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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 PKC� [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, pld�1 and pld� 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 PLD�. PLD�1 and 

PLD� 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 PLD�1 and PLD�, 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 pld�1 pld� 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 pld� T-DNA insertion allele from the 

Wisconsin collection, which does not contain a 35S promoter. Experiments with 

these lines demonstrated that PLD� 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 pld� 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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