource center [51, 52] using the primers PLC3NheIfw 5’- CTA GCT AGC 

ATG TCG GAG AGT TTC AAA GTG TG -3’ and PLC3BglIIrev 5’- GAA GAT 

CTT CAA CGA AAC GTA TAA GGA G -3’ and transferred to a NheI/BamHI 

digested pGreen179-PLC3::GUSYFP resulting in pGreen179-PLC3::PLC3. To 

generate pGreen17935S-RFP-PLC3, mCherry (kindly provided by Roger Tsien, 

San Diego, USA) was amplified using FPfwXbaI 5’- GCT CTA GAA TGG TGA 

GCA AGG GCG AG -3’ and FP_2xGAEcoRIrev 5’- GGA ATT CGG AGC TGG 

TGC TGT GAG CAA GGG CGA GGA G -3’ and PLC3 was amplified using 

PLC3_2xGAEcoRIfw 5’- GGA ATT CGG TGC TGG AGC TAT GTC GGA GAG 

TTT CAA AGT GTG -3” and PLC3BglIIrev to introduce a 4xGA linker between 

mCherry and AtPLC3. Both PCR fragments were ligated into pJV35S digested with 

XbaI/BamHI. The 35S-mCherry-AtPLC3 cassette was transferred to pGreen179 

using NotI. All PCR products were verified by DNA sequencing. For 

transformation into A. thaliana, constructs were transferred to the Agrobacterium 

tumefaciens strain GV3103.  

 

GUS staining 

Transgenic seedlings containing pPLC3::GUS:YFP were grown for indicated times 

and transferred to a solution containing 1 mg/ml 5-bromo-4-chloro-3indolyl-β-D-

glucuronic acid (X-gluc), 50 mM phosphate buffer pH 7.0 and 0.1% TX-100. 

Vacuum was applied for two min and the seedlings were incubated overnight at 

37°C. The next day, the solution was replaced by 100% ethanol to destain the 

tissue. 
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Confocal laser scanning microscopy 

For confocal microscopy, Arabidopsis seedlings were grown for 5 days at 21 °C 

and transferred to object slides containing a fixed coverslide and ½ MS 

supplemented with 1% (w/v) sucrose. Microscopy was performed on a Zeiss LSM 

510 CLSM (Confocal laser scanning microscope) (Carl Zeiss GMBH, Jena, 

Germany). For imaging YFP or YFP and RFP we used confocal configurations as 

described before [53].  
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Supplemental figure 1. Indicated 
genotypes were grown on plates for 
eight days, lateral roots were 
counted under a dissecting 
microscope and the primary root 
length was measured. Shown is the 
number of lateral roots per mm 
primary root. Statistical significant 
differences are indicated by letters 
(Tukey, α = 0.05). 
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Supplemental table 1. Relative expression of LAX genes and PLC3 in Arabidopsis 
root tissues as published by Brady et al. [36]. 
 

Marker line Expression pattern PLC3 AUX1 LAX1 LAX2 LAX3 

SUC2 Phloem companion cells 445 1823 68 152 484 

APL Phloem and phloem companion cells 363 1517 71 108 777 

S32 Protophloem 234 682 87 510 394 

SCR Endodermis 101 538 17 89 263 

WOL Stele 89 1493 39 727 2353 

S17 Phloem pole pericycle 84 2111 100 42 992 

J0571 Endodermis and cortex 74 658 28 253 394 

J2501 Stele 66 736 177 856 2472 

GL2 Non-hair epidermal cells 57 1383 20 53 53 

S18 Maturing xylem 56 3675 26 100 1523 

J0121 Xylem pole pericylce 55 409 167 81 664 

AGL42 Quiescent centre 51 746 15 2219 135 

COBL9 Trichoblasts 48 1204 8 40 20 

J2661 Pericycle 45 1727 77 100 537 

J3411 Lateral root cap 44 2886 9 112 65 

At1g09750 Cortex 35 2323 21 53 206 

S4 Developing xylem 35 3388 190 2865 1921 

PET111 Columella 29 2713 20 384 75 

RM1000 Lateral root 13 2639 347 93 601 
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In this thesis, the contribution of PLC, DGK and PLD genes to abiotic and biotic 

stress tolerance in Arabidopsis was evaluated. The principal approach has been 

based on reverse genetics: analysis of T-DNA insertion mutants with regard to their 

performance in bioassays. In chapter 2, a DGK5 T-DNA mutant has been described 

with reduced resistance to virulent Pseudomonas. Although forward genetic screens 

have identified various mutants with enhanced susceptibility against virulent 

Pseudomonas [1], no DGK, PLC or PLD genes have been isolated with these 

screens. This can be explained by the relative mild phenotype of dgk5 compared to 

other known mutants. Possibly, DGK5 acts redundantly with other DGKs, although 

none of the DGK T-DNA mutants tested was enhanced susceptible to 

Pseudomonas. Crosses of these mutants with dgk5 could reveal redundancy as 

reflected by an enhancement of the dgk5 phenotype. Although DGK5 only 

quantitatively contributes to resistance against Pseudomonas, it was absolutely 

required for PR1 expression. Based on the rapid formation of PA in response to 

PAMPs [2], we predicted DGK to act early in the defense response (Fig. 1). 

Surprisingly, SA treatment could not induce PR1 expression in dgk5, suggesting 

that DGK5 acts downstream of SA accumulation. PR1 expression is controlled by 

NPR1, which was identified in a screen for mutants that could not induce PR2 after 

treatment with INA or SA [3]. PR2 expression was unaffected in dgk5, explaining 

why DGK5 was not isolated in this screen. Our results are consistent with a model 

in which DGK5 is required for the expression of a subset of NPR1-regulated genes, 

including PR1. DGK5 could exert its function downstream of NPR1 or in 

conjuncture with NPR1. It would be interesting to compare the transcriptome of 

dgk5 to other defence mutants [4]. 

 

DGK5 was found to be localized at the plasma membrane. Although consistent with 

enriched DGK activity in plasma membrane fractions [5], this does not explain how 

DGK5 can be involved in regulating gene expression. We assume that a DGK5-

generated signal is transduced from the plasma membrane to the nucleus, where it is  
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Fig. 1. The proposed role of DGK5 in disease resistance 
DGK5 is localized at the plasma membrane but has a role downstream of SA in 
regulating PR1 expression. We assume that a DGK5-generated signal is 
transduced to the nucleus where it is required for PR1 expression. This signal 
transduction pathway may consist of DGK5-mediated PA formation, a lipid 
binding protein such as PDK1 and activation of a transcription factor (TF) in 
the nucleus. See text for details. 
 

required for PR1 expression. Likely this signal is DGK5-generated PA which may 

recruite and/or activate PA-binding proteins, such as PDK1, resulting in 

downstream signaling, ultimately leading to activation of transcription factors. 

Although such a mechanism has not been found in plants, transcription factors 

could bind to PA directly, as has been described for the yeast transcriptional 

regulator Opi1p [6]. Also Arabidopsis membrane-tethered transcription factors have 

been described that translocate to the nucleus upon proteolytic release from the 

membrane [7-10]. Such a mechanism could be responsive to the lipid environment. 
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The factors that contribute to PR1 expression are reasonably well defined 

genetically. PR1 expression is controlled by both positive and negative regulators 

[11]. Mutants affected in negative regulators such as tga2 [12], sni1 (suppressor of 

npr1-1, inducible 1) [13], nimin1 (NIM- INTERACTING1) [14] display enhanced 

PR1 expression, and so do overexpressors of positive regulators, such as TGA6 [15] 

and constitutive monomeric NPR1 [16]. Crosses between dgk5 and these lines 

followed by quantification of PR1 expression could clarify the function of DGK5 in 

PR1 expression and disease resistance. 

 

Although PAMPs were shown to trigger the formation of PA in tomato cell 

suspensions [2], we could not detect PAMP-induced formation of PA in 

Arabidopsis leaf discs or seedlings. Possibly, PAMPs induce a very local PA 

response, below detection limits. Several phospholipids can be studied by 

expression of specific lipid-binding proteins fused to a fluorescent protein [17, 18], 

but no reliable PA biosensor has been described yet. Nonetheless, DAG can be 

visualized in plants using the C1a domain of human PKCγ [19, 20]. We are 

currently introducing C1a:YFP into a dgk5 background to visualize DAG turnover 

in this mutant. In wildtype Arabidopsis, C1a:YFP is cytosolically localized (J.E.M 

Vermeer, unpublished). In dgk5, C1a:YFP could be membrane localized due to 

anticipated higher DAG levels in this mutant. 

 

In an excellent paper by Andersson et al. [21], it was shown that RPM1-mediated 

recognition of the Pseudomonas avirulence protein AvrRpm1 results in the 

formation of PA (Fig. 2), demonstrating that the function of PA could be studied in 

a genetically tractable system. Based on these observations, we tested PLD T-DNA 

insertion lines for their response to avirulent Pseudomonas. As described in chapter 

3, pldα1 and pldδ showed a weak HR phenotype while only a combination of both 

mutations resulted in reduced resistance as measured by bacterial growth in planta. 
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Fig. 2. The putative role of PLD in effector-triggered immunity (ETI) 
AvrRpm1-induced PA formation is partially dependent on PLDδ. PLDα1 and 
PLDδ are redundantly required for RPM1-mediated resistance, strongly 
suggesting that PA is a positive regulator of ETI. The PA signal may be 
transduced by lipid-binding proteins such as PDK1. Downstream of PDK1 is 
the protein kinase OXI1, which has been implicated in disease resistance.  
 

These experimenst demonstrate the redundancy of PLDα1 and PLDδ, which 

prevented them from being discovered by forward genetics, and provide the first 

genetic evidence for the involvement of PLD in RPM1-mediated resistance. The 

role of PA remained to be addressed, however. In order to do so, we set out to 

manipulate PLD levels and measure AvrRpm1-induced PA formation. To this end, 

DEX::avrRpm1 was introgressed into a pldα1 pldδ background but AvrRpm1 

expression could not be induced, probably as a result of trans-inactivation of the 

35S promoters present in the T-DNA insertions [22, 23]. As an alternative, 
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AvrRpm1 was conditionally expressed in a pldδ T-DNA insertion allele from the 

Wisconsin collection, which does not contain a 35S promoter. Experiments with 

these lines demonstrated that PLDδ contributes to AvrRpm1-induced PA formation 

in planta. Although it does not formally prove that PLD-mediated PA formation is 

required for RPM1-mediated resistance, the correlation between reduced PA 

formation and reduced resistance in pldδ does suggests so (Fig. 2). It remains to be 

established how PA would contribute to RPM1-mediated resistance. Possibly, lipid-

binding proteins, such as PDK1, translate the PA-signal into downstream responses 

[24, 25].  

 

Based on several observations, PLC activity has been associated with the response 

of plants to salinity stress (chapter 4). Our lab has obtained T-DNA insertion 

mutants for the nine PLC genes present in the Arabidopsis genome. For two of 

them, PLC2 and PLC8, we could not isolate homozygous lines, suggesting that 

these genes are required for viability. Although the absence of viable mutants 

hampers a genetic study, it does suggest important roles for the affected genes. It 

would be interesting to obtain weak alleles by TILLING [26] or to silence these 

genes using an inducible promoter. None of the remaining seven PLC mutants 

showed a clear difference in sensitivity to NaCl. Three of them (plc3, plc6 and plc9) 

appeared to be slightly more susceptible to NaCl stress but this effect was not 

reproducible. Although expression of PLC1, PLC4 and PLC5 has been reported to 

be induced by abiotic stress [27], none of the lines with T-DNA insertion in these 

genes showed a phenotype. Redundancy could explain the lack of a phenotype. 

However, obtaining double mutants by genetic crosses would be very difficult, as 

PLC1, PLC4 and PLC5 are located very close to each other. Therefore, we focussed 

on plc3, plc6 and plc9. These mutants were crossed, but only after we constructed 

the triple mutant, a slight reduction in root elongation was observed, whereas NaCl 

tolerance was not affected. This study clearly showed the limitations of reverse 

genetics: lethality, redundancy and physical proximity. The problem of physical 
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proximity can be addressed by several strategies that are aimed at knocking out 

multiple genes at once. This can be achieved by silencing related members of a 

gene family by RNAi or amiRNA [28]. Alternatively, mutagens can be used that 

cause large deletions, such as fast neuron bombardment (up to 12 kb), potentially 

knocking out more than one gene. This approach has been used successfully to 

obtain a mutant in which two tandemly arranged genes encoding TGA transcription 

factors had been knocked out at once [29]. Even more sophisticated is the recently 

developed WiscDsLox transposition-recombinase system, that allows transposition 

from a T-DNA launch-pad followed by deletion of the entire genomic region 

between transposon and T-DNA [30]. According to the SIGNaL T-DNA express 

(http://signal.salk.edu/cgi-bin/tdnaexpress), a WiscDsLox T-DNA has inserted 

directly upstream of PLC4. This system would allow the targeted deletion of both 

PLC4 and PLC5 and even PLC1, which is separated by only one gene from PLC5.  

 

In chapter 5, evidence is provided that PLC3 is important for auxin-mediated 

lateral root formation. Promoter reporter gene studies revealed a vasculature-

specific expression pattern. Available cell-specific gene expression data revealed 

that PLC3 is specifically expressed in the phloem and phloem companion cells, 

which we confirmed by promoter-reporter gene analysis. Lateral root formation was 

reduced by ~ 30% in PLC3 mutants. Possibly, PLC3 acts redundantly with other 

PLCs. To identify these, we asked which of the PLC genes is co-expressed with 

PLC3. Inspection of the tissue specific expression data [31-33] revealed that PLC5 

is specifically expressed in the phloem and phloem companion cells. Preliminary 

data suggest that the lateral root density is ~ 30% reduced in a line with a T-DNA 

insertion in the last exon of PLC5, but primary root elongation was also reduced. If 

PLC5 acts redundantly with PLC3, then plc5 should enhance plc3. We are currently 

in the process of isolating a plc3 plc5 double mutant. 
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The lateral root phenotype of plc3 could be rescued by addition of the membrane-

permeable auxin analogue NAA, suggesting that auxin levels were insufficient for 

normal lateral root formation. Addition of auxin 2,4-D, which requires auxin influx 

carriers to enter the cell, could not rescue plc3, suggesting that PLC3 is involved in 

auxin influx. Consistently, AUX1 and LAX3 are expressed in the same cells as 

PLC3. We speculate that PLC3-mediated PIP2 hydrolysis is required for the activity 

of auxin influx carriers and/or vescicular trafficking events that ensure their proper 

subcellular localization (Fig. 3).  The latter can be studied using YFP-tagged 

versions of AUX1 and LAX3. We introgressed pAUX1::AUX1:YFP and 

pLAX3::LAX3:YFP into a plc3 background. Unfortunately, the phloem, in which 

PLC3 is exclusively expressed, could not be imaged with sufficiently high 

resolution to study the subcelluar localization of AUX1:YFP. Two-photon imaging 

should circumvent this problem. 

 

If the activity of AUX1/LAX3 is dependent on PLC3, this could be mediated by the 

hydrolysis PIP2 and subsequent formation of PA by DGK. Furthermore, the effect 

could be direct or indirect via lipid-binding proteins (Fig. 3). A direct effect of PIP2 

on AUX1/LAX3 activity could be investigated in vitro, by reconstituting 

AUX1/LAX3 in different lipid environments followed by activity assays, but this 

will probably be very difficult. Recently, a system has been developed by which 

PIP2 can be conditionally synthesized by recruiting a PIPkinase to the plasma 

membrane [34, 35]. This genetically encoded system can be introduced in Xenopus 

oocytes, which have been used previously to measure auxin influx activity of 

AUX1 [36]. Hence, the influence of PIP2 on AUX1 could be measured in vivo.  

 

If AUX1/LAX3 activity is regulated indirectly via lipid-binding proteins, this could 

be by phosphorylation, as has been described for PIN1 [37], or by binding to 

regulatory proteins. Phosphorylation of AUX1/LAX3 could be investigated by mass  
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Fig. 3. A possible role for PLC3 in auxin influx 
Cells that express PLC3 also express the auxin influx carriers AUX1 and LAX3 
of which the latter has been shown to cycle between the plasma membrane 
and endosomes. PLC3 is hypothesized to be involved in auxin influx, which is 
likely mediated by PIP2 and/or PA. PLC3-mediated PIP2-hydrolysis and/or PA-
formation may be important for the subcellular cycling of AUX1 and/or LAX3 or 
PIP2 could influence the activity of AUX1/LAX3 directly. Alternatively, the effect 
of PLC3 on AUX1/LAX3 function could be mediated by lipid binding proteins 
such as the protein kinase PDK1. 
 

spectrometry and AUX1/LAX3 binding proteins could be identified using a split 

ubiquitin-based yeast-two hybrid system [38]. 

 

In summary, our reverse genetic analysis of DGK, PLC and PLD genes revealed 

expected and unexpected phenotypes, while some predicted phenotypes were not 

found. Although biochemical experiments suggest the involvement of 

phospholipids in the response to NaCl stress, no contribution of PLC genes to NaCl 

tolerance could be detected. As predicted by the formation of PA in response to 

biotic stress, a contribution of DGK and PLD genes to disease resistance was 
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established. However, the observation that PR1 expression was strictly dependent 

on DGK5 was unexpected. A role for PLC3 in auxin mediated lateral root formation 

was also not anticipated. In all cases, the phenotypes were unlikely to be discovered 

by forward genetics. Here, the value of this approach emerges. Although the 

phenotypes were relatively mild, and hence difficult to work with, the mutant 

analysis revealed the involvement of phospholipid signalling in disease resistance 

and hormone responses.  

 

Several questions remain unanswered. Firstly, what acts downstream of the 

signalling phospholipids? The discovery and characterization of additional lipid-

binding proteins will help to answer this question. We believe that many more lipid-

binding proteins exist than those discovered so far. In Arabidopsis, 53 proteins 

encoded by the genome are predicted to contain a PH domain [39]. Of the large 

SnRK protein family, at least two members bind PA [40] (Christa Testerink, 

unpublished) but there could be many more. Systematically expressing these 

proteins, followed by binding studies and mutant analysis could help to determine 

their function. Also masspectrometry-based unbiased approaches could identify 

new lipid-binding proteins. Mapping these downstream responses can elucidate 

how the formation of the same lipid signal during different stress conditions can 

lead to different cellular responses. 

 

The second question that emerges, where in the cell are the lipid signals being 

formed? In this thesis, the localization of fluorescent protein-tagged versions of 

DGK5 and PLC3 was studied after overexpression. Even better would be to study 

the localization of the lipids directly, using specific biosensors [17, 18]. This latter 

technique provides a higher spatio-temporal resolution than traditional biochemical 

analyses. Since these biosensors are genetically encoded, they can be introgressed 

in any mutant background, combining the power of genetics and cell biology. 
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Thirdly, what is the function of the other members of the large PLC-, DGK- and 

PLD-families? By careful examination, phenotypes for a limited number of mutants 

could be uncovered but the function of most genes is likely to be masked by 

redundancy. Phenotypes are indispensable to demonstrate the in vivo relevance of a 

gene in any given pathway. Therefore, higher-order mutants should be constructed 

to reveal the function of additional family-members. Based on carefully defined 

criteria, such as co-expresssion, the number of crosses can be reduced. When strong 

phenotypes are found, genetic interactions with other known mutants can be tested, 

which will integrate phospholipid signalling further into the current knowledge of 

plant and cell biology. 
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Nederlandse samenvatting 
 
Celmembranen zijn opgebouwd uit verschillende soorten phospholipiden. Het 
grootste deel hiervan heeft een structurele rol en hun relatieve hoeveelheden zijn 
relatief constant. Een klein deel kan echter snel in aantal toenemen als gevolg van 
de activiteit van enzymen die het ene phospholipide om kunnen zetten in een ander. 
In zoogdiercellen is dit fenomeen uitgebreid onderzocht en deze phospholipiden 
blijken een rol te spelen in signaal transductie processen waarbij informatie van 
buiten de cel wordt vertaald in een adequate cellulaire reactie.  
 
Ook voor planten is het reageren op externe prikkels essentieel. Biotische en 
abiotische bedreigingen zoals infectie en verzilting liggen constant op de loer en als 
een plant zich hier niet tegen verdedigt, zal zijn groei en reproductie in gevaar 
komen. Wanneer planten worden blootgesteld aan overmatig zout of 
ziekteverwekkers leidt dit tot een complexe reactie op cellulair niveau. Eén van de 
veranderingen die optreedt is de verhoogde aanmaak van bepaalde phospholipiden, 
waaronder phosphatidylzuur (phosphatidic acid (PA) in het Engels). Deze 
observatie suggereert dat PA belangrijk is voor de plant om te reageren op de 
veranderende omstandigheden. 
 
Omdat onze maatschappij volledig afhankelijk is van de opbrengst van gewassen, is 
een begrip van de mechanismen die een plant gebruikt om zich te verdedigen tegen 
bedreigingen onontbeerlijk. Veel gewassen lenen zich echter slecht voor 
wetenschappelijk onderzoek. Om deze reden wordt er veel onderzoek gedaan aan de 
modelplant Arabidopsis thaliana, ofwel de Zandraket. Bevindingen met 
Arabidopsis kunnen later worden geëxtrapoleerd naar, en gevalideerd in relevante 
gewassen. De keuze voor Arabidopsis komt voort uit een aantal eigenschappen die 
deze plant extreem aantrekkelijk maken voor wetenschappelijk onderzoek, namelijk 
een korte generatietijd, eenvoudig te kruisen, een relatief klein genoom waarvan 
inmiddels de volledige basenvolgorde (sequentie) bekend is en bovenal het voordeel 
dat m.b.v. de bacterie Agrobacterium tumefaciens, DNA sequenties naar keuze (T-
DNA’s) kunnen worden geïntegreerd in het genoom van Arabidopsis, alhoewel de 
precieze locatie van de insertie helaas niet beïnvloed kan worden en dus willekeurig 
is. Genoemde eigenschappen hebben geleid tot grootschalige mutagenese van 
Arabidopsis, waarbij een groot aantal onafhankelijke planten een T-DNA insertie 
op een willekeurig locatie in hun genoom heeft geïntegreerd. Wanneer een 
gensequentie is onderbroken door een T-DNA insertie, dan is meestal de functie 
van dat gen verstoord, omdat er geen (volledig) eiwit meer geproduceerd kan 
worden. Door m.b.v. de genoomsequentie de precieze locatie van de T-DNA’s in al 
deze mutanten te bepalen en hun zaad te bewaren is er een T-DNA insertie-bank 
ontwikkeld waar elke onderzoeker voor bijna elk gen een  insertie lijn kan bestellen. 
Bovengenoemde achtergrondinformatie wordt beschreven in hoofdstuk 1. 
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Mijn onderzoek spitste zich toe op phospholipide signalering in planten en de vraag 
hoe belangrijk dit is voor de plant om zich aan te passen aan stressvolle condities. 
Om deze vraag te beantwoorden heb ik T-DNA insertie lijnen bestudeerd, waarbij 
genen die coderen voor enzymen die de phospholipiden produceren, waren 
onderbroken door een T-DNA insertie. Specifiek richtte mijn onderzoek zich op de 
genfamilies die coderen voor de enzymen phospholipase C (PLC; 9 genen) 
diacylglycerol kinase (DGK; 7 genen) en phospholipase D (PLD; 12 genen). Door 
de reactie van de mutanten op situaties, waarvan we weten dat ze de verhoogde 
aanmaak van phospholipiden tot gevolg hebben, te vergelijken met de 
ongemuteerde (wild-type) plant konden we een uitspraak doen over de functie van 
deze genen (en dus de eiwitten waarvoor ze coderen) in de aanpassing aan 
genoemde omstandigheden. 
 
De omstandigheden waaraan wij onze mutanten hebben blootgesteld waren 
verhoogde zoutconcentratie (verzilting) en infectie met de bacterie Pseudomonas 
syringae. P. syringae heeft het vermogen om Arabidopsis ziek te maken, maar 
Arabidopsis heeft allerlei afweermechanismen om zich hier tegen te verdedigen. 
Essentieel hiervoor is een snelle herkenning van de bacterie. Er zijn verschillende P. 
syringae stammen waarvan sommigen in staat zijn om de afweermechanismen van 
de plant voldoende te onderdrukken en dus tot ziekte leiden, ofwel virulent zijn. 
Deze pogingen van Pseudomonas om de afweer te onderdrukken kunnen op hun 
beurt ook weer door de plant herkend worden. Activatie van deze tweede 
verdedigingslinie leidt tot een zeer sterke afweerreactie. Deze reactie kan zo sterk 
zijn dat het plantenweefsel plaatselijk afsterft (in het Engels hypersensitive 
response, HR). De bacterie wordt in dit geval avirulent genoemd. Bij zowel de 
reactie op virulente als avirulente Pseudomonas is de verhoogde aanmaak van PA 
waargenomen. 
 
In hoofdstuk 2 wordt een mutant beschreven met een T-DNA insertie in het DGK5 
gen dat verhoogd gevoelig is voor virulente Pseudomonas. Normaalgesproken leidt 
infectie met Pseudomonas tot een verhoogde expressie van genen betrokken bij de 
afweer, waaronder PR1. Essentieel hiervoor is de aanmaak en het reageren op het 
hormoon salicylzuur (SA). Wij vonden dat de dgk5 mutant niet meer in staat was 
PR1 tot expressie te brengen na infectie met Pseudomonas. Om te onderzoeken of 
dgk5 nog goed kon reageren op SA hebben we wild type en dgk5 planten behandeld 
met SA en PR1 expressie gemeten. In wild-type leidde SA behandeling tot PR1 
expressie, maar niet in dgk5, wat suggereert dat DGK5 een rol speelt bij het 
reageren op dit belangrijke hormoon. 
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In hoofdstuk 3 werd de rol van twee PLD genen onderzocht in de reactie op 
avirulente Pseudomonas. Eerder is laten zien dat wanneer een bepaald 
Pseudomonas eiwit (AvrRpm1) in de plant tot expressie worden gebracht dit alleen 
al genoeg is om de afweer-reactie uit te lokken. Ook werd hierbij de productie van 
PA gemeten wat waarschijnlijk afkomstig was van PLD activiteit. Om te 
onderzoeken of deze twee PLD genen bijdragen aan een effectieve afweer werden 
T-DNA insertie lijnen getest op hun reactie na infectie met avirulente Pseudomonas. 
Lijnen met een T-DNA insertie in het PLDα1 of het PLDδ gen ontwikkelde een 
minder heftige HR na infectie met avirulente Pseudomonas. De groei van 
Pseudomonas in de plant werd echter nog steeds effectief geremd, wat aangeeft dat 
de afweer niet verstoord was. Omdat we vermoedden dat PLDα1 en PLDδ 
misschien elkaars functie konden overnemen werden beide T-DNA insertie lijnen 
gekruist en een dubbelmutant geïsoleerd waarin beide genen waren onderbroken 
door een T-DNA insertie. Deze dubbelmutant bleek wel verstoord te zijn in de 
afweer tegen avirulente Pseudomonas, wat aangeeft dat beide PLD genen betrokken 
zijn bij de afweer en overlappende functies hebben (redundant zijn). Om een beter 
beeld te krijgen van de rol van PA bij deze reactie brachten we het AvrRpm1 eiwit 
tot expressie in een pldδ mutant waarna we de aanmaak van PA hebben bepaald. 
Zoals verwacht maakte de mutant minder PA, wat bewijst dat PLDδ daadwerkelijk 
betrokken is bij de vorming van PA in reactie op AvrRpm1 herkenning. Verder 
suggereert dit dat de vorming van PA inderdaad belangrijk is voor een effectieve 
afweer. 
 
In hoofdstuk 4 hebben we gekeken naar het effect van verhoogde zoutconcentratie 
op de wortelgroei van PLC insertie lijnen. Van de 9 PLC genen hadden we voor 7 
de beschikking over bruikbare T-DNA insertie lijnen, maar geen van deze toonde 
een verhoogde gevoeligheid voor de negatieve effecten van zout op de wortelgroei. 
Omdat we verwachtten dat de PLC genen misschien redundant waren, wilden we de 
insertie lijnen met elkaar kruisen. Voor sommigen was dit echter niet haalbaar 
omdat de genen te dicht bij elkaar lagen op het chromosoom en dus de kans op 
recombinatie tussen deze genen te klein was. Daarom hebben we uiteindelijk lijnen 
met inserties in 3 verschillende PLC genen met elkaar gekruist om twee- en 
drievoudige mutanten te maken. Bij het testen van de wortelgroei van deze 
mutanten bleek de drievoudige mutant al minder te groeien onder de controle-
situatie (dus zonder toegevoegd zout) wat aangeeft dat de drie PLC genen 
belangrijk zijn voor normale wortelgroei. De gevoeligheid voor zout was echter niet 
toe genomen. We konden dus geen bewijs vinden voor een bijdrage van PLC genen 
aan zouttolerantie. 
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In hoofdstuk 5 wordt een onverwacht phenotype beschreven van een PLC3 T-DNA 
insertielijn. Deze bleek namelijk minder zijwortels te maken dan wild-type. De 
aanmaak van zijwortels wordt gereguleerd door het plantenhormoon auxine. Om te 
testen of de plc3 mutant misschien minder goed kan reageren op auxine hebben we 
de zaailingen behandeld met verschillende synthetische auxines. Dit waren NAA, 
wat ongehinderd over celmembranen kan diffunderen, en 2,4-D wat alleen door de 
cel kan worden opgenomen door specifieke auxine influx pompen in de 
celmembraan. De vorming van zijwortels was volledig hersteld in de plc3 mutant na 
behandeling met NAA, wat aangeeft dat de plc3 mutant niet verstoord is in het 
vermogen te reageren op auxine. Behandeling met 2,4-D veroorzaakte een 
verhoogde vorming van zijwortels in wild type maar dit effect was veel kleiner in 
de plc3 mutant, wat suggereert dat de mutant verstoord is in zijn vermogen om 
auxine de cel in te transporteren. Om meer inzicht te krijgen in de functie van PLC3 
hebben we gekeken waar het precies tot expressie komt. PLC3 bleek zeer specifiek 
tot expressie te komen in het phloem, vaatweefsel dat stoffen transporteert van 
bladweefsel richting de wortels. Omdat auxine geproduceerd wordt in het blad en 
vervolgens door het phloem naar de wortels wordt vervoerd alwaar het een 
specifieke cellaag aanzet tot delen en het vormen van een zijwortel, was dit 
consistent met onze hypothese dat PLC3 belangrijk is voor de cellulaire opname 
van auxine. Als dit het geval is, dan zouden in de cellen die PLC3 tot expressie 
brengen ook de auxine influx pompen tot expressie moeten komen, wat inderdaad 
zo bleek te zijn. Deze resultaten brengen ons tot een model waarin phospholipiden 
die gevormd worden door PLC3 de functie van auxine influx pompen beïnvloeden.  
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Dankwoord 
 
Vrijdag 11 juli 2008, 1 uur ‘s nachts. Het proefschrift is af en ligt bij de commissie. 
De lay-out is nog niet af en wordt ook steeds verder uitgesteld. Er is ook zoveel te 
doen… Met een half hoofd mijn AIO-project zo goed mogelijk af proberen te 
ronden en met de andere helft bij het grote avontuur dat voor me ligt. Dit is het 
moment om terug te denken aan de afgelopen vijf jaar en iedereen te bedanken die 
op (in)directe wijze betrokken is geweest bij de totstandkoming van dit boekje. Af 
en toe kan ik een glimlach niet onderdrukken als de mooie dingen die we hebben 
meegemaakt mijn gedachten passeren. Maar waar zal ik beginnen? Een semi-
chronologisch, vrij-associatieve structuur ligt toch het meest voor de hand. 
 
Het is dus allemaal begonnen bij mijn ouders. Mam en pap, als ik één ding moet 
noemen dat zeker heeft bijgedragen aan wat ik nu bereikt heb, is dat ik altijd mijn 
eigen keuzes mocht maken en daarbij op jullie onvoorwaardelijke steun kon 
rekenen. Ook nu ik besloten heb naar San Diego te gaan, staan jullie achter me en 
dat is tof. Papa ook nog bedankt voor alle hulp bij het drukken van dit boekje! 
 
Van mijn ouders maak ik een sprongetje naar de middelbare school. Twee vrienden 
uit deze periode zie ik nog steeds en dat zijn A3aan en Tristan. A3aan, als ik alles 
wat wij samen hebben meegemaakt op zou schrijven dan wordt dit boekje twee keer 
zo dik! (witwasserette, krasse krasse krasse, Bouwens Bouwens, al voor de bel eruit 
gestuurd worden, bonnetjes jatten op ons eindexamenfeest, tegen een paaltje rijden 
en in de berm slapen, in Brussel naar de film, 7 jaar over je VWO doen zijn een 
aantal steekwoorden). Sukses met je aanstaand vaderschap en ik zou het supertof 
vinden als je me op komt zoeken in San Diego! Tristan, in Zandweg-Oostwaard 
waren we al samen op zoek naar nieuwe spannende dingen om te beleven. Nu, 16 
jaar later zijn we nog niks veranderd. Tris, je bent één van de sociaalste mensen die 
ik ken en daarom ben ik blij dat je mijn vriend bent! Ik kijk er nu al naar uit als je in 
januari bij me langskomt! Wouter natuurlijk ook bedankt voor alle gezeligheid! Het 
was ook op de middelbare school dat mijn liefde voor het vak biologie ontstaan is. 
Nog niet in de eerste twee klassen, maar in de 4e, toen de moleculaire biologie 
behandeld werd, onstond mijn fascinatie voor hoe een combinatie van levenloze 
moleculen samen een levend wezen kan vormen. Mijn dank gaat uit naar drie 
inspirerende biologie-leraren, meneer Samwel, meneer Bijlaard en meneer De 
Bruijn. 
 
De keuze om (toen nog medische) biologie te gaan studeren was dan ook snel 
gemaakt. De ambitie om een medicijn tegen kanker te ontwikkelen vervloog snel en 
toen ik voor een cursus bij Bertus op het lab kwam was mijn lot als fundamentele 
wetenschapper bezegeld. Bertus, in die 3 weken bij jou op het lab heb je mij laten 
zien dat wetenschap cool is! Ik hoop dat je je eigen groep kan beginnen, want je 
hebt het vermogen om andere mensen te inspireren! Toen je me vroeg om stage bij 
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je te komen lopen heb ik er één dag over nagedacht maar eigenlijk wist ik meteen 
dat ik dat nergens beter kon doen dan bij jou! Je gaf me heel veel 
verantwoordelijkheid en samen gingen we er helemaal voor om de geheimen van 
die mysterieuze bacterie te ontrafelen. En passant moesten we ook nog Nico 
Pieneman en zijn hulpje Erik afhouden van World Domination, dus het waren 
woelige tijden. Bertus, heel erg bedankt hiervoor en ook voor de mooie brief die je 
aan Jeff Long hebt geschreven! Na deze stage een iets minder bizarre, maar zeker 
niet minder leerzame stage bij Holger Lill bij de afdeling structuurbiologie. Holger, 
nog bedankt voor je aanbevelingsbrief! Na mijn afstuderen was het duidelijk dat ik 
AIO wilde worden en zodoende kwam ik terecht in het lab van Teun in de sectie 
Plantenfysiologie, onder leiding van Michel. 
 
Daar kom je dan, op een nogal ehhh, ambitieus project. Dusdanig ambitieus dat ik 
er bijna na een jaar weer mee gestopt was. Het is toen Christa geweest die me in een 
lang gesprek heeft overgehaald om toch door te gaan. Vaak heb ik getwijfeld aan de 
juistheid van deze beslissing, maar nu het boekje er uiteindelijk toch ligt kan ik 
zeggen dat ik blij ben dat niet gehaakt heb. Christa bedankt! Ook natuurlijk voor de 
vele gezellige praatjes over wetenschap en andere onbelangrijke zaken. En niet te 
vergeten ons gezellige uitje naar Keystone, Colorado! 
 
Ook heel belangrijk voor mij waren alle collega-AIO’s. Die zijn toch als een soort 
broertjes voor je; je kiest ze niet zelf, dus je moet het er maar mee doen ;-) Toch 
denk ik dat ik qua gezelligheid in geen betere groep terecht had kunnen komen. 
Bastiaan was een beetje mijn grote broer. Twee jaar eerder begonnen en in hetzelfde 
schuitje met een even kansloos project als ik. Ik heb gezien hoe je na twee jaar nog 
helemaal niks had en ik heb gezien hoe je in de volgende twee jaar je hele boekje 
bij elkaar pipeteerde, súpergoed! Ik heb dan ook veel van je geleerd! Het 
belanrgijkste is denk ik wel dat je het uiteindelijk allemaal zelf moet doen en dat je 
dus maar beter kan zorgen dat je zelf bepaalt wat je zelf moet doen (snap je ‘m 
nog?). Verder had je altijd een uitgesproken mening over de PA-vormologie en ging 
jij ons voor in het optimaliseren van het lipide extractie protocol! Je schrijfstijl is 
werkelijk ongekend en ik wil je graag bedanken voor de feedback die je mij gaf op 
mijn epistels. Volgens mij ben je helemaal op je plekkie in New York en we gaan 
elkaar zeker tegenkomen op een congres over Doppie-development! Chris, we 
hebben ontzettend veel samen gedaan. Om het één en ander te noemen, bier 
drinken, rossen in ‘t lab, schuimparty + wat daar nog meer allemaal gebeurd is (die 
foto’s komen er echt aan!), zaalvoetballen en moleculaire biologie uitleggen aan 
eerstejaars. Dat laatste kon je zo goed dat ook ik nog heel wat van je geleerd heb! 
Waar ik je zeker voor moet bedanken is je gastvrijheid toen ik op bezoek was in San 
Diego en je mijn banenjacht op alle mogelijke manieren hebt ondersteund. Daarbij 
denk ik allereerst aan de suggestie om bij Jeff te solliciteren, suksesvolle infiltratie 
in zijn lab, talloze emailtjes van mij beantwoorden, taxi spelen inclusief een ritje 
naar Riverside. Het is goed te weten dat ik in ieder geval al één vriend heb in San 
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Diego! Verder was daar natuurlijk nog Julian. Altijd gezellig om een bakkie koffie 
of een biertje mee te drinken. We missen je nog steeds hier. Het is mij op dit 
moment nog niet duidelijk of je weer naar NL komt of in de VS blijft, maar we 
gaan elkaar sowieso nog tegenkomen. Kai, we hadden een beetje een haat/liefde-
verhouding. Meer haat naarmate onze proeven slechter gingen en meer liefde 
naarmate jij meer alcohol op had. Ondanks onze hartstochtelijk scheldpartijen ben 
ik blij dat je na je promotie langer bij plantenfysiologie gebleven bent! Steef, heb ik 
je uiteindelijk toch nog ingehaald hè? Ik vind dat het nu jouw beurt is om te 
promoveren. Je hebt zeker bewezen dat je het waard bent en ik heb enorme 
bewondering voor je doorzettingsvermogen! Ik mag dan gezegd hebben dat je je 
collega-AIO’s niet kan kiezen, maar dat geldt niet voor Lex. Lexie, het is altijd 
gezellig met jou en ik heb nog geen spijt van mijn keuze ;-) Dankzij jou kan ik nooit 
meer zonder te lachen door het station van Antwerpen lopen. Fionn, wat moet ik 
over jou zeggen? Ik weet sowieso dat er genoeg beeldmateriaal is voor jouw 
promotiefeestje (ook iets met Antwerpen), als dat er ooit komt natuurlijk ;-) Verder 
ben ik natuurlijk erg blij dat je mijn paranimf wilt zijn! Eleni, our junior AIO, 
thanks for all the food! Noemi, altijd leuk om door jullie gang te lopen en een 
kletspraatje te maken. Sukses met de Drama, ik bedoel Draba’s! En niet te vergeten 
de fyto-AIOs Serrie (Chris vraagt waar de foto’s blijven), Gerrie (als het mij 
tegenzat hoefde ik maar naar jouw project te kijken om te weten dat het altijd nòg 
erger kan! Supergoed dat jij het ook gered hebt!), Willie (doe je op mijn promotie 
nog één keer Donald Duck na? Ah, toe?), Lotje (burp) en Ewa (klotski!). 
 
Naast de AIO’s waren er natuurlijk ook erg gezellige postdocs waarvan er twee 
buitengewoon belangrijk voor mij zijn geweest. Allereerst Saskia. Toen mijn 
onderzoek zich op een tragisch dieptepunt bevond heb jij mij met veel enthousiasme 
omgeschoold tot fytopatholoog. Sorry dat ik niet verder ga in de fytopathologie, 
maar ik ga wel heel veel genetica doen en dat heb ik ook van jou geleerd! Sassie, 
het was supergezellig om met jou samen te werken (bijvoorbeeld op kerstavond) en 
je hebt mijn AIO-project gered! Via Saskia kom ik natuurlijk bij Sjoerd. Sjoerd, 
bedankt voor de vele biotoetsen die je gedaan hebt met onze mutanten (waarvan er 
uiteindelijk één in dit boekje terecht is gekomen). Daarnaast was het altijd lachen 
als ik eens bij jullie op het lab was en bij de EPSmeetings. Corné, bedankt voor het 
‘lenen’ van Sjoerd voor onze proeven en dat je mijn referent wilt zijn bij mijn 
beursaanvraag. Hievoor ook mijn dank aan Ben Scheres en Jiri Friml (Jiri, thanks 
for being my reference). Ook gezellig was het  met Anne-Mart tijdens het oppotten 
van plantjes en met Marieke, vooral als ze dronken was. Via Marieke kom ik 
natuurlijk bij Peter en via Peter bij Klaas en via Klaas bij Hannie. Jullie zorgden 
altijd voor een stukje extra gezelligheid bij de EPSmeetings. Joop, jij bent die 
andere belangrijke postdoc en het zijn jouw plaatjes die mijn laatste hoofdstuk 
hebben gemaakt tot wat het nu is. Ik vind het echt supertof dat je mij wilde helpen 
met het PLC3/laterale wortel-verhaal toen ik het phenotype nog niet eens met een 
tweede allel gevalideerd had. Je werkt ongelooflijk hard en ik heb ontzettend veel 
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van je geleerd over plaatjes maken en over wetenschap in het algemeen. Ik hoop dat 
je over een paar jaar je eigen groep kan beginnen en wie weet of we ooit nog eens 
samen zullen werken als jij wat genetica nodig hebt en ik wat mooie plaatjes. 
 
Camilla, our conversations over coffee helped me to put some things in perspective, 
thanks! I hope you are doing fine. Andere mensen die het gezellig maakten waren 
Rosanna, Petra, Ringo, Paul, Miriam, Essam, Gaby (besos!) Piet en Rob (we 
hebben niet hetzelfde gevoel voor humor, maar ik waardeer de interesse die je altijd 
toonde!) Daarnaast waren er natuurlijk de andere fyto’s en mijn twee-ei-ige-
tweelingzusje-AIO Marieke. Marieke, het was altijd leuk om met je te kletsen. Kom 
me maar snel opzoeken! 
 
En dan zijn er natuurlijk ook nog de bazen. Teun, we waren het niet altijd met 
elkaar eens maar ik heb toch veel van je geleerd! Michel, jij was het die met het 
idee kwam om eens wat auxine (auxine, dat is zo’n hormoon, toch?) in m’n platen 
te stoppen en dan zijwortels te tellen. Toch gek dat één suggestie bepalend kan zijn 
voor de richting die je carrière neemt. Dankjewel voor het vertrouwen dat je me gaf, 
het snelle nakijken van mijn hoofdstukken en de brieven die je voor me geschreven 
hebt!  
 
Er waren natuurlijk ook een heleboel mensen die niks hebben bijgedragen aan mijn 
boekje maar wel hebben gezorgd voor een boel gezelligheid. Dan heb ik het 
voornamelijk over alle mensen bij Okeanos. Allereerst Anne-Karine. Je hebt niet 
het leukste deel meegemaakt van mijn AIOperiode. Toch bedankt voor de steun 
toen, en daarna als we elkaar spraken. Ik hoop dat je al je doelen bereikt. Ik weet 
zeker dat je het kan. In 2005 maakte ik mijn rentree als coach en dat was meteen 
een sukses. Samen met Hugo, Jasper en Manon heb ik veel lol gehad bij het 
coachen van de Damesch Talenten 8+. Daarna was het ook nog erg gezellig met 
Annerieke en Willemijn. Via Willemijn kom ik natuurlijk bij Benchi. Met 15 bier 
op, een scooter ‘lenen’ om een rondje bosbaan te doen is natuurlijk niet heel 
verantwoord, maar ik zal het nooit vergeten! Het jaar daarop mezelf over laten 
halen om Fuertes te coachen. Het halen van de landelijke finale en alle gezelligheid 
maakte dit ook tot een mooie ervaring. Nienke, Laura, Janneke en Eline bedankt 
hiervoor! Coachen heb ik ook gedaan met Sarina (Damesch Talenten 8+ 2008), Pier 
en Jochem (Aphrodite) en dit had ik ook voor geen goud willen missen! Pier, het is 
maar goed dat de dames niet gehoord hebben wat wij allemaal op de kant besproken 
hebben! Als ik eraan denk kom ik al niet meer bij! Jochem, we staan bijna 24 uur 
per dag in contact met elkaar (skypen, sms-en, mailen, heel veel mailen, koffie 
drinken, bier drinken, nog meer mailen, bellen, ijsthee drinken, meer bier drinken) 
en toch zijn we nooit uitgepraat. Gelukkig gaan we nog samen naar Kreta en daar 
heb ik nu al onwijs veel zin in. En als ik het over Kreta heb dan heb ik het natuurlijk 
ook over Micha. Micha, toen ik je coachde was je al superrelaxed om mee te 
werken en nu ben je superrelaxed als vriend. Ik ga de gezellige avondjes met jou en 
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Jochem op de Van Nijenrodeweg en de talloze Heidi’s (ik bedoel: Heini’s) echt 
enorm missen! We kunnen eindeloos ouwehoeren over roeien en we zitten bijna 
altijd op één lijn. Als ik terug kom naar Nederland gaan we zeker samen coachen! 
Verder is de avond met Nadia gevolgd door een bezoekje aan de Bubbels nu al 
legendarisch!  Naast Jochem en Micha wonen er natuurlijk nog meer schepsels op 
de Van Nijenrodeweg. Charly, bedankt voor het schoonlikken van m’n voeten! Nu 
nog bewoner, binnekort niet meer, Maaikie! Het was gezellig om samen Dirty 
Dancing te kijken en bedankt voor je female opinions, gelukkig kan dat ook per 
email! Het is jammer dat je weggaat maar je krijgt een waardig opvolger in 
Leendert. Ullie, je droge humor was om te lachen en het was mooi om met je te 
borrelen! 
 
Wie ook genoemd moeten worden, zijn mijn vrienden van Zwaar 2001 (6:47’55). 
Tinus, ik spreek je nog regelmatig en dat is altijd gezellig! Ook met jou zou ik wel 
willen coachen als ik weer naar Nederland kom. Jelle, er zijn maar weinig mensen 
met wie ik zo kan lachen als jij! Snel weer eens hutspot eten? Michel, net als jou ga 
ik ook op avontuur in een ander land. Memorabel is de avond dat je in Nederland 
was en we ons de Bubbels hebben laten uitvegen en daarna op jouw hotelkamer 
Noorse chocola hebben gegeten totdat het weer licht werd. Ik weet zeker dat er nog 
eens zo’n avond komt! Tot slot wil ik graag het f.t. bestuur der R.S.V.U. ‘Okeanos’ 
bedanken dat ik mijn promotiefeest kan houden in de sociëteit. Voor mij is er geen 
betere locatie denkbaar om deze periode uit mijn leven feestend af te sluiten! 
 
Niet van Okeanos, maar een overblijfsel uit mijn Uilenstede-tijd is Thomas. Op 92 
hebben we al ontzettend veel meegemaakt (ik noem bijvoorbeeld een ingetrapte 
deur en belletje-lellen bij Annemarie). Daarna, toen we allebei AIO waren, hadden 
we ons vaste halfjaarlijkse AIO-klaag-avondje. Het viel me op dat we de laatste 
keer nauwelijks meer geklaagd hebben, wat waarschijnlijk aangeeft dat we grote 
AIO’s geworden zijn en het tijd wordt voor de volgende stap in onze carrière. 
Tommie, je kan sowieso enorm trots zijn op je Cell paper en ik ben benieuwd wat je 
hierna gaat doen. Ik weet zeker dat nu je dit overleefd hebt, je alles aankan! 
 
Denise, dankjewel voor alle gezelligheid en sukses met je carrière! Michiel, ik ben 
erg benieuwd wat je uiteindelijk met/na je studie gaat doen. Dankjewel dat je mijn 
paranimf wilt zijn en dat je gewoon mijn broer bent! 
 
Loebas, en anders ik wel   
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