
 

 

 

 

 

Biochemical and Physiological Studies of Arabidopsis thaliana 

Diacylglycerol Kinase 7 (AtDGK7)  

 

 

 

Dissertation submitted to the 

Institute of Biochemistry and Biology of the University of Potsdam 

in candidacy for the degree of a Doctor of Science  

(Doctor rerum naturalium [Dr. rer. nat.]) 

 

By 

Fernando Alberto Arana-Ceballos 

 

 

 

Potsdam, Germany, December 2006 

 



 

 



Eidesstattliche Erklärung 

 

Diese Dissertation ist das Ergebnis experimenteller Arbeit, welche vom September 

2002 bis November 2005 im Institut für Biochemie und Biologie der Universität 

Potsdam in Kollaboration mit dem Max-Planck-Institut für Molekulare 

Pflanzenphysiologie durchgeführt wurde. Ich erkläre, dass ich die vorliegende Arbeit 

an keiner anderen Hochschule eingereicht sowie selbständig und nur mit den 

angegebenen Mitteln angefertigt habe. 

 

 

Potsdam, Dezember 2006    ___________________________ 

       Fernando Alberto Arana-Ceballos 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

    _________________________ 

First Examiner:   Prof. Dr. Bernd Mueller-Roeber 

    University of Potsdam, Golm, Germany 

 

    _________________________ 

Second Examiner:  PD Dr. Peter Dörmann 

    MPI of Molecular Plant Physiology, Golm, Germany 
 

 

    _________________________ 

Third Examiner:  Prof. Dr. Charles A. Brearley 

    School of Biological Sciences, University of East Anglia, UK 

 

    _________________________ 

Fourth Examiner:  Prof. Dr. Marianne Sommarin 

    Lund University, Dept. of Plant Biochemistry, Lund, Sweden 



Contents 

TABLE OF CONTENTS 
 
 
PREFACE 
 
ABSTRACT 
 
SUMMARY 
 
Chapter  1 
GENERAL INTRODUCTION 

1. General aspects about phospholipids signaling  
1.1 An overview 
1.2 Role of diacylglycerol, phosphatidic acid and diacylglycerol kinase 

2. Chemical treatments affecting phospholipids signaling in plants 
2.1 Sugars and nitrogen availability 
2.2 Auxin 

3. Aim & scope 
REFERENCES 

 
Chapter 2 
Arabidopsis AtDGK7, the Smallest Member of Plant Diacylglycerol 
Kinases (DGKs), Displays Unique Biochemical Features and Saturates 
at Low Substrate Concentration. THE DGK INHIBITOR R59022 
DIFFERENTIALLY AFFECTS AtDGK2 AND AtDGK7 ACTIVITY IN VITRO AND 
ALTERS PLANT GROWTH AND DEVELOPMENT 
 
Chapter 3 
The functional role of AtDGK7 in lateral root growth and stress 
response in Arabidopsis thaliana 

Summary 
3.1 Introduction 
3.2 Material and Methods 
3.3 Results 

3.3.1 Sequence characterization of AtDGK7 
3.3.2 Analysis of GUS activity in transgenic Arabidopsis plants 

transformed with the promAtDGK7::GUS construct 
3.3.3 AtDGK T-DNA insertion lines 
3.3.4 Physiological characterization of the AtDGK7 mutant lines 

3.4 Discussion 
REFERENCES 

 
Appendix A 
ALLGEMEINVERSTÄNDLICHE ZUSAMMENFASSUNG 
 
Appendix B 
CURRICULUM VITAE 
 
Appendix C 
GenBank Entry for new cDNA of AtDGK7 
 

III

V

VI

1
1
2
6

16
18
25
29
31

43

55

57
58
60
65
65

67
84
87

103
110

A-i

A-iii

A-vi

 I



Contents 

 
 
 
 
Appendix D 
Table 5. Growth media – Effect of the variation of sucrose-to-nitrogen 
ratio on Arabidopsis seedlings 
  
 
Appendix E 
Table 6: Growth media – Effect of auxin (naphthalene acetic acid, NAA) 
on the growth of mutant Arabidopsis seedlings under standard and/or 

reduced nitrogen conditions. 

A-ix

A-xi
 

 
 
 

 II



Preface 

PREFACE 
 

 

Plants are fantastic factories to convert simple molecules into products charged with high 

energy. Today the biotechnology has provided a diverse set of tools used to design and 

optimize the capture of solar energy through crops. Moreover, the development of 

biotechnological and genomics tools have allowed and still allowing the development of 

crops with specific characteristics, optimized for example to produce biofuels and bioenergy. 

However, every year a long discussion about the use of resources and the application of 

politics for food security define the agenda of diverse institutions around the world. Biological 

research, legal issues and society rights are combinatory keys to put in perspective and 

finally, drive the direction and interest of stakeholders and decision makers, with the aim of 

contributing to the economic progress of the countries. 

 

This manuscript introduces a JBC´s paper on AtDGK7, a catalytic active member of the 

AtDGK family, and a biochemical characterization in comparison with AtDGK2, the first 

member of the family able to phosphorylate the DAG substrate in vitro. It follows a chapter 

about the molecular, functional and physiological analysis of AtDGK7. A hypothesis about 

the activity and involvement in aspects of cell proliferation and growth of lateral roots is 

discussed. 
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my thesis. 
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Abstract 

ABSTRACT 
 
 
 
Arana-Ceballos, F. A. 2006. Biochemical and Physiological Studies of Arabidopsis 
thaliana Diacylglycerol Kinase 7 (AtDGK7). Dissertation. Institute of Biochemistry and 
Biology. University of Potsdam. Golm, Germany. 1XX pp. 
 
A family of diacylglycerol kinases (DGK) phosphorylates the substrate diacylglycerol 
(DAG) to generate phosphatidic acid (PA) . Both molecules, DAG and PA, are 
involved in signal transduction pathways. In the model plant Arabidopsis thaliana, 
seven candidate genes (named AtDGK1 to AtDGK7) code for putative DGK isoforms. 
Here I report the molecular cloning and characterization of AtDGK7. Biochemical, 
molecular and physiological experiments of AtDGK7 and their corresponding enzyme 
are analyzed. 
Information from Genevestigator says that AtDGK7 gene is expressed in seedlings 
and adult Arabidopsis plants, especially in flowers. The AtDGK7 gene encodes the 
smallest functional DGK predicted in higher plants; but also, has an alternative 
coding sequence containing an extended AtDGK7 open reading frame, confirmed by 
PCR and submitted to the GenBank database (under the accession number 
DQ350135). The new cDNA has an extension of 439 nucleotides coding for 118 
additional amino acids The former AtDGK7 enzyme has a predicted molecular mass 
of ~41 kDa and its activity is affected by pH and detergents. The DGK inhibitor 
R59022 also affects AtDGK7 activity, although at higher concentrations (i.e. IC50 
~380 µM). The AtDGK7 enzyme also shows a Michaelis-Menten type saturation 
curve for 1,2-DOG. Calculated Km and Vmax were 36 µM 1,2-DOG and 0.18 pmol PA 
min-1 μg of protein-1, respectively, under the assay conditions. Former protein 
AtDGK7 are able to phosphorylate different DAG analogs  that are typically found in 
plants. 
The new deduced AtDGK7 protein harbors the catalytic DGKc and accessory 
domains DGKa, instead the truncated one as the former AtDGK7 protein (Gomez-
Merino et al., 2005). 
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Summary 

SUMMARY 
 
Arana-Ceballos, F. 2006 Biochemical and Physiological Studies of Arabidopsis 
thaliana Diacylglycerol Kinase 7 (AtDGK7). Dissertation. Institute of Biochemistry and 
Biology. University of Potsdam. Golm, Germany. 
 

Diacylglycerol kinase (DGK) regulates the level of the second messenger diacylglycerol 

(DAG) and produces phosphatidic acid (PA), another signalling molecule. The Arabidopsis 

thaliana genome encodes seven putative diacylglycerol kinase isozymes (named AtDGK1 to 

7), structurally falling into three major clusters. So far, the biological function of these 

enzymes has only marginally been analysed. In my PhD work I specifically concentrated on 

the analysis of AtDGK7, which belongs to the cluster II of the plant DGKs. In the following I 

am shortly summarizing the major discoveries of this work: 

1. AtDGK7, encoded by gene locus At4g30340, was initially reported to encode a 

protein of 374 amino acids with an apparent molecular weight of 41.2 kDa. This 

conclusion was drawn from the report of a full-length AtDGK7 cDNA deposited in the 

public databases (NCBI). AtDGK7 harbours an N-terminal catalytic domain, but in 

contrast to various of the characterized DGKs (including AtDGK2), lacks a cysteine-

rich domain at its N-terminus. 

2. Heterologous expression of the AtDGK7 protein in Escherichia coli proved it to be a 

genuine diacylglycerol kinase. The biochemical properties of the recombinant enzyme 

were determined. AtDGK7 activity was affected by pH, various detergents, and the 

DGK inhibitor R59022.  

3. R59022 inhibits root elongation and lateral root formation and reduces plant growth, 

suggesting that DGKs play an important role in plant development. 

4. Together with Fernando Gomez I was able to demonstrate that both, AtDGK2 and 

AtDGK7, phosphorylate various DAG molecular species that are typically found in 

plants, indicating that both enzymes convert physiologically relevant substrates.  

5. Quantitative real-time reverse transcription qRT-PCR was used to measure AtDGK7 

transcript levels. AtDGK7 was found to be expressed throughout the Arabidopsis 

plant, but expression is strongest in flowers and young seedlings.  

6. The AtDGK7 promoter was isolated and fused to the Escherichia coli β-glucuronidase 

(uidA) reporter gene. The promoter-reporter gene constructs was subsequently used 

to transform Arabidopsis thaliana using the floral dip method. Subsequently, the 

expression pattern of the AtDGK7 gene was analysed in detail. 
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7. AtDGK7 was found to be expressed early at the root-hypocotyl transition zone and 

also at the root apex. In 4- and 5-day old seedlings GUS staining was evenly 

distributed in cotyledons and root tips of primary roots; in 9- and 10-day-old seedlings 

staining was detected at the base of the cotyledons and the apical meristem. Later, 

strong AtDGK7 promoter activity was observed in stipules, in the tip of the primary 

root and also in secondary root tips, emerging lateral roots and in root hairs. 

Additionally, cells of the leaf edges as well as guard cells were stained in juvenile, 

early- and late-adult leaves and in cauline leaves; in flowers, GUS staining was 

detected in the junction that connects filaments and stamens in the anthers. 

8. The expression pattern of the AtDGK7 gene was also analysed in plants grown on 

different solid media with varying carbon and nitrogen concentrations. I also tested 

the effect of auxin and the auxin transport inhibitor TIBA on gene expression. AtDGK7 

expression was affected negatively at low nitrogen concentration and also in the 

presence of TIBA; primary root growth was reduced and lateral root formation was 

suppressed.  

9. Transgenic Arabidopsis lines harbouring T-DNA insertions in the AtDGK7 gene 

(mostly in the 3´ UTR) were identified. Mutant lines exhibited altered root growth on 

various media tested. Additionally, after external application of auxin, AtDGK7 T-DNA 

insertion lines partially reversed the mutant root phenotype. 

10. I was able to clone of a novel cDNA for AtDGK7 which codes for a protein that is 

larger than the previously described AtDGK7 polypeptide (54.6 kDa). The new 

AtDGK7 cDNA sequence obtained was submitted to the GenBank database under 

the accession number DQ350135. 

11. Based on the physiological analysis and the results obtained it is hypothesized that 

AtDGK7 is involved in a signalling process affecting growth and development of 

lateral roots, mediated via an interaction with auxin. 

 VII



 
 
 

 
 
 
 
 
 
 

CHAPTER 1



Chapter 1 

INTRODUCTION 

 

1. General aspects about phospholipid signaling  

 

All biological organisms sense environmental and chemical signals via perception 

mechanisms or specific receptors. Once stimulated, such receptors induce an intracellular 

cascade of events leading to the regulation of specific genes or to modification of cellular 

activity, which in turn produces a biological response. In a particular case, plants sense and 

respond to endogenous signals and environmental cues to ensure optimal growth and 

development. Sensing and processing of stimuli are mediated by signal transduction 

cascades and circuits. These molecular circuits in cells are constructed from receptors, 

enzymes, channels and regulatory proteins. They detect, amplify, and integrate diverse 

external signals. Plant cells have developed finely tuned cellular mechanisms to response to 

a variety of internal and external stimuli with rapid and dramatic rearrangements of their 

cytoplasm (Staiger, 2000). To contend with environmental variability, plants often show 

considerable plasticity in their developmental and physiological behaviours. Some of their 

apparent choices include: when and where to forage for nutrients and where to allocate 

those nutrients and derived organic molecules within the organism; when and what organs to 

generate or senesce; when to reproduce and the number of progeny to create; how to mount 

a defense against attack and in what tissues or organs; and when and where to transmit 

chemical signals to surrounding organisms. All these responses must occur within the 

context of a changing environment, including periodic and meteorological variation regarding 

light, nutrients, water, wind, temperature and attack. They must be made within the 

multicellular confines of the complex biological unit of the plant body and, thus, require 

coordinated cell-to-cell signalling, which requires a sophisticated information storage and 

acquisition system (Brenner et al., 2006). 

In eukaryotes many extracellular signals (first messengers) bind to cell surface receptors 

which causes changes in the concentration of intracellular signals or second messengers. 

The known or probably second messengers include cyclic AMP, cyclic GMP, inositol 

trisphosphate (IP3), phosphatidylinositol 3,4,5-trisphosphate (PIP3), cyclic ADP ribose 

(cADPR) (Lee and Aarhus, 1991), arachidonic acid and diacylglycerol (DAG). Ca2+ may also 

be regarded as a second messenger: Ca2+ concentration increases in the cytoplasm due to 

the opening of voltage-gated ion channels, which might be e.g. be due to binding of 

messengers to ligand-gated ion channels, which can either span the plasma membrane (e.g. 

the nicotinic acetylcholin receptor) or membranes of internal organelles (e.g., the IP3 and 

cADPR receptors) (Berridge and Irvine, 1984). Many, but not all, second messengers exert 
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their effects through allosteric binding to second messenger-dependent protein kinases. 

These include the cyclic AMP- and cyclic GMP-dependent protein kinases (PKA and PKG) 

which, with the exception of certain cylic nucleotide-gated ion channels, are thought to 

mediate all of effects of cyclic AMP and cyclic GMP. The various isoforms of protein kinase C 

(PKC) are activated by lipid second messsengers, including diacylglycerol, fatty acids and 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Nakanishi et al., 1993), with some also 

requiring Ca2+. Most effects of Ca2+ are mediated by Ca2+-binding proteins of the calmodulin 

family, which bind to calmodulin-activated-protein. An important subgroup within the latter are 

the calmodulin-dependent protein kinases (e.g. CaMKII, SmMLCK and Twn). Variations of 

this theme are seen both in vertebrates, where phosphorylase kinase (PhK) contains 

endogenous calmodulin as a tightly bound subunit, and in higher plants, where Ca2+-

dependent protein kinases (CDPK) have a calmodulin-like domain on the same polypeptide 

as the kinase domain. 

 

1.1. An overview 

Signalling agents that are common to many different pathways include Ca2+, inositol 

phospholipids, G-proteins, cyclic nucleotides, protein kinases and protein phosphatases 

(Clark et al., 2001). Plant signal transduction studies have benefited greatly from models 

developed for mammals and yeast. Many transduction pathways are common to plants and 

mammals, but some pathways, pathway components, or functions of those components are 

unique to plants (Wilson et al., 1997); (Blumwald E. et al., 1998). 

Phospholipids, as phosphatidic acid (PA), are emerging as novel second messengers in 

plant cells (Munnik and Musgrave, 2001). They are rapidly formed in response to a variety of 

stimuli via the activation of lipid kinases or phospholipases. These lipid signals can activate 

enzymes or recruit proteins to membranes via distinct lipid-binding domains, where the local 

increase in concentration promotes interactions and downstream signaling (Meijer and 

Munnik, 2003). 

The more common phospholipids are components of membranes, naturally located with 

membrane receptors; a receptor activation is often translated directly or indirectly (e.g., via 

G-proteins) into effector enzyme activity that uses lipids as substrates to convert them into 

signaling molecules. Each effector enzyme therefore heads a lipid-signaling pathway and 

those present in plants are represented in Figure 1, together with the signals they produce. 
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Signal

Recept

PLA2 PLC PC DGK PAK PIK3 PI4K Pt3P 5K Pt4P 5KEffector

Precursor PC        PIP2        PC       DAG     PA        PI         PI  PI3P      PI4P

L-PC      IP3 PA        PA     DGPP   PI3P    PI4P    PI(3,5)P2 PI(4,5)P2
+          +

FFA     DAG

Products

 
 

Figure 1. Schematic representation of lipid substrates (precursor) and messengers (product) produced 

by the action of some lipid enzymes and phospholipases (effector) 

Similar lipid-signaling pathways exist in yeast and animal cells, but some of them are not yet clear for 
plant systems. Modified from Meijer and Munnik, 2003. 

 

Phospholipases, enzymes hydrolyzing phospholipids (Figure 2), are divided into groups 

according to the site of substrate molecule cleavage (phospholipase A, C and D; PLA, PLC 

and PLD). PLD is the predominant family of phospholipases in plants and the biochemical 

properties, domain structure and genome organization of plant PLDs are much more diverse 

(McGee et al., 2003) and complex than those of other organisms: two PLD genes are 

present in Arabidopsis genome, whereas two PLD genes are found in mammals and one in 

baking yeast (Saccharomyces cerevisiae; (Wang, 2002; Wang, 2004). The twelve 

Arabidopsis PLDs can be classified into six types, i.e. PLDα (3 genes), β (2 genes), γ (3 

genes), δ, ε, and ζ (2 genes). 

Based on the overall protein domain structures, PLDs can be divided into two subfamilies, 

C2-PLD and PX/PH-PLDs. C2 is a Ca21 and phospholipid-binding domain, and the PX and 

PH domains refer to two distinct phosphoinositide-interacting structural folds, phox homology 

and pleckstrin homology, respectively. Ten of the twelve Arabidopsis PLDs (α, β, γ, δ and ε) 

contain the C2 domain. The PLDs contain the PX and PH domains, and this domain 

structure is present in mammalian PLDs (Elias et al., 2002); (Qin and Wang, 2002). The 

overall sequences of PLDζs are more similar to mammalian PLDs than to other Arabidopsis 

PLDs. 
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X
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Figure 2. Phospholipid hydrolysis by different phospholipases 
Schematic representation of the activity sites for phospholipases in a hypothetical phospholipid 
substrate; X could represent a diverse chemical species = Choline, Ethanolamine, Serine, Glycerol, 
Inositol, Inositol 4,5-bisphosphate 

 

The PLD groups show different requirements for substrate, Ca2+ and phosphatidylinositol-

4,5-bisphosphate (PIP2) (Qin and Wang, 2002); (Wang, 2002). PLD hydrolyses various 

phospholipids, such as phosphatidylcoline, phosphatidylethanolamine, and 

phosphatidylglycerol, to PA and water-soluble free head groups. PLDγ from Brassica 

oleracea was found to be phosphorylated (Novotna et al., 2003). PI-PLC uses 

phosphoinositides as substrates to generate DAG and phosphorylated head groups such as 

inositol 1,4,5-trisphosphate (IP3). PLA2 cleaves phospholipids to lysophospholipids and free 

fatty acids. The products of individual phospholipases can be further metabolized in the cell. 

For example, PA, produced by PLD, can be dephosphorylated to DAG by phosphatidate 

phosphatase or phosphorylated to DAG pyrophosphate by PA kinase (Munnik et al., 2000). 

PLC-generated DAG can be phosphorylated to PA by DAG kinase. In addition, PA can be 

deacylated by PLAs to free fatty acids and lysoPA. 

Regulation of the levels of various lipid messengers by phosphorylation and 

dephosphorylation can be thought of as analogous to the well-established regulation of 

protein functions by protein kinases and phosphatases. There are two major types of lipid 

phosphate phosphatases (Waggoner et al., 1999): Types I and II, which are structurally and 

catalytically unrelated; type I (PAP-1) is Mg2+-dependent and is important in triacylglycerol 

synthesis, whereas type II (PAP-2) is Mg2+-independent and is likely involved in signal 

transduction. PAP-2 is a family of phosphatases that hydrolyse a variety of lipid phosphates. 

Thus, the members of this family are renamed lipid phosphate phosphatases (LPPs). LPP-1, 

LPP-2, and LPP-3 can dephosphorylate PA, lysoPA, diacylglycerol pyrophosphate (DAGPP), 

ceramide 1-phosphate, and sphingosine 1-phosphate. The type-II-like PAPs have been 

recently cloned in plants (Marcel et al., 2000). 
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The multiple metabolic pathways by which a class of lipid messengers, such as PA, DAG, 

lysoPA, or a free fatty acid, is generated are likely to be important in regulating the amount of 

messenger produced, as well as the location, timing of production, and acyl composition of 

the messenger. Furthermore, not all PAs, DAGs, and lysoPLs are chemically identical; the 

acyl groups at the sn-1 and sn-2 positions are varied; thus there are numerous distinct 

molecular species. For example, PC and PtdIns (4,5)P2 are distinct in acyl composition, thus, 

the DAGs released by PI-PLC are distinct from those produced by PLD, using PC as 

substrate. Different molecular species can have different effects on downstream targets and 

be acted upon differently by enzymes. Therefore, PA or DAG species produced by one 

pathway may differ in effect from those produced by another pathway. Analysis of molecular 

species in certain animal systems suggests that PLD activation results in the lipid messenger 

DAG, rather than PA, meaning that PA is dephosphorylated by LPP (Hodgkin et al., 1998). 

The functional diversity of the polyphosphorylated inositol lipids is in part predicated by the 

stereospecificity of the phosphate groups on the inositol ring and by the subcellular 

localization of the phospholipids. In eukaryotic cells, the multiple phosphorylated isomers and 

the specific lipid kinases involved in their synthesis (phosphatidylinositol [PtdIns] 3-kinases, 

PtdIns 4-kinases and PtdInsP kinases), are located in various intracellular compartments, 

including the plasma membrane, endomembranes, the cytoskeleton, or the nucleus 

(Heilmann et al., 2000). 

In animal cells the PtdIns 3-kinases are now known to be involved in a plethora of cellular 

processes, ranging from mitogenesis, membrane trafficking and ruffling to glucose uptake, 

oxidative burst responses, chemotaxis, and apoptosis. Whatever the precise roles of the 

PtdIns 3-kinases and 3-phosphorylated inositol lipids turn out to be in plant cells, their 

functions are almost certain to be considerably more diverse and multifaceted than is 

assumed currently (Bunney et al., 2000). 

The classic example of a lipid-signaling pathway is that in which an activated receptor 

triggers phospholipase C (PLC) to hydrolyze the minor lipid phosphatidylinositol 4,5- 

bisphosphate [PI(4,5)P2] to produce the signals inositol 1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG). However, it has become apparent that inositol phospholipids are an 

important complex group of signals or signal precursors, involved in a number of 

independent pathways (see below). They originate from the structural lipid 

phosphatidylinositol (PI) that is converted by PI- and PIP-kinases into different 

polyphosphoinositide (PPI) isomers. Plants contain three PIP (PI3P, PI4P, PI5P) and three 

PIP2 isomers (PI(3,4)P2, PI(3,5)P2, and PI(4,5)P2) but no PIP3. This is significant because 

PI(3,4,5)P3 is a important signal in animal cells (Vanhaesebroeck et al., 2001). 
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Over the last few years, a number of lipid-binding domains in proteins have been identified 

and characterized and most of these data are summarized from the animal literature, but the 

same domains are found in plant proteins; even though their lipid-binding properties have 

seldom been characterized. Lipid-binding domains are of great importance not just because 

they epitomize the significance of lipid signals but also because they provide research tools 

for visualizing signaling. If green fluorescent protein (GFP) is coupled to a lipid-binding 

domain and the chimera is injected, or its gene construct transfected into a plant cell, the 

fluorophore can locate the signal and monitor changes in concentration (Balla and Varnai, 

2002); (Kim et al., 2001). 

There is accumulating evidence that individual phospholipids can have a profound effect on 

plant physiologies and one of the most important of these is the stress signalling lipid PA 

(Munnik, 2001); (Testerink and Munnik, 2005); (Wang, 2005). Phosphatidic acid induces an 

oxidative burst in tobacco cells (de Jong et al., 2004). In Arabidopsis leaves exogenous PA 

induces cell death, characterized by loss of turgor and chlorosis, whereas exogenous PC, 

PE, PI, and PS and related metabolites have no apparent effect (Park et al., 2004). Further 

analysis revealed that leaves of the rop2 mutant of Arabidopsis exhibited earlier cell death in 

the presence of PA than the wild type indicating that PA impacts an additional factor to elicit 

ROP-regulated ROS production. Thus, exogenous PA can couple to intracellular signaling 

agents to initiate signaling systems. Exogenous application of dipalmitoyl-PA has by 

comparison been shown to stimulate tobacco pollen tube germination and elongation growth 

(Potocky et al., 2003). Similar results were obtained for egg yolk-derived PA containing 

oleoyl-, linoleoyl-, or stearoyl-acyl chains. Furthermore, using a fluorescent-labelled PA 

analogue these authors provided strong evidence that PA was incorporated into pollen tubes 

by an endocytotic mechanism. Based on these observations and the documented role of 

PLD-derived PA in cell swelling in animal cells it was concluded that PA plays a pivotal role 

in plant cell expansion. 

 

1.2. Role of diacylglycerol, phosphatidic acid and diacylglycerol kinase 

Diacylglycerol kinases (DGKs) phosphorylate DAG to PA. Whereas DAG is a second 

messenger in animals, this has not been formerly established for plants or fungi (Munnik et 

al., 1998); (Munnik, 2001), but evidence from (Wang, 2004) shows a possible signaling 

action. In contrast, PA is becoming accepted as a signaling molecule (Munnik, 2001), and 

therefore DGK could be an important signaling enzyme, especially since plant DGK rapidly 

converts the DAG produced by PLC into PA (Munnik et al., 1998); (van der Luit et al., 2000); 

(Munnik et al., 2000); (den et al., 2001); (Meijer et al., 2001); (de Jong et al., 2004). PA-

kinase (PAK) is a lipid kinase originally discovered in vitro (Wissing and Behrbohm, 1993); 
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PAK phosphorylates PA to DAGPP, a new lipid that was later discovered to accumulate in 

vivo when PLC or PLD signaling is activated (Munnik et al., 1996). 

 

1.2.1. Diacylglycerol (DAG) 

Diacylglycerol, together with IP3 (inositol 1,4,5-trisphosphate), is formed by the hydrolysis of 

PIP2 mediated by PLC; also PA can be dephosphorylated by a phosphohydrolase to form 

DAG (Figure 3) and the dephosphorylation is believed to be coupled with PLD activation in 

some systems. The lipid product PA can be hydrolyzed by PA phosphatase to DAG and by 

acylhydrolase/PLA to lysoPA. Although these products may have effects, some studies 

suggest that DAG formed from PA may not be active because of the distinct acyl composition 

from the active DAG released by PLC (Hodgkin et al., 1998). DAG, can be an intermediate in 

the synthesis of PC, PE, and triacylglycerol, and also a potent activator of PKC (Drobak, 

1993). 

 
Figure 3. Synthesis of diacylglycerol (DAG) 
DAG can be synthesized by hydrolysis or dephosphorylation of PIP2 or PA, mediated by PLC or LPP, 
respectively. PLCs are cytosolic enzymes that act on membrane-inserted phosphoinositide substrates. 

 

In animals, DAG, is an allosteric activator of classic and novel calcium-insensitive protein 

kinase Cs (PKCs α, β, γ, δ, ε, η, and θ), and DGK has been implicated as an attenuator of 

PKC activity, thereby inactivating downstream signaling pathways (Nishizuka, 1992). In 

addition to PKC, DAG is also a key player in other cellular processes, including activation of 

guanyl nucleotide-releasing protein, Ras-GRP (Ebinu et al., 1998). DAG is a biological 

alcohol that has been proposed to serve as a relevant transphosphatidylation substrate. The 

PLD-mediated condensation of PA and DAG to form bisphosphatidic acid is proposed as a 
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mechanism to rapidly attenuate the levels of these two signaling molecules in animal 

systems (van Blitterswijk and Hilkmann, 1993). 

Additional information says that PA can be dephosphorylated by PA phosphatase to form 

DAG, which affects various aspects of plant cellular functions such as increasing proton-

ATPase activity, stimulating stomatal opening, altering cell division, retarding movement via 

plasmodesmata, and increasing protein phosphorylation (Drobak, 1993). 

The activation of PLC results in the initial rise of DAG, whereas PLD coupled with PA 

phosphatase provides the sustained supply of DAG required for cell proliferation. On the 

other hand, PA itself is a mitogen in animals and has been shown to stimulate PLC, PLA2, 

and PKC. Analysis in certain animal systems further enforces the notion of networking of 

PLD activation with other lipid signaling pathways. Some researchers suggest that DAG 

rather than PA serves as the lipid messenger of PLD activation (Hodgkin et al., 1998). The 

network of PLD, PLC, and PLA2 generates several potent lipid mediators, such as, PA, 

lysophospholipids, DAG, and free polyunsaturated fatty acids, which are involved in cellular 

regulation (Munnik et al., 1998); (Ryu and Wang, 1998). 

DAG activates the multifunctional molecule, protein kinase C (PKC) and this one 

phosphorylates serine and threonine residues in many target proteins. Yasutomi Nishizuka 

(Nishizuka, 1992) found that PKC is enzymatically active only in the presence of Ca2+ and 

phosphatidylserine. DAG increases the affinity of PKC for Ca2+ and thereby renders it active 

at physiologic levels on this ion. 

Many mammalian and Drosophila cDNAs for PKC have been cloned. They encode proteins 

with mass around 80 kd and all of them containing an N-terminal regulatory domain and a C-

terminal catalytic domain. Proteolysis at the junction of these domains yields a persistently 

active catalytic fragment and a regulatory fragment that binds Ca2+ and DAG. The PKC’s 

regulatory domain, similar to the R subunit of protein kinase A, contains a pseudosubstrate 

sequence that is rich in positively charged residues (-RFARKGALRKQNVHEVKN-): A 

competent substrate has a serine or threonine in place of the marked alanine. In the absence 

of DAG, the pseudosubstrate domain could access to the substrate binding site; however, 

the interaction is disrupted when DAG occupies the binding site and enables a protein 

substrate to enter. 

DAG, as well IP3, works transiently because it is rapidly metabolized. It can be 

phosphorylated to phosphatidate (PA), or it can be hydrolyzed to glycerol and its constituent 

fatty acids. Arachidonate is a C20-polynsaturated fatty acid that often works in the 2-position 

on the glycerol moiety of PIP2 and also, is the precursor of a series of C20-carbon hormones 

such as the prostaglandins. Consequently, the phosphoinositide pathway generates a 

important kind of molecules that have signaling roles. 
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PKC has a recognized importance in controlling cell division and proliferations; the activity is 

revealed by the action of phorbol esters. These polycyclic alcohol derivatives from croton oil 

are carcinogenic and are known as tumor promoters. Phorbol esters activate PKC because 

they resemble DAG. The activation is persistent because phorbol esters, unlike DAG, are not 

readily degraded. 

Among the components of the phosphoinositide cycle it is well known in animal cells that 

DAG is an established second messenger, whose best characterized function of receptor-

stimulated signaling cascade is activation of PKCs (Nishizuka, 1992). In this respect, it 

should be noted that DAG is not a single entity but constitutes at least 50 structurally distinct 

molecular species, whose fatty-acyl groups can be polyunsaturated, diunsaturated, mono-

unsaturated or saturated (Hodgkin et al., 1998); (Wakelam, 1998). Although it is very hard to 

predict the extent to which particular DAG species activate PKCs within stimulated cells, 

there is some preference for polyunsaturated DAG species: Saturated DAGs are generally 

poor activators; di-unsaturated DG is more active; and polyunsaturated DAGs, such as 1-

stearoyl-2-arachidonoyl DAG are most potent (Marignani et al., 1996); (Schachter et al., 

1996). Functional significance of DAG is not restricted to the PKC pathway. Recent studies 

have revealed that DAG may also activate several proteins including RasGRP, the 

chimaerins, Unc-13, protein kinase D, and some mammalian homologues of transient 

receptor potential (TRP) protein as hTRPC3 and hTRPC6 (Brose et al., 2004). To date, 

however, no data are available to show the extent to which various DAG species activate 

these molecules. 

 

1.2.2. Phospatidic acid (PA) 

At least, cellular PA could be synthesized using different enzymes (Figure 4): 

- PLD, acting hydrolytically on membrane phospholipids; 

- DGK, phosphorylating DAG; 

- acyl transferase, adding a fatty acid to lysoPA; and 

- de novo pathway enzymes from glyceradehyde 3-phosphate (G3P) and 

dihydroxyacetone phosphate (DHAP). 

Probably PLD and DGK are the two principal routes that produce signaling PA, and this 

activity is widespread in plants. Recent results indicate that PA and PLD play multiple 

regulatory roles in diverse plant processes, including abscisic acid (ABA) signaling, 

programmed cell death, root hair patterning, root growth, freezing tolerance, and other stress 

responses (Figure 4). In some cases, direct molecular targets of PA and PLD have been 
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identified, providing insights into the mechanism by which the phospholipase and lipid 

messenger mediate plant functions (Wang, 2005). 

PLD hydrolyzes phospholipids into PA and a free head group (Figure 4); for example, PLD 

hydrolyzes phosphatidylcholine into PA and choline, or phosphatidylserine into PA and 

serine (Wang, 2002).A has emerged as a messenger involved in many cellular processes, 

such as ROS generation and protein kinase cascade (Munnik, 2001); (Wang, 2002). Elicitor 

N-acetylchitooligosaccharide induced phytoalexins in rice suspension cell cultures may be 

mediated by H2O2 and PLD (Yamaguchi et al., 2004). It is also suggested that H2O2-inducible 

PLD activation enhances signal transduction leading to phytoalexin biosynthesis in rice cells 

(Yamaguchi et al., 2004). 

 

Figure 4. Enzymatic reactions lead to PA production, downstream targets, and cellular functions.  
PA can be generated from DGK hydrolyzing DGA, coupled to the activation of PLC and/or potentially 
from acylation reactions and/or PLD hydrolyzing membrane lipids and/or from G3P and DHAP 
pathway. The same target proteins for PA were identified in animals, plants, and yeast. DGK, 
diacylglycerol kinases; DAG-PPi, diacylglycerol pyrophosphate; LPP, lipid phosphate phosphatase; 
LysoPA, lysophosphatidic acid; PAK, phosphatidic acid kinase; PE, phosphatidylethanolamine; PS, 
phosphatidylserine. Modified from (Wang, 2005; Wang et al., 2006). 

 

Besides DGK, PLD is also an important PA generator. Interestingly, more and more proteins 

are found to bind PA (Munnik, 2001). So far the best characterized are the serine/threonine 

kinase Raf-1 and a cAMP-specific phosphodiesterase in animal cells (Rizzo et al., 1999; 

Rizzo et al., 2000); (Baillie et al., 2002). Others, including several plant proteins, range from 

ion channels to protein phosphatases and protein- and lipid-kinases (McPhail et al., 1999); 

(Manifava et al., 2001); (Cockcroft, 2001); (Munnik, 2001); (Munnik and Musgrave, 2001); 

(Baillie et al., 2002); (Jones and Hannun, 2002). 

PA could also act as a specific inhibitor. A human protein phosphatase-1 catalytic subunit 

(PP1γ) is specifically inhibited by PA with an IC50 of 15 nM (Jones and Hannun, 2002). An 
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additional fact that shows to PA as an important signaling molecule in plants was the 

discovery that it is further phosphorylated to DGPP and obviously, attenuating the PA signal 

(Munnik et al., 1996; Munnik et al., 1998); (van Himbergen et al., 1999).  

PA is an activator of some signaling enzymes such as Raf-1 kinase, PKC ζ, and the protein 

tyrosine phosphatase, PTP1C, and has been implicated in the stimulation of DNA synthesis 

(Zhao et al., 1993); (Limatola et al., 1994); (Ghosh et al., 1996). PA is the simplest biological 

membrane phospholipid present in small amounts and has a function as a central 

intermediate for the synthesis of membrane lipids and storage. In Arabidopsis leaves, the PA 

level is 0.5 to 1.5 nmol milligram-1 of dry weight, and the PA concentration is estimated to be 

50–150 µM (Welti et al., 2002; Zhang et al., 2004). PA constitutes less than 1% of total 

phospholipids, or about 20-fold less than PC, the most abundant phospholipid in eukaryotic 

membranes (Welti et al., 2002). Various are the conditions to change in plants the cellular 

levels of PA:  

(a) plant growth and developments during seed germination, in senescing leaves, aging 

seeds, and expanding pollen tubes;  

(b) abiotic stresses, such as chilling, freezing, dehydration, drought, salts, nutrient 

starvation, wounding, and reactive oxygen assaults; and,  

(c) biotic challenges, such as attacks by bacterial and fungal pathogens, elicitor 

treatments, and nodule induction. 

Enzymes that metabolize PA play an important role in switching off the PA signal. The 

removal of PA can be accomplished by several enzymes (Figure 4): (1) lipid phosphate 

phosphatase (LPP) that dephosphorylates PA to produce DAG; (2) PA kinase that 

phosphorylates PA to form DAG pyrophosphate; (3) PA-selective A type phospholipases that 

deacylate PA to produce lysoPA and free fatty acids (FFAs). In addition to attenuating PA 

function, these enzyme activities can also generate new lipid messengers, such as DAG, 

FFAs, DAGPP and lysoPA. Mammalian LPPs are integral membrane glycoproteins that 

dephosphorylate several phosphorylated lipid mediators, including PA, lysoPA, and 

sphingosine 1-phosphate (S1P) (Sciorra and Morris, 2002). LPP-catalyzed 

dephosphorylation can disrupt the signaling actions of lipid mediators and generate new 

mediators. LysoPA and S1P function through actions at cell surface receptors while PA is an 

intracellular messenger. The Arabidopsis genome has 4 LPP genes (Pierrugues et al., 2001) 

(Katagiri et al., 2005); LPP1 and LPP2 differ in substrate preferences for PA and DAGPP, 

and their patterns of expression. LPP1, but not LPP2, is transiently induced by ionizing 

radiation (UV-B, X-ray) and elicitor, whereas the expression of LPP2 and LPP3 increases 

during seed germination. Both genetic and pharmacological approaches have been used to 

attenuate the degradation of PA. Genetic manipulation of LPP in Arabidopsis has resulted in 
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an increase in PA (Katagiri et al., 2005). Propanolol, which inhibits PA phosphohydrolases, 

has been used in animal cells to inhibit dephosphorylation of PA (Pierrugues et al., 2001). 

This treatment has been used to distinguish the cellular effects mediated by PA or DAG, 

particularly in the system where PA is dephosphorylated rapidly. A PA kinase activity is 

activated during responses that result in PA signaling (Laxalt and Munnik, 2002), suggesting 

that it may play a role in attenuating responses to PA. On the other hand, the production of 

DAG pyrophosphate from PA has been shown to play a role in ABA signaling (Zalejski et al., 

2005). The gene for PA kinase has not yet been identified. There are multiple phospholipase 

As in mammals and plants, although few of these enzymes utilize PA as a major substrate in 

vivo (Ryu, 2004). (Hiramatsu et al., 2003) reported the identification of two human PA-

specific PLA1s. 

Root hair initiation and development is controlled by genetic and environmental factors, 

including the transcription factor GLABRA2 (GL2), Ca2+, ROS, light, and rhizobium 

nodulation factors (Ohashi et al., 2003);(Charron et al., 2004). GL2, which encodes a 

homeodomain protein, is a negative regulator of root hair development. The PLDζ1 gene 

was identified as a direct target of GL2; GL2 suppresses the expression of PLDζ1 by binding 

to a 303-bp DNA fragment in its promoter. Increased PLDζ1 expression induces branched 

and swollen hair-roots, a phenocopy of the gl2 mutant, suggesting that PLDζ1 is negatively 

regulated by GL2 in root hair cells. Partial inhibition of PLDζ1 expression alters the position 

where the root hairs develop, while the diminishment of PA formation with 1-butanol 

eliminates root hair growth. These results suggest that PA from PLDs other than PLDζ1 is 

involved in root hair development. In Medicago truncatula, PA is necessary to Nod factor-

induced ENOD (early nodulin) gene expression in root hairs (Charron et al., 2004).  

How PLDs are involved in root hair growth and development is not clear. One potential way 

is through their roles in regulation of redox signals, such as ROS and NO (Prado et al., 

2004);(Zhang et al., 2005). ROS are important mediators of root hair growth and 

development. Mutation of the catalytic subunit of an NADPH oxidase gene, RHD2 (root hair 

defective 2), results in the formation of only root hair bulges, but not elongated root hairs 

(Foreman et al., 2003). While ROS accumulates in the growing wild-type root hairs, ROS 

levels are markedly reduced in the rhd2 mutant. The ROS produced by RHD2 activity are 

required to stimulate Ca2+ influx and maintain a tip-focused Ca2+ gradient during hair 

elongation and cell extension. More recently, a serine/threonine kinase, OX1, has been 

identified as an essential component of the signal transduction pathway linking ROS to the 

MAPK system during root hair growth (Rentel et al., 2004). OX1 is identical to AGC2-1, 

which belongs to the AGC kinase family. AGC2-1 is a downstream target of 

phosphoinositide-dependent protein kinase 1 (PDK1) and it is activated in a PDK1-
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dependent manner (Anthony et al., 2004). PA binds to PDK1 and activates the PDK1 and 

AGC2-1 kinases. These studies indicate that PA and ROS converge in the PDK1 → AGC2-

1/OX1 signaling pathway.  

NO has been found to be involved in the regulation root tip growth (Hu et al., 2005) and re-

orientation of pollen tubes (Prado et al., 2004). In animal cells, PA induces iNOS expression 

and NO production in systemic inflammatory responses (Lim et al., 2003). However, a direct 

interaction between PLD/PA and the NO pathway has not been revealed in plants. In 

addition, PLDs and PA may affect root growth and development through their effects on 

membrane trafficking, exocytosis, and cytoskeletal rearrangements. PLDζ1 fused to GFP is 

found mainly in vesicles both in bulges and root-hair apices; these locations suggest that 

PLDζ1 may play a role in vesicle trafficking during root hair initiation and growth (Ohashi et 

al., 2003)et al., 2003). It has been proposed that vesicles are associated with microtubules 

for transport and uncoupled from microtubules at their sites of use (Sedbrook, 2004). 

 

1.2.3. Diacylglycerol kinase (DGK) 

In animals DAG plays an important role in cell regulation; it can be a direct product of PI–

phospholipase C (PLC) and serves as a potent activator of protein kinase C. The 

downstream target of DAG in plants is unclear. One suggested role for DAG is as a substrate 

for the formation of PA in response to stresses, such as microbial elicitation, salt, and 

hyperosmotic conditions (Meijer et al., 2002; Meijer and Munnik, 2003; den Hartog et al., 

2003). This reaction is catalyzed by DAG kinases (Gomez-Merino et al., 2004; Gomez-

Merino et al., 2005); Figures 1 and 4) and leading to the transfer of the γ-phosphate of ATP 

to the hydroxyl group of DAG to generate phosphatidic acid (PA). Multiple DAG kinase genes 

are present in the Arabidopsis thaliana genome. This conversion of DAG to PA is important 

for phosphoinositide (PI) resynthesis within the PI cycle (Quest et al., 1996). Additionally, 

however, these kinases have the task of balancing the intracellular levels of two lipid 

molecules, diacylglycerol (DAG) and phosphatidic acid (PA).  

DGK homologues have been identified in various organisms (Figure 5), including mammals, 

Drosophila melanogaster (Masai et al., 1993), Caenorhabditis elegans (Nurrish et al., 1999), 

Arabidopsis thaliana (Beisson et al., 2003);(Gomez-Merino et al., 2004), and Dictyostelium 

discoideum (Thanos and Bowie, 1996);(De la Roche et al., 2002). There are nine known 

mammalian isoforms of DGKs, which are subdivided into five different groups based on their 

domain organization; all of them contain either two or three cysteine-rich domains (CRDs) 

(Topham and Prescott, 1999; Jose and Koelle, 2005). The three Type I mammalian DGKs contain 

calcium-binding EF-hands motifs in their N-termini, while Type II have pleckstrin homology 

(PH) domains at the N-termini (Klauck et al., 1996);(Sakane et al., 1996). The  
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Type III group, with only a single member, has the simplest structure with no regulatory 

subunits. The two members of the Type IV group are characterized by C-terminal ankyrin 

repeats and a region homologous to the myristoylated alanine-rich C kinase substrate 

(MARCKS) protein’s phosphorylation site on the upstream side of the catalytic domain. The 

single member of Type V has a PH domain, but, differing from Type II, it is located after the 

CRD domains, just upstream of the catalytic domain. DGK activity can be involved both in 

generating signaling PA and in removing signaling DAG. DAG is a class of potent lipid 

messengers that activate PKCs and other effectors in animal systems. In many examples 

reported in animals, DGK acts to attenuate the effect of DAG by converting it to PA (Regier 

et al., 2005). Many of these domains are shared between different isoforms. 

Seven DGK genes are present in the Arabidopsis genome; however, no DGK gene has yet 

been identified in yeast. Plant DGKs fall into three distinct clusters (Gomez-Merino et al., 

2004; Gomez-Merino et al., 2005). Cluster I DGKs typically contain two DAG-binding 

domains, which are flanked by an N-terminal basic region and CRD-like sequence, following 

the second DAG-binding domain 2 (Figure 5). The catalytic region and an accessory domain 

follow the CRD domain. Clusters II and III are simpler in organization, lacking the basic 

upstream region, the DAG-binding domain, and the CRD domain. Two DGK splicing variants, 

LeDGK1 and LeCBDGK, have been cloned from tomato, and the latter has a 29 C-terminal 

amino acid extension harboring a calmodulin-binding domain (Snedden and Blumwald, 

2000). The two tomato DGKs also lack the CRD found in other eukaryotic DGKs and have 

been shown to be active in vitro. Active DGK from the cluster I AtDGK2 and the cluster II 

AtDGK7 have been expressed and both of the DGKs can phosphorylate DAG species found 

typically in plants. The two DGKs differ in sensitivity to the DGK inhibitor R59022; the 

inhibitor at 50–100 µM inhibited the activity of AtDGK2, but not AtDGK7. Treatments of 

Arabidopsis with the DGK inhibitor R59022 at 50–100 µM inhibited root elongation and lateral 

root formation. AtDGK2 expression is upregulated in chilling and wounding (Gomez-Merino 

et al., 2005). 

A study identified a single gene in D. discoideum that appears to encode a protein that is 

structurally similar to the θ isoform of mammalian DGK (DGK-θ) and was designated DGKA 

(Figure 5; (Thanos and Bowie, 1996);(De la Roche et al., 2002). (Ostroski et al., 2005) 

showed the DGK activity of DGKA using medium-chain and long-chain DAGs, catalyzing the 

phosphorylation for both DAGs with pH optima of 7.4 and 7.0, respectively. 

The contributions of the DAG kinase and PLD reactions to signal-induced PA production 

have been assessed using a differential labelling technique and primary alcohol treatments. 

These assessments revealed the differential activation of the two reactions in response to 

different stimuli (Arisz et al., 2003);(den Hartog et al., 2003). The production of the DAG 
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substrate of DAG kinases has been suggested to result from the activation of PI-PLC (Arisz 

et al., 2003). DAG may also come from the activation of other reactions. For example, 

18:3/16:3-PA increases during freezing (Welti et al., 2002) and pathogenesis. An 18:3/16:3 

species is abundant in galactolipids but virtually undetectable in phospholipids. Thus, 

18:3/16:3-PA is likely to be derived from galactolipids via 18:3/16:3 (DAG) and a DAG 

kinase. In addition, it has been reported that PC-PLC is activated by a glycoprotein elicitor 

(Scherer et al., 2002). Six putative non-specific PLC genes are present in Arabidopsis 

(Beisson et al., 2003). 

 

DAG/PE-Binding domain

extra domain in AtDGK5ß

Proline domain
Poly-asparagine domainupstream basic region
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Figure 5. Summary of the DGK family in mammals, Arabidopsis, Droshophila and the 
unique representant from D. discoideum.EF-hands, Ca2+ binding domains; C1A, C1B and 

C1C, cysteine rich domains; EPH, EPH C-terminal tail homology domain; MARCKS, sequence 

homologous to the myristoylated alanine-rich C kinase substrate phosphorylation site domain. Other 

motifs shown in this figure regulate DGK activity, subcellular localization, or interaction with other 

proteins or lipids; other structural motifs of unknown significance are not included in this figure. 

Representation modified from (van Blitterswijk and Houssa, 2000);(De la Roche et al., 2002);(Luo et 

al., 2004);(Gomez-Merino et al., 2004);(Gomez-Merino et al., 2005);(Topham and Prescott, 

1999);(Wang et al., 2006). 
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The cellular function of the PA produced by DAG kinases in plants remains to be established 

whereas, in animals, this reaction is often thought to remove signaling DAG produced by PI–

PLC. The signalling function of PI–PLC has been well documented in animals. Animal PI–

PLC consists of five types, PLCβ, PLCγ, PLCδ, PLCε, and PLCζ. Arabidopsis has nine PI–

PLCs, and their domain structures all resemble that of the newly discovered animal PLCζ. 

Plant PI–PLCs were previously regarded as PLCδ-like (Mueller-Roeber and Pical, 2002), but 

they lack the PH domain present in animal PLDδ. Functional studies of plant PI–PLCs have 

mostly been concerned with the production of inositol 1,4,5-trisphosphate (Ins(1,4,5)P3), 

which is a potent Ca2+ mobilizer (Mueller-Roeber and Pical, 2002). Recently, an IP3-mediated 

transient increase in cytosolic Ca2+ was implicated in mediating the Phot1- and Phot2- 

mediated perception of blue light (Harada et al., 2003). PI–PLC has been suggested to be an 

effector protein for the G-protein coupled receptor GCR1, and PI-PLC’s product, IP3, may 

mediate DNA synthesis (Apone et al., 2003). Suppression of a recombinant NrPLC1 reduces 

the abscisic acid (ABA)-promoted closure of stomata, consistent with a role for PI–PLC, IP3, 

and Ca2+ flux in stomatal movement (Hunt et al., 2003). The significance of inositol 

polyphosphates (IPs) to cellular signaling has also been investigated by overexpressing or 

ablating specific IP phosphatases (Perera et al., 2002);(Xiong et al., 2002). Perturbation of 

these phosphatase activities affects the expression of stress-responsive genes under salt, 

drought, cold, and ABA treatments (Xiong et al., 2002). 

The Arabidopsis genome encodes seven putative DGKs named AtDGK1 to 7, enclosed in 

three clusters (Gomez-Merino et al., 2004). Isolated and mainly expressed in roots, shoots 

and leaves AtDGK1 has not yet shown to encode an active enzyme (Katagiri et al., 1996). 

(Gomez-Merino et al., 2004) cloned the AtDGK2 gene. Cloning and biochemical analysis of 

AtDGK7 is reported in this thesis. Both proteins were able to phosphorylate DAG producing 

PA in vitro (Gomez-Merino et al., 2004; Gomez-Merino et al., 2005). 

 

 

2. Chemical treatments affect phospholipid signaling in plants 

 

A successful seedling yield after germination requires efficient utilization of endogenous 

storage reserves and resources from the environment. The development of a plant from a 

newly germinated seedling represents a special and unique transformation. Nearly all the 

structures that comprise the plant body are added at a postembryonic step. To get this 

transformation, seedlings must adapt both developmental and metabolic programs to the 

prevailing environmental conditions (Holdsworth et al., 1999);(Eastmond and Graham, 2001). 
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Because the number and location of organs is not predetermined in plant development; each 

plant can integrate information from its environment into the decisions it makes about root 

and shoot formation. This dynamic developmental strategy provides a clear advantage for a 

nonmotile organism. Plants are completely dependent on the resources that are available in 

their immediate neighbourhood. Unfortunately or not, nutrient availability and distribution are 

in constant flux in the environment (Malamy and Ryan, 2001). 

The availability of macronutrients such as nitrogen is an important environmental parameter 

influencing seedling growth and development. For example, growth of tobacco (Nicotiana 

tabacum) seedlings under nitrogen-limiting conditions results in a dramatic redirection of 

biomass allocation to roots versus shoot and an accumulation of soluble carbohydrates (Paul 

and Stitt, 1993).  

In addition to their metabolic function, soluble sugars play an important role in the regulation 

of many genes involved in physiological and developmental processes including 

photosynthesis, nitrate assimilation, assimilate storage, and the mobilization of starch and 

lipids (Graham et al., 1996);(Koch, 1996);(Jang and Sheen, 1997a);(Smeekens and Rook, 

1997). Among various genes induced by sugars are those associated with nitrate 

assimilation such as nitrate reductase and genes encoding the high (NRT2) and low (NRT1) 

affinity nitrate uptake systems (Cheng et al., 1992);(Lejay et al., 1999). On the other hand, 

exogenous sugars repress other nitrate metabolism-associated genes such as the Gln-

dependent Asn synthetase gene (ASN1) of Arabidopsis (Lam et al., 1994). Sugars are also 

known to repress many of the genes involved in photosynthesis related processes (Sheen, 

1990);(von et al., 1990);(Krapp et al., 1993);(Krapp and Stitt, 1995). 

Together, the increase in endogenous sugars and the break in lipid mobilization suggest a 

limited use of carbon resources under nitrogen restricted growth conditions. Previous studies 

agreed with these results reporting carbohydrates accumulation in leaves and roots of adult 

plants after nitrogen withdrawal (Thorsteinsson and Tillberg, 1990);(Henry and Raper, 

1991);(Paul and Driscoll, 1997). Then, carbohydrate to nitrogen ratios play a basic and 

interactive role in regulating the processes supporting seedling organization (Martin et al., 

2002). 

Metabolic conditions, such as the nutritional state of a plant, may modulate its hormonal 

budget and thus become a signal at the hormonal level. Crosstalk of signals other than 

phytohormones is less common but not so far has been addressed in the case of sugar 

signals, which are linked in a signalling network to plant stress hormones. Close linkages 

between different types of signals was concluded from the fact that Arabidopsis mutants 

exhibiting reduced sugar sensitivity showed concomitant mutations in the biosynthesis of 

ABA or in the expression of the ethylene receptor (Leon and Sheen, 2003). Similarly, 
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(Richard et al., 2002) demonstrated combined effects of auxin (NAA), cytokinin (kinetin), and 

sucrose on cell cycle gene expression in Arabidopsis cell cultures. Crosstalk of various 

signals requires a platform which may be found at several regulatory levels. A superior level 

is a signal generation at which cytokinins control extracellular invertase and thereby the 

formation of the sugar signal in a tissue-specific manner. Also, at this level, environmental 

factors could affect on the cell cycle by modifying the external phytohormone setting of the 

cells. (Daan Kuiper, 1988) have shown that the endogenous cytokinin budget of Plantago 

major ssp. pleiosperma responds quickly to the supply of an artificial cytokinin; (Hartig and 

Beck, 2006) reporting to (Valdes, 2005) who have demonstrated a similar correspondence of 

the artificial auxin 2,4-D and the endogenous IAA level in Chenopodium rubrum suspension-

cultured cells. These and other findings demonstrate that external signals from the 

phytohormone can be readily converted into cell internal auxin patterns. 

 

2.1. Sugars and nitrogen availability 

Specifically lateral root initiation is drastically repressed by high sucrose to nitrogen ratios 

under lab conditions. This response is not due to nitrogen starvation alone because lowering 

the sucrose concentration restored lateral root initiation even under low nitrogen conditions 

(Malamy and Ryan, 2001);(Martin et al., 2002). The idea that sugars and nitrogen salts can 

affect plant morphology is not unprecedented. Sugars and nitrate ions have been shown to 

act as signaling molecules (Gibson, 2001);(Zhang and Forde, 2000);(Coruzzi and Bush, 

2001), inducing gene transcription and morphological changes. Furthermore, both 

photosynthetic activity and nitrogen availability have been implicated in the control of lateral 

root initiation (Drew and Saker, 1975);(Reed et al., 1998). High carbon-to-nitrogen ratios 

have also been reported to induce a specific set of responses in plants, including induction of 

metabolic genes (Coruzzi and Bush, 2001) and accumulation of anthocyanins (Boxall SF, 

1996). Plants are able to control lateral root initiation in response to external nutritional 

conditions either by sensing nutrients directly or monitoring their internal metabolic status. 

Therefore, lateral root initiation is the target of a signal transduction pathway that interprets 

and integrates information about nutrient availability (Malamy and Ryan, 2001). 

 

2.1.1. Sugar 

Sugars such as sucrose, glucose, and fructose have an essential function in the metabolism 

of the plant. These sugars are important for intermediary and respiratory metabolism and are 

the substrate for synthesizing complex carbohydrates such as starch and cellulose. 

Moreover, sugars provide the building blocks for amino acid and fatty acid biosynthesis and 

essentially all other compounds present in plants (Smeekens, 2000). 
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Together to their essential roles as substrates in carbon and energy metabolism and in 

polymer biosynthesis, sugars have important hormone-like functions as primary messengers 

in signal transduction (Koch, 1996). The very important role of sugars as signaling molecules 

is well illustrated by the variety of sugar sensing and signaling mechanisms discovered in 

free-living microorganisms such as bacteria and yeast (Stulke and Hillen, 1999);(Rolland et 

al., 2001). In plants, sugar production through photosynthesis is a life basic process, and 

sugar modulates and coordinates internal regulators and environmental cues that govern 

growth and development (Koch, 1996);(Sheen et al., 1999);(Smeekens, 2000). Some 

research revealed the molecular mechanisms underlying sugar sensing and signaling in 

plants, including the demonstration of hexokinase (HXK) is a glucose sensor that modulates 

gene expression and multiple plant hormone-signaling pathways (Sheen et al., 

1999);(Smeekens, 2000). In addition, sucrose, trehalose, and other HXK-independent sugar 

sensing and signaling pathways add more complexity in plants (Goddijn and Smeekens, 

1998);(Lalonde et al., 1999);(Smeekens, 2000). 

Multiple assays that involve biochemical, molecular, and genetic experiments have 

supported a central role of sugars in the control of plant metabolism, growth, and 

development; results have revealed interactions that integrate light, stress, and hormone 

signaling (Roitsch, 1999);(Sheen et al., 1999);(Smeekens, 2000);(Gazzarrini and McCourt, 

2001);(Finkelstein and Gibson, 2002) and coordinate carbon and nitrogen metabolism (Stitt 

and Krapp, 1999);(Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001). 

Although hexoses are potent signals sensed in plants, sucrose-specific (Chiou and Bush, 

1998);(Rook et al., 1998) and trehalose-mediated (Goddijn and Smeekens, 1998) signaling 

pathways also play important roles in regulating development and gene expression. In 

developing seeds, it has been suggested that sucrose regulates differentiation and storage, 

whereas hexoses control growth and metabolism (Weber et al., 1997);(Wobus and Weber, 

1999a). The ability of both 3-O-methylglucose and 6-deoxyglucose to regulate gene 

expression indicates the presence of HXK-independent pathways through novel sensors in 

plants (Martin et al., 1997);(Roitsch, 1999). 

The effect of carbon allocation on organ and whole plant architecture is illustrated most 

dramatically by carbohydrate storage and the concomitant cell expansion in reserve organs 

such as roots, fruit, seed, and tubers. However, cell division and differentiation can be 

ascribed to both changes in metabolic activity and sophisticated developmental switches 

(Jackson, 1999);(Wobus and Weber, 1999b);(Hajirezaei et al., 2000);(White et al., 

2000);(Giovannoni, 2001). In Vicia faba embryos, gradients of sugars have been reported to 

correlate spatially with mitotic activity (Borisjuk et al., 1998). Consistently, Arabidopsis D-type 

cyclin gene expression is regulated differentially by sugars (Riou-Khamlichi et al., 2000). 

Therefore, sugars also could act as morphogens, providing positional information to the cell 
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cycle machinery and different developmental programs. Remarkably, differential display 

analysis using portions of tomato meristems destined to form leaves revealed spatially 

regulated carbohydrate metabolism within the meristem and suggested the involvement of 

carbohydrate metabolism in organogenesis (Pien et al., 2001). 

Sugar sensing and signaling are involved in the control of growth and development during 

the entire plant life cycle. During germination and early seedling development, sugars can 

repress nutrient mobilization, hypocotyl elongation, cotyledon greening and expansion, and 

shoot development (Yu et al., 1996);(Dijkwel et al., 1997);(Jang and Sheen, 1997b);(Peralta 

et al., 1997);(Kurata and Yamamoto, 1998);(Arenas-Huertero et al., 2000);(Gibson, 

2001);(Smeekens, 2000);(Eastmond and Graham, 2001);(Gazzarrini and McCourt, 2001). 

High sugar accumulation during early seedling development may reflect undesirable growth 

conditions at a crucial developmental period (Lopez-Molina et al., 2001), resulting in a 

reversible developmental arrest that acts as a protection mechanism. 

First, sugars have to be sensed to activate signal transduction pathways. The sugar’s dual 

function as a nutrient and a signaling molecule, however, significantly complicates analysis of 

the mechanisms involved (Rolland et al., 2001). Even in yeast in which downstream 

components of sugar signaling pathways have been characterized in detail, elucidation of the 

initial glucose sensing and activation mechanisms has been difficult, but at least one involves 

in part a hexokinase metabolizing D-glucose transported into cells (Sheen et al., 

1999);(Rolland et al., 2001);(Moore et al., 2003). There is emerging evidence that other 

sugar-signaling mechanisms exist in plants and yeast (Rolland et al., 2001);(Eastmond and 

Graham, 2001);(Tiessen et al., 2003);(Kolbe et al., 2005), including a hexokinase-

independent mechanism involving key components of the G-protein heterotrimer (Ullah et al., 

2002);(Chen et al., 2003);(Chen and Jones, 2004). This is not without precedent, as a G-

protein–coupled D-glucose signaling mechanism was recently identified in the yeast 

Saccharomyces cerevisiae, in which it has been shown that sugar agonists and antagonists 

bind with low affinity to Gpr1, a G-protein–coupled receptor (GPCR) (Lemaire et al., 2004). 

A regulatory role for HXK in plant hexose sensing was suggested by testing the effects of a 

variety of sugars, glucose analogs, and metabolic intermediates on photosynthesis and 

glyoxylate cycle gene repression in Chenopodium (Krapp et al., 1993) and cucumber 

(Graham et al., 1994) cell cultures and in a maize protoplast transient expression system 

(Jang and Sheen, 1994). Sugars that are substrates of HXK, including mannitol and 2-

deoxyglucose, which are phosphorylated but inhibit Glc-6-phosphate and ATP production 

(Klein and Stitt, 1998), cause repression of photosynthetic gene expression at low 

physiological levels (1 to 10 mM in maize mesophyll protoplasts) (Jang and Sheen, 1994); he 

repression is blocked by the HXK-specific competitive inhibitor mannoheptulose. 
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In addition to germination and seedling development, sugars have a broad influence on other 

processes such as internode elongation, root formation, and mature leaf development (von et 

al., 1990);(Dickinson et al., 1991);(Jiang et al., 1993);(Weber et al., 1998), embryogenesis 

and organ differentiation (Tang et al., 1999), as well as leaf senescence (Ding et al., 

1993);(Wingler et al., 2006). However, it has been shown that over-expression of AtHXK1 

can promote senescence in transgenic tomato but not in Arabidopsis under normal growth 

conditions; the differential response was presumably due to different plant species with 

different sugar sensitivity (Dai et al., 1999). Alternatively, it may be possible that the 

manifestation of sugar responses is dependent on other signaling pathways triggered by 

hormones, light, and environmental stimuli that crosstalk with the sugar signaling pathways 

(Zhou and Solomos, 1998);(Nemeth et al., 1998);(Sheen et al., 1999). It remains unclear 

whether HXK plays a role in plant senescence under different developmental and 

environmental conditions (Xiao et al., 2000). 

(Moore and Sheen, 1999) showed that HXK also functions as a sugar sensor in plants. 

These results agreed with the information suggested from (Jang et al., 1997) working with 

AtHXK1 and AtHXK2 overexpression plants; they showed that hexokinases could work as 

sugar sensors in the inhibition of hypocotyl elongation, and in light-induced cotyledon 

opening. 

D-glucose acts as a hormone-like signal, although a physiological concentration range of 

extracellular D-glucose in signaling has yet to be defined. High applications of D-glucose 

(Arenas-Huertero et al., 2000) cause physiologically appropriate responses, and genetic 

screens for mutants resistant to high D-glucose have revealed known elements in sugar 

signaling (Xiao et al., 2000);(Moore et al., 2003). Because cells develop in a wide range of D-

glucose concentrations, a sugar-signaling mechanism operating from presumably 30 to 300 

mM or higher D-glucose is expected. Molar levels of D-glucose are found in tissues such as 

fruit, but the levels of extracellular D-glucose in vegetative tissues such as root have yet to 

be successfully evaluated. Indirect measurements have been applied to address this 

problem, and estimates of apoplastic levels of D-glucose at 150 mM (3%) or higher have 

been proposed (McLaughlin and Boyer, 2004);(Makela et al., 2005). For example, sorghum 

(Sorghum bicolor) embryos develop in as high as 6% apoplastic D-glucose (Maness and 

Mcbee, 1986). 

Externally supplied sugar has different effects on various stages of early growth in 

Arabidopsis. Whereas low concentrations can stimulate wild-type germination, higher 

concentrations repress both cotyledon, early seedling development and photosynthetic gene 

expression (Smeekens and Rook, 1997; Smeekens, 1998);(Sheen et al., 1999). Numerous 

experiments have now suggested a close interaction between the germination and growth of 

young seedlings on exogenous sugar and ABA/ethylene action. Young seedlings deficient in 
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ABA biosynthesis (i.e., aba1, aba2 and aba3) or ABA sensitivity (i.e., abi4 and abi5) are 

insensitive to high levels of sugar and, unlike wild-type plants, these mutants do not show 

sugar-dependent repression of photosynthetic gene expression. In addition, germination on 

high sugar increases ABA levels in wildtype plants (Arenas-Huertero et al., 2000). 

Conversely, low concentrations of exogenous sugar relieve the inhibitory effects of ABA on 

wild-type seed germination, although these seedlings fail to green or develop true leaves 

(Garciarrubio et al., 1997);(Finkelstein and Lynch, 2000). Therefore, low sugar levels 

interfere with the inhibitory effects of ABA on germination, whereas inhibition of seedling 

development post-germination by high sugar concentrations is dependent on ABA synthesis.  

 

2.1.2. Nitrogen 

The growth and development of a root system is highly sensitive to modification by both 

intrinsic and extrinsic factors (Forde and Lorenzo, 2001);(Bloom et al., 2002);(Porterfield, 

2002). Intrinsic factors that influence root growth and development include the supply of 

photosynthesis products from the shoot and the nutrient status of the plant; in other hand, 

extrinsic factors include the supply and distribution of nutrients in the soil, soil compaction 

and gradients of water potential. One important aspect of root plasticity is the proliferation of 

lateral roots that occurs within soil patches enriched in certain nutrients, including NH+
4, NO–

3, Pi (Robinson, 1994);(Forde and Lorenzo, 2001) and even Zn2+ (Haines, 2002). 

Increased branching (wherever is possible: shoots or roots) in resource-rich conditions 

serves to enhance the precision with which the leaves or roots are placed within the 

environment (Sutherland and Stillman, 1988). Thus, an understanding of the mechanisms 

underlying root foraging is very much dependent on understanding how intrinsic and extrinsic 

nutritional factors influence root branching.  

The ability to respond to localized nitrate supplies by proliferating lateral roots within the 

nitrate-rich zone is a common characteristic to a spread number of plant species (Robinson, 

1994);(Hodge, 2004). In barley, this ability is due to a combination of increased numbers of 

lateral roots and increased rates of lateral root elongation (Drew and Saker, 1975). In 

Arabidopsis, the primary effect of a localized nitrate treatment stimulated lateral root 

elongation (Zhang and Forde, 1998);(Linkohr et al., 2002), with one report indicating a small 

localized increase in lateral root numbers (Linkohr et al., 2002). This stimulation of lateral 

root elongation appears to be attributable to a signalling effect from the NO–
3  ion itself rather 

than to a downstream metabolite (Zhang and Forde, 1998);(Zhang et al., 1999). Nitrate 

stimulates lateral root elongation by increasing rates of cell production in the root tips directly 

exposed to the signal (rather than through any effect on cell elongation) (Zhang et al., 1999). 

How the nitrate signal is converted into an increase in meristematic activity in the root tip is 
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an intriguing question that as yet has no clear answer. One component of the NO–
3 signalling 

pathway has been identified in the form of the product of the ANR1 gene, which is a member 

of the MADS box family of transcription factors (Zhang and Forde, 1998). Using a reverse 

genetic approach it was shown that lateral roots of Arabidopsis lines in which ANR1 was 

down-regulated were defective in their response to a localized supply of NO–
3. (Walch-Liu et 

al., 2006) have obtained additional evidence that ANR1 is a positive regulator of lateral root 

growth using transgenic Arabidopsis lines in which ANR1 can be rapidly post-translationally 

activated by a treatment with the synthetic steroid dexamethasone (DEX). These transgenic 

lines carry a construct constitutively expressing a translational fusion between ANR1 and the 

ligand-binding domain of the rat glucocorticoid receptor (rGR). The ANR1-rGR fusion protein 

is held inactive in a cytoplasmic complex with the HSP90 protein until addition of DEX, when 

it is released and is able to enter the nucleus where it can activate or repress its target genes 

(Picard et al., 1988). When ANR1-rGR seedlings were treated with 1 µM DEX, lateral root 

growth was strongly stimulated (Filleur et al., 2005). By surprise, even though the expression 

of ANR1-rGR gene was under the control of a strong constitutive promoter (CaMV 35S), the 

result of the treatment with DEX was specific to lateral root growth; the result suggest that 

one or more components of the regulatory pathway of which ANR1 is a part should be 

absent in the primary root tip. 

Well known information for widespread interactions between MADS box proteins at both the 

post-translational and the transcriptional levels. MADS box factors attach to DNA as dimers, 

which can be either homodimers or heterodimers with additional MADS box proteins 

(Theissen et al., 2000). Also are reported numerous cases in which one MADS box protein 

has been found to regulate, either directly or indirectly, the transcription of another MADS 

box gene (Riechmann and Meyerowitz, 1997);(Jack, 2004). Exist information that around half 

of the >100 members of the MADS box gene family in Arabidopsis are transcribed in roots 

(Rounsley et al., 1995);(Alvarez-Buylla et al., 2000);(Burgeff et al., 2002);(Parenicova et al., 

2003); this data gives sufficient scope for possible regulatory interactions between ANR1 and 

other MADS box genes. Therefore, is possible to realize about functional redundancy 

between different members of the gene family, i.e. a case among some MADS box genes 

involved in flower development (Jack, 2004). It has been suggested that the AGL21 gene, 

which belongs to the same group as ANR1 and performs a similar spatial pattern of 

expression in roots, probably is functionally redundant with ANR1 (Burgeff et al., 2002). 

However, recent evidence suggesting the possibility of regulatory interactions at the protein 

level, between some of the root-expressed MADS box genes. A close map of protein–protein 

interactions between the Arabidopsis MADS box family has been composed employing a 

matrix-based yeast two-hybrid screen (de Folter et al., 2005). An ‘interactome’ map was 

designed and the complexity of the network of possible interactions is indisputable high, with 
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each of the 11 proteins interacting with 2–10 other MADS box proteins (Walch-Liu et al., 

2006). Nevertheless, these results must be interpreted with caution because is convenient to 

confirm the potential interactions in planta and in any case can only be biologically 

meaningful if the relevant proteins are expressed in the same cells at the same time. 

However, it is remarkable that was found ANR1 interacting just with three other proteins 

(AGL16, AGL21 and SOC1) and all of them are regulated by the provision of N similarly to 

ANR1 (Gan et al., 2005). 

About inhibitory effects using nitrogen, Arabidopsis seedlings were grown at external NO–
3 

concentrations ≥10 mM which influenced the development of early lateral roots, resulting in 

the accumulation of short laterals roots that were blocked just after emergence from the 

primary root. The finding that this effect was enhanced in a nitrate reductase-deficient mutant 

suggested that the internal NO–
3 concentration rather than accumulation of the products of 

NO–
3 assimilation was the key factor triggering the developmental response (Zhang et al., 

1999). It has been proposed that the accumulation of high tissue concentrations of NO–
3 in 

the leaf are responsible for generating a long-distance signal that regulates lateral root 

development (Scheible et al., 1997);(Zhang et al., 1999). The nature of this long-distance 

signal is unknown, but an obvious candidate is auxin because it has been shown that shoot-

derived auxin is important for stimulating lateral root emergence (but not initiation) in 

Arabidopsis seedlings (Bhalerao et al., 2002). An auxin-requiring checkpoint in lateral root 

development was hypothesized by (Forde, 2002); he proposes that NO–
3 accumulation in the 

shoot may inhibit the pass of auxin to the root and this auxin inhibition drives to fail in the 

development of the lateral roots. 

(Walch-Liu et al., 2006) propose that changes in root architecture in response to the 

presence of significant accumulations of L-glutamate in the soil may represent a second 

(morphological) adaptation that enhances a plant’s ability to compete for organic N. It has 

been suggested that plants are most likely to be able to compete effectively with micro-

organisms for soil amino acids within organic N-rich soil patches where the concentrations of 

these amino acids are highest (Raab et al., 1996);(Jones et al., 2005). The slowing of 

primary root growth, the increased root branching behind the root tip and the 

developmentally delayed inhibition of lateral root elongation, which are the responses 

observed when an Arabidopsis root system encounters a source of L-glutamate, can be seen 

as a potential foraging mechanism because they would serve to increase the precision of 

root placement within the soil (Sutherland and Stillman, 1988). Although the concentrations 

of L-glutamate normally found in the bulk soil solution may be too low to affect root growth 

(Jones et al., 2005), within regions of decomposing organic matter its concentration can be 

expected to frequently exceed that needed to elicit a growth response in roots of sensitive 

genotypes. Plant and animal tissues contain free glutamate at millimolar concentrations (Joy 
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et al., 1992);(Young and Ajami, 2000) and an even larger pool of glutamate is available for 

proteolytic release in the protein fraction (Tapiero et al., 2002). 

 

2.2. Auxin 

Julius von Sachs first was the first discussing the concept of a phytohormone in 1887 

(Sachs, 1887). Phytohormones are chemicals that have specific effects on plant growth, and 

are active at low concentrations. Plants use a large variety of hormones, as steroids and 

peptides, including also the five classical classes of phytohormones (auxins, abscisic acid, 

cytokinins, ethylene and gibberellins), which are all relatively small molecules. However, the 

extent and significance of the mechanism of the phytohormone transport is not well 

understood for all of these classes (Figure 6).  

The effect of auxin was first documented when Charles and Francis Darwin (Darwin, 1880) 

published The Power of Movement in Plants. After the perception of light in one area of a 

grass coleoptile, they realised that an “influence is transported” that causes bending towards 

the light in another. Forty-five years later, in 1926, this messenger was separated from plant 

tissues simply by being allowed to diffuse into agar blocks, which then retained a growth 

promoting activity (Cholodny, 1926; Went, 1926). Initially, three kinds of auxin were found in 

plants, of which one was also found in human urine. Afterwards, the first published reports 

began to appear on the crystallization and structural characteristics of auxin but for today is 

clear that only one of the structures, that of indole-3-acetic acid (IAA), was correctly 

identified. 

The word ‘auxin’ or ‘αυξανω’ in Greek, or ‘to grow’ in English, is the name of these small 

class of molecules with a big capacity to induce growth responses in plants. In plants, growth 

is defined as an irreversible increase in size, and is achieved by the enlargement of 

individual cells driven by the uptake of water. Auxin refers to an important group of 

phytohormones that has been implicated in most of the quantitative growth changes that 

occur during a plant’s life cycle: changes in growth direction, in shoot and root branching, 

and in vascular differentiation (Laskowski et al., 1995);,(Leyser, 2001);(Paquette and Benfey, 

2001);(Reinhardt et al., 2000);(Teale et al., 2005). Chemically, auxins are a group of naturally 

occurring tryptophan derived indole-related compounds, of which indoleacetic acid (IAA) is 

the most common bioactive form. They are probably synthesized to some level in all plant 

cells and can be redistributed within the plant through the vasculature. However, early 

studies using radiolabelled IAA revealed that there is, in addition, a polar flux of auxin parallel 

to the shoot–root axis of the plant. Based on such transport studies, two decisive documents 

(Rubery and Sheldrake, 1974);(Raven, 1975) proposed that the observed directional flux of 

auxin along the shoot could be due to a molecular mechanism in which specific efflux 
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carriers for auxin were localized to one face of the component cells of a tissue, forming a 

column of cells along which auxin would move. Data from the last few years have put flesh 

on this model of polar auxin transport (PAT) and revealed a central molecular mechanism 

determining plant polarity, patterning and growth. These advances have come from the 

characterization of auxin transporters, in particular a family of efflux carriers encoded by the 

PIN genes.  
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FIG. 6. Classical view of phytohormone movements.IAA: indole-3-acetic acid, a major auxin, 
GA: gibberellin, CK: cytokinin, ABA: abscisic acid. Transport of other hormones, brassinosteroid and 
jasmonate, are not well known, but these play a role in stress-response and injury-response in every 
part of the plants. Modified from (Tanimoto and Watanabe, 1986).Auxin is thought to be 

synthesized in young apical tissues and then transported downward to the maturing stem 

and the roots by a polar transport system (Sitbon et al., 2000).The most studied auxin with 

respect to the regulation of root growth is indole-3-acetic acid (IAA) among natural auxin 

including 4-chloroindole-3-acetic acid, indole-3-acrylic acid and indole-3-butyric acid 

(Marumo, 1986; Epstein and Ludwigmuller, 1993). The classical view of concentration 

dependency of IAA action on plant growth (Thimann, 1969)is a key characteristic to 
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understanding the regulatory function of auxin in root growth. In contrast to the accelerating 

effect on stem elongation, IAA strongly decelerates root elongation in a wide range of 

concentrations (Scott, 1972);(Feldman, 1984);(Porterfield, 2002);(Pilet, 2002). 

Externally applied IAA rapidly inhibit the elongation growth of roots at very low 

concentrations; from 1 nM level in lettuce (Tanimoto and Watanabe, 1986) and in wild type 

Arabidopsis, down to 1 pM level in the hypersensitive transgenic Arabidopsis (Kim et al., 

2001). The deceleration of root growth occurs within 10 minutes after IAA application 

(Tanimoto and Watanabe, 1986)and Watanabe, 1986). The inverse relationship between the 

endogenous IAA level and growth rate was confirmed in the elongation zone (2.5 to 5 mm 

from root tip) of maize roots (Pilet and Saugy, 1987; Pilet, 2002). They also presented a 

similar inverse relationship between ABA content and growth rate of the same maize roots. 

However, concentration dependent decrease in growth rate was much greater in IAA than 

that in ABA, indicating that the growth rate of maize roots is more sensitive to changes in IAA 

concentration than ABA concentration. The development of GC/MS method has greatly 

contributed to such quantifications of IAA and ABA, particularly in being able to take 

measurements in a tiny root tip (Edlund et al., 1995);(Koshiba et al., 1995);(Ribnicky et al., 

1998). This technique has enabled measurement of the axial gradient of IAA levels even in 

Arabidopsis roots (King et al., 1995);(Koshiba et al., 1995);(Ljung et al., 2001);(Marchant et 

al., 2002);(Muller et al., 2002). The endogenous IAA level was the highest in the apical young 

zone of stems and in the apical and basal part of roots. Recent studies on the meristem of 

Arabidopsis suggest that such endogenous gradient of IAA plays an indispensable role for 

morphogenesis (Swarup et al., 2001);(Nakajima and Benfey, 2002);(Jiang and Feldman, 

2002). 

In addition to axial gradient of IAA level, radial gradient is also important. Much higher 

content of IAA was measured in stele tissues than in cortical cells of maize roots (Saugy and 

Pilet, 1987). They also detected more IAA in lower side of cortex than in upper side of the 

horizontally placed roots. Endogenous IAA concentration falls to the order of 0.1 micromole 

per liter (=17.5 ng/g FW) and these levels are compatible with the inhibitory concentration 

range of externally applied IAA. On the other hand, the amount of IAA conjugate is always 

several fold greater than free IAA (Saugy and Pilet, 1987);(Jensen and Bandurski, 1994). 

Since some IAA conjugates such as IAA-glucoside are reversibly convertible to free IAA by 

enzymatic hydrolysis, the interconversion of IAA to conjugates are also important reactions to 

regulate IAA level in roots (Kowalczyk and Sandberg, 2001);(Ljung et al., 2001). Results of 

dose response experiments and measurements of endogenous IAA levels indicate that IAA 

functions as a growth decelerator rather than an accelerator in roots by the concentration-

dependent effect. Thus, the endogenous concentration of IAA plays a critical role for root 

growth. The inhibition mechanism of root growth by such low levels of IAA is not sufficiently 
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explained to date. However it is ascribed, at least partially, to the growth inhibitory effect of 

ethylene produced by IAA action, since the growth inhibition by IAA is partially eliminated by 

the treatment of roots by the inhibitor of ethylene biosynthesis, aminoethoxyvinylglycine 

(AVG) and cobalt ion (Mulkey et al., 1982).  

The molecular mechanism of polar IAA transport has been elucidated by the discovery of 

membrane-located carrier proteins, named AUX1, PIN and MDR1. AUX1 is an influx protein 

and PIN is efflux facilitator of IAA. MDR1 belongs to multidrug-resistance-related protein and 

to ABC transporter family which carries ATP-binding cassette, and transport IAA and/or IAA-

conjugate. Among these transporters, AUX1 and PIN proteins play a central role for polar 

auxin transport. Discovery of PIN proteins was initiated by the finding of pinformed mutant, 

pin-1 of Arabidopsis (Goto, 1987; Haughn and Somerville, 1988). The abnormal 

morphogenesis of the pinformed mutant was ascribed to the decreased IAA transport (Okada 

et al., 1991; Oka et al., 1998; Oka et al., 1999). These findings were followed by the 

identification of pin genes and proteins (Estelle, 1998). Eight kinds of PINs have been found 

in Arabidopsis to date and Four of them (PIN1-PIN4) are supposed to play roles in the root 

(PIN1: (Galweiler et al., 1998); PIN2: (Muller et al., 1998); PIN3: (Friml et al., 2002b); PIN4: 

(Friml et al., 2002a). PIN6 and PIN7 are also reported in roots (Benkova et al., 2003);(Blilou 

et al., 2005). Localization and gene expression of these carrier proteins are gravity-sensitive. 

In addition to the growth and tropic regulation of roots, movement and gradient of IAA in the 

root tip participate in the maintenance of root meristem (Friml et al., 2002a);(Jiang and 

Feldman, 2002);(Benkova et al., 2003);(Blilou et al., 2005);(Teale et al., 2005). An 

asymmetric auxin flux from columella cells to the lateral root cap cells is also observed by 

Green Fluorescence Protein(GFP)-based monitoring of auxin-responsive gene expression 

under gravity stimulation (Ottenschlager et al., 2003). Such auxin flow back to the elongation 

zone from columella cells is compatible with the localization of PIN proteins in these tissues. 

PIN family proteins were also cloned in cucumber and pea, and the gene expression of PIN2 

and AUX1 are also gravity responsive (Kamada et al., 2003);(Miyamoto et al., 2003).  

Quantitative measurement is necessary for the evaluation of these carrier proteins in the 

regulation of root growth, because root growth itself is strictly controlled by IAA concentration 

in the meristem and in the elongation zone. A regulatory mechanism of carrier proteins by 

signal transduction system may exist, since protein phosphorylation was suggested to play a 

role in basipetal auxin transport (Rashotte et al., 2001). Speed of IAA transport by these 

carriers remains to be investigated (Muday and DeLong, 2001; Muday and Murphy, 2002). In 

addition to the regulation of elongation growth, auxin plays an important function to produce 

lateral roots (Reed et al., 1998; Bhalerao et al., 2002; Benkova et al., 2003; Casimiro et al., 

2003). Despite the accumulation of research on auxin responsive gene expression and its 

regulation by the proteasome dependent degradation of suppressor proteins (Ramos et al., 
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2001; Dharmasiri and Estelle, 2002; Aspuria et al., 2002; Ueda et al., 2004; Dharmasiri and 

Estelle, 2004), little information is available to answer how auxin decelerate or accelerate 

root growth, because physiological and biochemical functions of these genes are not clear 

enough. 

The reason why auxins have attracted so much attention for almost a century is not only that 

they have the capacity to influence growth, but that they have additional farther-reaching 

effects on the life cycle of plants. Recent evidence shows that, through a unique mechanism 

of perception and elicitation, the physiological responses that auxin governs are central to a 

plant’s structure and functioning. 

 

3. Aim & Scope 

 

3.1. Aim 
The more important aim of this research study consisted in the identification, cloning and 

characterization of a novel gene coding the Arabidopsis thaliana diacylglycerol kinase 7 

(AtDGK7). This study groups the collection of experiments to analyze the molecular, 

 

cally active. From the AtDGK family the member AtDGK7 was selected, its cDNA 

was cloned and biochemical assays showed the catalytic properties of the encoded protein.  

al and physiological properties of the encoded protein. In my PhD thesis I 

tested the hypothesis whether AtDGK7 plays are role in growth and differentiation in lateral 

spholipid signaling and 

show the roles of dyacylglycerol and phosphatidic acid emerged as second messengers In 

hapter 2 presents a paper with documented information about the molecular cloning and 

characterization of AtDGK7. The recombinant AtDGK7 enzyme is catalytically active and 

 

biochemical and physiological aspects of AtDGK7. 

The experimental activities followed the successful cloning and characterization of the gene 

tDGK2 (Gomez-Merino et al., 2004), the first published assay of an AtDGK enzyme thatA

was catalyti

 

3.2.Scope 

Here, in this document, I will focus mainly on the AtDGK7 gene, its biological roles as well as 

the biochemic

root development. Therefore, several nutritional conditions and the effects of hormones were 

investigated.  

In Chapter 1, the general introduction, I make an overview about pho

this chapter I also present the signaling function by molecules as sugar, nitrates and auxin, 

and how they are affecting directly or indirectly biological processes. 

C
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phosphorylates DAG molecular species as their natural substrate. R59022 inhibits root 

elongation and lateral root formation and reduces plant growth, suggesting that DGKs play an 

 affecting growth and development of lateral roots, mediated via an interaction with 

uxin. 

 

important role in plant development. 

In Chapter 3, I report the cloning of a cDNA for AtDGK7 from Arabidopsis thaliana which 

codes for a protein that is longer than the previously described AtDGK7 polypeptide. 

Physiological analysis under abiotic stresses were performed with AtDGK7 T-DNA insertion 

lines and also with plants expressing the GUS gene under the control of the native AtDGK7 

promoter (AtDGK7prom::GUS). It is hypothesized that AtDGK7 is involved in a metabolic 

process

a



Chapter 1 

REFERENCES 
 
Alvarez-Buylla E.R., Pelaz S., Liljegren S.J., Gold S.E., Burgeff C., Ditta G.S., de Pouplana L.R., 

Martinez-Castilla L., Yanofsky M.F. (2000). An ancestral MADS-box gene duplication 
occurred before the divergence of plants and animals. Proceedings of the National Academy 
of Sciences of the United States of America 97, 5328-5333. 

Anthony R.G., Henriques R., Helfer A., Meszaros T., Rios G., Testerink C., Munnik T., Deak M., 
Koncz C., Bogre L. (2004). A protein kinase target of a PDK1 signalling pathway is involved 
in root hair growth in Arabidopsis. Embo Journal 23, 572-581. 

Apone F., Alyeshmerni N., Wiens K., Chalmers D., Chrispeels M.J., Colucci G. (2003). The G-
protein-coupled receptor GCR1 regulates DNA synthesis through activation of 
phosphatidylinositol-specific phospholipase C. Plant Physiol 133, 571-579. 

Arenas-Huertero F., Arroyo A., Zhou L., Sheen J., Leon P. (2000). Analysis of Arabidopsis glucose 
insensitive mutants, gin5 and gin6, reveals a central role of the plant hormone ABA in the 
regulation of plant vegetative development by sugar. Genes & Development 14, 2085-2096. 

Arisz S.A., Valianpour F., van Gennip A.H., Munnik T. (2003). Substrate preference of stress-
activated phospholipase D in Chlamydomonas and its contribution to PA formation. Plant J. 
34, 595-604. 

Aspuria E.T., Ooura C., Chen G.Q., Uchimiya H., Oono Y. (2002). GFP accumulation controlled by 
an auxin-responsive promoter as a non-destructive assay to monitor early auxin response. 
Plant Cell Reports 21, 52-57. 

Baillie G.S., Huston E., Scotland G., Hodgkin M., Gall I., Peden A.H., MacKenzie C., Houslay 
E.S., Currie R., Pettitt T.R., Walmsley A.R., Wakelam M.J., Warwicker J., Houslay M.D. 
(2002). TAPAS-1, a novel microdomain within the unique N-terminal region of the PDE4A1 
cAMP-specific phosphodiesterase that allows rapid, Ca2+-triggered membrane association 
with selectivity for interaction with phosphatidic acid. J. Biol. Chem. 277, 28298-28309. 

Balla T., Varnai P. (2002). Visualizing cellular phosphoinositide pools with GFP-fused protein-
modules. Sci. STKE. 2002, L3. 

Beisson F., Koo A.J., Ruuska S., Schwender J., Pollard M., Thelen J.J., Paddock T., Salas J.J., 
Savage L., Milcamps A., Mhaske V.B., Cho Y., Ohlrogge J.B. (2003). Arabidopsis genes 
involved in acyl lipid metabolism. A 2003 census of the candidates, a study of the distribution 
of expressed sequence tags in organs, and a web-based database. Plant Physiol 132, 681-
697. 

Benkova E., Michniewicz M., Sauer M., Teichmann T., Seifertova D., Jurgens G., Friml J. (2003). 
Local, efflux-dependent auxin gradients as a common module for plant organ formation. Cell 
115, 591-602. 

Berridge M.J., Irvine R.F. (1984). Inositol trisphosphate, a novel second messenger in cellular signal 
transduction. Nature 312, 315-321. 

Bhalerao R.P., Eklof J., Ljung K., Marchant A., Bennett M., Sandberg G. (2002). Shoot-derived 
auxin is essential for early lateral root emergence in Arabidopsis seedlings. Plant Journal 29, 
325-332. 

Blilou I., Xu J., Wildwater M., Willemsen V., Paponov I., Friml J., Heidstra R., Aida M., Palme K., 
Scheres B. (2005). The PIN auxin efflux facilitator network controls growth and patterning in 
Arabidopsis roots. Nature 433, 39-44. 

Bloom A.J., Smart D.R., Nguyen D.T., Searles P.S. (2002). Nitrogen assimilation and growth of 
wheat under elevated carbon dioxide. Proceedings of the National Academy of Sciences of 
the United States of America 99, 1730-1735. 

Blumwald E., Aharon G.S., C-H.Lam B. (1998). Early signal transduction pathways in plant-pathogen 
interactions. Trends in Plant Science, 3, 342-346. 

Borisjuk L., Walenta S., Weber H., Mueller-Klieser W., Wobus U. (1998). High-resolution 
histographical mapping of glucose concentrations in developing cotyledons of Vicia faba in 
relation to mitotic activity and storage processes: glucose as a possible developmental trigger. 
Plant Journal 15, 583-591. 

Boxall SF M.T.G.IA. (1996). A new class of Arabidopsis thaliana mutant that is carbohydrate-
insensitive. Poster abstracts of the 7th International Conference on Arabidopsis Research, 
S96 

Brenner E.D., Stahlberg R., Mancuso S., Vivanco J., Baluska F., Van V.E. (2006). Plant 
neurobiology: an integrated view of plant signaling. Trends Plant Sci. 11, 413-419. 

Brose N., Betz A., Wegmeyer H. (2004). Divergent and convergent signaling by the diacylglycerol 
second messenger pathway in mammals. Current Opinion in Neurobiology 14, 328-340. 

 31



Chapter 1 

Bunney T.D., Watkins P.A., Beven A.F., Shaw P.J., Hernandez L.E., Lomonossoff G.P., Shanks 
M., Peart J., Drobak B.K. (2000). Association of phosphatidylinositol 3-kinase with nuclear 
transcription sites in higher plants. Plant Cell 12, 1679-1688. 

Burgeff C., Liljegren S.J., Tapia-Lopez R., Yanofsky M.F., Alvarez-Buylla E.R. (2002). MADS-box 
gene expression in lateral primordia, meristems and differentiated tissues of Arabidopsis 
thaliana roots. Planta 214, 365-372. 

Casimiro I., Beeckman T., Graham N., Bhalerao R., Zhang H., Casero P., Sandberg G., Bennett 
M.J. (2003). Dissecting Arabidopsis lateral root development. Trends Plant Sci. 8, 165-171. 

Charron D., Pingret J.L., Chabaud M., Journet E.P., Barker D.G. (2004). Pharmacological evidence 
that multiple phospholipid signaling pathways link Rhizobium nodulation factor perception in 
Medicago truncatula root hairs to intracellular responses, including Ca2+ spiking and specific 
ENOD gene expression. Plant Physiol 136, 3582-3593. 

Chen C.Y., Cheung A.Y., Wu H.M. (2003). Actin-depolymerizing factor mediates Rac/Rop GTPase-
regulated pollen tube growth. Plant Cell 15, 237-249. 

Chen J.G., Jones A.M. (2004). AtRGS1 function in Arabidopsis thaliana. Regulators of G-Protein 
Signaling, Part A 389, 338-350. 

Cheng C.L., Acedo G.N., Cristinsin M., Conkling M.A. (1992). Sucrose mimics the light induction of 
Arabidopsis nitrate reductase gene transcription. Proc. Natl. Acad. Sci. U. S. A 89, 1861-1864. 

Chiou T.J., Bush D.R. (1998). Sucrose is a signal molecule in assimilate partitioning. Proceedings of 
the National Academy of Sciences of the United States of America 95, 4784-4788. 

Cholodny N. (1926). Beiträge zur Analyse der geotropischen Reaktion. Jahrbuch Wiss. Bot. in German 65, 
447-459. 

Clark G.B., Thompson G., Jr., Roux S.J. (2001). Signal transduction mechanisms in plants: an 
overview. Curr. Sci. 80, 170-177. 

Cockcroft S. (2001). Phosphatidylinositol transfer proteins couple lipid transport to phosphoinositide 
synthesis. Semin. Cell Dev. Biol. 12, 183-191. 

Coruzzi G., Bush D.R. (2001). Nitrogen and carbon nutrient and metabolite signaling in plants. Plant 
Physiol 125, 61-64. 

Coruzzi G.M., Zhou L. (2001). Carbon and nitrogen sensing and signaling in plants: emerging 'matrix 
effects'. Current Opinion in Plant Biology 4, 247-253. 

Daan Kuiper J.S.a.P.J.C.K. (1988). Effects of internal and external cytokinin concentrations on root 
growth and shoot to root ratio of Plantago major ssp. pleiosperma at different nutrient 
conditions. Plant and Soil 111, 231-236. 

Dai N., Schaffer A., Petreikov M., Shahak Y., Giller Y., Ratner K., Levine A., Granot D. (1999). 
Overexpression of Arabidopsis hexokinase in tomato plants inhibits growth, reduces 
photosynthesis, and induces rapid senescence. Plant Cell 11, 1253-1266. 

Darwin F.&.D.C. (1880). The Power of Movement in Plants. John Murray, London 
de Folter S., Immink R.G.H., Kieffer M., Parenicova L., Henz S.R., Weigel D., Busscher M., 

Kooiker M., Colombo L., Kater M.M., Davies B., Angenent G.C. (2005). Comprehensive 
interaction map of the Arabidopsis MADS box transcription factors. Plant Cell 17, 1424-1433. 

de Jong C.F., Laxalt A.M., Bargmann B.O., de Wit P.J., Joosten M.H., Munnik T. (2004). 
Phosphatidic acid accumulation is an early response in the Cf-4/Avr4 interaction. Plant J. 39, 
1-12. 

De la Roche M.A., Smith J.L., Rico M., Carrasco S., Merida I., Licate L., Cote G.P., Egelhoff T.T. 
(2002). Dictyostelium discoideum has a single diacylglycerol kinase gene with similarity to 
mammalian theta isoforms. Biochem. J. 368, 809-815. 

den Hartog M., Verhoef N., Munnik T. (2003). Nod factor and elicitors activate different phospholipid 
signaling pathways in suspension-cultured alfalfa cells. Plant Physiology 132, 311-317. 

den H.M., Musgrave A., Munnik T. (2001). Nod factor-induced phosphatidic acid and diacylglycerol 
pyrophosphate formation: a role for phospholipase C and D in root hair deformation. Plant J. 
25, 55-65. 

Dharmasiri N., Estelle M. (2004). Auxin signaling and regulated protein degradation. Trends in Plant 
Science 9, 302-308. 

Dharmasiri S., Estelle M. (2002). The role of regulated protein degradation in auxin response. Plant 
Molecular Biology 49, 401-409. 

Dickinson C.D., Altabella T., Chrispeels M.J. (1991). Slow-Growth Phenotype of Transgenic Tomato 
Expressing Apoplastic Invertase. Plant Physiol 95, 420-425. 

Dijkwel P.P., Huijser C., Weisbeek P.J., Chua N.H., Smeekens S.C.M. (1997). Sucrose control of 
phytochrome A signaling in Arabidopsis. Plant Cell 9, 583-595. 

Ding B., Haudenshield J.S., Willmitzer L., Lucas W.J. (1993). Correlation Between Arrested 
Secondary Plasmodesmal Development and Onset of Accelerated Leaf Senescence in Yeast 
Acid Invertase Transgenic Tobacco Plants. Plant Journal 4, 179-189. 

 32



Chapter 1 

Drew M.C., Saker L.R. (1975). Nutrient Supply and Growth of Seminal Root System in Barley .2. 
Localized, Compensatory Increases in Lateral Root Growth and Rates of Nitrate Uptake When 
Nitrate Supply Is Restricted to Only Part of Root System. J. Exp. Bot. 26, 79-90. 

Drobak B.K. (1993). Plant Phosphoinositides and Intracellular Signaling. Plant Physiol 102, 705-709. 
Eastmond P.J., Graham I.A. (2001). Re-examining the role of the glyoxylate cycle in oilseeds. Trends 

in Plant Science 6, 72-77. 
Ebinu J.O., Bottorff D.A., Chan E.Y., Stang S.L., Dunn R.J., Stone J.C. (1998). RasGRP, a Ras 

guanyl nucleotide- releasing protein with calcium- and diacylglycerol-binding motifs. Science 
280, 1082-1086. 

Edlund A., Eklof S., Sundberg B., Moritz T., Sandberg G. (1995). A Microscale Technique for Gas-
Chromatography Mass-Spectrometry Measurements of Picogram Amounts of Indole-3-Acetic-
Acid in Plant-Tissues. Plant Physiology 108, 1043-1047. 

Elias M., Potocky M., Cvrckova F., Zarsky V. (2002). Molecular diversity of phospholipase D in 
angiosperms. BMC. Genomics 3, 2. 

Epstein E., Ludwigmuller J. (1993). Indole-3-Butyric Acid in Plants - Occurrence, Synthesis, 
Metabolism and Transport. Physiologia Plantarum 88, 382-389. 

Estelle M. (1998). Polar auxin transport: New support for an old model. Plant Cell 10, 1775-1778. 
Feldman L.J. (1984). Regulation of Root Development. Annual Review of Plant Physiology and Plant 

Molecular Biology 35, 223-242. 
Filleur S., Walch-Liu P., Gan Y., Forde B.G. (2005). Nitrate and glutamate sensing by plant roots. 

Biochemical Society Transactions 33, 283-286. 
Finkelstein R.R., Gibson S.I. (2002). ABA and sugar interactions regulating development: cross-talk 

or voices in a crowd? Current Opinion in Plant Biology 5, 26-32. 
Finkelstein R.R., Lynch T.J. (2000). Abscisic acid inhibition of radicle emergence but not seedling 

growth is suppressed by sugars. Plant Physiology 122, 1179-1186. 
Forde B., Lorenzo H. (2001). The nutritional control of root development. Plant and Soil 232, 51-68. 
Forde B.G. (2002). The role of long-distance signalling in plant responses to nitrate and other 

nutrients. J. Exp. Bot. 53, 39-43. 
Foreman J., Demidchik V., Bothwell J.H.F., Mylona P., Miedema H., Torres M.A., Linstead P., 

Costa S., Brownlee C., Jones J.D.G., Davies J.M., Dolan L. (2003). Reactive oxygen 
species produced by NADPH oxidase regulate plant cell growth. Nature 422, 442-446. 

Friml J., Benkova E., Blilou I., Wisniewska J., Hamann T., Ljung K., Woody S., Sandberg G., 
Scheres B., Jurgens G., Palme K. (2002a). AtPIN4 mediates sink-driven auxin gradients and 
root patterning in Arabidopsis. Cell 108, 661-673. 

Friml J., Wisniewska J., Benkova E., Mendgen K., Palme K. (2002b). Lateral relocation of auxin 
efflux regulator PIN3 mediates tropism in Arabidopsis. Nature 415, 806-809. 

Galweiler L., Guan C.H., Muller A., Wisman E., Mendgen K., Yephremov A., Palme K. (1998). 
Regulation of polar auxin transport by AtPIN1 in Arabidopsis vascular tissue. Science 282, 
2226-2230. 

Gan Y.B., Filleur S., Rahman A., Gotensparre S., Forde B.G. (2005). Nutritional regulation of ANR1 
and other root-expressed MADS-box genes in Arabidopsis thaliana. Planta 222, 730-742. 

Garciarrubio A., Legaria J.P., Covarrubias A.A. (1997). Abscisic acid inhibits germination of mature 
Arabidopsis seeds by limiting the availability of energy and nutrients. Planta 203, 182-187. 

Gazzarrini S., McCourt P. (2001). Genetic interactions between ABA, ethylene and sugar signaling 
pathways. Current Opinion in Plant Biology 4, 387-391. 

Ghosh S., Strum J.C., Sciorra V.A., Daniel L., Bell R.M. (1996). Raf-1 Kinase Possesses Distinct 
Binding Domains for Phosphatidylserine and Phosphatidic Acid. Journal of Biological 
Chemistry 271, 8472-8480. 

Gibson S.I. (2001). Plant sugar-response pathways. Part of a complex regulatory web. (vol 124, pg 
1532, 2000). Plant Physiology 125, 2203. 

Giovannoni J. (2001). Molecular biology of fruit maturation and ripening. Annual Review of Plant 
Physiology and Plant Molecular Biology 52, 725-749. 

Goddijn O., Smeekens S. (1998). Sensing trehalose biosynthesis in plants. Plant Journal 14, 143-
146. 

Gomez-Merino F.C., Arana-Ceballos F.A., Trejo-Tellez L.I., Skirycz A., Brearley C.A., Dormann 
P., Mueller-Roeber B. (2005). Arabidopsis AtDGK7, the smallest member of plant 
diacylglycerol kinases (DGKs), displays unique biochemical features and saturates at low 
substrate concentration: the DGK inhibitor R59022 differentially affects AtDGK2 and AtDGK7 
activity in vitro and alters plant growth and development. J. Biol. Chem. 280, 34888-34899. 

Gomez-Merino F.C., Brearley C.A., Ornatowska M., bdel-Haliem M.E., Zanor M.I., Mueller-Roeber 
B. (2004). AtDGK2, a novel diacylglycerol kinase from Arabidopsis thaliana, phosphorylates 1-

 33



Chapter 1 

stearoyl-2-arachidonoyl-sn-glycerol and 1,2-dioleoyl-sn-glycerol and exhibits cold-inducible 
gene expression. J. Biol. Chem. 279, 8230-8241. 

Goto N.S.M.a.K.A.R. (1987). Effect of gibberellins on flower development of the pin-formed 
mutant of Arabidopsis thaliana. Arabidopsis Inf. Serv 23, 66-71. 

Graham I.A., Denby K.J., Leaver C.J. (1994). Carbon Catabolite Repression Regulates Glyoxylate 
Cycle Gene-Expression in Cucumber. Plant Cell 6, 761-772. 

Graham J.H., Drouillard D.L., Hodge N.C. (1996). Carbon economy of sour orange in response to 
different Glomus spp. Tree Physiology 16, 1023-1029. 

Haines B.J. (2002). Zincophilic root foraging in Thlaspi caerulescens. New Phytologist 155, 363-372. 
Hajirezaei M.R., Takahata Y., Trethewey R.N., Willmitzer L., Sonnewald U. (2000). Impact of 

elevated cytosolic and apoplastic invertase activity on carbon metabolism during potato tuber 
development. J. Exp. Bot. 51, 439-445. 

Harada A., Sakai T., Okada K. (2003). Phot1 and phot2 mediate blue light-induced transient 
increases in cytosolic Ca2+ differently in Arabidopsis leaves. Proc. Natl. Acad. Sci. U. S. A 
100, 8583-8588. 

Hartig K., Beck E. (2006). Crosstalk between auxin, cytokinins, and sugars in the plant cell cycle. 
Plant Biol. (Stuttg) 8, 389-396. 

Haughn G.W., Somerville C.R. (1988). Genetic-Control of Morphogenesis in Arabidopsis. 
Developmental Genetics 9, 73-89. 

Heilmann I., Stevenson-Paulik J., Perera I.Y. (2000). Plant PtdIns 3-kinase goes nuclear. Plant Cell 
12, 1511-1512. 

Henry L.T., Raper C.D. (1991). Soluble Carbohydrate Allocation to Roots, Photosynthetic Rate of 
Leaves, and Nitrate Assimilation As Affected by Nitrogen Stress and Irradiance. Botanical 
Gazette 152, 23-33. 

Hiramatsu T., Sonoda H., Takanezawa Y., Morikawa R., Ishida M., Kasahara K., Sanai Y., 
Taguchi R., Aoki J., Arai H. (2003). Biochemical and molecular characterization of two 
phosphatidic acid-selective phospholipase A1s, mPA-PLA1alpha and mPA-PLA1beta. J. Biol. 
Chem. 278, 49438-49447. 

Hodge A. (2004). The plastic plant: root responses to heterogeneous supplies of nutrients. New 
Phytologist 162, 9-24. 

Hodgkin M.N., Pettitt T.R., Martin A., Michell R.H., Pemberton A.J., Wakelam M.J. (1998). 
Diacylglycerols and phosphatidates: which molecular species are intracellular messengers? 
Trends Biochem. Sci. 23, 200-204. 

Holdsworth M., Kurup S., McKibbin R. (1999). Molecular and genetic mechanisms regulating the 
transition from embryo development to germination. Trends in Plant Science 4, 275-280. 

Jack T. (2004). Molecular and genetic mechanisms of floral control. Plant Cell 16, S1-S17. 
Jackson S.D. (1999). Multiple signaling pathways control tuber induction in potato. Plant Physiology 

119, 1-8. 
Jang J.C., Leon P., Zhou L., Sheen J. (1997). Hexokinase as a sugar sensor in higher plants. Plant 

Cell 9, 5-19. 
Jang J.C., Sheen J. (1994). Sugar Sensing in Higher-Plants. Plant Cell 6, 1665-1679. 
Jang J.C., Sheen J. (1997b). Sugar sensing in higher plants. Trends in Plant Science 2, 208-214. 
Jang J.C., Sheen J. (1997a). Sugar sensing in higher plants. Trends in Plant Science 2, 208-214. 
Jensen P.J., Bandurski R.S. (1994). Metabolism and Synthesis of Indole-3-Acetic-Acid (Iaa) in Zea-

Mays. Plant Physiology 106, 343-351. 
Jiang C.Z., Rodermel S.R., Shibles R.M. (1993). Photosynthesis, Rubisco Activity and Amount, and 

Their Regulation by Transcription in Senescing Soybean Leaves. Plant Physiology 101, 105-
112. 

Jiang K., Feldman L.J. (2002). Root meristem establishment and maintenance: The role of auxin. 
Journal of Plant Growth Regulation 21, 432-440. 

Jones D.L., Healey J.R., Willett V.B., Farrar J.F., Hodge A. (2005). Dissolved organic nitrogen 
uptake by plants - an important N uptake pathway? Soil Biology & Biochemistry 37, 413-423. 

Jones J.A., Hannun Y.A. (2002). Tight binding inhibition of protein phosphatase-1 by phosphatidic 
acid. Specificity of inhibition by the phospholipid. J. Biol. Chem. 277, 15530-15538. 

Jose A.M., Koelle M.R. (2005). Domains, amino acid residues, and new isoforms of Caenorhabditis 
elegans diacylglycerol kinase 1 (DGK-1) important for terminating diacylglycerol signaling in 
vivo. Journal of Biological Chemistry 280, 2730-2736. 

Joy K.W., Blackwell R.D., Lea P.J. (1992). Assimilation of Nitrogen in Mutants Lacking Enzymes of 
the Glutamate Synthase Cycle. J. Exp. Bot. 43, 139-145. 

Kamada M., Yamasaki S., Fujii N., Higashitani A., Takahashi H. (2003). Gravity-induced 
modification of auxin transport and distribution for peg formation in cucumber seedlings: 
possible roles for CS-AUX1 and CS-PIN1. Planta 218, 15-26. 

 34



Chapter 1 

Katagiri T., Ishiyama K., Kato T., Tabata S., Kobayashi M., Shinozaki K. (2005). An important role 
of phosphatidic acid in ABA signaling during germination in Arabidopsis thaliana. Plant Journal 
43, 107-117. 

Katagiri T., Mizoguchi T., Shinozaki K. (1996). Molecular cloning of a cDNA encoding diacylglycerol 
kinase (DGK) in Arabidopsis thaliana. Plant Mol. Biol. 30, 647-653. 

Kim D.H., Eu Y.J., Yoo C.M., Kim Y.W., Pih K.T., Jin J.B., Kim S.J., Stenmark H., Hwang I. (2001). 
Trafficking of phosphatidylinositol 3-phosphate from the trans-Golgi network to the lumen of 
the central vacuole in plant cells. Plant Cell 13, 287-301. 

King J.J., Stimart D.P., Fisher R.H., Bleecker A.B. (1995). A mutation altering auxin homeostasis 
and plant morphology in Arabidopsis. Plant Cell 7, 2023-2037. 

Klauck T.M., Xu X.Q., Mousseau B., Jaken S. (1996). Cloning and characterization of a 
glucocorticoid-induced diacylglycerol kinase. Journal of Biological Chemistry 271, 19781-
19788. 

Klein D., Stitt M. (1998). Effects of 2-deoxyglucose on the expression of rbcS and the metabolism of 
Chenopodium rubrum cell-suspension cultures. Planta 205, 223-234. 

Koch K.E. (1996). CARBOHYDRATE-MODULATED GENE EXPRESSION IN PLANTS. Annu. Rev. 
Plant Physiol Plant Mol. Biol. 47, 509-540. 

Kolbe A., Tiessen A., Schluepmann H., Paul M., Ulrich S., Geigenberger P. (2005). Trehalose 6-
phosphate regulates starch synthesis via posttranslational redox activation of ADP-glucose 
pyrophosphorylase. Proceedings of the National Academy of Sciences of the United States of 
America 102, 11118-11123. 

Koshiba T., Kamiya Y., Iino M. (1995). Biosynthesis of indole-3-acetic acid from L-tryptophan in 
coleoptile tips of maize (Zea mays L). Plant and Cell Physiology 36, 1503-1510. 

Kowalczyk M., Sandberg G. (2001). Quantitative analysis of indole-3-acetic acid metabolites in 
Arabidopsis. Plant Physiology 127, 1845-1853. 

Krapp A., Hofmann B., Schafer C., Stitt M. (1993). Regulation of the Expression of Rbcs and Other 
Photosynthetic Genes by Carbohydrates - A Mechanism for the Sink Regulation of 
Photosynthesis. Plant Journal 3, 817-828. 

Krapp A., Stitt M. (1995). An Evaluation of Direct and Indirect Mechanisms for the Sink-Regulation of 
Photosynthesis in Spinach - Changes in Gas-Exchange, Carbohydrates, Metabolites, 
Enzyme-Activities and Steady-State Transcript Levels After Cold-Girdling Source Leaves. 
Planta 195, 313-323. 

Kurata T., Yamamoto K.T. (1998). petit1, a conditional growth mutant of Arabidopsis defective in 
sucrose-dependent elongation growth. Plant Physiology 118, 793-801. 

Lalonde S., Boles E., Hellmann H., Barker L., Patrick J.W., Frommer W.B., Ward J.M. (1999). The 
dual function of sugar carriers: Transport and sugar sensing. Plant Cell 11, 707-726. 

Lam H.M., Peng S.S., Coruzzi G.M. (1994). Metabolic regulation of the gene encoding glutamine-
dependent asparagine synthetase in Arabidopsis thaliana. Plant Physiol 106, 1347-1357. 

Laskowski M.J., Williams M.E., Nusbaum H.C., Sussex I.M. (1995). Formation of lateral root 
meristems is a two-stage process. Development 121, 3303-3310. 

Laxalt A.M., Munnik T. (2002). Phospholipid signalling in plant defence. Curr. Opin. Plant Biol. 5, 332-
338. 

Lee H.C., Aarhus R. (1991). ADP-ribosyl cyclase: an enzyme that cyclizes NAD+ into a calcium-
mobilizing metabolite. Cell Regul. 2, 203-209. 

Lejay L., Tillard P., Lepetit M., Olive F., Filleur S., niel-Vedele F., Gojon A. (1999). Molecular and 
functional regulation of two NO3- uptake systems by N- and C-status of Arabidopsis plants. 
Plant J. 18, 509-519. 

Lemaire K., de Velde S.V., Van Dijck P., Thevelein J.M. (2004). Glucose and sucrose act as agonist 
and mannose as antagonist ligands of the G protein-coupled receptor Gpr1 in the yeast 
Saccharomyces cerevisiae. Molecular Cell 16, 293-299. 

Leon P., Sheen J. (2003). Sugar and hormone connections. Trends Plant Sci. 8, 110-116. 
Leyser O. (2001). Auxin signalling: the beginning, the middle and the end. Current Opinion in Plant 

Biology 4, 382-386. 
Lim S.Y., Jang J.H., Surh Y.J. (2003). Induction of cyclooxygenase-2 and peroxisome proliferator-

activated receptor-gamma during nitric oxide-induced apoptotic PC12 cell death. Apoptosis: 
from Signaling Pathways to Therapeutic Tools 1010, 648-658. 

Limatola C., Schaap D., Moolenaar W.H., van Blitterswijk W.J. (1994). Phosphatidic acid activation 
of protein kinase C-zeta overexpressed in COS cells: comparison with other protein kinase C 
isotypes and other acidic lipids. Biochem. J. 304 ( Pt 3), 1001-1008. 

Linkohr B.I., Williamson L.C., Fitter A.H., Leyser H.M.O. (2002). Nitrate and phosphate availability 
and distribution have different effects on root system architecture of Arabidopsis. Plant Journal 
29, 751-760. 

 35



Chapter 1 

Ljung K., Bhalerao R.P., Sandberg G. (2001). Sites and homeostatic control of auxin biosynthesis in 
Arabidopsis during vegetative growth. Plant Journal 28, 465-474. 

Lopez-Molina L., Mongrand S., Chua N.H. (2001). A postgermination developmental arrest 
checkpoint is mediated by abscisic acid and requires the AB15 transcription factor in 
Arabidopsis. Proceedings of the National Academy of Sciences of the United States of 
America 98, 4782-4787. 

Luo B., Prescott S.M., Topham M.K. (2004). Diacylglycerol kinase zeta regulates 
phosphatidylinositol 4-phosphate 5-kinase Ialpha by a novel mechanism. Cell Signal 16, 891-
897. 

Makela P., McLaughlin J.E., Boyer J.S. (2005). Imaging and quantifying carbohydrate transport to 
the developing ovaries of maize. Annals of Botany 96, 939-949. 

Malamy J.E., Ryan K.S. (2001). Environmental regulation of lateral root initiation in Arabidopsis. Plant 
Physiol 127, 899-909. 

Maness N.O., Mcbee G.G. (1986). Role of Placental Sac in Endosperm Carbohydrate Import in 
Sorghum Caryopses. Crop Science 26, 1201-1207. 

Manifava M., Thuring J.W., Lim Z.Y., Packman L., Holmes A.B., Ktistakis N.T. (2001). Differential 
binding of traffic-related proteins to phosphatidic acid- or phosphatidylinositol (4,5)- 
bisphosphate-coupled affinity reagents. J. Biol. Chem. 276, 8987-8994. 

Marcel G.C., Matos A., arcy-Lameta A., Kader J.C., Zuily-Fodil Y., Pham-Thi A. (2000). Two novel 
plant cDNAs homologous to animal type-2 phosphatidate phosphatase are expressed in 
cowpea leaves and are differently regulated by water deficits. Biochem. Soc. Trans. 28, 915-
917. 

Marchant A., Bhalerao R., Casimiro I., Eklof J., Casero P.J., Bennett M., Sandberg G. (2002). 
AUX1 promotes lateral root formation by facilitating indole-3-acetic acid distribution between 
sink and source tissues in the Arabidopsis seedling. Plant Cell 14, 589-597. 

Marignani P.A., Epand R.M., Sebaldt R.J. (1996). Acyl chain dependence of diacylglycerol activation 
of protein kinase C activity in vitro. Biochemical and Biophysical Research Communications 
225, 469-473. 

Martin T., Oswald O., Graham I.A. (2002). Arabidopsis seedling growth, storage lipid mobilization, 
and photosynthetic gene expression are regulated by carbon : nitrogen availability. Plant 
Physiology 128, 472-481. 

Martin T., Sotta B., Julien M., Caboche M., Faure J.D. (1997). ZEA3: A negative modulator of 
cytokinin responses in plant seedlings. Plant Physiology 114, 1177-1185. 

Marumo S. (1986). Auxins. In Chemistry of Plant Hormones pp 9-56. 
Masai I., Okazaki A., Hosoya T., Hotta Y. (1993). Drosophila retinal degeneration A gene encodes 

an eye-specific diacylglycerol kinase with cysteine-rich zinc-finger motifs and ankyrin repeats. 
Proc. Natl. Acad. Sci. U. S. A 90, 11157-11161. 

McGee J.D., Roe J.L., Sweat T.A., Wang X., Guikema J.A., Leach J.E. (2003). Rice phospholipase 
D isoforms show differential cellular location and gene induction. Plant Cell Physiol 44, 1013-
1026. 

McLaughlin J.E., Boyer J.S. (2004). Glucose localization in maize ovaries when kernel number 
decreases at low water potential and sucrose is fed to the stems. Annals of Botany 94, 75-86. 

McPhail L.C., Waite K.A., Regier D.S., Nixon J.B., Qualliotine-Mann D., Zhang W.X., Wallin R., 
Sergeant S. (1999). A novel protein kinase target for the lipid second messenger phosphatidic 
acid. Biochim. Biophys. Acta 1439, 277-290. 

Meijer H.J., Berrie C.P., Iurisci C., Divecha N., Musgrave A., Munnik T. (2001). Identification of a 
new polyphosphoinositide in plants, phosphatidylinositol 5-monophosphate (PtdIns5P), and its 
accumulation upon osmotic stress. Biochem. J. 360, 491-498. 

Meijer H.J., Munnik T. (2003). Phospholipid-based signaling in plants. Annu. Rev. Plant Biol. 54, 265-
306. 

Meijer H.J., Ter R.B., van Himbergen J.A., Musgrave A., Munnik T. (2002). KCl activates 
phospholipase D at two different concentration ranges: distinguishing between hyperosmotic 
stress and membrane depolarization. Plant J. 31, 51-59. 

Miyamoto K., Hoshino T., Hitotsubashi R., Tanimoto E., Ueda J. (2003). Graviresponse and its 
regulation from the aspect of molecular levels in higher plants: growth and development, and 
auxin polar transport in etiolated pea seedlings under microgravity. Biol. Sci. Space 17, 234-
235. 

Moore B., Sheen J. (1999). Plant sugar sensing and signaling - a complex reality. Trends Plant Sci. 4, 
250. 

Moore B., Zhou L., Rolland F., Hall Q., Cheng W.H., Liu Y.X., Hwang I., Jones T., Sheen J. (2003). 
Role of the Arabidopsis glucose sensor HXK1 in nutrient, light, and hormonal signaling. 
Science 300, 332-336. 

 36



Chapter 1 

Muday G.K., DeLong A. (2001). Polar auxin transport: controlling where and how much. Trends Plant 
Sci. 6, 535-542. 

Muday G.K., Murphy A.S. (2002). An emerging model of auxin transport regulation. Plant Cell 14, 
293-299. 

Mueller-Roeber B., Pical C. (2002). Inositol phospholipid metabolism in Arabidopsis. Characterized 
and putative isoforms of inositol phospholipid kinase and phosphoinositide-specific 
phospholipase C. Plant Physiol 130, 22-46. 

Mulkey T.J., Kuzmanoff K.M., Evans M.L. (1982). Promotion of Growth and Shift in the Auxin Dose-
Response Relationship in Maize Roots Treated with the Ethylene Biosynthesis Inhibitors 
Aminoethoxyvinylglycine and Cobalt. Plant Science Letters 25, 43-48. 

Muller A., Duchting P., Weiler E.W. (2002). A multiplex GC-MS/MS technique for the sensitive and 
quantitative single-run analysis of acidic phytohormones and related compounds, and its 
application to Arabidopsis thaliana. Planta 216, 44-56. 

Muller A., Guan C.H., Galweiler L., Tanzler P., Huijser P., Marchant A., Parry G., Bennett M., 
Wisman E., Palme K. (1998). AtPIN2 defines a locus of Arabidopsis for root gravitropism 
control. Embo Journal 17, 6903-6911. 

Munnik T. (2001). Phosphatidic acid: an emerging plant lipid second messenger. Trends Plant Sci. 6, 
227-233. 

Munnik T., de V.T., Irvine R.F., Musgrave A. (1996). Identification of diacylglycerol pyrophosphate as 
a novel metabolic product of phosphatidic acid during G-protein activation in plants. J. Biol. 
Chem. 271, 15708-15715. 

Munnik T., Irvine R.F., Musgrave A. (1998). Phospholipid signalling in plants. Biochim. Biophys. Acta 
1389, 222-272. 

Munnik T., Meijer H.J., Ter R.B., Hirt H., Frank W., Bartels D., Musgrave A. (2000). Hyperosmotic 
stress stimulates phospholipase D activity and elevates the levels of phosphatidic acid and 
diacylglycerol pyrophosphate. Plant J. 22, 147-154. 

Munnik T., Musgrave A. (2001). Phospholipid signaling in plants: holding on to phospholipase D. Sci. 
STKE. 2001, E42. 

Nakajima K., Benfey P.N. (2002). Signaling in and out: control of cell division and differentiation in the 
shoot and root. Plant Cell 14 Suppl, S265-S276. 

Nakanishi H., Brewer K.A., Exton J.H. (1993). Activation of the zeta isozyme of protein kinase C by 
phosphatidylinositol 3,4,5-trisphosphate. J. Biol. Chem. 268, 13-16. 

Nemeth K., Salchert K., Putnoky P., Bhalerao R., Koncz-Kalman Z., Stankovic-Stangeland B., 
Bako L., Mathur J., Okresz L., Stabel S., Geigenberger P., Stitt M., Redei G.P., Schell J., 
Koncz C. (1998). Pleiotropic control of glucose and hormone responses by PRL1, a nuclear 
WD protein, in Arabidopsis. Genes & Development 12, 3059-3073. 

Nishizuka Y. (1992). Intracellular signaling by hydrolysis of phospholipids and activation of protein 
kinase C. Science 258, 607-614. 

Novotna Z., Linek J., Hynek R., Martinec J., Potocky M., Valentova O. (2003). Plant PIP2-
dependent phospholipase D activity is regulated by phosphorylation. Febs Letters 554, 50-54. 

Nurrish S., Segalat L., Kaplan J.M. (1999). Serotonin inhibition of synaptic transmission: Galpha(0) 
decreases the abundance of UNC-13 at release sites. Neuron 24, 231-242. 

Ohashi Y., Oka A., Rodrigues-Pousada R., Possenti M., Ruberti I., Morelli G., Aoyama T. (2003). 
Modulation of phospholipid signaling by GLABRA2 in root-hair pattern formation. Science 300, 
1427-1430. 

Oka M., Miyamoto K., Okada K., Ueda J. (1999). Auxin polar transport and flower formation in 
Arabidopsis thaliana transformed with indoleacetamide hydrolase (iaaH) gene. Plant and Cell 
Physiology 40, 231-237. 

Oka M., Ueda J., Miyamoto K., Okada K. (1998). Activities of auxin polar transport in inflorescence 
axes of flower mutants of Arabidopsis thaliana: Relevance to flower formation and growth. 
Journal of Plant Research 111, 407-410. 

Okada K., Ueda J., Komaki M.K., Bell C.J., Shimura Y. (1991). Requirement of the Auxin Polar 
Transport-System in Early Stages of Arabidopsis Floral Bud Formation. Plant Cell 3, 677-684. 

Ostroski M., Tu-Sekine B., Raben D.M. (2005). Analysis of a novel diacylglycerol kinase from 
Dictyostelium discoideum: DGKA. Biochemistry 44, 10199-10207. 

Ottenschlager I., Wolff P., Wolverton C., Bhalerao R.P., Sandberg G., Ishikawa H., Evans M., 
Palme K. (2003). Gravity-regulated differential auxin transport from columella to lateral root 
cap cells. Proceedings of the National Academy of Sciences of the United States of America 
100, 2987-2991. 

Paquette A.J., Benfey P.N. (2001). Axis formation and polarity in plants. Current Opinion in Genetics 
& Development 11, 405-409. 

 37



Chapter 1 

Parenicova L., de Folter S., Kieffer M., Horner D.S., Favalli C., Busscher J., Cook H.E., Ingram 
R.M., Kater M.M., Davies B., Angenent G.C., Colombo L. (2003). Molecular and 
phylogenetic analyses of the complete MADS-box transcription factor family in Arabidopsis: 
New openings to the MADS world. Plant Cell 15, 1538-1551. 

Park J., Gu Y., Lee Y., Yang Z., Lee Y. (2004). Phosphatidic acid induces leaf cell death in 
Arabidopsis by activating the Rho-related small G protein GTPase-mediated pathway of 
reactive oxygen species generation. Plant Physiol 134, 129-136. 

Paul M.J., Driscoll S.P. (1997). Sugar repression of photosynthesis: The role of carbohydrates in 
signalling nitrogen deficiency through source:sink imbalance. Plant Cell and Environment 20, 
110-116. 

Paul M.J., Stitt M. (1993). Effects of Nitrogen and Phosphorus Deficiencies An Levels of 
Carbohydrates, Respiratory Enzymes and Metabolites in Seedlings of Tobacco and Their 
Response to Exogenous Sucrose. Plant Cell and Environment 16, 1047-1057. 

Peralta R.M., Kadowaki M.K., Terenzi H.F., Jorge J.A. (1997). A highly thermostable beta-
glucosidase activity from the thermophilic fungus Humicola grisea var thermoidea: Purification 
and biochemical characterization. Fems Microbiology Letters 146, 291-295. 

Perera I.Y., Love J., Heilmann I., Thompson W.F., Boss W.F. (2002). Up-regulation of 
phosphoinositide metabolism in tobacco cells constitutively expressing the human type I 
inositol polyphosphate 5-phosphatase. Plant Physiol 129, 1795-1806. 

Picard D., Salser S.J., Yamamoto K.R. (1988). A Movable and Regulable Inactivation Function 
Within the Steroid Binding Domain of the Glucocorticoid Receptor. Cell 54, 1073-1080. 

Pien S., Wyrzykowska J., Fleming A.J. (2001). Novel marker genes for early leaf development 
indicate spatial regulation of carbohydrate metabolism within the epical meristem. Plant 
Journal 25, 663-674. 

Pierrugues O., Brutesco C., Oshiro J., Gouy M., Deveaux Y., Carman G.M., Thuriaux P., 
Kazmaier M. (2001). Lipid phosphate phosphatases in Arabidopsis - Regulation of the 
AtLPP1 gene in response to stress. Journal of Biological Chemistry 276, 20300-20308. 

Pilet P.E., Saugy M. (1987). Effect on Root-Growth of Endogenous and Applied Iaa and Aba - A 
Critical Reexamination. Plant Physiology 83, 33-38. 

Pilet P.-E. (2002). Root growth and gravireaction: A critical study of hormone and regulator 
implications. In Plant Roots The Hidden Half,, 3rd. Edition, Waisel Y.E.A.a.K.U.E. (ed). pp 
489-504. New York, Marcel Dekker Inc. 

Porterfield D.M. (2002). The biophysical limitations in physiological transport and exchange in plants 
grown in microgravity. Journal of Plant Growth Regulation 21, 177-190. 

Potocky M., Elias M., Profotova B., Novotna Z., Valentova O., Zarsky V. (2003). Phosphatidic acid 
produced by phospholipase D is required for tobacco pollen tube growth. Planta 217, 122-130. 

Prado A.M., Porterfield D.M., Feijo J.A. (2004). Nitric oxide is involved in growth regulation and re-
orientation of pollen tubes. Development 131, 2707-2714. 

Qin C., Wang X. (2002). The Arabidopsis phospholipase D family. Characterization of a calcium-
independent and phosphatidylcholine-selective PLD zeta 1 with distinct regulatory domains. 
Plant Physiol 128, 1057-1068. 

Raab T.K., Lipson D.A., Monson R.K. (1996). Non-mycorrhizal uptake of amino acids by roots of the 
alpine sedge Kobresia myosuroides: Implications for the alpine nitrogen cycle. Oecologia 108, 
488-494. 

Ramos J.A., Zenser N., Leyser O., Callis J. (2001). Rapid degradation of auxin/indoleacetic acid 
proteins requires conserved amino acids of domain II and is proteasome dependent. Plant 
Cell 13, 2349-2360. 

Rashotte A.M., DeLong A., Muday G.K. (2001). Genetic and chemical reductions in protein 
phosphatase activity alter auxin transport, gravity response, and lateral root growth. Plant Cell 
13, 1683-1697. 

Raven J.A. (1975). Transport of Indoleacetic-Acid in Plant-Cells in Relation to Ph and Electrical 
Potential Gradients, and Its Significance for Polar Iaa Transport. New Phytologist 74, 163-172. 

Reed R.C., Brady S.R., Muday G.K. (1998). Inhibition of auxin movement from the shoot into the root 
inhibits lateral root development in Arabidopsis. Plant Physiol 118, 1369-1378. 

Regier D.S., Higbee J., Lund K.M., Sakane F., Prescott S.M., Topham M.K. (2005). Diacylglycerol 
kinase iota regulates Ras guanyl-releasing protein 3 and inhibits Rap1 signaling. Proc. Natl. 
Acad. Sci. U. S. A 102, 7595-7600. 

Reinhardt D., Mandel T., Kuhlemeier C. (2000). Auxin regulates the initiation and radial position of 
plant lateral organs. Plant Cell 12, 507-518. 

Rentel M.C., Lecourieux D., Ouaked F., Usher S.L., Petersen L., Okamoto H., Knight H., Peck 
S.C., Grierson C.S., Hirt H., Knight M.R. (2004). OXI1 kinase is necessary for oxidative 
burst-mediated signalling in Arabidopsis. Nature 427, 858-861. 

 38



Chapter 1 

Ribnicky D.M., Cooke T.J., Cohen J.D. (1998). A microtechnique for the analysis of free and 
conjugated indole-3-acetic acid in milligram amounts of plant tissue using a benchtop gas 
chromatograph-mass spectrometer. Planta 204, 1-7. 

Richard C., Lescot M., Inze D., De Veylder L. (2002). Effect of auxin, cytokinin, and sucrose on cell 
cycle gene expression in Arabidopsis thaliana cell suspension cultures. Plant Cell Tissue and 
Organ Culture 69, 167-176. 

Riechmann J.L., Meyerowitz E.M. (1997). Determination of floral organ identity by Arabidopsis 
MADS domain homeotic proteins AP1, AP3, PI, and AG is independent of their DNA-binding 
specificity. Molecular Biology of the Cell 8, 1243-1259. 

Riou-Khamlichi C., Menges M., Healy J.M.S., Murray J.A.H. (2000). Sugar control of the plant cell 
cycle: Differential regulation of Arabidopsis D-type cyclin gene expression. Molecular and 
Cellular Biology 20, 4513-4521. 

Rizzo M.A., Shome K., Watkins S.C., Romero G. (1999). Phosphatidic acid targets Raf-1 to early 
endosomes. Molecular Biology of the Cell 10, 422A. 

Rizzo M.A., Shome K., Watkins S.C., Romero G. (2000). The recruitment of Raf-1 to membranes is 
mediated by direct interaction with phosphatidic acid and is independent of association with 
Ras. Journal of Biological Chemistry 275, 23911-23918. 

Robinson D. (1994). The Responses of Plants to Nonuniform Supplies of Nutrients. New Phytologist 
127, 635-674. 

Roitsch T. (1999). Source-sink regulation by sugar and stress. Current Opinion in Plant Biology 2, 
198-206. 

Rolland F., Winderickx J., Thevelein J.M. (2001). Glucose-sensing mechanisms in eukaryotic cells. 
Trends in Biochemical Sciences 26, 310-317. 

Rook F., Gerrits N., Kortstee A., van Kampen M., Borrias M., Weisbeek P., Smeekens S. (1998). 
Sucrose-specific signalling represses translation of the Arabidopsis ATB2 bZIP transcription 
factor gene. Plant Journal 15, 253-263. 

Rounsley S.D., Ditta G.S., Yanofsky M.F. (1995). Diverse Roles for Mads Box Genes in Arabidopsis 
Development. Plant Cell 7, 1259-1269. 

Rubery P.H., Sheldrake A.R. (1974). Carrier-Mediated Auxin Transport. Planta 118, 101-121. 
Ryu S.B. (2004). Phospholipid-derived signaling mediated by phospholipase A in plants. Trends Plant 

Sci. 9, 229-235. 
Ryu S.B., Wang X. (1998). Increase in free linolenic and linoleic acids associated with phospholipase 

D-mediated hydrolysis of phospholipids in wounded castor bean leaves. Biochim. Biophys. 
Acta 1393, 193-202. 

Sachs J. (1887). Vorlesungen über Pflanzenphysiologie. Engelmann, Leipzig 
Sakane F., Imai S., Kai M., Wada I., Kanoh H. (1996). Molecular cloning of a novel diacylglycerol 

kinase isozyme with a pleckstrin homology domain and a C-terminal tail similar to those the 
EPH family of protein-tyrosine kinases. Journal of Biological Chemistry 271, 8394-8401. 

Saugy M., Pilet P.E. (1987). Changes in the Level of Free and Ester Indol-3Yl-Acetic Acid in Growing 
Maize Roots. Plant Physiology 85, 42-45. 

Schachter J.B., Lester D.S., Alkon D.L. (1996). Synergistic activation of protein kinase C by 
arachidonic acid and diacylglycerols in vitro: Generation of a stable membrane-bound, 
cofactor-independent state of protein kinase C activity. Biochimica et Biophysica Acta-General 
Subjects 1291, 167-176. 

Scheible W.R., Lauerer M., Schulze E.D., Caboche M., Stitt M. (1997). Accumulation of nitrate in 
the shoot acts as a signal to regulate shoot-root allocation in tobacco. Plant Journal 11, 671-
691. 

Scherer G.F., Paul R.U., Holk A., Martinec J. (2002). Down-regulation by elicitors of 
phosphatidylcholine-hydrolyzing phospholipase C and up-regulation of phospholipase A in 
plant cells. Biochem. Biophys. Res. Commun. 293, 766-770. 

Sciorra V.A., Morris A.J. (2002). Roles for lipid phosphate phosphatases in regulation of cellular 
signaling. Biochimica et Biophysica Acta-Molecular and Cell Biology of Lipids 1582, 45-51. 

Scott T.K. (1972). Auxins and Roots. Annual Review of Plant Physiology 23, 235-&. 
Sedbrook J.C. (2004). MAPs in plant cells: delineating microtubule growth dynamics and 

organization. Current Opinion in Plant Biology 7, 632-640. 
Sheen J. (1990). Metabolic repression of transcription in higher plants. Plant Cell 2, 1027-1038. 
Sheen J., Zhou L., Jang J.C. (1999). Sugars as signaling molecules. Current Opinion in Plant Biology 

2, 410-418. 
Sitbon F., Astot C., Edlund A., Crozier A., Sandberg G. (2000). The relative importance of 

tryptophan-dependent and tryptophan-independent biosynthesis of indole-3-acetic acid in 
tobacco during vegetative growth. Planta 211, 715-721. 

 39



Chapter 1 

Smeekens S. (1998). Sugar regulation of gene expression in plants. Current Opinion in Plant Biology 
1, 230-234. 

Smeekens S. (2000). SUGAR-INDUCED SIGNAL TRANSDUCTION IN PLANTS. Annu. Rev. Plant 
Physiol Plant Mol. Biol. 51, 49-81. 

Smeekens S., Rook F. (1997). Sugar Sensing and Sugar-Mediated Signal Transduction in Plants. 
Plant Physiol 115, 7-13. 

Snedden W.A., Blumwald E. (2000). Alternative splicing of a novel diacylglycerol kinase in tomato 
leads to a calmodulin-binding isoform. Plant J. 24, 317-326. 

Staiger C.J. (2000). SIGNALING TO THE ACTIN CYTOSKELETON IN PLANTS. Annu. Rev. Plant 
Physiol Plant Mol. Biol. 51, 257-288. 

Stitt M., Krapp A. (1999). The interaction between elevated carbon dioxide and nitrogen nutrition: the 
physiological and molecular background. Plant Cell and Environment 22, 583-621. 

Stulke J., Hillen W. (1999). Carbon catabolite repression in bacteria. Curr. Opin. Microbiol. 2, 195-
201. 

Sutherland W.J., Stillman R.A. (1988). The Foraging Tactics of Plants. Oikos 52, 239-244. 
Swarup R., Friml J., Marchant A., Ljung K., Sandberg G., Palme K., Bennett M. (2001). 

Localization of the auxin permease AUX1 suggests two functionally distinct hormone transport 
pathways operate in the Arabidopsis root apex. Genes Dev. 15, 2648-2653. 

Tang G.Q., Luscher M., Sturm A. (1999). Antisense repression of vacuolar and cell wall invertase in 
transgenic carrot alters early plant development and sucrose partitioning. Plant Cell 11, 177-
189. 

Tanimoto E., Watanabe J. (1986). Automated Recording of Lettuce Root Elongation As Affected by 
Auxin and Acid Ph in A New Rhizometer with Minimum Mechanical Contact to Roots. Plant 
and Cell Physiology 27, 1475-1487. 

Tapiero H., Mathe G., Couvreur P., Tew K.D. (2002). Dossier: Free amino acids in human health and 
pathologies - II. Glutamine and glutamate. Biomedicine & Pharmacotherapy 56, 446-457. 

Teale W.D., Paponov I.A., Ditengou F., Palme K. (2005). Auxin and the developing root of 
Arabidopsis thaliana. Physiologia Plantarum 123, 130-138. 

Testerink C., Munnik T. (2005). Phosphatidic acid: a multifunctional stress signaling lipid in plants. 
Trends Plant Sci. 10, 368-375. 

Thanos C.D., Bowie J.U. (1996). Developmentally expressed myosin heavy-chain kinase possesses 
a diacylglycerol kinase domain. Protein Sci. 5, 782-785. 

Theissen G., Becker A., Di Rosa A., Kanno A., Kim J.T., Munster T., Winter K.U., Saedler H. 
(2000). A short history of MADS-box genes in plants. Plant Molecular Biology 42, 115-149. 

Thimann K.V. (1969). The auxins. In Physiology of Plant Growth and Development pp 1-45. 
London, McGraw-Hill 

Thorsteinsson B., Tillberg J.E. (1990). Changes in Photosynthesis Respiration Ratio and Levels of 
Few Carbohydrates in Leaves of Nutrient Depleted Barley and Pea. Journal of Plant 
Physiology 136, 532-537. 

Tiessen A., Prescha K., Branscheid A., Palacios N., McKibbin R., Halford N.G., Geigenberger P. 
(2003). Evidence that SNF1-related kinase and hexokinase are involved in separate sugar-
signalling pathways modulating post-translational redox activation of ADP-glucose 
pyrophosphorylase in potato tubers. Plant Journal 35, 490-500. 

Topham M.K., Prescott S.M. (1999). Mammalian diacylglycerol kinases, a family of lipid kinases with 
signaling functions. J. Biol. Chem. 274, 11447-11450. 

Ueda M., Matsui K., Ishiguro S., Sano R., Wada T., Paponov I., Palme K., Okada K. (2004). The 
HALTED ROOT gene encoding the 26S proteasome subunit RPT2a is essential for the 
maintenance of Arabidopsis meristems. Development 131, 2101-2111. 

Ullah H., Chen J.G., Wang S., Jones A.M. (2002). Role of a heterotrimeric G protein in regulation of 
Arabidopsis seed germination. Plant Physiol 129, 897-907. 

Valdes O. (2005). Die Bedeutung von endogenem und künstlichemAuxin für die Kultivierung 
photoautotropher Zellen von Chenopodiumrubrum.  

van Blitterswijk W.J., Hilkmann H. (1993). Rapid attenuation of receptor-induced diacylglycerol and 
phosphatidic acid by phospholipase D-mediated transphosphatidylation: formation of 
bisphosphatidic acid. EMBO J. 12, 2655-2662. 

van Blitterswijk W.J., Houssa B. (2000). Properties and functions of diacylglycerol kinases. Cell 
Signal 12, 595-605. 

van der Luit A.H., Piatti T., van D.A., Musgrave A., Felix G., Boller T., Munnik T. (2000). Elicitation 
of suspension-cultured tomato cells triggers the formation of phosphatidic acid and 
diacylglycerol pyrophosphate. Plant Physiol 123, 1507-1516. 

 40



Chapter 1 

van Himbergen J., ter Riet B., Meijer H., van den Ende H., Musgrave A., Munnik T. (1999). 
Mastoparan analogues stimulate phospholipase C- and phospholipase D-activity in 
Chlamydomonas: a comparative study. J. Exp. Bot. 50, 1735-1742. 

Vanhaesebroeck B., Leevers S.J., Ahmadi K., Timms J., Katso R., Driscoll P.C., Woscholski R., 
Parker P.J., Waterfield M.D. (2001). Synthesis and function of 3-phosphorylated inositol 
lipids. Annu. Rev. Biochem. 70, 535-602. 

von S.A., Stitt M., Schmidt R., Sonnewald U., Willmitzer L. (1990). Expression of a yeast-derived 
invertase in the cell wall of tobacco and Arabidopsis plants leads to accumulation of 
carbohydrate and inhibition of photosynthesis and strongly influences growth and phenotype 
of transgenic tobacco plants. EMBO J. 9, 3033-3044. 

Waggoner D.W., Xu J., Singh I., Jasinska R., Zhang Q.X., Brindley D.N. (1999). Structural 
organization of mammalian lipid phosphate phosphatases: implications for signal transduction. 
Biochimica et Biophysica Acta-Molecular and Cell Biology of Lipids 1439, 299-316. 

Wakelam M.J. (1998). Diacylglycerol--when is it an intracellular messenger? Biochim. Biophys. Acta 
1436, 117-126. 

Walch-Liu P., Ivanov I.I., Filleur S., Gan Y.B., Remans T., Forde B.G. (2006). Nitrogen regulation of 
root branching. Annals of Botany 97, 875-881. 

Wang X.M. (2002). Phospholipase D in hormonal and stress signaling. Current Opinion in Plant 
Biology 5, 408-414. 

Wang X.M. (2004). Lipid signaling. Current Opinion in Plant Biology 7, 329-336. 
Wang X.M. (2005). Regulatory functions of phospholipase D and phosphatidic acid in plant growth, 

development, and stress responses. Plant Physiology 139, 566-573. 
Wang X.M., Devalah S.P., Zhang W.H., Welti R. (2006). Signaling functions of phosphatidic acid. 

Progress in Lipid Research 45, 250-278. 
Weber H., Borisjuk L., Heim U., Sauer N., Wobus U. (1997). A role for sugar transporters during 

seed development: Molecular characterization of a hexose and a sucrose carrier in fava bean 
seeds. Plant Cell 9, 895-908. 

Weber H., Heim U., Golombek S., Borisjuk L., Manteuffel R., Wobus U. (1998). Expression of a 
yeast-derived invertase in developing cotyledons of Vicia narbonensis alters the carbohydrate 
state and affects storage functions. Plant Journal 16, 163-172. 

Welti R., Li W.Q., Li M.Y., Sang Y.M., Biesiada H., Zhou H.E., Rajashekar C.B., Williams T.D., 
Wang X.M. (2002). Profiling membrane lipids in plant stress responses - Role of 
phospholipase D alpha in freezing-induced lipid changes in Arabidopsis. Journal of Biological 
Chemistry 277, 31994-32002. 

Went F. (1926). On growth accelerating substances in the coleoptile of Avena sativa. Proc. K. Akad. 
Wetensch. Amsterdam 30, 10-19. 

White J.A., Todd T., Newman T., Focks N., Girke T., de Ilarduya O.M., Jaworski J.G., Ohlrogge 
J.B., Benning C. (2000). A new set of Arabidopsis expressed sequence tags from developing 
seeds. The metabolic pathway from carbohydrates to seed oil. Plant Physiology 124, 1582-
1594. 

Wilson I., Vogel J., Somerville S. (1997). Signalling pathways: a common theme in plants and 
animals? Curr. Biol. 7, R175-R178. 

Wingler A., Purdy S., MacLean J.A., Pourtau N. (2006). The role of sugars in integrating 
environmental signals during the regulation of leaf senescence. J. Exp. Bot. 57, 391-399. 

Wissing J.B., Behrbohm H. (1993). Diacylglycerol pyrophosphate, a novel phospholipid compound. 
FEBS Lett. 315, 95-99. 

Wobus U., Weber H. (1999a). Seed maturation: genetic programmes and control signals. Current 
Opinion in Plant Biology 2, 33-38. 

Wobus U., Weber H. (1999b). Sugars as signal molecules in plant seed development. Biological 
Chemistry 380, 937-944. 

Xiao W.Y., Sheen J., Jang J.C. (2000). The role of hexokinase in plant sugar signal transduction and 
growth and development. Plant Molecular Biology 44, 451-461. 

Xiong L., Lee H., Ishitani M., Tanaka Y., Stevenson B., Koiwa H., Bressan R.A., Hasegawa P.M., 
Zhu J.K. (2002). Repression of stress-responsive genes by FIERY2, a novel transcriptional 
regulator in Arabidopsis. Proc. Natl. Acad. Sci. U. S. A 99, 10899-10904. 

Yamaguchi T., Tanabe S., Minami E., Shibuya N. (2004). Activation of phospholipase D induced by 
hydrogen peroxide in suspension-cultured rice cells. Plant and Cell Physiology 45, 1261-1270. 

Young V.R., Ajami A.M. (2000). Glutamate: An amino acid of particular distinction. Journal of 
Nutrition 130, 892S-900S. 

Yu S.M., Lee Y.C., Fang S.C., Chan M.T., Hwa S.F., Liu L.F. (1996). Sugars act as signal molecules 
and osmotica to regulate the expression of alpha-amylase genes and metabolic activities in 
germinating cereal grains. Plant Molecular Biology 30, 1277-1289. 

 41



Chapter 1 

Zalejski C., Zhang Z., Quettier A.L., Maldiney R., Bonnet M., Brault M., Demandre C., Miginiac E., 
Rona J.P., Sotta B., Jeannette E. (2005). Diacylglycerol pyrophosphate is a second 
messenger of abscisic acid signaling in Arabidopsis thaliana suspension cells. Plant J. 42, 
145-152. 

Zhang H., Forde B.G. (2000). Regulation of Arabidopsis root development by nitrate availability. J. 
Exp. Bot. 51, 51-59. 

Zhang H.M., Forde B.G. (1998). An Arabidopsis MADS box gene that controls nutrient-induced 
changes in root architecture. Science 279, 407-409. 

Zhang H.M., Jennings A., Barlow P.W., Forde B.G. (1999). Dual pathways for regulation of root 
branching by nitrate. Proceedings of the National Academy of Sciences of the United States of 
America 96, 6529-6534. 

Zhang W.H., Qin C.B., Zhao J., Wang X.M. (2004). Phospholipase D alpha 1-derived phosphatidic 
acid interacts with ABI1 phosphatase 2C and regulates abscisic acid signaling. Proceedings of 
the National Academy of Sciences of the United States of America 101, 9508-9513. 

Zhang W.H., Yu L.J., Zhang Y.Y., Wang X.M. (2005). Phospholipase D in the signaling networks of 
plant response to abscisic acid and reactive oxygen species. Biochimica et Biophysica Acta-
Molecular and Cell Biology of Lipids 1736, 1-9. 

Zhao Z., Shen S.H., Fischer E.H. (1993). Stimulation by phospholipids of a protein-tyrosine-
phosphatase containing two src homology 2 domains. Proc. Natl. Acad. Sci. U. S. A 90, 4251-
4255. 

Zhou D.B., Solomos T. (1998). Effect of hypoxia on sugar accumulation, respiration, activities of 
amylase and starch phosphorylase, and induction of alternative oxidase and acid invertase 
during storage of potato tubers (Solanum tuberosum cv. Russet Burbank) at 1 degrees C. 
Physiologia Plantarum 104, 255-265. 

 
 

 42



 
 
 
 
 
 
 
 

CHAPTER 2 
 

 



Arabidopsis AtDGK7, the Smallest Member of Plant
Diacylglycerol Kinases (DGKs), Displays Unique Biochemical
Features and Saturates at Low Substrate Concentration
THE DGK INHIBITOR R59022 DIFFERENTIALLY AFFECTS AtDGK2 AND AtDGK7 ACTIVITY IN
VITRO AND ALTERS PLANT GROWTH AND DEVELOPMENT *

Received for publication, June 23, 2005, and in revised form, August 3, 2005 Published, JBC Papers in Press, August 4, 2005, DOI 10.1074/jbc.M506859200
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Diacylglycerol kinase (DGK) regulates the level of the second
messenger diacylglycerol and produces phosphatidic acid (PA),
another signaling molecule. The Arabidopsis thaliana genome
encodes seven putative diacylglycerol kinase isozymes (named
AtDGK1 to -7), structurally falling into three major clusters. So far,
enzymatic activity has not been reported for any plant Cluster II
DGK. Here, we demonstrate that a representative of this cluster,
AtDGK7, is biochemically active when expressed as a recombinant
protein in Escherichia coli. AtDGK7, encoded by gene locus
At4g30340, contains 374 amino acids with an apparent molecular
mass of 41.2 kDa. AtDGK7 harbors anN-terminal catalytic domain,
but in contrast to various characterizedDGKs (includingAtDGK2),
it lacks a cysteine-rich domain at its N terminus, and, importantly,
its C-terminal DGK accessory domain is incomplete. Recombinant
AtDGK7 expressed in E. coli exhibits Michaelis-Menten type kinetics
with 1,2-dioleoyl-sn-glycerol as substrate. AtDGK7 activity was
affected by pH, detergents, and the DGK inhibitor R59022. We dem-
onstrate thatbothAtDGK2andAtDGK7phosphorylatediacylglycerol
molecular species that are typically found in plants, indicating that
both enzymes convert physiologically relevant substrates. AtDGK7 is
expressed throughout theArabidopsis plant, but expression is strong-
est in flowersandyoungseedlings.ExpressionofAtDGK2 is transiently
induced bywounding. R59022 at�80�M inhibits root elongation and
lateral root formation and reduces plant growth, indicating thatDGKs
play an important role in plant development.

Lipid second messengers, generated in response to diverse stimuli
through the activity of lipid kinases and phospholipases, are involved in
a variety of biological responses in plant cells (1, 2). Diacylglycerol kinase
(EC 2.7.1.107) is a lipid kinase that phosphorylates diacylglycerol
(DAG)5 to yield phosphatidic acid (PA) in a reaction that uses ATP as
phosphate donor. In plants, bothDAG and PAmay have signaling func-
tions. DAG has been demonstrated to activate both ion pumping in
patch-clamped guard cell protoplasts and opening of stomata (3),
whereas PA accumulates in response to different kinds of stresses and
regulates the activity of several enzymes (4).
Various PA targets have been identified in plants, including, for

example, Arabidopsis phosphoinositide-dependent protein kinase 1 (5)
and a calcium-dependent protein kinase from carrot (6). Recently, using
PA affinity chromatography coupled tomass spectrometry, PA-binding
proteins were identified in plants, including phosphoenolpyruvate car-
boxylase, Hsp90, 14-3-3 proteins, and others (7), providing new entries
into the field of plant PA research. Furthermore, Zhang et al. (8) have
demonstrated that PA interacts with ABI1 phosphatase 2C, thereby
regulating abscisic acid signaling in Arabidopsis thaliana.
Animal DGKs have been extensively studied, and models for their

function have been elaborated (9, 10). DGK activity has also been
reported in several plant species, including Catharanthus roseus,
tobacco, wheat, tomato, and Arabidopsis (11–16), and molecular data
bases reveal that they are present in a number of other crop plants such
as rice, maize, grape, sweet orange, and cotton. However, functional
analysis of DGK genes is still fragmentary. Two DGK cDNAs, LeDGK1
and LeCBDGK, respectively, have been cloned from tomato (15). The
two enzymes are derived from the same gene via alternative splicing and
are identical except for a 29-amino acid-long C-terminal extension in
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the case of LeCBDGK, which represents a calmodulin (CaM)-binding
domain. The two proteins lack the cysteine-rich domain (CRD) present
in other eukaryotic DGKs, but are active in vitro. LeCBDGK is found
both in association with membranes and in soluble cell extracts. The
Ca2�/CaM-dependent translocation of LeCBDGK to its membrane-
associated substrate DAGmight represent ameans of activation in vivo,
analogous to the Ca2�-dependent translocation of certain mammalian
DGKs. In contrast, LeDGK1 only associates with the membrane frac-
tion, via a Ca2�/CaM-independent mechanism, which might represent
ameans of encoding specificity in cellular responses by alternative splic-
ing (15). In A. thaliana, seven candidate genes (named AtDGK1 to -7)
encode putative DGK isoforms. The AtDGK1 cDNA has been isolated
and reported to be mainly expressed in roots, shoots, and leaves, but its
enzyme product was not active in vitro (17). We have previously cloned
the AtDGK2 cDNA and demonstrated that its encoded enzyme is cat-
alytically active.AtDGK2 transcripts are found in thewhole plant except
in stems and are induced by exposure to 4 °C, pointing to a role in cold
signal transduction (18). AtDGK1 and -2 share a similar domain orga-
nization and fall into the Cluster I of plant DGKs.
Here we report the molecular cloning and characterization of

AtDGK7, which encodes an enzyme structurally belonging to the Clus-
ter II of plant DGKs. The AtDGK7 gene is transcribed throughout the
plant andmost prominently in flowers and young tissues. Recombinant
AtDGK7 enzyme is catalytically active and, importantly, accepts DAG
molecular species containing at least one saturated fatty acid as the
preferred substrate. We also demonstrate that both AtDGK2 and
AtDGK7 are able to phosphorylate DAG molecular species that are
typically found in plants, indicating that both enzymes convert physio-
logically relevant substrates. The DGK inhibitor 6-{2-{4-[(4-fluorophe-
nyl)phenylmethylene]-1-piperidinyl}ethyl}-7-methyl-5H-thiazolo(3,2-
�)pyrimidine-5-one (R59022) at around 50–100 �M inhibits
recombinant AtDGK2 in vitro. It also modifies root growth within the
same concentration range, indicating the involvement of this enzyme in
developmental processes. In contrast, AtDGK7was found to be affected
by R59022 only at concentrations above 100 �M.

EXPERIMENTAL PROCEDURES

General—Manipulation and analysis of nucleic acids were performed
according to standard molecular-biological techniques described (19).
Restriction enzymes were purchased from Roche Applied Science
(Mannheim, Germany) and New England Biolabs (Frankfurt am Main,
Germany). Oligonucleotides were obtained from TibMolbiol (Berlin,
Germany) or Eurogentec (Cologne, Germany). DNA sequencing was
performed by SeqLab (Göttingen, Germany). Unless otherwise indi-
cated, other chemicals were purchased from Roche Applied Science,
Merck, or Sigma. Escherichia coli strain XL-1 Blue (Stratagene, Heidel-
berg, Germany) was employed for general DNA work. For sequence
analyses, the tools provided by the National Center for Biotechnology
Information (available on the World Wide Web at www.ncbi.nlm.nih-
.gov/), the ExPASy Molecular Biology Server (available on the World
Wide Web at us.expasy.org/), and The Arabidopsis Information
Resource (available on the World Wide Web at www.arabidopsis.org/)
were used. Gene expression data obtained through Affymetrix Gene-
Chip hybridizations were retrieved using the software tools of the Gen-
evestigator package (available on the World Wide Web at www.
genevestigator.ethz.ch), version of July 2004. Massively parallel signa-
ture sequencing data were retrieved from the Arabidopsis massively
parallel signature sequencing (MPSS) data base (available on theWorld
Wide Web at mpss.udel.edu/at/java.html), version of August 2004.

Cloning of AtDGK7 cDNA—PCRamplification of theAtDGK7 cDNA
was carried out using the Advantage-HF2 PCR kit (Clontech, Heidel-
berg, Germany) according to the manufacturer’s protocol. A. thaliana
(L.) Heynh. Col-0 flower cDNAwas used as template. Primer sequences
were as follows: AtDGK7-F, 5�-GCGGATCCTGATGGAGGAGACG-
CCGAGATC-3�; AtDGK7-R, 5�-GCGCTCGAGTTATATGAACCT-
CTTAGGAAC-3�. Reaction details were as follows: 95 °C for 3 min; 36
cycles of 95 °C for 45 s, 62 °C for 45 s, and 72 °C for 72 s; 72 °C for 10min.
PCR products were analyzed by agarose gel electrophoresis. Individual
fragments were purified using the QIAquick PCR purification kit (Qia-
gen, Hilden, Germany) and subcloned into pGEM-T Easy (Promega,
Mannheim, Germany), generating the plasmid pG7. The entire
AtDGK7 cDNA, present in plasmid pG7, had a length of 1125 bp
(deposited under GenBankTM accession number AY686593).

Quantitative Reverse Transcription-PCR Analysis—Total RNA was
digested with DNase I, RNase Free (Roche Applied Sciences, Mann-
heim, Germany). The absence of genomic DNA contamination was
subsequently confirmed by PCR, using primers annealing to an intron of
actin 2 (At3g18780) as a control gene, or alternatively, with primers
LEH-fw (5�-AACAGCAACAACAATGCAACTACTGATT-3�) and
LEH-rev (5�-ACAAACAGAGACAAGAGACAAGACATGG-3�), that
span an intron of the Arabidopsis late elongated hypocotyl 1 gene
encoding aMyb transcription factor. In some cases, genomic PCRprod-
ucts appeared after 35 amplification cycles, and such samples were dis-
carded. RNA integrity was confirmed on 1.5% (w/v) agarose gel prior to
and after DNase I digestion. Reverse transcriptase reactions were per-
formed with avianmyeloblastosis virus reverse transcriptase (Promega)
or Superscript II reverse transcriptase (Invitrogen). Real time RT-PCR
was performed with 1 �l of a 1:2 dilution of the first strand cDNA
reaction and SYBRGreen reagent (AppliedBiosystems, FosterCity, CA)
in a 20-�l volume, on a PerkinElmer Life Sciences Geneamp 7300
machine, with the following primer pairs: ACTIN2, actin-fw (5�-ATG-
GCTGAGGCTGATGATATTCAAC-3�) and actin-rev (5�-TACAAG-
GAGAGAACAGCTTGGATG-3�); polyubiqutinUBQ10, UBQ-fw (5�-
ATGCAGATCTTTGTTAAGACTCTCAC-3�) and UBQ-rev (5�-AT-
AGTCTTTCCGGTGAGAGTCTTC-3�); AtDGK2, AtDGK2-fw (5�-
AAGCAAGTCTCGGACATGCCT-3�) and AtDGK2-rev (5�-TTCG-
TTTGTGCCCGCCTAT-3�); AtDGK7, AtDGK7F-RT (5�-TGTGGA-
CTTAGCATCACAGG-3�) and AtDGK7R-RT (5�-AGCTGAGAGT-
CTGTCAAGG-3�).
Data were normalized to actin 2 or ubiquitin (UBQ10) as follows:

nCT�CTgene �CTactin orCTubiquitin, whereCT refers to the number of
cycles at which SYBR green fluorescence (�Rn) in a PCR reaches an
arbitrary value during the exponential phase of DNA amplification, set
at 0.3 in all experiments, and then compared according to the formula,
Cr (change in signal log ratio) � nCTcontrol � nCsample.

Wounding Experiments—Arabidopsis wild-type and transgenic
plants harboring the promoter region of the AtDGK2 gene fused to the
Escherichia coli GUS reporter gene (18) were used to test the effect of
wounding onAtDGK2 expression.Wounding of 4-week-old soil-grown
plants was performed by thoroughly crushing whole shoots. Wounded
and nonwounded plants were harvested at different time points and
frozen in liquid nitrogen for RNA and protein extraction.

Expression of Recombinant AtDGK7 in Bacteria—The coding region
of the AtDGK7 cDNA, flanked by XhoI and SpeI sites, was transferred
fromplasmid pG7 to plasmid pET43c (Novagen, Darmstadt, Germany),
yielding plasmid pET7. The pET43c vector allows the generation of
fusion protein containing a NusA tag and a His6 tag (for detection and
purification of target proteins; see Novagen, on theWorldWideWeb at
www.novagen.com). Plasmid pET7 was transformed into E. coli BL21
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(DE3) (Novagen). Cells were grown at 37 °C. At an A600 of 0.6, expres-
sion of NusA-His-AtDGK7 fusion protein was induced by the addition
of isopropyl-�-D-thiogalactopyranoside (1 mM final concentration).
Cells were harvested 4 h later by centrifugation, resuspended in lysis
buffer containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imid-
azole, and Complete Mini Protease Inhibitor Mixture (Roche Applied
Science), and lysed by sonification. Recombinant AtDGK7 was purified
usingNi2�-nitrilotriacetic acid-agarose (Qiagen) according to theman-
ufacturer’s protocol. All homogenates were frozen and stored at�80 °C
until assayed. Protein concentrationwas determined according to Brad-
ford (20), using bovine serum albumin as a standard.

Western Blot Analysis—Purified proteins (20 �g) produced by the
pET7 plasmid or the pET43c empty vector were separated by SDS-
PAGE electrophoresis (21) using a 4% spacer and a 8% (w/v) separating
polyacrylamide gel and transferred onto nitrocellulose membranes
(Amersham Biosciences) by semidry electroblotting. For detection,
nitrocellulose membranes were blocked overnight in TBS (Tris-buff-
ered saline) containing 0.150 M NaCl, 0.025 M Tris/HCl, pH 7, and 5%
(w/v) nonfat drymilk (Bio-Rad) prior to a 1-h incubation in anti-His tag
antibody (Pierce). After three 15-min washing steps using TBST (TBS
plus 0.05% Tween 20 (v/v)) to remove residual antibody, membranes
were developed with an enhanced chemiluminescence Western blot
detection kit (Pierce SuperSignal) and exposed to x-ray films (Kodak
X-Omat AR) for 5 s to 5 min.

DGK Enzymatic Assays—Diacylglycerol kinase activity was deter-
mined under standard conditions by measuring the incorporation of
[�-32P]ATP into phosphatidic acid at 25 °C as described (18). To assess
Michaelis-Menten kinetics, enzymatic activity of DGKwasmeasured as
a function of the sum ofmolar concentrations of CHAPS, Triton X-100,
and DAG at a given mol fraction of DAG. Four stock solutions (A, B, C,
and D) were prepared. Stock solution A contained 69.5 mM CHAPS, 30
mM Triton, 0.5 mM DAG (0.005 mM DAG); stock solution B contained
69 mM CHAPS, 30 mM Triton, 1 mM DAG (0.01 mM DAG); stock solu-
tion C contained 68 mM CHAPS, 30 mM Triton, 2 mM DAG (0.02 mM

DAG); stock solution D contained 65 mMCHAPS, 30 mM Triton, 5 mM

DAG (0.05 mM DAG). Stock solutions were prepared as follows: DAG,
dissolved in chloroform/methanol (1:1), was placed in 7-ml Schott glass
disposable reaction tubes (with screw cap; Schott, Mainz, Germany),
dried under a stream of nitrogen vapor, resuspended in a solution of
CHAPS and Triton X-100 dissolved in water, and sonified for 5min in a
Sonorex RK 100 sonifier (Bandelin, Berlin, Germany). Increasing vol-
umes (from 3.6 to 35.0 �l) of the stock solution were pipetted into the
glass disposable reaction tubes. The final volumeof the reactionmixwas
250 �l. Diacylglycerol kinase activity was determined by measuring the
incorporation of [�-32P]ATP into PA as described previously (18).
Extraction and separation of phospholipids were performed as follows:
1 ml of chloroform/methanol (1:1) and 500 �l of 1 M KCl plus 0.2 M

H3PO4 were added, and the mixture was mixed thoroughly; samples
were centrifuged at 2500 rpm for 5 min in a Labofuge 200 centrifuge
(Heraeus Sepatech, Osterode, Germany). The lower phase (lipids) was
transferred to a new glass reaction tube and washed once with chloro-
form/methanol and KCl to discard the remaining radiolabeled ATP.
The amount of phosphate incorporated was determined by counting
the radioactivity in a liquid scintillation counter.
Enzymatic activity of AtDGK7 was measured as a function of ATP

concentration in mixed micelles. A solution containing 50 mM nonla-
beled ATP was prepared as stock. Under standard conditions, each
enzymatic reaction contained a final concentration of 1 mM nonlabeled
ATP and�5mCi of 32P-labeledATP (18). To assess the effect of varying
ATP on the enzymatic reaction, four different ATP final concentrations

were tested: 0.10, 1.0, 2.0, and 5.0mM, respectively. The same amount of
radioactive ATP (5 mCi) was added to the assays, and the difference in
specific radioactivities obtained were taken into account for calculating
the enzyme activities in the individual reactions. For this experiment,
the sum of the molar concentrations of CHAPS, Triton X-100, and
DAG was 7.20 mM (containing 4.90 mM CHAPS, 2.20 mM Triton, and
0.10 mM DAG).
The effect of the DGK inhibitor R59022 or 3-{2-{4-[bis-(4-fluorophe-

nyl)methylene]-1-piperidinyl}ethyl}-2,3-dihydro-2-thioxo-4(1H)-quin-
azolinone (R59949) onArabidopsisAtDGK2 andAtDGK7 enzymeswas
tested at different concentrations of DAG and CHAPS as indicated
above. The reaction mix was preincubated for 10 min with DGK inhib-
itor before the reaction was started by the addition of ATP.
PA standard was obtained from Sigma (product code P 9511). Hart-

mann Analytic (Braunschweig, Germany) provided [�-32P]ATP (15
TBq/mmol). Lipids (1,2-SAG, 1,2-DOG, and cardiolipin), salts (MgCl2,
LiCl, and NaCl) and detergents (Na-DC and CHAPS) were purchased
fromSigma. Serva (Heidelberg, Germany) providedTritonX-100. DAG
molecular species 1,2-POG, 1,2-SLG, and 1,2-OPG were purchased
from Larodan Fine Chemicals AB (Malmö, Sweden). DGK inhibitors
R59022 and R59949 were purchased from Calbiochem.

HPLCAnalysis of the Reaction Products ofDGKAssay—Theproducts
of diacylglycerol kinase assays were obtained by two-phase partitioning.
The organic phase was reduced to dryness under a stream of nitrogen
gas, and the glycerolipids were deacylated (22). An aliquot of the water-
soluble products of deacylation was mixed with L-[U-14C]glycerol
3-phosphate (Amersham Biosciences; specific activity �100 mCi/
mmol) and resolved by anion exchange high performance liquid chro-
matography with a gradient of (NH4)2HPO4 (23). The column eluate
was collected in 1-ml fractions, and 4ml of Ecoscint A scintillation fluid
(National Diagnostics, Atlanta, GA) was added. Radioactivity was esti-
mated by dual label scintillation counting in aWallac 1409DSA (Turku,
Finland) scintillation counter.

Effect of R59022 on Plant Growth and Development—A. thaliana (L.)
Heynh. seeds (ecotypeC24)were surface-sterilizedwith 70% ethanol for
5 min and sodium hypochlorite solution (5.0% NaClO4 plus 0.05%
Tween 20) for 5 min, followed by several washes with sterile water.
Subsequently, seeds were sown on MS (Murashige Skoog) plates con-
taining 0.8% agar (square Petri dishes, 100 � 100 � 14 mm; NUNC,
Wiesbaden, Germany). The DGK inhibitor R59022 was dissolved in
dimethyl formamide. Dimethyl formamide (without R59022) was used
as control. The seeds were imbibed at 4 °C in the dark for 1 day. Plates
were then placed vertically in a growth chamber under long day condi-
tions (16 h of light, 8 h of dark). Lengths of primary roots from the
shoot/root transition zone to the root tipweremeasured. To analyze the
effects of the inhibitor R59022 on plant growth and development,
35–100 �M R59022 was added to MS medium containing 0.8% agar.

RESULTS

AtDGK7 cDNA and the Deduced Primary Structure of Its Encoded
Protein—In theArabidopsis genome, seven genes encode putative DGK
isoforms that fall into threemajor clusters. AtDGK2, amember of Clus-
ter I, is a catalytically active enzyme. The AtDGK2 gene is located on
chromosome V, and its expression is detected in various tissues of the
Arabidopsis plant, including leaves and roots, as previously shown (18).
To investigate whether members of other clusters also encode func-

tional DGKs, we concentrated here on AtDGK7 (encoded by gene locus
At4g30340), representing a potential DGK of Cluster II. The AtDGK7
gene is located on chromosome IV, and data base analysis revealed that
AtDGK7 is transcribed. In total, four AtDGK7 expressed sequence tags
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(ESTs; GenBankTM accession numbers AV798976, AV827682,
CF773882, and Z26229) and two cDNA sequences (AF360174 and
AY113915) obtained through the full-length cDNA cloning projects at
RIKEN and SALK can be retrieved from the NCBI data base (available
on the World Wide Web at www.ncbi.nlm.nih.gov). Because of previ-
ous data base annotation ambiguities (reported in Ref. 18), we reana-
lyzed the AtDGK7 sequence in detail here (see Fig. 1A). RIKEN ESTs
AV827682 and AV798976 were both derived from clone RAFL 09-18-
D16 and represent the 5� and 3� regions, respectively, of the AF360174
sequence, which in total encompasses 1807 base pairs. The EST Z26229
sequence was obtained from the Versailles EST collection and, like EST
AV798976, corresponds to the 3� part of the AF360174 full-length
cDNA. The EST CF773882 covers the central part of the transcript.
Finally, cDNA AY113915, generated at SALK, has a length of 1156 base
pairs. The available data can be summarized as follows. (i) The
AF360174 and AY113915 cDNAs code for the same protein, AtDGK7,
which has a deduced length of 374 amino acids, a predicted molecular
mass of 41.2 kDa, and an isoelectric point of 7.73. This prediction fully
corresponds to the most recent TIGR annotation (version 5.0) for
AtDGK7 (available on the World Wide Web at www.tigr.org). (ii) The

AF360174 cDNA contains a 5�-untranslated region at positions 1–126,
the AtDGK7 open reading frame at positions 127–1251, and an unusu-
ally long 3�-untranslated region at positions 1252–1807. The presence
of this long untranslated region in the AtDGK7 transcript was con-
firmed by the independently generated EST Z26229. The generation of
the long transcript is further in full accordance with data from recent
Arabidopsis MPSS analyses (24) (available on the World Wide Web at
mpss.udel.edu/at/java.html). A 17-bp MPSS signature sequence corre-
sponding to the very 3�-end of the AtDGK7 gene was found (GATC-
TATGTTGAGCTTT on the Crick DNA strand). (iii) The nucleotide
sequences of the two cDNAs are completely identical in the overlapping
region (which encompassed the complete AtDGK7 open reading frame
and part of the 3�-untranslated region).
Protein sequence analysis reveals that AtDGK7 has a conserved cat-

alytic domain (DGKc; Pfam accession number PF00781) (Fig. 1, B and
C), located at amino acid residues 94–240, which contains a presumed
ATP-binding site with a GXGXXG consensus sequence. Although the
DGKc ofAtDGK7 is�40% identical to that of AtDGK2, theDGKacces-
sory domain (DGKa; Pfam accession number PF00609) is incomplete in
AtDGK7 (Fig. 1B). Inmost AtDGK isoforms, theDGKa domain encom-

FIGURE 1. Structural characteristics of AtDGK2 and AtDGK7 sequences. A, arrangement of ESTs and cDNAs (GenBankTM accession numbers are given) corresponding to the
AtDGK7 gene. The longest cDNA (accession number AF360174) has a length of 1807 bp. The numbers indicate nucleotide positions of the overlapping ESTs/cDNAs. The 17-bp MPSS
signature sequence (GATCTATGTTGAGCTTT) is located at the 3�-end of the AtDGK7 transcript. The position of the predicted AtDGK7 open reading frame (ORF) is indicated. B, structural
alignment of the enzymes AtDGK2 and AtDGK7. Both enzymes share a conserved diacylgycerol kinase catalytic domain (DGKc; Pfam accession number PF00781). However, the
diacylglycerol kinase accessory domain (Pfam accession number PF00609), which is full-length in AtDGK2, is incomplete in AtDGK7. Furthermore, the two diacylglycerol/phorbol
esther binding domains (D/P; InterPro accession number IPR002219) as well as the upstream basic region (UBR) and the extended cysteine-rich domain (extCRD-like domain) are
absent from the N-terminal region of AtDGK7. C, amino acid sequence comparison of the DGKc domains of AtDGK2 and AtDGK7. Amino acid residues identical or similar in the two
proteins are highlighted in boldface type. The presumed ATP-binding site localized in the DGKc domain (consensus GXGXXG) is depicted in an open box.
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passes �160 amino acid residues, but in AtDGK7, it includes only 52
residues (Asn290–Asn341). Furthermore, AtDGK7, like all other Cluster
II and also Cluster III enzymes, lacks the N-terminal diacylglycerol/
phorbol ester-binding domains (InterPro accession number
IPR002219) as well as the upstream basic region and the extended cys-
teine-rich domain (extCRD-like domain) present in AtDGK2 (18).

AtDGK7 Transcripts Are Detectable throughout the Arabidopsis
Plant, Especially in Flowers and Seedlings—We could not easily detect
AtDGK7mRNA by standard Northern blot analysis (not shown), indi-
cating weak expression. Therefore, we used real time RT-PCR for the
quantitativemeasurement ofAtDGK7 transcripts. To ensuremaximum
specificity and efficiency during PCR amplification of AtDGK7 cDNA
under a standard set of reaction conditions, primer design was done as
described by Czechowski et al. (25). Accordingly, the predicted melting
temperatures (Tm) were 60 	 2 °C, and primer lengths were around 20
nucleotides, containing a guanine-cytosine (GC) content of �50%. The
PCR amplicon length was �100 base pairs. The resulting pair of primer
sequences was compared with the A. thaliana genome by performing
BLAST searches (available on the World Wide Web at www.ncbi.nlm.
nih.gov/blast/) to ensure AtDGK7 specificity. Real time RT-PCR on
cDNA of different Arabidopsis tissues resulted in a single band of the
expected size (�100 base pairs). As shown in Fig. 2A, AtDGK7 tran-
scripts were detected in all tissues analyzed. Expression levels were ele-
vated in flowers and seedlings. Elevated expression of AtDGK7 in seed-
lings was also evident from Affymetrix GeneChip hybridization data
that were retrieved using the Gene Chronologer tool of the Genevesti-
gator package (available on the World Wide Web at www.genevestiga-
tor.ethz.ch). The Digital Northern tool of this package indicated that
AtDGK7may at some stages of flower development be highly expressed
in petals, consistent with the elevated expression that we observed in
whole flowers using RT-PCR.AtDGK7 transcript level was not strongly
affected by a number of applied biotic or abiotic stresses; however, tran-
script levels appear to be slightly (�2-fold) induced by sucrose, and

perhaps by ozone treatment, as indicated by theResponseViewer tool of
Genevestigator.
MPSS data indicate that AtDGK7 is transcribed at a low to moderate

level, with transcripts per million (TPM) values ranging from 0 to 116.
For a weakly expressed gene, this value lies in the range of 1–10 TPM,
whereas a very strongly expressed genemay be represented by a value of
more than 1000 TPM (for detailed information, see, on theWorldWide
Web, mpss.udel.edu/at/java.html).
ESTs closely related to AtDGK7 were also reported from other plant

species, including Brassica napus (GenBankTM accession number
CD826929), Solanum tuberosum (CK256071), and cotton (Gossypium
raimondii; CO113886), indicating that AtDGK7-like genes are widely
expressed in the plant kingdom.

AtDGK2 Expression Is Rapidly Induced byWounding—We have pre-
viously described the generation of transgenic Arabidopsis plants har-
boring the promoter region of the AtDGK2 gene (At5g63770) fused to
the E. coli �-glucuronidase (GUS) reporter gene (promAtDGK2:GUS
reporter lines) (18). Analysis of the promAtDGK2:GUS lines revealed
that the AtDGK2 gene is expressed throughout the plant and exhibits
cold-inducible gene expression. To search for other environmental fac-
tors that could potentially alter AtDGK2 expression, we screened the
Genevestigator Arabidopsis microarray data base that provides
Affymetrix GeneChip-based transcript profiles from a large number of
independent experiments (26). AtDGK2 transcript level appeared to be
slightly induced (�2.3-fold) by nematode attack, as indicated by the
Genevestigator Response Viewer tool. Microarray data also indicated
that Arabidopsis plants exhibit a strong, but transient, increase of
AtDGK2 transcript level in leaves 15 min to 1 h after wounding (viewed
with the Digital Northern software package of Genevestigator). At 3 h
after wounding, AtDGK2 transcript abundance had already returned
back to background level that was observed before induction (Fig. 3A).
No changes in gene expression were measured in roots.
In the case of the promAtDGK2:GUS reporter lines, we reproducibly

observed strongGUS staining at siteswhere sectionswere cut before the
incubation in staining solution. Fig. 3B shows an example of wound-
induced GUS staining in leaves that had been cut. This result suggested
that the activity of theAtDGK2 promoter driving thisGUS expression is
enhanced upon wounding. Therefore, we quantitatively tested the
induction of GUS activity in shoots of promAtDGK2:GUS plants.
To exclude the possibility that the increased GUS activity at the sites

of wounding simply results from a better diffusion of substrate into the
plant tissue, protein extracts were prepared from control plants and
from two representative promAtDGK2:GUS plants harvested at differ-
ent periods of time after wounding. The two lines were obtained from
two independent transformations that employed different binary vec-
tors (i.e. pCAMBIA-1303 and pGPTV-HPT, respectively), both carry-
ing theAtDGK2:GUS fusion gene (for details, see Ref. 18). Total protein
was extracted, and GUS activities were determined using 4-methylum-
belliferyl-�-D-glucuronide as substrate, which yields a fluorescent prod-
uct after hydrolysis by GUS. Quantification of the relative fluorescence
data demonstrated elevated GUS activities in wounded transgenic
plants (Fig. 3C), with an about 50% increase already 30min after wound-
ing. In both transgenic lines, GUS activity decreased progressively 4 h
after wounding and returned to its original level �24 after wounding.
Northern blot experiments confirmed that AtDGK2 expression is rap-
idly (within 30–40min) induced in above groundwoundedArabidopsis
tissues (Fig. 3D).
To further demonstrate transient, wound-triggeredAtDGK2 expres-

sion, we performed quantitative real time RT-PCR experiments, using
RNA isolated from 4-week-old plants raised on soil. We observed that

FIGURE 2. Real time RT-PCR analysis of AtDGK7 gene expression. Quantitative RT-PCR
was carried out using specific primers designed for the AtDGK7 gene (locus At4g30340)
and for the UBQ10 gene (ubiquitin; locus At4g05320) used as control. A, relative abun-
dance of AtDGK7 transcripts in Arabidopsis. The expression levels were normalized
against UBQ10 mRNA in each sample. B, gel electrophoresis of UBI10 amplicons derived
from different Arabidopsis RNA pools. Total RNA was extracted from different organs of
flowering Arabidopsis plants: roots (R), stems (S), rosette leaves (RL), cauline leaves (CL)
from the inflorescence stem, and flowers (F) or from 2-week-old (Sd2w) or 3-week-old
seedlings (Sd3w), respectively. Data are means of three independent experiments.
Bars, 	S.D.
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the AtDGK2 transcript level rose more than 16-fold in two different
Arabidopsis accessions tested (i.e. C24 and Col-0) within 30 min after
wounding and at later stages went down to the pretreatment level (Fig.
3E). Time course experiments indicated that AtDGK2 expression
started to increase as early as 10 min after wounding.

AtDGK7 Encodes a Functional Lipid Kinase—We have previously
characterized the enzymatic activity of AtDGK2, representing one of
the twoCluster IDGKenzymes fromA. thaliana (18). So far, no enzyme
activity has been demonstrated for any member of the Cluster II. We
cloned the AtDGK7 cDNA and tested recombinant NusA/polyhisti-
dine-tagged AtDGK7, expressed in E. coli (see “Experimental Proce-
dures” for details) for its potential to phosphorylate DAG. After isopro-
pyl-�-D-thiogalactopyranoside induction, protein was extracted for
both immunoassays and enzymatic analyses. Recombinant fusion pro-
tein of an apparent molecular mass of �100 kDa was detected by an
anti-His tag antibody in extracts of the transformed cells (Fig. 4), which
compares favorably with the predicted size of the fusion protein
(AtDGK7, 41 kDa; NusA tag/His6 tag, �60 kDa). Extracts from cells
transformed with the pET43c control vector (lacking the AtDGK7
cDNA) reacted with the antibody, revealing a protein of �60 kDa that

corresponds to the NusA tag/His6 tag fusion expressed from the empty
vector itself.
Proteins purified from cells transformed with the AtDGK7 cDNA or

the empty vector (pET43c) were assayed for DGK enzymatic activity.
Cells transformed with AtDGK7 showed strong DAG kinase activity
against 1,2-DOG and 1,2-SAG, both of which contain unsaturated fatty

FIGURE 4. Western blot analysis of recombinant AtDGK7. E. coli BL21 (DE3) cells trans-
formed with AtDGK7 cDNA (plasmid pET7) express a �100-kDa fusion protein (left arrow;
lanes 1 and 2). E. coli cells transformed with the empty vector pET43c (lacking the AtDGK7
cDNA) produce the �60-kDa NusA-His6 fusion protein (lane 3; right arrow). Cells were
harvested 4 h after isopropyl-�-D-thiogalactopyranoside induction, and protein extracts
were purified using Ni2�-nitroacetic acid-agarose under native conditions. For protein
detection, an anti-His tag antibody was used.

FIGURE 3. Induction of AtDGK2 expression upon wounding of Arabidopsis tissues. Wild-type and transgenic Arabidopsis plants were used to test the transcriptional regulation of
AtDGK2 by wounding. A, Affymetrix expression values for AtDGK2 (probe set 247346_at), retrieved from the Genevestigator Arabidopsis Microarray Database (using the Digital
Northern software package) (26), indicate transient, wound-induced expression (shown as -fold induction in comparison with the corresponding controls). Data represent averages
of two hybridization experiments. B, elevated GUS activity at the cut petiole (gray shading image, arrows). C, quantification of GUS activity. Methylumbelliferone fluorescence was
determined in extracts of unwounded (control) and wounded promAtDGK2:GUS reporter lines obtained from two different transformation series. Black bars, data obtained from a
promAtDGK2:GUS line that was transformed with a pCAMBIA-1303 construct; gray bars, data obtained from a reporter line that was transformed with a pGPTV-HPT construct (18).
Plants were wounded, and samples were taken at different time points after the treatment. Data are means of four replicates 	 S.D. The asterisks indicate significant differences (p 

0.05). GUS assays were performed as described (47). D, Northern blot analysis of AtDGK2 transcript level in wild-type Arabidopsis above ground tissues. Wounding (see “Experimental
Procedures”) was applied for 40 min to 4-week-old plants. Upper panel, autoradiogram; lower panel, ethidium bromide-stained gel to demonstrate equal loading of RNA (25 �g/lane).
The blot was hybridized with radiolabeled AtDGK2 cDNA. E, real time RT-PCR. Leaves of the two Arabidopsis ecotypes C24 and Columbia-0 were wounded, and AtDGK2 transcript levels
were determined by quantitative RT-PCR. In both ecotypes, a slight increase in AtDGK2 expression was observed already 10 min after wounding. Transcript level reached its maximum
after 30 min and returned to the prewounding level after �2–3 h. Expression values, normalized to actin 2, are expressed as a -fold change in comparison with the 0-h time point. Each
data point represents the average of two technical repetitions.
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acid moieties, whereas the transformants harboring the empty vector
exhibited no activity after autoradiography of TLC plates (Fig. 5A),
demonstrating that AtDGK7 encodes a functional lipid kinase. This
result was confirmed by HPLC analysis (Fig. 5B). Deacylation and sub-
sequent HPLC of the 32P-labeled products obtained by incubation of
enzymewith 1,2-DOG yielded a 32P-labeled peak that co-eluted with an
internal standard of authentic [14C]glycerol 3-phosphate.
Using standard experimental conditions (described in Ref. 18), incor-

poration of radioactive label was linear with time for at least 30 min in
the activity assay. Therefore, in order to measure DGK activity, PA
formation was determined in this linear kinetic range. Enzyme assays of
purified recombinant AtDGK7 showed that the reaction was linear for
up to �2 �g of protein in the assay, using 1,2-DOG as substrate (Fig.
6A). Therefore, 1 �g of protein was used in all further experiments.

The AtDGK7 enzyme has an activity optimum at pH 6.8 and exhibits
a fairly rapid decrease of activity below pH 6.8 and above pH 7.8 (Fig.
6B). NaCl (5–50 mM) increased the activity of the enzyme by up to 20%
as comparedwith the standard assay. In the presence of LiCl, the highest
enzyme activity was observed at a concentration of 50 mM. When the
concentration of both salts was raised to 500 mM, the activity of the

protein began to decrease (Fig. 6C). AtDGK7 activity was tested in the
presence of different types of detergents. Sodium deoxycholate (Na-
DC) at 1–5 mM concentration proved to be an efficient detergent for
solubilization of lipids. Enzyme activity strongly decreased at higher
Na-DC concentrations (10–100 mM). In contrast, Triton X-100 (0.07–
0.52%) only marginally affected AtDGK7 activity in the presence of 1
mM Na-DC (Fig. 6D). Low concentrations of CHAPS (1–5 mM) replac-
ing Na-DCwere inefficient to activate the enzyme, whereas higher con-
centrations of this detergent (10–50 mM) strongly improved AtDGK7
activity. An inhibitory effect was observed at 100 mM CHAPS. At 1 mM

CHAPS, 0.12–2.02% Triton X-100 strongly increased (around 8-fold)
AtDGK7 activity. At the highest Triton X-100 concentration tested
(2.02%), enzyme activity exceeded by almost 40% the activity deter-
mined under control conditions (Fig. 6E).
Because both the substrate and product of the DKG reaction are

amphiphilic and not freely diffusible in aqueous solution, simple
Michaelis-Menten kinetics might not be suitable to describe the enzy-
matic characteristics of this enzyme. The surface dilution kinetic model
was developed for enzymatic reactions occurring at surfaces of mixed
micelles in aqueous environment (27). This model is based on an
enzyme converting amphiphilic substrates into reaction products in
detergent-containing mixed micelles. Because the reaction partners
localize to the surface of the micelles, they can only diffuse in two
dimensions, and different kinetics apply in contrast to normal Michae-
lis-Menten kinetics, which are based on three-dimensional diffusion of
enzymes, substrates, and products.
The surface dilution model predicts that enzyme activity should

depend on the molar and micellar surface concentrations of the sub-
strate when the molar substrate concentration relative to the other
micellar components is low but be predominantly dependent on the
surface concentration and be independent of the molar substrate con-
centrationwhen themolar substrate concentration relative to detergent
is high (27, 28). To test whether the surface dilution model is suitable to
describeAtDGKkinetics, wemeasuredDGKactivity as a function of the
total molar concentration of the three amphiphiles: CHAPS, Triton
X-100, and diacyglycerol. CHAPS and Triton X-100 were considered as
a single complex detergent. Fig. 7 demonstrates that within a range of
total ([CHAPS] � [Triton X-100] � [diacyglycerol]) concentration
between 5 and 8 mM, DGK activity was largely independent of the dia-
cyglycerolmolar concentration but dependent on the diacyglycerol sur-
face concentration (given in mol fraction of diacylglycerol relative to
total amphiphiles).
This result demonstrates that under our experimental conditions,

DGK activity of both enzymes follows the surface dilution kinetic
model. Fig. 7 shows that the specific activities for AtDGK2 andAtDGK7
were in the range of 0.5–3 pmol of PAmin�1 �g�1 protein. Biochemical
studies characterizing wheat (14) and tomato (15) DGK isoforms have
reported specific activity values of up to 20 pmol of PA min�1 �g�1

protein, which are significantly higher than that observed here for the
Arabidopsis enzymes.
Kinetic data for AtDGK2 and AtDGK7 were obtained fromMichae-

lis-Menten kinetics using the surface dilutionmodel. CalculatedKm and
Vmax values were obtained for 1,2-DOG using an ATP concentration of
1 mM and different total amphiphile concentrations of 1.44, 7.2, or 14
mM (Fig. 8, A and B). The Km values for AtDGK2 and AtDGK7 at the
three different total amphiphile concentrations were very similar,
around 0.1mol fractions of 1,2-DOG. TheVmax values were in the same
range for AtDKG2 and AtDGK7 but were dependent on the total
amphiphile concentration (Fig. 8). This means that with increasing
amounts of the total ([CHAPS] � [Triton X-100] � [diacyglycerol])

FIGURE 5. Enzyme activity of AtDGK7. Purified recombinant AtDGK7 catalyzes the in
vitro phosphorylation of DAG to yield PA, using [�-32P]ATP as phosphate donor, accord-
ing to the protocol described elsewhere (18). A, products of the enzymatic reaction were
solubilized in choroform/methanol (2:1) and subsequently separated by thin layer chro-
matography and detected by autoradiography (left panel) and iodine vapor (right panel).
The generated radiolabeled PA detected by autoradiography was identified by compar-
ison with standard PA. Retention factor value for PA standard, radiolabeled PA, and
cardiolipin is 0.95. Both the left and right panels contain the following. Lane 1 and 2,
labeled PA produced by the activity of purified AtDGK7 enzyme, obtained from inde-
pendent bacterial cultures transformed with the AtDGK7 cDNA (plasmid pET7), using
1,2-DOG (lane 1) or 1,2-SAG (lane 2) as substrate; lane 3, purified NusA-His6 fusion protein
expressed from the cloning vector pET43c alone; lane 4, no enzyme added to the reac-
tion mix; lane 5, PA standard; lane 6, cardiolipin. B, diacylglycerol substrate was incubated
with affinity-purified AtDGK7 enzyme. The lipid products of assay were deacylated and
mixed with L-[U-14C]glycerol 3-phosphate, and the water-soluble products of deacyla-
tion were resolved on a Partisphere SAX HPLC column; open symbols, 14C; closed symbols,
32P. The position of elution of the internal standard is indicated with an arrow, as is the
position of elution of an internal standard of AMP, monitored on-line at 258 nm.
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mixture, the Vmax for AtDGK2 and AtDGK7 decreased. This can be
explained by the surface dilution model, because by adding more and
more detergent (and substrate), new and larger micelles are formed,
whereas the amount of the enzyme remains the same. Enzyme is diluted

out, because the reaction volume (which in this case is only two-dimen-
sional) is enlarged. The inhibition of AtDGK2 activity by high concen-
trations of CHAPS was already found by Goméz-Merino et al. (18).
Furthermore, Vmax measured for AtDGK2 in the presence of CHAPS

FIGURE 7. Activity of two Arabidopsis DGK isoforms in mixed micelles, according to the surface dilution kinetic model. Enzymatic activity of AtDGK2 and AtDGK7 was
determined as described under “Experimental Procedures” and expressed as pmol of PA formed/min/�g of protein. DGK activity was measured as a function of the sum of the molar
concentrations of CHAPS, Triton X-100, and DAG at given mol fractions of DAG to total amphiphiles (in mol/mol as indicated).

FIGURE 6. Effect of different amounts of protein, pH values, salts, and detergents on AtDGK7 activity. The standard assay is described under “Experimental Procedures” (18). A,
diacylglycerol kinase activity assayed with different amounts of purified protein extracted from E. coli cells expressing AtDGK7 (error bars indicate mean 	 S.D., three independent
experiments). B, effect of pH on AtDGK7 activity. The enzymatic assay was performed in 40 mM Bis-Tris-HCl (pH 6.2, 6.4, and 6,6), 40 mM Bis-Tris-propane-HCl (pH 6.8, 7.0, 7.2, 7.4, 7.6,
7.8, and 8.0), and 40 mM Tricine-KOH (pH 7.4, 7.6, 7.8, 8.0, 8.2, 8.4, and 8.6). The activity observed under standard assay conditions in Bis-Tris-propane, pH 7.4, was set to 100%. C, effect
of extra salts on AtDGK7 activity. Enzyme activity determined under standard assay conditions containing no extra salt was set to 100% (i.e. Control). 1, 5 mM NaCl; 2, 10 mM NaCl; 3,
50 mM NaCl; 4, 500 mM NaCl; 5, 5 mM LiCl; 6, 10 mM LiCl; 7, 50 mM LiCl; 8, 500 mM LiCl. D, effect of Na-DC and Triton X-100 on AtDGK7 activity. Activity determined in the standard assay
(Control) was set to 100%. The enzyme activities are presented as percentages of control activity. Control, 1 mM Na-DC, 0.02% Triton X-100; 1, 5 mM Na-DC; 2, 10 mM Na-DC; 3, 50 mM

Na-DC; 4, 100 mM Na-DC; 5, 1 mM Na-DC, 0.07% Triton X-100; 6, 1 mM Na-DC, 0.12% Triton X-100; 7, 1 mM Na-DC, 0.52% Triton X-100; 8, 1 mM Na-DC, 2.02% Triton X-100. E, effect of
CHAPS (in the absence of Na-DC) and Triton X-100 on AtDGK7 activity. Control, same as in C; 1, 1 mM CHAPS; 2, 5 mM CHAPS; 3, 10 mM CHAPS; 4, 50 mM CHAPS; 5, 100 mM CHAPS; 6, 1
mM CHAPS, 0.12% Triton X-100; 7, 1 mM CHAPS, 0.52% Triton X-100; 8, 1 mM CHAPS, 2.02% Triton X-100. Data are the means of three independent measurements. Bars, 	S.D.
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was much higher than previously reported in experiments done in the
absence ofCHAPS (0.76 pmol of PAmin�1 �g�1; see Ref. 18), indicating
that low amounts of CHAPS stimulate AtDGK2 activity.
The effect of increasing concentrations of ATP on the enzymatic

activities of AtDGK2 and AtDGK7 was determined using a sum of the
molar concentrations of CHAPS, Triton X-100, and DAG of 7.2 mM at

0.02 mol fractions of 1,2-DOG (Fig. 9). AtDGK7 activity was compared
with that of AtDGK2 under these experimental conditions. We
observed that AtDGK2was about 3.5-foldmore active thanAtDGK7, as
itsVmax reached 1.20 pmol of PAmin�1 �g�1 protein, as comparedwith
0.34 pmol PA min�1 �g�1 protein for AtDGK7. The Vmax values
obtained in this experiment were lower than in the assays done with
different amounts of 1,2-DOG (see above), indicating that the amount
of 1,2-DOG used in this experiment (0.02 mol fractions) was not satu-
rating. For AtDGK2 the Km for ATP was 1.20 mM. The Km of 0.74 mM

for ATP in the case of AtDGK7 is somewhat lower and might indicate
the high affinity of this enzyme for this substrate.

R59022 Differentially Affects Enzymatic Activity of AtDGK2 and
AtDGK7 and Alters Root and Plant Growth—The DGK inhibitor
R59022 modulates a number of cellular processes in animals that are
regulated by DAG/PA signaling (e.g. see Refs. 29–31). In plants, R59022
has been demonstrated to reduce the formation of cold-induced PA in
A. thaliana suspension cells at a concentration of around 50–100�M of
the inhibitor (32). It also enhanced phytoalexin accumulation in elici-
tor-treated (but not untreated) epicotyl tissues of pea, most likely
involving an activation of phenylalanine ammonia lyase gene expression
(33). Membrane-bound DGK activity in pea was inhibited �50% at an
inhibitor concentration of around 100 �M (33). We have previously
reported that R59022 also reduces the activity of recombinant AtDGK2
at relatively low concentrations (IC50 � 50 �M) (18). To investigate
whether AtDGK7 is inhibited in a similar manner, the reaction mix was
preincubatedwith this inhibitor. Since the standard conditions for these
experiments were different from those previously reported (dimethyl-
formamide used as a solvent for R59022, instead of dimethyl sulfoxide)
(18) and three different molar fractions were tested herein, we assayed
both AtDGK2 and AtDGK7. Our data indicate that the decrease in PA
formation and, hence, the degree of inhibition of DGK activity were
indeed dependent on the concentration of the inhibitor (Fig. 10).
R59022 had a stronger inhibitory effect on AtDGK2 (IC50 � 250 �M) in
comparison with AtDGK7 (IC50 � 500 �M). Notably, at 50 �M R59022,
no inhibition was detected for AtDGK7, whereas AtDGK2 was inhib-
ited by 20%. At the highest R59022 concentration tested (1000 �M),
AtDGK2was still 20% active, whereas AtDGK7was�30% active. Addi-
tionally, we tested the effect of a second DGK inhibitor, R59949 (up to 1
mM in the reaction mix), but no inhibitory effect was observed, neither
for AtDGK2 nor for AtDGK7 (data not shown). In animals, R59949

FIGURE 9. Enzymatic activity of AtDGK2 and AtDGK7 in mixed micelles, as a function
of ATP concentration. DGK activity was determined with 1,2-DOG as substrate in the
presence of increasing ATP concentrations (0.1–5.0 mM) and a fixed amount of CHAPS,
Triton X-100, and DAG concentration (7.2 mM). For both enzymes that exhibited a
Michaelis-Menten type saturation curve for the substrate ATP, Lineweaver-Burk plots are
presented. The calculated Km and Vmax values were 1.20 mM for ATP and 1.20 pmol of PA
min�1 �g of protein�1 for AtDGK2 and 0.74 mM for ATP and 0.34 pmol of PA min�1 �g of
protein�1 for AtDGK7, respectively.

FIGURE 8. Kinetics of recombinant AtDGD2 and AtDGK7 as a function of diacylglycerol concentration. Lipid kinase activity of recombinant AtDGK2 and AtDGK7 was determined
with different mol fractions of 1,2-DOG at three different concentrations of total amphiphiles (1.44, 7.2, and 14 mM) following the surface dilution model. Double reciprocal plots
(Lineweaver-Burk) are shown to estimate Km and Vmax. A, AtDGK2. B, AtDGK7.

Arabidopsis DAG Kinase AtDGK7

34896 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 280 • NUMBER 41 • OCTOBER 14, 2005

 at U
N

IV
E

R
S

IT
A

T
S

 B
IB

L P
O

T
S

D
A

M
 on M

arch 12, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org
arana
Line


arana
Line


arana
Text Box
Chapter 2

arana
Text Box
51



inhibits Ca2�-activated DGKs, but Ca2�-insensitive isoforms are only
weakly affected (34).We have previously reported that AtDGK2 activity
is not modified by Ca2� in the reaction assay (18).

Evidence indicates that DGKsmay regulate diverse cellular processes
such as growth and differentiation in animals (10). In plants, studies
involving the DGK inhibitor R59022 demonstrated an involvement of
DGK in stress-related physiological processes (cold, elicitor treatment)
(32, 33). We have shown that AtDGK2 is prominently expressed under
non-stress conditions in root tips of seedlings a few days after germina-
tion (18), indicating that it plays a developmental role in this tissue.Only
weak expression in roots was observed for AtDGK7 (this report; Fig.
2A). We grew plants in the presence of the DGK inhibitor R59022 to
assess whether it affects root development. To this end, Arabidopsis
seedlings were grown on agar plates (kept vertically) in the absence and
presence of the inhibitor. Primary root elongation rate was analyzed and
found to be strongly reduced at an inhibitor concentration above 50 �M

(Fig. 11, A and B). At a concentration of 75 �M R59022, root elongation
was inhibited by �50%. R59022 also inhibited lateral root growth (not
shown). Treatment with the inhibitor also affected overall plant devel-
opment; biomass production as well as petiole lengths and sizes of leaf
blades were reduced (not shown). Notably, leaves became chlorotic at
inhibitor concentrations above 50 �M (Fig. 11C). At the highest R59022
concentration tested (i.e. 250 �M), seeds were able to germinate, but
seedlings died 3–5 days after germination (data not shown), demon-
strating that this inhibitor does not affect the process of germination but
rather root elongation and plant growth.

AtDGK2 and AtDGK7 Phosphorylate 1,2-DAG Molecular Species
Physiologically Important in Plants—Higher plants contain a variety of
diacylglycerol molecular species that differ by the length and degree of
unsaturation of the acyl groups linked in the sn-1- and sn-2-position of
the glycerol backbone. Twomajor sites contribute to diacylglycerol for-
mation in many plants (e.g. Arabidopsis) (i.e. the chloroplast and the
ER). Due to differences in the specificity of the acyltransferases involved,
two major types of diacylglycerol can be distinguished: a prokaryotic
type derived from the plastid (C18 at sn-1, mostly C16 at sn-2), or a
eukaryotic type (C16 or C18 at sn-1, C18 at sn-2) (35). We previously
have proved that AtDGK2 has high specificity for 1,2-SAG and 1,2-
DOG (18). To further investigate the ability of AtDGK2 andAtDGK7 to
phosphorylate 1,2-sn-diacylglycerides found in plants, we tested 1,2-
POG/1-palmitoyl, 2-oleoyl-sn-glycerol (1–16:0–2-18:1); 1,2-SLG/1-
stearoyl, 2-linoleoyl-sn-glycerol (1–18:0–2-18:2); and 1,2-OPG/1,2–1-
oleoyl, 2-palmitoyl-sn-glycerol (1–18:1–2-16:0) (Fig. 12). Interestingly,
AtDGK2 activity increases by 46%with 1,2-SLG as substrate in compar-
ison with the control (1,2-DOG). With 1,2-POG and 1,2-OPG used as
substrates, AtDGK2 activity is more than 30% higher than the control.
RegardingAtDGK7, our data indicate that this enzyme exhibits elevated
activity in the presence of 1,2-POG and 1,2-OPG (nearly 20% higher
than with 1,2-DOG). With 1,2-SLG, AtDGK7 activity is similar to that
observed with the control substrate.

DISCUSSION

The experiments reported in this paper were initiated as an attempt
to demonstrate that amember of Cluster II of plantDGKs is a functional
enzyme, since no protein of such a cluster has been characterized so far
from any species. AtDGK7 and previously characterized AtDGK2 share
a well conserved catalytic domain, although the primary structure of the
former is far simpler than the latter. The complex domain organization
present at theN-terminal region ofAtDGK2,which contains two copies
of a DAG/PE-binding domain flanked by an upstream basic region pre-
ceding the DAG/PE-binding domain 1, and an extCRD-like sequence
following the DAG/PE-binding domain 2, is absent in AtDGK7 (Fig.
1B). Furthermore, the DGK accessory domain is incomplete in
AtDGK7.
In contrast toAtDGK2,AtDGK7 transcripts were not detected under

conventional Northern blot conditions. Quantitative RT-PCR revealed
that AtDGK7 is expressed throughout the plant, most prominently in
flowers and seedlings. Affymetrix GeneChip hybridization studies so far
have not revealed any profound affect of biotic or abiotic stresses on
AtDGK7 transcript levels, suggesting that AtDGK7 may be more
involved in regulating developmental or growth processes than in stress
responses. In contrast, we have previously reported that expression of
AtDGK2 is induced by cold treatment, indicating an involvement in
cold-related signal transduction (18). Here, we observed that wounding
also triggersAtDGK2 expression.Wounding is known to rapidly trigger
the accumulation of PA in plants (36). Molecular-physiological evi-
dence indicates that this rise in PA level to a large extent results from an
involvement of phospholipase D activity. However, other biochemical
pathways contributing to PA production under stress, such as cold (18,
32) and wounding (36), are likely. Our finding that AtDGK2 expression
rapidly reacts to awound stress is consistentwith this interpretation and
conforms to the model that genes that code for signal pathway compo-
nents are themselves often triggered by the stimulus that is transmitted
by the signaling pathway (37).
The AtDGK7 gene encodes a functional diacylglycerol kinase with

unique biochemical properties. AtDGK7 saturates at lower substrate
concentrations, and its activity appears to be approximately 3–4 times

FIGURE 10. Effect of the DGK inhibitor R59022 on AtDGK2 and AtDGK7 activities
using different lipid mol fractions. The DGK inhibitor R59022, dissolved in dimethyl
formamide (DMF), was added prior to the start of the reaction containing AtDGK2 (upper
panel) or AtDGK7 (lower panel) protein. Enzymatic activity was determined as described
under “Experimental Procedures.” Values are expressed as percentages of enzyme activ-
ity determined under control assay conditions (i.e. in the absence of R59022) showing
the highest activity. Measurements were done as a function of the sum of molar concen-
trations of CHAPS, Triton X-100, and DAG at a given mol fraction. A, 1.44 mM (1.00 mM

CHAPS, 0.43 mM Triton, 0.01 mM DAG); B, 3.60 mM (2.50 mM CHAPS, 1.08 mM Triton, 0.02
mM DAG); C, 7.20 mM (4.90 mM CHAPS, 2.20 mM Triton, 0.10 mM DAG). Data are means of
three independent determinations 	 S.D.
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lower than that of AtDGK2, possibly due to its partial DGK accessory
domain. AtDGK7 is the smallest of the plant DGKs known (containing
374 amino acids) and apparently is also smaller than all other known
eukaryotic DGKs described so far. Because of this, we can assume that
all other DGKs encoded by the Arabidopsis genome are bona fide dia-
cylglycerol kinases. Although anArabidopsisCluster III enzyme has not
been analyzed biochemically so far, two isoforms of a Cluster III enzyme
from tomato have been shown to be catalytically active (15).
AtDGK2 and AtDGK7 are differentially affected by pH, detergents,

and the inhibitor R59022. The optimal pH found at 6.8 for recombinant
AtDGK7 is 0.4 pH units lower than that of AtDGK2 (i.e. 7.2). Inhibitory
effects of salts (800 mM NaCl) have been observed in a DGK isoform
from Rattus norvegicus (38). Interestingly, at concentrations below 500
mM, LiCl and NaCl positively affected AtDGK7 activity. Instead,

AtDGK2 activity is reduced when those salts are used at concentrations
above 200mM in the reactionmix. AtDGK7 activity is dependent on the
presence of detergents. Increasing concentrations of the anionic deter-
gent Na-DC decrease PA formation, whereas the nonionic detergent
Triton X-100 does not. An opposite effect is observed with CHAPS,
since enzymatic activity of AtDGK7 in buffers containing such zwit-
terionic detergent at low concentrations (i.e. 5 and 10 mM) is reduced.

Diacylglycerol found in plant membranes can be derived from PA
phosphatase action on PA originating from de novo synthesis in the ER
or the plastid. However, alternative pathways exist for diacylglycerol
production from membrane lipids via phospholipase C or phospho-
lipaseD/PAphosphatase reaction. Therefore, themolecular species dis-
tribution of diacylglycerol is complex and depends on the subcellular
membrane analyzed. Not much is known about the molecular species
specificity of enzymes involved in diacylglycerol metabolism, and its
analysis is hampered by the fact that only a few of the diacylglycerol
molecular species presumed to be important in plant lipid metabolism
are commercially available. We therefore focused our analysis on the
specificity for diacylglycerols having a eukaryotic (1,2-DOG, 1,2-POG)
or prokaryotic (1,2-OPG) structure or diacylglycerols with different
degrees of unsaturation (1,2-SLG). Both enzymes, AtDGK2 and
AtDGK7, were about 20–30% more active with 1,2-POG and 1,2-OPG
as compared with 1,2-DOG. Therefore, diacylglycerol molecular spe-
cies containing at least one saturated fatty acid seem to be the preferred
substrates for both enzymes. In accordance with this finding, AtDGK2
showed higher activity with 1,2-SAG (18), and 1,2-SLG (this report),
two substrates carrying stearate at the sn-1-position. However, no
increase in AtDKG7 enzyme activity was observed when comparing
1,2-DOG (two monounsaturated acyl groups) and 1,2-SLG (stearate in
sn-1, diunsaturated fatty acid in sn-2). AtDGK2 and AtDGK7 display
different specificities for diacylglycerol substrates of different subcellu-
lar origin (eukaryotic: 1,2-POG, 1,2-DOG; prokaryotic: 1,2-OPG).

FIGURE 11. Effect of the DGK inhibitor R59022 on root elongation and plant growth. Surface-sterilized Arabidopsis seeds were sown on MS medium (48) containing 0.8% agar and
different concentrations of the DGK inhibitor R59022. The inhibitor R59022, dissolved in dimethyl formamide (DMF), was added. A, root length of Arabidopsis seedlings is affected by
increasing amounts of R59022. The yellow line marks the average root length of 25-day-old seedlings. B, length of the primary root (expressed in mm) was measured weekly with the
help of a scaled magnifying glass for a period of 4 weeks. Values are means of 12 individual seedlings 	 S.D. C, effect of R59022 on plant growth and development. Seedlings are 3
weeks old. Note that seedlings develop chlorosis when the concentration of the inhibitor in the medium is above 50 �M.

FIGURE 12. Substrate specificity of the enzymes AtDGK2 and AtDGK7. AtDGK2 (left)
and AtDGK7 (right) were assayed with various DAG molecular species containing fatty
acid moieties found in plants. For each substrate, the concentration used in the reaction
mix was 500 �M. For both enzymes, 1,2-DOG control substrate (1); 1,2-POG (2), 1,2-SLG
(3), and 1,2-OPG (4) are shown. Values are expressed as a percentage of enzyme activity
determined under control assay conditions using 500 �M 1,2-DOG. Values are means of
three independent determinations 	 S.D.
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However, the significance of this finding is unclear, because the subcel-
lular location for none of the respective enzymes, AtDGK2 or AtDGK7,
is currently known.
The DGK inhibitor R59022 differentially affects the enzymatic activ-

ity of AtDGK2 and AtDGK7. In AtDGK7 enzymatic assays, half-maxi-
mal inhibition (IC50) is reached at an R59022 concentration almost
2-fold higher than that observed for AtDGK2, which possibly could be
explained in light of the complex domain organization of AtDGK2 that
may result in a higher affinity of the inhibitor for the enzyme. Recently,
R59022 has been shown to minimize cold-induced PA formation in A.
thaliana suspension cells (32) and to stimulate phytoalexin accumula-
tion in elicitor-treated pea epicotyl tissues (33), indicating an involve-
ment of DGK in both stress-related physiological responses. In the pres-
ent report, we further demonstrate that R59022 also affects growth and
development. Root elongation was drastically reduced in the presence
of 50–100�MR59022, a concentration range that was found to partially
inhibit recombinant AtDGK2 in vitro. We therefore suggest that DGKs
play an important role not only in stress responses but also in develop-
mental processes in plants, consistent with the observation that
AtDGK2 transcriptional activity undergoes a developmental shift dur-
ing root growth (18). Although we have demonstrated here that R59022
inhibits plant DGK activity in vitro, the possibility cannot be excluded at
present that other cellular proteins interact with the inhibitor, thereby
triggering the developmental and physiological effects that we and oth-
ers have observed.
In animals, DGKs play a pivotal role in many biological processes,

such as cell proliferation, differentiation, survival, and apoptosis (10).
Nuclear DGKs are associated with other regulatory enzymes of the
phosphoinositide cycle and have an effect on cell cycle progression (39).
For instance, some animal DGKs are found associated with and/or reg-
ulated by small GTPases of the Rho family, which participate in the
organization of the cytoskeleton, stress-induced signal transduction,
cell death, cell growth, and differentiation (40). Plants possess a large
family of genes encoding Rop (Rho-related GTPase from plant) (41),
implicated in pollen tube elongation (42), root hair initiation and root
tip growth (43). As most of the eukaryotic DGKs contain cysteine-rich
domains, which are thought to mediate protein-protein interactions as
well as to bind acidic phospholipids in membranes (44–46), one might
presume that R59022 annuls such interactions and that members of the
Rop family may be potential candidate proteins that interact with Ara-
bidopsis DGKs.

Both AtDGK2 and AtDGK7 phosphorylate 1,2-sn-DAG molecular
species found in plants to generate the respective PAmolecules. There-
fore, both proteins might be implicated in regulating DAG and PA cel-
lular levels in order to allow the plant to perform its proper function. In
some cases, their actions may result in lowering the levels of DAG,
thereby serving as an off signal for the activation of a number of poten-
tial enzymes, whereas at other times they may serve as a source of PA
that then functions as a signaling molecule itself (9).
With themolecular cloning ofAtDGK7, we add a newmember to the

growing family of plant DGKs. AtDGK7 is structurally different from
previously characterized AtDGK2 and displays unique biochemical
characteristics that point to a different biological function in plants.
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SUMMARY 

 

In mammals diacylglycerol (DAG) can be metabolized in three ways but, under most 

circumstances, the phosphorylation of the free hydroxyl group to produce phosphatidic acid 

(PA) is considered the major route for metabolism of signalling DAG; the responsible 

molecules for this reaction are the members of the diacylglycerol kinase (DGK) family. No 

members are still reported in yeast but molecular and biochemical data have shown their 

presence in Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis thaliana and, 

recently, in Dictyostelium discoideum. Here, I report the cloning of a cDNA for AtDGK7 from 

Arabidopsis thaliana which codes for a protein that is longer than the previously described 

AtDGK7 polypeptide. Expression analysis using a promoter ß-glucuronidase reporter gene 

revealed AtDGK7 activity in many tissues, including guard cells, the junction that connects 

filaments and stamens in the anthers and, strongly, in lateral root tips. Physiological analysis 

under abiotic stresses (changing concentrations of nitrogen, sucrose, auxin and auxin 

transport inhibitors) were performed with AtDGK7 T-DNA insertion lines and also with the 

promoter-reporter plants. AtDGK7 T-DNA insertion lines exhibited a strong inhibition of 

lateral root growth under limiting nitrogen and/or sucrose concentrations. Auxin also in some 

cases affected the T-DNA insertion lines different from the wild-type. Lateral root formation 

was totally absent and root size was reduced in the presence of the auxin transport inhibitor 

TIBA (2,3,5-triiodobenzoic acid). Lateral root formation recovered partially when mutated 

lines were grown at 50nM NAA (α-naphtalene acetic acid). It is hypothesized that AtDGK7 is 

involved in a signalling process affecting growth and development of lateral roots, mediated 

via an interaction with auxin. 
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3.1. INTRODUCTION 

 

Plants, because of their non-motile living conditions, are completely dependent on the 

resources existing around them. However, the availability of nutrients and their distribution 

are not fixed conditions in the environment; they are generally in constant flux. The flexible 

short-term adaptation of plants to diverse environments allows them to grow and develop in 

effective and opportune ways. A good example of developmental plasticity is lateral root 

formation in the root system. The number and placement of lateral roots are dramatically 

influenced by external cues or environmental signals (Leyser and Fitter, 1998; Malamy and 

Ryan, 2001). The development of an optimal root system is a key factor in a plant’s ability to 

survive under adverse conditions (Hooker and Atkinson, 1992). Especially the available 

nutrients affect the number and location of lateral root initiation sites (Drew and Goss, 1973; 

Drew, 1975; Drew and Saker, 1978). It is of basic importance for plants to sense the level of 

nutrients in the soil directly via external sensors; having this information, plants must decide 

whether or not to start lateral root initiation. 

The plant hormone auxin is known to play a critical role in lateral root initiation. Exogenous 

application of auxin stimulates lateral root formation (Evans et al., 1994) and some auxin-

resistant mutants have reduced numbers of lateral roots (Malamy and Benfey, 1997). 

Furthermore, exogenous application of the plant hormone auxin to mature regions of the root 

can stimulate excess lateral root formation, suggesting that even cells that were not 

preselected are capable of being recruited to the lateral root program. Additionally, the 

accumulation of auxin to high levels in some mutants leads to excess lateral roots (King et 

al., 1995; Boerjan et al., 1995; Delarue et al., 1998). It is assumed that auxin is produced in 

young aerial tissues and transported in a polar way from the shoot system to the root to 

induce the formation of lateral root. An important support for this model comes from chemical 

inhibitors of polar auxin transport that completely block lateral root initiation (Reed et al., 

1998). However, until present, it is mostly unknown how auxin movement or activity interacts 

with environmental signals to appropriately modulate lateral root initiation (Malamy and Ryan, 

2001). 

AtDGK7 encodes a member of the AtDGK enzyme family in Arabidopsis thaliana. We have 

previously reported the AtDGK7 cDNA sequence and the biochemical characterization of the 

encoded protein (Gomez-Merino et al., 2005) – Chapter 2). Promoter-reporter (GUS) studies 

demonstrate that AtDGK7 is expressed in a number of cell types and tissues including guard 

cells, the distal part of anther filaments, leaf margins, lateral root initiation sites and the root 

tips.  
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Here, the cloning of a novel AtDGK7 cDNA is reported. This cDNA encodes a DGK protein 

that is, compared to the originally report AtDGK7 protein, extended at the C-terminus by 118 

amino acids. 

We employed T-DNA insertion lines to analyze the biological function of the AtDGK7 gene. It 

appeared that lateral root formation was affected in these lines. 
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3.2. MATERIAL AND METHODS 

General 

Standard molecular-biological techniques were performed as described (Sambrook, 2001). 

Restriction enzymes were purchased from Roche Applied Science (Mannheim, Germany) 

and New England Biolabs (Frankfurt am Main, Germany). Oligonucleotides were obtained 

from TibMolbiol (Berlin, Germany). DNA sequencing was performed by AGOWA (Berlin, 

Germany). Unless otherwise indicated, other chemicals were purchased from Roche Applied 

Science, Merck, or Sigma. E. coli strain XL-1 Blue (Stratagene, Heidelberg, Germany) was 

employed for general DNA work. For sequence analyses, the tools provided by the National 

Center for Biotechnology Information (available on the World Wide Web at 

www.ncbi.nlm.nih.gov/), the ExPASy Molecular Biology Server (available on the World Wide 

Web at us.expasy.org/), and The Arabidopsis Information Resource (TAIR; available on the 

World Wide Web at www.arabidopsis.org/) were used. Cloning strategies were developed 

using Lasergene software (DNASTAR, Madison, MI). The NCBI Gene Expression Omnibus 

data repository was accessed via the World Wide Web at www.ncbi.nlm.nih.gov/geo/. 

 

Plant growth conditions 

Seeds were surface sterilized in 2 mL Eppendorf tubes (proportional ~500 µL of seeds) 

adding the same volume of 70% EtOH. After vortexing, seeds were centrifuged, the liquid 

was discarded and bleach solution containing ~1.5 mL NaOCl + three drops of Tween 20 

was added. Followed by three washes in ~1.5 mL sterile water contains three drops of 

Tween 20, the seeds were collected by centrifugation and were distributed on sterile 

(autoclaved) filter paper kept in Petri dishes. Seeds were allowed to dry and then stored at 

4°C for further use. To grow Arabidopsis plants, 14-day old seedlings from standard nutrient 

agar media containing antibiotics were sown in a 1:1 (v/v) mixture of soil (GS90; Gebr. 

Patzer, Sinntal Jossa, Germany) and vermiculite (Deutsche Vermiculite Dämmstoff, 

Sprockhövel, Germany) and cultured under controlled environmental conditions in growth 

chambers with an irradiance of 150 microeinsteins at a 20/18°C (day/night) temperature 

regime, a photoperiod of 16 h, and a relative humidity of 75%. At day 7 after germination, 

seedlings were transferred to a growth chamber under the same conditions except that the 

photoperiod was reduced to 8 h. Twenty-eight days after germination, plants were kept under 

250 microeinsteins, 20/18 °C, 80/50% relative humidity (day/night). 

 

59 

http://www.ncbi.nlm.nih.gov/
http://us.expasy.org/
http://www.arabidopsis.org/
http://www.ncbi.nlm.nih.gov/geo/


Chapter 3 

Promoter-GUS fusions 

A 1.5-kb 5´ genomic fragment upstream of the ATG start codon of the AtDGK7 gene was 

amplified by PCR using primers pDGK-7F (5’-

CCCAAGCTTCATCTGTACTAAATGTGATTAAACTTG-3’; added HindIII site underlined) and 

pDGK-7R (5’-CATGCCATGGCTTGTAAATCTAATATGTCATTCC-3’; added XbaI site 

underlined). Arabidopsis thaliana (L.) Heynh. Columbia-0 genomic DNA served as template. 

Cycling conditions were as follows: 95°C for 50 sec; 35 cycles of 95°C for 30 sec, 60°C for 1 

min, 72°C for 2 min; 72°C for 10 min. The amplified promoter fragment was inserted into 

plasmid pCR2.1 (Invitrogen). Subsequently, the promoter was fused via HindIII/XbaI to the β-

glucuronidase (GUS) reporter gene in the binary vector pGPTV-HPT 

(http://www.biotech.unl.edu/transgenic/vectors.html). The final constructs were transformed 

into Agrobacterium tumefaciens strain GV3101 (pMP90) and transgenic Arabidopsis plants 

were obtained using the floral dip method (Clough and Bent, 1998). Transgenic plants were 

selected on sterile medium containing hygromycin. GUS activity was determined in vacuum-

infiltrated plants or tissues using 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc) as 

substrate. Infiltrated plants were incubated in GUS staining solution overnight at 37°C. GUS 

staining patterns were viewed with a Leica ATC 2000 binocular microscope. 

 

Cloning of AtDGK7 cDNA and generation of transgenic AtDGK7 overexpression and 

antisense plants 

Polymerase chain reaction (PCR) amplification of the AtDGK7 cDNA was carried out using 

the Advantage-HF2 PCR kit (Clontech, Heidelberg, Germany) according to the 

manufacturer's protocol. A. thaliana (L.) Heynh. Col-0 flower cDNA was used as template. 

Primer sequences were as follows: AtDGK7-F 5’-

GCGGATCCTGATGGAGGAGACGCCGAGATC-3’ and AtDGK7-R 5’-

GCGCTCGAGTTATATGAACCTCTTAGGAAC-3’. Reaction details were as follows: 95 °C for 

3 min; 36 cycles of 95 °C for 45 s, 62 °C for 45 s, and 72 °C for  72 s; 72 °C for 10 min. PCR 

products were analysed by agarose gel electrophoresis. Individual fragments were purified 

using the QIAquick PCR purification kit (Qiagen, Hilden, Germany) and subcloned into 

pGEM-T Easy (Promega, Mannheim, Germany), generating the plasmid pG7. The entire 

AtDGK7 cDNA, present in plasmid pG7, had a length of 1125 bp (deposited under 

GenBankTM accession number AY686593). The coding region of the AtDGK7 cDNA, flanked 

by EcoRI sites, was transferred from plasmid pG7 to vector pGreen0229-35S (provided by 

Isabel Witt, MPI of Molecular Plant Physiology, Golm, Germany), yielding the plasmid 

pAtDGK7. Arabidopsis ecotype Col-0 plants carrying the AtDGK7 cDNA in sense (pOx-

AtDGK7) and antisense (pAs-AtDGK7) orientation were generated, so that the transcription 
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of the corresponding AtDGK7 strand was driven by the CaMV 35S constitutive promoter 

present in the vector pGreen0229-35S, which also harbors the bar gene that allows in terra 

selection with glufosinate ammonium (BASTA). Agrobacterium tumefaciens strain GV3101 

(pMP90) was transformed by electroporation. Arabidopsis plants were transformed using the 

infiltration method (Clough and Bent, 1998b). 

 

RNA isolation and northern blot analysis  

Total RNA was isolated from leaves and seedlings, separated, and analysed by northern blot 

technique following standard procedures (Sambrook and Russell, 2001). The AtDGK7 cDNA 

was radioactively labelled with [α-32P]dCTP (Hartmann Analytic, Braunschweig, Germany) 

using the Rediprime II DNA labelling kit (Amersham Biosciences, Freiburg, Germany). 

Hybridisation was performed overnight at 65°C in sodium phosphate buffer. The membranes 

were washed twice for 10 min at 65°C (first wash: 5x SSC, 0.5% SDS; second wash: 1x 

SSC, 0.5% SDS). Membranes were exposed to x-ray films (Kodak X-OMAT AR) at -80°C for 

1 day. 

 

Cloning a full-length of AtDGK7 cDNA  

For cloning of AtDGK7 full-length cDNA, DNAse-treated RNA isolated from flowers served as 

template in a PCR using the Advantage-HF2 PCR kit (Clontech, Heidelberg, Germany). The 

AtDGK7 cDNA was amplified with gene-specific primers: AtDGK7-F 5’-

GCGGATCCTGATGGAGGAGACGCCGAGATC-3’ and AtDGK7-R L 5’-

GCTCGAGATTTTGACTAATTGATGGAACAG-3’. Reaction details were as follows: 95 °C for 

3 min; 36 cycles of 95 °C for 45 s, 62 °C for 45 s, and 72 °C for  72 s; 72 °C for 10 min. The 

amplified product was resolved by electrophoresis, gel purified, and cloned into pGEM-T 

Easy vector (Promega, Madison, WI, USA) generating the construct pGAtDGK7L. The 1.6 kb 

cDNA PCR fragment flanked by the pUC/M13 Forward sequencing primer binding site and 

SP6 RNA polymerase promoter site (from the polylinker region of the mentioned cloning 

vector) was sequenced and compared with the AtDGK7 gene. 

 

Analysis of root growth – variation of sucrose, nitrogen, auxin and TIBA concentrations 

For these experiments, Arabidopsis wild-type plants (ecotype Columbia-0) and 

promAtDGK7::GUS seedlings were germinated on standard nutrient medium (commercial 

Murashige & Skoog medium, no. M 0221.0050, Duchefa, Haarlem, The Netherlands; 

supplemented with 0.5 g L-1 MES [2-(N-morpholino) ethanesulfonic acid]). Ten-day old 

seedlings were transferred to various nutrient media. Nutrient concentrations were as 
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follows: 4.5% (w/v) sucrose (Carl Roth, cat. no. 4621) and 0.02mM nitrogen (i.e. [0.01mM] 

NH4NO3); 0.5% (w/v) sucrose and 0.02mM nitrogen (i.e. 0.01mM NH4NO3); standard 

Murashige & Skoog medium is designated 4.5/60 because it contains 60mM nitrogen 

(supplied as 20mM NH4NO3 + 20mM KNO3). Sterilized seeds were sown on standard media 

(pH was adjusted to 5.7 using 1 N KOH) containing 0.7% (w/v) Select Agar (no. 30391-049, 

Invitrogen). The 4.5/0.02 and 0.5/0.02 media were prepared using nitrogen-free Murashige & 

Skoog salts and additional components were added: boric acid, 0.10 [µM]; calcium chloride 

(anhydryde), 2.99 [µM]; cobalt chloride, 0.11 [µM]; copper sulfate, 0.10 [µM]; EDTA, 0.10 

[µM]; glycine, 26.64 [µM]; myo-inositol, 0.56 [µM]; magnesium sulfate (anhydryde), 1.50 [µM]; 

manganese sulfate H2O, 0.10 [µM]; nicotinic acid, 4.06 [µM]; potassium iodide, 5.00 [µM]; 

potassium phosphate monobasic, 1.25 [µM]; pyridoxine HCl, 2.43 [µM]; sodium molybdate, 

1.03 [µM]; thiamine HCl, 0.30 [µM]; zinc sulfate, 29.91 [µM] (Murashige and Skoog, 1962). 

The number of lateral roots (LR) and lateral root primordia were examined using a 

stereoscopic microscope. Ten-day old seedlings were transferred from standard medium to 

4.5/0.02, 0.5/0.02 and standard 4.5/60 media, respectively, in square vertical plates. Root 

growth and lateral roots were examined three and nine days later.  

Further experiments were performed by transferring 10 –day-old seedlings from standard 

Murashige & Skoog media to plates with different sucrose concentrations (containing 4.5%, 

10%, or 12% [w/v] sucrose, respectively, as indicated, and 60mM nitrogen [20mM KNO3 and 

20mM NH4NO3]) followed by a subsequent microscopic analysis of the seedlings.  

The effect of auxin on lateral root initiation in primary roots was tested by growing seedlings 

for up to 10 days on standard medium and subsequently transferring them to 4.5/0.02 

medium containing 100nM NAA (α-naphtalene acetic acid, no. N 0903 Duchefa). After three 

and nine days the seedlings were analysed by counting all lateral roots. NAA was dissolved 

in 0.1N NaOH and adjusted to a final concentration of 100nM. In control plates, an equivalent 

volume of 0.1N NaOH was added without NAA. Additionally, the same experiment was 

performed changing the concentration of NAA (1.0, 50.0 and 200nM) but using the in 

standard sucrose/nitrogen media, having a 4.5/60 + 0.1N NaOH as a control. 

To determine the effect of the auxin transport inhibitor TIBA on lateral root initiation the 

seedlings were grown ten days in standard medium and transferred to standard medium 

containing + DMSO with and without 20µM of the auxin transport inhibitor TIBA (2,3,5-

triiodobenzoic acid, no. T 0929 Duchefa) dissolved in DMSO. The concentration of DMSO in 

the growth media never exceded 0.1% (v/v). 

At days three and nine, the lateral roots were analysed. The same experiment was done but 

using the sucrose standard medium with reduced nitrogen concentration, 4.5/0.02 medium + 

DMSO, with and without the auxin transport inhibitor TIBA (20 µM). 
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Plates were oriented vertically to allow roots to grow on the surface of the medium in a 

growth chamber set at 22°C for 16 h in the light and 8 h in the dark. 

 

Isolation of AtDGK7 T-DNA insertion lines 

Mutants from the SIGnAL (Salk Institute Genomic Analysis Laboratory) database collection 

were screened using the "T-DNA Express" Arabidopsis Gene Mapping Tool and five putative 

AtDGK7 insertional mutants (Salk 110797, Salk 139504, Salk 139607, Salk 139760 and Salk 

507896) were identified. Transgenic plants were selected on sterile medium containing 

kanamycin. For PCR screening of the mutant lines, the following combinations of primers 

were used: Left border primer (LBb1) 5'-GCGTGGACCGCTTGCTGCAACT-3' and AtDGK7 

specific forward primer (Fw-AtDGK7-T) 5’-GCATAGGTTTGGAATTTGGATACATGAAGT-3' 

or an AtDGK7 reverse primer (Rv-ATDGK7-T) 5’-

CGTCCCTCAATCCTCAAATCTTTCTGCTCA-3’. The left border primer in combination with 

the gene-specific primers flanking the T-DNA insertion sites were used to distinguish between 

heterozygous and homozygous T-DNA insertion lines. 
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3.3. RESULTS 

 

3.3.1. Sequence characterization of AtDGK7  

Until today the biological processes influenced by DGK activity in plants are still largely 

unknown. A step forward towards the understanding of the molecular mechanisms of DGK 

function was the isolation and characterization of the family of DGK genes from Arabidopsis. 

First results were published by (Gomez-Merino et al., 2004). This investigation presented 

data about AtDGK2 of the DGK gene family in Arabidopsis thaliana. Subsequently, a cDNA 

encoding a polypeptide similar in its basic structure to other AtDGK members from A. 

thaliana and similar to DGKs from other plants species (rice, maize, tomato) was selected 

and compared with the database entries. It was found that the novel AtDGK belongs to the 

cluster II of plant DGKs as indicated by (Gomez-Merino et al., 2004). The coding region was 

represented by a cDNA reported to be full length (see GenBank acc. AY686593), coding for 

a novel DGK that we designated AtDGK7 (for Arabidopsis thaliana diacylglycerol kinase 7). 

The amino acid sequence of the AtDGK7 protein is available from GenBank under accession 

number NM_119180. The AtDGK7 protein deduced from the cDNA sequence has an 

isoelectric point of 7.73 and a molecular mass of 41.2 kDa (374 amino acid residues). The 

predicted AtDGK7 protein was reported to represent the smallest member of plant 

diacylglycerol kinases known so far (Gomez-Merino et al., 2005). The annotated AtDGK7 

gene is located on chromosome number 4 of the A. thaliana genome (gene locus number 

At4g30340, www.tigr.org) between positions 14.841.073 (5´ end) and 14.838.315 (3´ end). 

The predicted genomic sequence is 2759 bp long and includes a 126 bp 5´ UTR and a very 

long (758 bp) 3´ UTR. The annotated ORF contains 6 exons with a length of 1125 bp. 

AtDGK7 harbours an N-terminal catalytic domain, but in contrast to various of the 

characterized DGKs (including AtDGK2) it lacks a cysteine-rich domain at its N-terminus, 

and, importantly, its C-terminal DGK accessory domain was found to be incomplete (Gomez-

Merino et al., 2005). The AtDGK7 protein shares 42.4% identical amino acids (187 aa) with 

AtDGK4 (GenBank accession number NP_200577), 28.4 % (165 aa) with Dgk-1 from 

Caenorhabditis elegans (NP_508190), 33.1% (232 aa) with KDGE_DROME eye-specific 

diacylglycerol kinase from D. melanogaster (GenBank Q09103), 27.3% (316 aa) with 

KDGG_RAT diacylglycerol kinase gamma from R. norvegicus (GenBank P49620), 34.9 % 

(106 aa) with diacylglycerol kinase 4 from Homo sapiens (NP_001338) and 28.1% (162 aa) 

with diacylglycerol kinase epsilon from Mus musculus (NP_062378). We demonstrated that 

the 41.2 kDa AtDGK7 protein is enzymatically active when expressed in Escherichia coli 

(Gomez-Merino et al., 2005); Chapter 2 of this thesis). 
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Five T-DNA insertion lines were obtained from the Salk stock center for further 

characterisation of AtDGK7 function. The T-DNA insertion sites of the five AtDGK7 Salk lines 

were identified (see chapter 3.3) and compared with the annotated At4g30340 gene 

(AY686593, 1125bp CDS size http://www.ncbi.nlm.nih.gov/). Despite phenotypic changes 

observed in the Salk lines when compared to wild-type plants (more shoots, altered root 

formation, differences in the response to abiotic stresses and hormone treatments; see 

Chapter 3) all T-DNA insertions were located in the predicted 3’ UTR region of the AtDGK7 

gene. The genomic sequence of At4g30340 (http://www.tigr.org/ - The TIGR Arabidopsis 

thaliana Database) was therefore again subjected to a detailed sequence analysis. This 

analysis resulted in a possible alternative coding sequence that was elongated by part of the 

formerly predicted 3’ UTR. To confirm the presence of a mRNA containing an extended 

AtDGK7 open reading frame, a PCR experiment was performed employing a reverse primer 

annealing to the 3’ UTR predicted. Using cDNA from flowers as template a ~1.6 kb long PCR 

fragment was amplified and cloned into vector pGEM-T Easy (Promega, Mannheim, 

Germany) yielding plasmid pGAtDGK7L. Sequence analysis revealed a full-length cDNA of 

1564 bp encoding a polypeptide of 492 amino acids. Compared to the original AtDGK7 

sequence this new cDNA has an extension of 439 nucleotides coding for 118 additional 

amino acids. There are five differences in the nucleotide sequence compared to the 

previously database published AtDGK7 cDNA (BAC locus name: F17I23A / acc. AF160182; 

AY686593, At4g30340. http://www.tigr.org; http://www.ncbi.nlm.nih.gov): the discrepancies, 

when comparing the newly determined sequence against the former clone for AtDGK7 

(AY686593), correspond to 3 exons and 2 introns located in the former 3’ UTR. The protein 

encoded by the AtDGK7 cDNA cloned here harbors the complete DGKa domain instead of a 

truncated one as reported in (Gomez-Merino et al., 2005). The new AtDGK7 cDNA sequence 

obtained here was submitted to the GenBank database under the accession number 

DQ350135. Figure 1 shows a schematic diagram of the AtDGK7 gene and of the deduced 

AtDGK7 protein indicating the positions of the catalytic (DGKc) and accessory (DGKa) 

domains. 
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Figure 1. Schematic diagram of the AtDGK7 gene (locus At4g30340) and domain 
composition of isozyme AtDGK7.  
A. The AtDGK7 gene is composed of nine exons (in brown color boxes) and eight introns (indicated 
with black wide line); the 5` UTR and 3` UTR are indicated by green color boxes). B. Schematic 
representation of the domain composition and order encountered in the large AtDGK7 protein. 
Catalytic and accessory domains are represented as a red box and blue box, respectively; DGKc; 
Diacylglycerol kinase catalytic domain (presumed, accession number: PF00781 at 
http://www.sanger.ac.uk/Software/Pfam/)), located at amino acid positions 94–240; and, DGKa; 
Diacylglycerol kinase accessory domain (presumed, accession number: PF00609), located at amino 
acid positions 287-464.  

 

3.3.2. Analysis of GUS activity in transgenic Arabidopsis plants transformed with the 

promAtDGK7::GUS construct 

3.3.2.1. Cloning of the AtDGK7 promoter into a GUS reporter vector 

AtDGK7 transcript level was originally assessed by real-time RT-PCR (see Chapter 2). To 

define the transcriptional activity of the AtDGK7 gene further, a 1.5-kb-long 5' upstream 

region of the AtDGK7 gene was isolated, fused to the gusA reporter gene encoding 

Escherichia coli β-glucuronidase in vector pGPTV-HPT, and transformed into A. thaliana 

(Columbia-0) wild-type using the floral dip method (Clough and Bent, 1998a). Transgenic 

seeds from the plants transformed were selected on axenic medium containing hygromycin; 

twelve selected transgenic promAtDGK7::GUS seedlings were tested and all of them 

exhibited GUS activity at the seedling stage. After this test, ten seedlings were selected for 

further studies. Plants were also transferred to soil and grown in a phytotron. The seeds were 

kept at room temperature for future experiments. Additional GUS activity tests were 

performed (see below). Analysis of the AtDGK7 promoter for the presence of potential cis 

regulatory elements using the PLACE database (available on the World Wide Web at 

www.dna.affrc.go.jp/htdocs/PLACE/fasta.html) revealed cis elements (Figure 2) that may 
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contribute to: tissue-specific expression and auxin-inducibility (Baumann et al., 1999), gene 

expression during root, shoot and meristem formation, sugar repressibility (Morita et al., 

1998; Mena et al., 2002), and control of guard cell-specific gene expression (Plesch et al., 

2001).  

AUG

AAAG, guard cell-specific gene expression

ACTTTA, auxin in roots

CCTTTT, sugar repression 

-1500  -1400  -1200    -900                   -500  -400  -300 

 

Figure 2. Schematic localization of putative cis-acting elements in the promoter region 
of the AtDGK7 gene.  
Analysis of the AtDGK7 promoter for the presence of potential cis regulatory elements was done using 
the PLACE database (available on the World Wide Web at 
www.dna.affrc.go.jp/htdocs/PLACE/fasta.html). The position of the translational start codon (AUG) is 
indicated. 
 

3.3.2.2. Analysis of AtDGK7 expression 

3.3.2.2.1. Analysis of AtDGK7 expression in A. thaliana  

The promAtDGK7::GUS lines were tested for the distribution of GUS activity throughout 

various stages of seedling development. Initially, seeds from promAtDGK7::GUS lines were 

germinated and selected on agar plates containing hygromycin. GUS activity was not 

observed in one-day-old seedlings (Figure 3A).  
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Figure 3. Analysis of GUS activity in transgenic Arabidopsis plants transformed with 
the promAtDGK7::GUS fusion construct.  
(A), Seed kept for 1 day on agar medium; absence of GUS staining of the embryo inside the seed. (B), 
3-day-old seedling showing GUS staining in the root-hypocotyl transition zone and the root apex. (C 
and D) 4-and 5-day-old seedlings; GUS staining in cotyledons, shoot apex and the root tip. (E and F) 
9- and 10-day-old seedlings showing stained cells at the leaf margin and cotyledons. Also shown are 
roots (G) and tips of secondary roots (I, J and K) of a 14-, 15- and 17-day-old seedling. Note strong 
GUS staining at stipules (H) and guard cells in the leaves (L and M). Mature flower with intense GUS 
staining present in the junction connecting filaments and stamens in the anthers (N and O). Scale bars 
represent 5.0µm in M, 20µm in K, 50µm in L, J and O, 100µm in A, B, C, D and H, 250µm in E, 1.0mm 
in F and N, and finally 3.0mm in G. Arabidopsis tissues and seedlings were stained for 3 hours in X-
Gluc buffer. 

 

Three days after germination (DAG) strong GUS staining was observed at the root-hypocotyl 

transition zone and also at the root apex (Figure 3B). In 4- and 5-day old seedlings GUS 
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staining was evenly distributed in cotyledons; in addition, GUS staining was observed in root 

tips of primary roots (Figure 3C and D). In 9- and 10-day-old seedlings staining was 

detected at the base of the cotyledons and the apical meristem (Figure 3F). In the following 

days, strong AtDGK7 promoter activity was observed in stipules, in the tip of the primary root 

and also in secondary root tips, emerging lateral roots and in root hairs (Figure 3G, H, I, J 
and K). Additionally, cells of the leaf edges as well as guard cells were stained in juvenile, 

early- and late-adult leaves (Figure 3E, L and M). The same staining pattern was present in 

cauline leaves. In flowers, prominent GUS staining was detected in the junction that connects 

filaments and stamens in the anthers (Figure 3N and O). 

 

3.3.2.2.2. Analysis of AtDGK7 expression in Oryza sativa  

We were interested to know whether AtDGK7 promoter-driven reporter gene activity is 

retained in monocotyledonous species. The promAtDGK7::GUS construct was therefore 

transformed into rice. The vector was sent to the lab of Prof. Hong-Wei Xue (Shanghai 

Institute of Plant Physiology and Ecology, Shanghai, China) and transformed into 

Agrobacterium tumefaciens via electroporation. A positive clone was selected and used for 

transformation of immature rice embryos. Several independent rice transformants were 

obtained. GUS staining was observed in the tips of rice lateral roots. Strong reporter gene 

expression was detected in primordia of lateral roots; no expression was observed in primary 

root tips (Figure 4). The expression pattern of AtDGK7 in rice plants was, therefore, similar 

to the one observed in Arabidopsis thaliana. 
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Figure 4. Histochemical localization of GUS activity in a rice plant transformed with the 
promAtDGK7::GUS fusion vector.  
GUS activity was absent from primary roots (Prof. Hong-Wei Xue, personal communication), but 
AtDGK7 promoter-triggered GUS expression was strong in lateral root primordia (photographies 
provided by Prof. Xue, Shanghai Institute of Plant Physiology and Ecology, Shanghai, China). 

 

3.3.2.3. Analysis of promAtDGK7::GUS seedlings under various physiological conditions 

The literature was screened to search for specific physiological tests to find growth 

conditions where lateral root initiation processes were evident and could be reliably 

analyzed. Subsequently, A. thaliana (Col-0) wild-type and transgenic seedlings expressing 

the E. coli ß-glucuronidase (gusA) reporter gene under the control of the AtDGK7 promoter 

were grown on different media containing standard or altered sucrose and/or nitrogen 

concentrations. Additionally, the effects of auxin and the auxin transport inhibitor TIBA (2,3,5-

triiodobenzoic acid) were tested. These parameters were altered as indicated in Table 1. 

 
Table 1.  Composition of media used for seedling growth assays. 

 Sucrose 
(%) 

Nitrogen 
(mM) 

NAA 
(nM) 

TIBA 
(µM) 

Standard 4.5 60 - - 
Reduced nitrogen  4.5 0.02 - - 
Reduced sucrose and nitrogen  0.5 0.02 - - 
Reduced nitrogen + solvent  4.5 0.02 100mM NaOH1 - 
Reduced nitrogen + high NAA  4.5 0.02 100 - 
Standard + solvent  4.5 60 100mM NaOH1  - 
Standard + low NAA 4.5 60 1.0 - 
Standard + high NAA 4.5 60 50.0 - 
Standard + higher NAA 4.5 60 200.0 - 
Reduced nitrogen + solvent  4.5 0.02 - 1.0% DMSO2

Reduced nitrogen + TIBA 4.5 0.02 - 20
Standard + solvent  4.5 60 - 1.0% DMSO2

Standard + TIBA 4.5 60 - 20
 
1 Control for NAA experiment; solvent used was NaOH; 
2 Control for TIBA experiment; solvent used was DMSO. 

 

Interesting evidence from (Reed et al., 1998) indicates that auxin from the aerial tissues of 

the plant is essential for lateral root initiation. Also, (Malamy and Ryan, 2001) showed that 

NAA was effective at increasing the initiation of lateral roots in plants under standard (4.5/60) 

or repressive (4.5/0.02) growth conditions. They demonstrated, working with mutants with 

repressed root formation, that NAA can induce lateral root initiation; also, this fact is 

consistent with the idea that auxin is limiting in these tissues. 
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Here, GUS expression patterns were determined in seedlings grown for three weeks on the 

indicated media. The following observations were made: 

o Standard medium (4.5% sucrose, 60mM nitrogen): the seedlings were of normal 

size and had an abundant number of lateral roots (LR) (Figure 5A), as expected from 

literature data. Histochemical staining of transgenic promAtDGK7::GUS seedlings 

revealed that AtDGK7 transcription is strong in apical meristem, hypocotyls, root tips and 

the tips of lateral roots (Figure 5B and C), but was absent in vascular tissue in general. 

Also, GUS expression was present in petioles and at the edges of the cotyledons and 

younger leaves (Figure 5D), as already indicated in the previous section. 

o Growth medium with reduced nitrogen concentration (4.5% sucrose, 0.02mM 

nitrogen): under these conditions roots were shorter than on standard growth medium 

and they produced a reduced number of lateral roots (Figure 5E). Histochemical assays 

of four independent transgenic lines revealed that all of them had an identical GUS 

expression pattern in hypocotyls (Figure 5F) and the vascular tissue of roots, hypocotyls 

and leaves (Figure 5G, H and J). Weak expression was visible in root tips (Figure 5I). 
However, no staining was observed in the shoot meristem, cotyledons and leaves. 

o Growth medium with reduced sucrose and nitrogen concentration (0.5% 

sucrose, 0.02mM nitrogen): seedlings produced short primary roots with very short lateral 

roots that were reduced in number (Figure 5K). The GUS expression pattern was similar 

to plants grown on normal sucrose (i.e., 4.5%) but low nitrogen concentration (i.e., 

0.02mM) (Figure 5L, M, N and O). 
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Figure 5. Expression pattern in 3-week-old wild-type and promAtDGK7::GUS seedlings 
grown on different media containing standard or altered sucrose and/or nitrogen 
concentrations.  
(A-D), Standard growth medium, i.e., 4.5% sucrose, 60mM nitrogen. (E-J), Medium with reduced 
nitrogen concentration, i.e., 4.5% sucrose and 0.02mM nitrogen. (K-O), Medium with reduced sucrose 
and nitrogen concentrations, i.e., 0.5% sucrose, 0.02mM nitrogen. Seedlings grown on standard 
growth medium showed normal size and abundant lateral roots number (A), strong GUS staining in 
root tips  (B) and lateral roots tips (C). Note the specific GUS signal at the leaf edges (D). Seedlings 
grown on reduced nitrogen concentration had a short size and a low number of leaves and lateral 
roots (E). All of them showed strong GUS expression in hypocotyls (F), vascular tissue of hypocotyls 
(F), roots (G and H) and leaves (I). Similar results we obtained with seedlings grown on medium with 
reduced sucrose and nitrogen concentrations. These plants produced few leaves (K) and short 
primary roots with very few and short lateral roots; also the GUS expression pattern was similar (L, M, 
N and O).  

 

o Growth medium with reduced nitrogen (4.5% sucrose, 0.02mM nitrogen), 

supplemented with high NAA concentration (100nM): after transfer to this medium, 

(Figure 6A, D) seedlings did not grow further and the primary root (radicle) remained 

short. However, all plants produced lateral roots (Figure 6A, C, D, E and F). The 

expression of the GUS reporter gene was observed in the vascular tissue of the roots 

(Figure 6E and F), but not in the hypocotyls (Figure 6H), in the cotyledons (Figure 6B) 

or in the root tips (Figure 6E and F). In control experiments (i.e., without NAA, but with 

100mM NaOH solvent), the seedlings did not grow further and their development stopped 

(Figure 6H). The primary roots were strongly shortened in length (Figure 6H) and lateral 

roots were virtually absent or only one lateral root was visible (Figure 6K). The GUS 

reporter gene was expressed in the vascular tissue of hypocotyls (Figure 6J) and roots 

(Figure 6K and L), in the shoot meristem and in the mesophyls cells of cotyledons 

(Figure 6I). GUS staining was absent from the root tips (Figure 6K).  

o Standard medium (4.5% sucrose, 60mM nitrogen) supplemented with low NAA 
concentration (1.0nM): seedlings grown under these conditions showed a normal size 

(Figure 6M); however, the auxin treatment affected the number of lateral roots. Lateral 

root number was strongly reduced (Figure 6N) and only few of them developed further. 

Figures 6O and P show that the expression of the GUS reporter gene in lateral roots and 

leaves was similar to seedlings grown under standard conditions. In a control experiment 

without NAA, where only 100mM NaOH was supplemented, the presence of lateral roots 

was similar to plants grown on standard medium and the size of the seedlings was also 

similar (Figure 6Q). GUS expression was detected in the cotyledons (Figure 6U) and 

edges of leaves (Figure 6T). The GUS staining was generally strong (Figure 6R and S). 

o Standard medium (4.5% sucrose, 60mM nitrogen) supplemented with high NAA 
concentration (50nM): Under these conditions the size of the seedlings was similar 

(Figure 6V) to seedlings that were grown in a medium with low concentration of auxin, 
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although the lateral root number was larger but their lengths were reduced (Figure 6W). 

GUS expression in the presence of auxin was detected in leaves (Figure 6Y) and 

cotyledons (Figure 6AA) and was strong in the tip of primary roots (Figure 6Z) and 

lateral roots tips (Figure 6X and 6B). 

o Standard medium (4.5% sucrose, 60mM nitrogen) supplemented with higher NAA 
concentration (200nM): high auxin concentration resulted in strong GUS expression in 

all lateral roots (Figure 6AD, AE, AH and AF) and leaves (Figure 6AG); however, a 

strong reduction in the size of the seedlings (Figure 6AC) and lengths of the roots 

(Figure 6F) was observed. 

 

 

 
 

Figure 6. Expression pattern in a 3-week-old wild-type and promAtDGK7::GUS 
seedlings grown on different media containing standard or altered nitrogen 
concentrations, plus/minus auxin.  
(A-G), Medium with reduced nitrogen concentration, i.e., 4.5% sucrose and 0.02mM nitrogen 
supplemented with high auxin concentration, 100nM. (H-L), Medium with reduced nitrogen 
concentration supplemented with auxin solvent NaOH, 100mM. (M-P), Standard growth medium, i.e., 
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4.5% sucrose, 60mM nitrogen supplemented with low auxin concentration, 1.0nM. (Q-U) Standard 
growth medium, i.e., 4.5% sucrose, 60mM nitrogen supplemented with auxin solvent NaOH, 100mM. 
(V-AB), Standard growth medium, i.e., 4.5% sucrose, 60mM nitrogen supplemented with high auxin 
concentration, 50nM. (AC-AH), Standard growth medium, i.e., 4.5% sucrose, 60mM nitrogen 
supplemented with higher auxin concentration, 200nM. The seedlings grown under reduced nitrogen 
concentration and high auxin concentration showed a strongly reduced size (A) and few lateral roots 
and/or in some cases only one (C, D, E and F). A visible GUS signal was present in vascular tissue of 
roots  (E and F) but was absent in cotyledons (B), hypocotyls and root tips (G); in control experiments 
(without auxin, only with NaOH) the seedlings showed reduced size (H) and only one (K) or a total 
absence of lateral roots (H). The GUS reporter gene was expressed in vascular tissue of hypocotyls 
(J) and root (K and L), in shoot meristem and cotyledons (I), but was absent in the root tips (K). 
Seedlings cultured on standard growth medium with low auxin concentration were normal in size and 
the number of leaves (M) but lateral roots number was substantially reduced (N). Hypocotyls (M), 
leaves (P) and root tips (O) showed GUS expression. The seedlings grown on standard growth 
medium, without auxin, plus the solvent NaOH, had a normal size and number of leaves, with normal 
production of lateral roots number (Q) and the GUS reporter gene showed strong expression in root 
tips (R and S) and edges of leaves (T and U). When the seedlings were grown on standard growth 
medium supplemented with high auxin concentration they were normal in size, and produced 
numerous lateral roots (V) which were reduced in length (W). The GUS reporter gene was expressed 
in cotyledons (AA), leaves (Y) and strongly in lateral roots tips (X, Z and AB). Finally, the seedlings 
grown under standard growth medium supplemented with higher auxin concentration were small in 
size and had short primary and lateral roots. The expression of the GUS reporter gene was strong in 
leaves (AG) and lateral root tips (AD, AE, AF and AH).  

 

In the following we tested, whether or not the auxin transport inhibitor, TIBA (2,3,5-

triiodobenzoic acid) has an effect on AtDGK7 expression. 

o Growth medium with reduced nitrogen (4.5% sucrose, 0.02mM nitrogen), 

supplemented with auxin transport inhibitor TIBA (20µM): seedlings remained small 

and had an atrophied primary root with only a minimal number of lateral roots (Figures 
7A, B and C). GUS staining was observed in cotyledons, stipules and was strong in 

hypocotyls (Figures 7D, E and F). No GUS activity was detectable in roots including the 

vascular tissue (Figures 7B and A). In a control experiment where TIBA was omitted 

(and only DMSO solvent was added) the seedlings remained small with a short primary 

and only one or two short lateral roots (Figures 7H, G and I). As shown in Figure 7F 

weak GUS expression was observed in the hypocotyl region and the vascular tissue of 

hypocotyls and roots (Figure 7I) but was totally absent from cotyledons or root tips 

(Figures 7J, G, H and I). 

o Standard medium (4.5% sucrose, 60mM nitrogen) supplemented with auxin 
transport inhibitor TIBA (20µM): seedlings grown in the presence of TIBA had a 

reduced size of the hypocotyls (Figure 7K and L) and lateral roots were totally absent 

(Figure 7O). Additionally, weak GUS staining was present at the leaf margins (Figure 
7M). and in the epidermis of the root (Figure 7N and O). As expected, seedlings grown 

under control conditions (i.e., in the absence of TIBA) were normal in size and lateral 

roots formation (Figure 7Q). A high level of GUS activity was detected in all leaves 

(Figure 7Q, S and T), the tips of lateral roots (Figure 7P and R) and, in shoot apex and 
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petioles (Figure 7U). The pattern of GUS expression is similar to that of transgenic 

promAtDGK7::GUS seedlings grown on standard medium. 

 

 

 

 

 

Figure 7. Expression pattern in a 3-week-old wild-type and promAtDGK7::GUS 
seedlings grown on different media containing standard or altered nitrogen 
concentrations plus/minus auxin transport inhibitor TIBA.  
(A-E), Medium with reduced nitrogen concentration, i.e., 4.5% sucrose and 0.02mM nitrogen 
supplemented with 20µM TIBA. (F-J), Medium with reduced nitrogen concentration supplemented with 
1.0% DMSO (solvent). (K-O), Standard growth medium, i.e., 4.5% sucrose, 60mM nitrogen 
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supplemented with 20µM TIBA. (P-U), Standard growth medium, i.e., 4.5% sucrose, 60mM nitrogen 
supplemented with 1.0% DMSO. A minimal number of lateral roots and short size was observed in the 
seedlings grown on medium with reduced nitrogen concentration plus the auxin transport inhibitor 
TIBA (A-C). The GUS reporter gene showed expression in cotyledons (D), stipules (E) and very strong 
in hypocotyls (A) but expression was totally absent in roots. In a control experiment with DMSO only 
(without TIBA) and medium with reduced nitrogen concentration the seedlings were also small in size 
and produced few lateral roots (H); the GUS expression was absent in stipules (J). In the seedlings 
grown on standard growth medium with TIBA ,the expression of the GUS reporter gene was absent in 
cotyledons (K) and also, in the root tips (N) and, weak in the hypocotyls (L), margins of leaves (M) and 
epidermis of roots (O). The size, presence and number of lateral roots and the GUS expression 
pattern of seedlings in control experiments was normal (Q) showing the expected signal in all leaves 
(S and T), petioles and apex meristem (U) and, tips of lateral roots (P and R). 

 

3.3.2.4. AtDGK7 expression pattern as revealed from microarray experiments 

Philip Benfey’s group developed a set of techniques to generate high-resolution spatial and 

temporal expression profiles throughout the Arabidopsis root. The method measures gene 

expression among cell types and tissues and along a developmental gradient, resulting in a 

digital readout with resolution approaching that of in situ hybridization (Birnbaum et al., 

2003). Gene expression was mapped to 15 different zones of the root that correspond to cell 

types and tissues at progressive developmental stages using stage-specific GFP marker 

lines; they got data with the localization of expression of more than 22,000 genes, covering 

about 90% of the genome.  From the root tip until the elongation zone, the root was divided 

in three developmental stages and taking five specific cell types 15 separate subzones 

(protoplasted by enzymatic digestion) were established that were hybridized separately to 

collect microarray data. Finally the information that was could be obtained from their data 

shows that AtDGK7 expression level is around 7 times higher at the tip of the root (stage 1 – 

Figure 8, graphic) compared with the others two stages; additionally, cells from the more 

outer areas of the root  (subzone lateral root cap – Figure 8, graphic) exhibited two-three 

times highest expression than the stele or epidermis (Figure 8 - table). 

 

Mean expression value 
of the transcripts 

stages 
Cell types 

1 2 3

Stele 59,50 8,09 7,54

Endo 62,69 8,53 7,95

Endo+cortex 100,23 13,64 12,70

Epidermis 97,38 13,25 12,34

Lateral root cap 195,36 26,58 24,76
 

 
Figure 8. Expression profiling of cells and tissues of Arabidopsis roots at three 
developmental stages.  
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Abbreviations are: Endo, endodermis; Endo+cortex, endodermis and cortex; Epi, epidermal 
atrichoblasts; and Lrc, lateral root cap. For developmental stage profiles (right), numbers indicate 
developmental stages profiled, which were dissected with the use of the following landmarks as upper 
borders: stage 1, where the root tip reached its full diameter (about 0.15 mm from the root tip); stage 
2, where cells transition from being optically dense to a more transparent appearance as they begin 
longitudinal expansion (about 0.30 mm from the root tip); and stage 3, where root hairs were fully 
elongated (about 0.45 to 2 mm from the root tip). In the table, the numbers correspond to the 
expression values of the transcript abundance of AtDGK7 in every zone and stage of the microarray 
results. Figure modified from Birnbaum et al. (2003) A gene expression map of the Arabidopsis root. 
Science. 302: 1956 - 1960. 
 

AtDGK7 appeared to be strong expressed (7-8 times) in stage 1 than in stage 2 and 3. 

Additional microarray data were analysed using a bioinformatic tool called “Genevestigator” 

(https://www.genevestigator.ethz.ch/); this online tool comprises a gene expression database 

and a number of querying and analysis functionalities developed to facilitate gene functional 

discovery (Zimmermann et al., 2004). The use of this instrument allows assigning contextual 

information to gene expression data and directing the design of new experiments. Using the 

Gene Annotator tool (https://www.genevestigator.ethz.ch/at/index.php) it was straight forward 

to identify biological processes that AtDGK7 might be involved in: responses to abiotic or 

biotic stimuli and signal transduction. Here, the search was focused on two kinds of stress 

response experiments and each stress factor corresponded to a respective control allowing a 

direct comparison of gene expression un the conditions evaluated (Figure 9). For the first 

stress category (Table 2), I chose four experiments that tested anoxic conditions, the 

deprivation of nitrogen and sucrose, and the incubation in mannitol. I also analysed the effect 

of auxin and auxin transport inhibitors (Table 3) on AtDGK7 gene expression. 
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Figure 9. Representation of AtDGK7 expression profile (Genevestigator) 
Modified from the Genevestigator webpage (https://www.genevestigator.ethz.ch/at/index.php?page=5; 
Gruissem Laboratory, ETH Zurich, Switzerland.). Information regarding AtDGK7 gene expression was 
extracted for two types of experiments, i.e. responses to sugar and to auxin/auxin transport inhibitors, 
respectively. 

 

The following results were obtained for the first type of experiments (Table 2): 

o A NASC Array Experiment (Reference number: NASCARRAYS-103) tested for 

genes that respond to N-deficiency and N-resupply. AtDGK7 expression level was found 

to be repressed under N deprivation. 

o Arabidopsis thaliana seedlings were grown for four days in the dark without added 

sucrose. Samples were subsequently kept for 6h either under aerobic conditions, under 

anoxia in the absence of sucrose, or under anoxia in the presence of sucrose (Gonzali et 

al., 2005). AtDGK7 expression was reduced under both stresses; no reference to control 

samples grown in normal MS medium was provided. 

o Experiments were undertaken to investigate some of the mechanisms that may 

function to regulate lignin biosynthesis (lignification) in Arabidopsis thaliana. In two 

independent experiments, six day-old, dark-grown seedlings were subjected to 

transcriptome analysis using Affymetrix GeneChip microarrays. The transcript abundance 

found in wild-type plants grown in the dark in the presence of sucrose was compared 

against that found in plants grown under identical conditions (including osmotic stress), 

but without sucrose (Rogers et al., 2005). The hybridized Affymetrix GeneChips showed 

that the AtDGK7 expression was down-regulated. 

o Data regarding the effect of osmotic stress on AtDGK7 expression level were 

retrieved via accession number ME00327 (the study is part of the AtgenExpress project) 

from the TAIR (http://www.arabidopsis.org) project. Shoot and root tissue from 18 day-old 

A. thaliana wild-type plants were analyzed separately. The material was harvested at the 

following time points: 0,5h; 3h; 6h; 12h; 24h. For each time point two samples serving as 

replicates were collected. Control samples were collected from non-treated plants at the 

respective time points. The AtDGK7 expression was down-regulated after 3h, 6h and 12h 

of stress treatment and after 6h in shoots. 
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Regarding the effect of auxin and auxin transport inhibitor the following results were obtained 

(Table 3): 

o Seven day-old seedlings of wild-type Col-0 were treated with 1.0µM IAA for 30 min, 

1h and 3h (TAIR accession number ME00336). AtDGK7 expression was slightly down-

regulated after 3h treatment but was not affected at the 0.5h and 1h time point. 

o For the root auxin sensitivity assay Arabidopsis thaliana four day-old seedlings grown 

in light were transferred to vertically oriented agar plates containing 5µM IAA or EtOH for 

2 h at 24 °C (Okushima et al., 2005). The AtDGK7 transcription level did not change 

under these conditions. 

o Wild-type Col-0 seven day-old seedlings grown in liquid culture were subjected to the 

treatments for 1h with 5µM IAA and DMSO in control experiments (Armstrong et al., 

2004). AtDGK7 transcription level did not change under these conditions. 

o For auxin induction experiments from 6 week-old wild-type Col-0 plants, flower 

bunches containing flowers from stage 1 to stage 14 were kept (untreated control) or 

sprayed with 10 µM IAA (in 1% methanol, 0.05% Tween-20) or with buffer alone (mock) 

(Nagpal et al., 2005). AtDGK7 expression was down-regulated in IAA and mock treated 

samples as compared to values obtained for the untreated controls. 

o Arabidopsis seedlings (Col-0) were grown in suspension in MS medium; after 10-12 

days  the seedlings were treated by adding IAA (0.1 or 1.0µM) to each flask; plant 

material was harvested after 1 or 3h incubation. Controls were not treated and harvested 

at 0h (Redman et al., 2004). AtDGK7 was slightly down-regulated at higher IAA 

concentration. 

o Experiment ME00358 deposited at TAIR used seven day-old seedlings that were 

treated with auxin inhibitors for 3h; after this time whole plants were harvested. The four 

chemical treatments were 10µM TIBA, 10µM p-chlorophenoxyisobutyric acid, 10µM 

2,4,6-trihydroxybenzamide and 10µM NPA; DMSO was used as a control. Gene 

expression for AtDGK7 was only slightly affected in all treatments. 
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Table 2. AtDGK7 transcript abundance: Nutritional stress conditions were tested. 
 

Regulation 
Tissue 

Age 
plants 

(weeks) 
Treatment Signal P 

value up down Source 

8h light/16h dark, MS normal 60,23  Whole root system 4-5 8h light/16h dark, MS (-)N 24,75 n.s.  ● https://www.genevestigator.ethz.ch/  

Dark, MS (-) sugars,  
6h aerobic conditions 154,45 n.s.  

Dark, 6h anoxia, MS (-) sugars 130,30   ● Whole plant 4 days 

Dark, 6h anoxia, MS normal 111,50 n.s.  ● 

(Gonzali et al., 2005) 

Control, dark, MS normal 141, 86 n.s. Whole plant 1 Dark, MS + no sucrose 83,43 n.s.  ● (Rogers et al., 2005) 

Control, 0.5h 71,00 n.s. 
Mannitol stress 0.5h 70,00  - - 

Control, 3h 71,15 n.s. 
Mannitol stress 3h 50,20 n.s.  ● 

Control 6h 74,35 n.s. 
Mannitol stress 6h 42,50   ● 

Control 12h 72,20  
Mannitol stress 12h 48,05 n.s.  ● 

Control 24h 60,55 n.s. 

Root 

Mannitol stress 24h 62,35 n.s. - - 

Control, 0.5h 102,90 n.s. 
Mannitol stress 0.5h 98,35 n.s. - - 

Control, 3h 91,90 n.s. 
Mannitol stress 3h 111,65 n.s. ●  

Control 6h 93,25  
Mannitol stress 6h 76,00 n.s.  ● 

Control 12h 108,60  
Mannitol stress 12h 116,20 n.s. - - 

Control 24h 101,80  

Shoot 

2 

Mannitol stress 24h 95,70  - - 

 https://www.genevestigator.ethz.ch/  

 
Data were obtained through the Genevestigator database from transcript profiling experiments performed with Affymetrix GeneChip (8K and ATH1) arrays. 
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Table 3. AtDGK7 transcript abundance data: Response to auxin and auxin transport inhibitors. 
 

Regulation 
Tissue 

Age 
plants 

(weeks) 
Treatment Signal P 

value up down Source 

Control, 0.5h 90,55 n.s. 
1.0µM IAA, 0.5h 99,95 n.s. ●  

Control, 1h 100,95 n.s. 
1.0µM IAA, 1h 95,50 n.s. - - 

Control, 3h 99,15 n.s. 

Whole plant 1 

1.0µM IAA, 3h 65,20   ● 

 https://www.genevestigator.ethz.ch/  

Control, EtOH 2h 6,97  Whole plant 1 5µM IAA + EtOH, 2h 6,63  - - (Okushima et al., 2005)d} 

Control, DMSO 1h 8,01  Whole plant 1 5µM IAA, 1h 8,07  - - (Armstrong et al., 2004)d} 

control - untreated 523,90 *  
10µM IAA - Methanol 1% + 0.05% Tween, 0.5h 406,20 *  ● Flowers 6 
Methanol 1% + 0.05% Tween, 0.5h 433,50 *  ● 

(Nagpal et al., 2005)d} 

control - untreated 272,03 n.s.  
0.1µM IAA, 1h 292,80 n.s. ●  
0.1µM IAA, 3h 290,90 n.s. ●  
1.0µM IAA, 1h 220,60 n.s.  ● 

Whole plant 2 

1.0µM IAA, 3h 168,50   ● 

(Redman et al., 2004)d} 

control - untreated 116,15 n.s.  
10µM TIBA, 3h 88,20   ● 
10µM NPA, 3h 95,85 n.s.  ● 
10µM 2,4,6-trihydroxybenzamide, 3h 83,95   ● 

Whole plant 1 

10µM p-chlorophenoxyisobutyric acid, 3h 96,00   ● 

 https://www.genevestigator.ethz.ch/  

 
Data were obtained through the Genevestigator database from transcript profiling experiments performed with Affymetrix GeneChip (8K and ATH1) arrays. 
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3.3.2.5. Summary 

Summarizing the analysis of transgenic A. thaliana plants harboring an AtDGK7 promoter-

GUS fusion construct led to the following conclusions: 

- The AtDGK7 gene is highly regulated during plant development. The gene is 

preferentially expressed in stipules, petioles, edges of cotyledons and younger 

leaves; strong transcription is also visible in hypocotyls, root tips and tips of lateral 

roots when grown on standard media. 

- When seedlings were grown on media with reduced nitrogen they developed a 

shorter primary root and a reduced number of lateral roots; under these conditions 

GUS activity was detected in hypocotyls, roots, the vascular tissue of leaves and in 

root tips, but it was absent from the shoot meristem, cotyledons and leaves. 

- On low-nitrogen media supplemented with 100nM NAA seedlings exhibited reduced 

root development. GUS activity was detected in the vascular tissue of roots but was 

absent from hypocotyls, cotyledons and root tips. In control experiments with NaOH, 

the root phenotype was similar, but GUS activity was observed in the vascular tissue 

of hypocotyls and roots, shoot meristems and cotyledons. 

- On standard medium supplemented with low NAA concentration [1.0nM], the GUS 

staining pattern was similar to the pattern observed on standard medium in the 

absence of NAA (activity in cotyledons, leaf edges and root tips), but lateral root 

number was substantially reduced in auxin treated seedlings. 

- Higher NAA concentrations (50 and 200nM) did not markedly influence the GUS 

activity pattern in cotyledons, leaves and lateral roots tips; however, the number of 

lateral roots was increased, but root length was reduced at 50nM NAA. At 200nM 

NAA a strong reduction in the length of lateral roots and primary roots was observed. 

- Seedlings grown on standard medium supplemented with 20µM TIBA generated 

short hypocotyls and lateral roots were almost totally absent. Weak GUS staining was 

observed in the root epidermis and leaf margins. 

- Seedlings grown on nitrogen-limited medium supplemented with TIBA were strongly 

impaired in growth; GUS activity was strongest in hypocotyls, cotyledons and 

stipules. 
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3.3.3 AtDGK7 T-DNA insertion lines 

 

3.3.3.1 Identification of AtDGK7 T-DNA insertion lines 

To elucidate the physiological function of Arabidopsis diacylglycerol kinase 7, T-DNA 

insertion mutants were identified by screening the database of the Salk Institute Genomic 

Analysis Laboratory using the AtDGK7 cDNA sequence as a bait. Five mutant lines were 

available and ordered from the Salk Institute. The seedlings were grown on MS medium 

containing kanamycin for selection and subsequent propagation. Leaves were selected for 

the isolation of genomic DNA to confirm the presence of the T-DNA insertion in the AtDGK7 

gene in its homozygous or heterozygous state using PCR (for conditions see “Material and 

Methods - Isolation of AtDGK7 T-DNA insertion lines”). Using the information available from 

the database of the Salk Institute the five mutant lines selected showed the insertion of the T-

DNA at the positions listed in Table 4. The sequences of the AtDGK7 gene flanking the T-

DNA insertions were used to exactly locate the insertions using bacterial artificial 

chromosome (BAC) clone F17I23. Additionally, a PCR experiment was performed to test 

whether the mutant lines were homozygous or heterozygous with respect to the T-DNA 

insertion.  

 

Table 4. Location of T-DNA insertions in the AtDGK7 gene. 
 

Line Coordinates 
(5' - 3')* 

Orientation 
(T-DNA insertion) 

PCR fragment 
size expected (kb) 

At4g30340 (wild-type) 11504 - 11272 - 3.4 
Salk 110797 11172 – 11007 Reverse 1.0 
Salk 139504 11779 – 11044 Reverse 0.8 
Salk 507896 11134 - 11374 Forward 1.2 
Salk 139507 11123 - 11048 Reverse 1.0 
Salk 139760 11274 - 11705 Reverse 0.7 

 
* The bacterial artificial chromosome clone F17I23 (NCBI database accession number F17I23, 
http://www.ncbi.nlm.nih.gov/) has a size of 134.784bp and carries 37 loci, including the At4g30340 
gene (http://www.tigr.org/tigr-scripts/euk_manatee/BacAnnotationPage.cgi).  

 

Using the information of the Salk database the position of the T-DNA insertions were located 

in relation to the annotated sequence of the AtDGK7 gene (At4g30340). Figure 10 shows 

the exact position of each insertion. 
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B 

Salk line 
Whole  
T-DNA 

insertion  
(bp) 

Sequence shared 
Size 

sequence 
shared 

(bp) 

507896 441 1037 AGGGGACTAA - - - - - -TTTAGAGAAG 1113 
    23 AGGGGACTAA - - - - - -TTTAGAGAAG 110 111 

139507 227 1229 ATGACGGACT - - - - - -TGGCTGAAAT 1295 
  111 ATGACGGATT - - - - - -TGGCTGAAAT 102 77 

110797 131 1111 TTGTGGAGGC - - - - - -CTAAGCACAT 1313 
  131 TTGTGAAGGC - - - - - -GTAAGCACAT 33 102 

139504 375 1112 AGAGAGGATT - - - - - -ATTGCTCAGG 1311 
  142 AGGCGGCTGC - - - - - -TTCAATCGTT 1 141 

139760 432 1434 GATAAAAAAG - - - - - -TAGTCAAAAT 1574 
  432 GATAAAAAAG - - - - - -TAGTCAAAAT 302 130 

 
 
Figure 10. Schematic diagram of the AtDGK7 gene (locus At4g30340) providing 
information about the positions of the T-DNA insertions.  
A. The orientations of the T-DNA insertions are indicated and also the positions of T-DNA insertions in 
the genome (deduced from sequence comparisons done with BLAST searches). Only the Salk line 
139760 carries a T-DNA insertion in the 3’ UTR region; all other mutants have the insertions within the 
AtDGK7. All mutants were produced by the Salk Institute Genomic Analysis Laboratory (SIGnAL). B. 
The columns in the table summarizes: the size of the T-DNA insertion fragment for each mutant line, 
between the wild-type gene (first row) and the mutant lines (second row), the shared sequence and 
their size.  
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3.3.3.2 Phenotypic description of the AtDGK7 mutant lines 

The seeds of the mutant lines were germinated on MS medium supplemented with 

kanamycin for selection and after four weeks transferred to soil. After 70 days of growth the 

mutants were analysed for phenotypic changes compared to the wild-type plants (Col-0). All 

mutants showed similar growth patterns with a large number of shoots that grew tall and 

exceeded the height of the wild-type plants (between 1.5 and 3 times) and also all of them 

had the tendency to bent downwards (Figure 11A). The number of siliques was increased by 

2-4 times in the mutants compared to the wild-type, and at the time point of data acquisition 

the number of flowers present was also increased in the mutant lines by around 30% on 

average (Figure 11B). In contrast, the number of leaves was slightly greater in wild-type 

plants in comparison to the mutants. 
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Figure 11. Phenotypic analysis of AtDGK7 T-DNA insertion lines.  
A. 1. Wild-type Col-0; 2. Salk 110797; 3. Salk 139504; . Salk 139507; 5. Salk 139760; 6. Salk 507896. 
Pictures were taken from mature homozygous plants (70 days old). An interesting characteristic of the 
mutants was their fall down phenotype because of stem branching. B. Wild-type plants produced 
slightly more leaves than all T-DNA insertion lines. In contrast, the number of flowers and siliques was 
increased in the mutant lines. Measurements were done using mature plants (70 days old). Plants 
were grown under controlled environmental conditions in growth chambers. Twenty-eight days after 
germination, plants were kept under 250 microeinsteins m-2 s-1, 20/18 °C, 80/50% relative humidity 
(day/night). SD bars are shown; n = 15 
 

3.3.4. Physiological characterisation of the AtDGK7 mutant lines 

The promAtDGK7::GUS experiments showed a strong expression of the AtDGK7 gene in the 

tip of lateral roots. Having this information and searching a potential physiological role of the 

AtDGK7 gene, I screened the Arabidopsis AtDGK7 T-DNA insertion lines for obvious root 

phenotypes using various growth media. I also employed growth conditions reported by 

(Malamy and Ryan, 2001) that allow lateral root formation to occur in a reliable and 

consistent manner; when Arabidopsis seedlings were grown on nutrient media with a high 

sucrose to nitrogen ratio, they showed that lateral root initiation and number were 

dramatically repressed. 

For all growth experiments the seedlings were grown for 2 weeks on standard MS medium 

(4.5% sucrose, 60mM nitrogen) and subsequently transferred to media with different sucrose 

and/or nitrogen concentrations which in some studies were supplemented with auxin or the 

auxin transport inhibitor TIBA (2,3,5-triiodobenzoic acid). The plants were analysed for root 

length and lateral root formation after 3 and 9 days of growth on the various media. 
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3.3.4.1. Phenotypic effects of growth media on AtDGK7 mutant lines  

3.3.4.1.1. Variation of the sucrose-to-nitrogen ratio 

To investigate the influence of nitrogen and sucrose supply on the phenotype of Arabidopsis 

thaliana (Col-0) wild-type and AtDGK7 T-DNA insertion lines, all plants were examined under 

standard growth conditions (i.e., 4.5% sucrose, 60mM nitrogen) as well as in the presence of 

altered sucrose and/or nitrogen concentrations. Seedlings were germinated and grown for 

two weeks on standard growth medium and were subsequently transferred to modified 

growth media to be evaluated after two additional weeks of growth. 

Summarizing the results all AtDGK7 mutant seedlings showed the same strong inhibition of 

growth, in comparison with the WT, on all media tested especially with respect to the number 

and formation of lateral roots (Table 5 – Appendix D). In general the Salk lines 110797 and 

507896 exhibited the strongest effect compared to the other lines and 139760 showed a 

phenotype similar to the wild-type (Figure 12). The number of lateral roots was drastically 

reduced in all mutant lines and the strongest effect was observed in the Salk line 110797 (the 

number of lateral roots was 7% of that of the Col-0 wild-type; figure 12). Auxin application 

appears to be a key factor that overcomes the phenotype in the AtDGK7 mutant lines. 

 

 

3.3.4.1.2. Effect of auxin (naphthalene acetic acid, NAA) on growth of mutant Arabidopsis 

seedlings under standard and/or reduced nitrogen conditions  

To determine the effect of NAA supply on lateral root (LR) initiation in primary roots in 

Arabidopsis thaliana (Col-0) wild-type and AtDGK7 T-DNA insertion lines seedlings were 

germinated and grown for two weeks on standard growth media (i.e., 4.5% sucrose, 60mM 

nitrogen); subsequently all the seedlings were transferred on different modified Murashige 

and Skoog media containing 0.02mM nitrogen plus 100nM NAA, or 60mM nitrogen 

complemented with different auxin concentrations: 1.0, 50.0 and 200nM (Table 6 - Appendix 
E). I used 0.1N NaOH to dissolve NAA; NaOH was used in control experiments. 

The addition of 1.0 and 200nM NAA led to a very strong growth reduction in all seedlings 

treated (Figure 13F and G); also the application of excess NAA under low nitrogen 

conditions led to a strong inhibition of seedling development (Figure 13F). 

A more interesting result was observed in the presence of 50nM NAA which allowed normal 

growth of all mutant lines like wild-type under standard conditions (Figure 13C, all the lines).  
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Figure 12. Phenotypes of Arabidopsis thaliana Col-0 wild-type and AtDGK7 mutant 
seedlings grown on standard growth media and media containing altered sucrose 
and/or nitrogen concentrations.  
After two weeks on standard growth medium the seedlings were transferred and grown for two 
additional weeks on: A. Standard growth medium (i.e., 4.5% sucrose, 60mM nitrogen). B. Reduced 
nitrogen concentration (i.e., 4.5% sucrose, 0.02mM nitrogen). C. Reduced sucrose and nitrogen 
growth medium (i.e., 0.5% sucrose, 0.02mM nitrogen). D. High sucrose (i.e., 10% sucrose, 60mM 
nitrogen); and E. Higher sucrose (i.e., 12% sucrose, 60mM nitrogen). Scale bar, 10 mm. 
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Figure 13. Continues on the following page. 
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Figure 13. Continues on the following page. 
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Figure 13. Phenotypic analysis of A. thaliana (Col-0) wild-type and T-DNA insertion 
lines grown on different media containing standard or altered nitrogen concentrations 
plus auxin.  
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Seedlings were grown on vertical agar plates containing: A. Standard growth medium (i.e, 4.5% 
sucrose 60mM nitrogen); B. Standard growth medium, plus 1.0nM NAA; C. Standard growth medium, 
plus 50nM NAA; D. Standard growth medium, plus 200nM NAA; E. Standard growth medium, plus 
100mM NaOH (NAA solvent);.F. Reduced nitrogen growth medium (0.02mM) with standard sucrose 
(4.5%) plus 100nM NAA; and, G. Reduced nitrogen and standard sucrose growth medium with 
100mM NaOH, instead of NAA. Photographs of representative seedlings from each treatment are 
shown. The 10mm bar applies for A to E, and the 1.0mm bar applies to F and G. 

 

3.3.4.1.3. The effect of the auxin transport inhibitor TIBA 

To evaluate the consequences of the auxin transport inhibitor TIBA on lateral root initiation 

and lateral root growth, Arabidopsis thaliana (Col-0) wild-type and AtDGK7 T-DNA insertion 

seedlings were grown for up to five days on standard media (i.e., 4.5% sucrose, 60mM 

nitrogen) and transferred to reduced nitrogen growth media (i.e., 0.02mM) contain DMSO 

alone or the auxin transport inhibitor TIBA (20µM) dissolved in DMSO; in parallel, 

experiments with standard growth media, the same inhibitory and control conditions were 

done. At day 12, the lateral roots and lateral root primordia produced in the new growth 

media were analyzed.  

o After 5 DAG in standard growth medium Arabidopsis wild-type Col-0 and mutant 

AtDGK7 seedlings were transferred and incubated in three different vertical growth media 

plates: standard growth medium (Figure 14A), medium supplemented with 20µM TIBA 

(Figure 14B ), and medium containing 1.0% DMSO as TIBA’s solvent (Figure 14C). The 

phenotype of seedlings grown on standard growth media was described already (see 

“3.3.3.1.1. Variation of the sucrose-to-nitrogen ratio“ and “3.3.3.1.2. Effect of the auxin 

(naphthalene acetic acid, NAA), on growth of mutant Arabidopsis seedlings under 

standard and/or reduced nitrogen media conditions”). The inhibitory experiments (20µM 

TIBA) showed a slower growth of the wild-type Col-0 and mutant seedlings and their 

sizes were small in general (Figure 14B, all lines). In addition to the stunted roots, the 

cotyledons and leaves of the seedlings were tiny, but they remained green. Additionally, 

in many cases, their primary roots had a weak growth orientation often changing the way. 

Although the control experiments (with DMSO) exhibited a non-identical seedling 

phenotype to those grown on standard growth medium, their appearances were similar 

(Figure 14A and C, all lines). 
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Figure 14. The A. thaliana (Col-0) wild-type and AtDGK7 mutant seedlings were 
sensitive to the auxin transport inhibitor TIBA.  
For stress treatments on MS plates, seedlings were first grown on vertical plates on standard growth 
medium (4.5% sucrose, 60mM nitrogen) for 5 days before being transferred to the treatment plates: A. 
Standard growth medium; B. Standard growth medium supplemented with 20µM TIBA; and C. plus 
1.0% DMSO as TIBA’s solvent. The pictures were taken two weeks after the transfer. The 10mm bar 
applies to A, B and C. 

 

 

o Figure 15 shows the strong inhibition of growth induced by nutrient limitation (in this 

case, the nitrogen concentration was 0.02mM). The seedlings were transferred to 

inhibitory nitrogen growth media supplemented with auxin transport inhibitor TIBA 
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(Figure 15A) and the solvent, DMSO, as a control (Figure 15B). Note the stunted 

phenotype in all seedlings (including the wild-type Col-0) two weeks after of transfer to 

low-nitrogen medium, which led to a reduction of seedling and cotyledon size, the 

absence of visible primary leaves and root hairs. The seedlings were completely pale. 

 

 

 

 
Figure 15. Phenotypic analysis of A. thaliana (Col-0) wild-type and AtDGK7 mutant 
seedlings grown on altered nitrogen concentration plus the auxin transport inhibitor 
TIBA.  
Effect of TIBA (A) and the solvent DMSO (B), in low nitrogen medium (i.e., 0.02mM), on A. thaliana 
(Col-0) wild-type and AtDGK7 T-DNA insertion seedlings are displayed. Plants were grown for 5 d on 
agar medium containing standard concentrations of sucrose and nitrogen (i.e., 4.5% and 60mM, 
respectively) and subsequently they were transferred to low nitrogen medium, supplemented with 
auxin transport inhibitor TIBA (i.e., 20µM) and the solvent DMSO (i.e., 1.0%), as a control as indicated 
in the text above. In general, the response of the seedlings to the treatment was a strong inhibition of 
germination due to the low nitrogen concentration. The 10mm bar applies to A, B and C. 
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3.3.4.1.4. AtDGK7 T-DNA mutants exhibit increased sensitivity to the effect of nitrogen and 

carbon availability 

For all growth experiments the seedlings were grown for two weeks on standard MS medium 

and were subsequently transferred to media with different sucrose and/or nitrogen 

concentrations. The plants were analysed for root length and lateral root (LR) formation after 

3 and 9 days of growth on the various media. All wild-type plants reacted to low nitrogen and 

high sucrose concentration with the same change of the growth phenotype, i.e. root growth 

was almost completely inhibited, whereas under standard conditions root length increased by 

around 100% between days 3 to 9 (Figure 16). Under standard conditions the AtDGK7 

mutant lines exhibited a strong phenotype. Root growth was strongly inhibited in all T-DNA 

insertion lines with the exception of line Salk 139760 (Figure 16, Salk 139760) and the line 

Salk 507896 (Figure 16, Salk 507896). The strongest phenotype was observed in line Salk 

110797 which exhibited only 10% of root length compared to wild-type measured 3 days 

after the transfer and did not continue to grow subsequently (Figure 16, Salk 110797). Under 

the stress conditions at low nitrogen and high sucrose concentration all mutant lines showed 

the same inhibition of root growth like the wild-type plants. 

 

 
Figure 16. Quantitative analysis of the effect of standard or altered concentrations of 
nitrogen and sucrose on primary root length in seedlings.  
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Arabidopsis Col-0 and AtDGK7 mutant seedlings were grown in the presence of various nitrogen and 
sucrose concentrations; the length of the primary root was measured 3 days (dark grey columns) and 
9 days (light grey columns) after the transfer from standard growth medium (4.5% sucrose, 60mM 
nitrogen) to the other media. After growth for 15 days on standard growth medium, seedlings were 
transferred to the following media: A. 4.5% sucrose, 60mM nitrogen; B. 4.5% sucrose 0.02mM 
nitrogen; C. 0.5% sucrose 0.02mM nitrogen; D. 10% sucrose 60mM nitrogen; and, E. 12% sucrose 
60mM nitrogen. Bars represent means +/-; n = 10. 
 

The number of the lateral roots was also analysed under these growth conditions. Under 

standard conditions the wild-type plants had developed 30 times more lateral roots after nine 

days compared to the situation after three days of transfer. Stress conditions led to a 

dramatic decrease in the number of lateral roots. Plants grown at low nitrogen had only three 

times more lateral roots at day 9 compared to day 3 and a high sucrose concentration (12%) 

inhibited the formation of lateral roots almost completely (Figure 17, Col-0). The mutant lines 

also started to form lateral roots after transfer to the various media, but in contrast to the 

wild-type plants all mutant lines produced a dramatically reduced number of lateral roots 

(Figure 17). 

Under low nitrogen all mutant lines showed a performance that was similar to that of to the 

wild-type. The formation of lateral roots started after transfer to the low-nitrogen medium, and 

the total number of lateral roots was similar to that of the wild-type plants. Only line Salk 

110797 exhibited a strong reduction in the formation of lateral roots (Figure 17, Salk 

110797). High sucrose (12%) led to a complete inhibition of lateral root formation in lines 

Salk 110797 and 507896, but in lines Salk 139504 and 139760 the number of lateral roots 

formed 9 days after the transfer was higher than in wild-type plants compared to the number 

of lateral roots present 3 days after transfer. The rate of lateral root formation in wild-type 

increased by 20%, whereas it increased by ~300% in line Salk 139504 and by ~200% in line 

Salk 139760, respectively (Figure 17, 12% sucrose + 60mM nitrogen growth medium). 

 

 96



Chapter 3 

 
Figure 17. Quantitative analysis of the effect of standard or altered concentrations of 
nitrogen and sucrose on lateral root number in seedlings.  
Arabidopsis Col-0 and AtDGK7 mutant seedlings were grown in the presence of various nitrogen and 
sucrose concentrations; the number of lateral roots (LR) was measured 3 days (blue columns) and 9 
days (red columns) after the  transfer from standard growth medium (4.5% sucrose 60mM nitrogen) to 
the other media. After growth for 15 days on standard growth medium, seedlings were transferred to 
the following media: A. 4.5% sucrose 60mM nitrogen; B. 4.5% sucrose 0.02mM nitrogen; C. 0.5% 
sucrose 0.02mM nitrogen; D. 10% sucrose 60mM nitrogen; and, E. 12% sucrose 60mM nitrogen. Bars 
represent means +/-; n = 10. 
 

3.3.4.1.5. AtDGK7 T-DNA mutants show positive lateral root response to the presence of 

50nM auxin  

The conditions and growth procedure for the analysis of length root and lateral roots (LR) 

number of wild-type and AtDGK7 mutant seedlings under auxin treatment, NAA, were 

showed in M&M “Analysis of root growth – variation of sucrose nitrogen, auxin and auxin 

transport inhibitor TIBA concentrations”. For all growth experiments the seedlings were 

grown for 2 weeks on standard MS medium (4.5% sucrose 60 mM nitrogen) and were 

subsequently transferred to standard media with different auxin concentrations or to medium 

depleted for nitrogen and containing NAA. All seedlings were analyzed for root length and 

lateral roots formation after 3 and 9 days of growth on the various media. 
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In the presence of auxin, the lenghts of the primary roots were similar in mutant and wild-type 

plants under normal growth conditions, excepting for Salk lines 507896 and 139760 (Figure 
18); however, all mutant seedligs produced less lateral roots than the wild-type (Figure 18).  

At low nitrogen and high auxin, mutant lines and the wild-type showed the same inhibition of 

root growth; similar results were obtained in the control experiments, using the solvent NaOH 

instead of NAA (Figure 18). These results allow to assume that wild-type and mutant 

seedlings were more hypersensitive to very low nitrogen presence (0.02mM), than the 

presence of high NAA concentration. At 1.0nM NAA all mutant lines (with the excepction of 

Salk 110797 and 507896) and wild-type seedlings exhibited similar root lengths at days 3 

and 9 when compared with seedlings kept on standard media. Coincidentally, the analysis 

with the seedlings grown under NaOH conditions (the NAA solvent) produced an identical 

result (Figure 18, Salk 110797 and 507896). 

A further increase of the auxin concentration in the standard growth medium to 200nM NAA, 

between the 3rd day and 9th day, led to a significant decrease of the mean primary root length 

1.5 to 3-times in all AtDGK7 mutant seedlings and the wild-type; however, Salk 110797, 

showed a four-fold increase in the primary root length (Figure 18, Salk 110797). 

The elongation of the primary root of AtDGK7 mutants and wild-type in the 50nm NAA 

medium makes necessary a special comment. The rate of primary root growth for wild-type 

and Salk 507896 and 139760 lines, as was mentioned already, was very similar having a 

similar behaviour under standard media condtions. But in the case of Salk lines 139504 and 

139507, the rate was 2 times and close to 3 times respectively; and significantly different, 

with around 20 times, for Salk 110797 seedlings. 

In general terms, the availability for nitrogen affects root growth (Stitt and Krapp, 1999) and 

this was observed in AtDGK7 mutant and wild-type seedlings. A slight increase in auxin 

concentration (1.0nM) did not markedly change the length of the primary roots, but high NAA 

concentration (200nM) strongly inhibited root growth. At 50nM NAA root  growth was slightly 

induced in mutant and wild-type seedlings. 
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Figure 18. Primary root length of wild-type and AtDGK7 mutant seedlings grown on 
media containing the auxin homologue NAA.  
Arabidopsis Col-0 and AtDGK7 mutant seedlings were grown in the presence of two nitrogen 
concentrations and supplemented with various NAA concentrations; the length of the primary root was 
measured after 3 days (dark grey columns) and 9 days (light grey columns) of transfer from standard 
growth medium (4.5% sucrose 60mM nitrogen). Grown during 15 days in standard growth media, 
seedlings were transferred to different standard or altered nitrogen concentrations and supplemented 
with different NAA concentrations: A. 4.5% sucrose 60mM nitrogen; B. 4.5% sucrose 0.02mM nitrogen 
+ 100nM NAA; C. 4.5% sucrose 0.02mM nitrogen + 100mM NaOH; D. 4.5% sucrose 60mM nitrogen + 
1.0nM NAA; E. 4.5% sucrose 60mM nitrogen + 50nM NAA; F. 4.5% sucrose 60mM nitrogen + 200nM 
NAA; and, G. 4.5% sucrose 60mM nitrogen + 100mM NaOH. Bars represent means +/-; n = 10. 
 
In AtDGK7 mutant lines grown on low nitrogen with 100nM NAA lateral root formation was 

almost absent. The same was observed in low nitrogen media without additional application 

of NAA, indicating the prominent effect of nitrogen limitation. A reduction of lateral formation 

was generally also seen at 200nM NAA, although the effect was not always strong in all the 

mutants analyzed (Figure 19, Salk lines 507896 and 139760). At 50nM all the AtDGK7 T-

DNA insertion lines and the wild-type produced an increased number of lateral roots 

compared to plants kept on standard growth medium. This result demonstrates that lateral 
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root formation is recovered in the mutant seedlings at intermediate NAA concentrations 

(Figure 19, treatment E in all lines). 

 

 
Figure 19. Quantitative analysis of LR phenotypes in wild-type (Col-0) and AtDGK7 
mutant seedlings at different auxin concentrations.  
The number of lateral roots per primary root was determined. At least 10 measurements were made 
for each genotype and visible lateral roots were counted: after 3 days (purple columns) and 9 days 
(red columns) of transfer to auxin containing medium. Grown during 15 days in standard growth 
media, seedlings were transferred to different standard or altered nitrogen concentrations and 
supplemented with different NAA concentrations: A. 4.5% sucrose 60mM nitrogen; B. 4.5% sucrose 
0.02mM nitrogen + 100nM NAA; C. 4.5% sucrose 0.02mM nitrogen + 100mM NaOH; D. 4.5% sucrose 
60mM nitrogen + 1.0nM NAA; E. 4.5% sucrose 60mM nitrogen + 50nM NAA; F. 4.5% sucrose 60mM 
nitrogen + 200nM NAA; and, G. 4.5% sucrose 60mM nitrogen + 100mM NaOH. Bars represent means 
+/-; n = 10. 

 

3.3.4.1.6. Reduced lateral root formation in the presence of auxin transport inhibitor TIBA 

The TIBA concentrations used here was 20µM according to work performed by (Malamy and 

Ryan, 2001). Mutant and wild-type seedlings were grown on standard growth medium for 15 

days and then transferred to medium containing TIBA, or solvent alone (dimethyl sulfoxide, 

DMSO). After 3 and 9 days the seedlings were examined for primary root length and laterel 

root number (Figures 20 and 21). 
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Severely reduced length of primary root and lateral root presence were observed under 

repressive growth media conditions for all seedlings. Except for Salk 110797, primary root 

growth and lateral root formation was stongly reduced in all seedlings when treated with 

TIBA (Figure 20; Figure 21, treatment B). Plants were also treated with the solvent DMSO, 

which in most lines (including wild-type, but excluding Salk lines 110797 and 139760) 

stimulated primary root growth (Figure 20). The situation appeared to be different with 

respect to the formation of lateral roots, where a decrease of lateral root number was 

observed (Figure 21) suggesting that the effect of DMSO on primary root growth might be 

independent of lateral root initiation. 

 

 
 
Figure 20. Effect of hormone treatment on primary root length in Arabidopsis Col-0 
wild-type and AtDGK7 mutant seedlings.  
All seedlings were grown for 15 d on standard growth medium and transferred to new medium 
supplemented with transport inhibitor TIBA on vertically oriented agar plates. The length of primary 
roots was measured after 3 days (dark grey columns) and 9 days (light grey columns). MS media 
conditions were: A. 4.5% sucrose 60mM nitrogen; B. 4.5% sucrose 60mM nitrogen + 20µM TIBA; and 
C. 4.5% sucrose 60mM nitrogen + 1.0% DMSO. Bars represent means +/-; n = 10. 
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Figure 21. Effect of hormone treatment on lateral root formation in Arabidopsis Col-0 
wild-type and AtDGK7 mutant seedlings.  
All seedlings were grown for 15 d on standard growth medium and transferred to new medium 
supplemented with transport inhibitor TIBA on vertically oriented agar plates. The number of lateral 
roots per primary root was determined after 3 days (purple columns) and 9 days (red columns). MS 
media conditions were: A. 4.5% sucrose 60mM nitrogen; B. 4.5% sucrose 60mM nitrogen + 20µM 
TIBA; and C. 4.5% sucrose 60mM nitrogen + 1.0& DMSO. Bars represent means +/-; n = 10. 
 

 

3.4. DISCUSSION 

 

3.4.1.A new annotation for the AtDGK7 gene 

Two possible sequences were reported for the coding region of the AtDGK7 gene that code 

for proteins of 374 and 492 amino acid residues having molecular masses of 41.2 and 54.6 

kDa, respectively (Gomez-Merino, F. C. et al. 2004). The first cloning and characterisation 

started with the short version of AtDGK7 (GenBank accession number NM_119180; (Gomez-

Merino, F. C. et al. 2004); see Chapter 2). The obtained cDNA was previously reported to be 

full length (GenBank accession no. AY686593). The length of the underlying genomic 
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sequence was 2759 bp, in which the first 126 bp were assigned as the 5´ UTR (untranslated 

region) and the last 758 bp as the 3´ UTR. AtDGK7 harbored an N-terminal catalytic domain, 

and in contrast to various of the characterized (mostly animal) DGKs, it lacks a cysteine-rich 

domain at its N-terminus. Its C-terminal DGK accessory domain was found to be incomplete. 

Checking the biochemical activity (Gomez-Merino, F. C. et al. 2004) (Chapter 2 of this thesis) 

we found that the AtDGK7 enzyme had a substrate saturation rate 3-4 times lower than that 

of AtDGK2, possibly due to its partial accessory domain. Also, AtDGK2 and AtDGK7 were 

differentially affected by pH, salts, detergents, prokaryotic and eukaryotic diacylglycerols, and 

the known DAG inhibitor R59022. Specifically, the R59022 half-maximal inhibition (IC50) 

measured for AtDGK7 was around 2-fold higher than that observed for AtDGK2. These 

differences were proposed to be due to the more complex domain organization in AtDGK2 

compared with AtDGK7. 

Five AtDGK7 T-DNA insertion lines were obtained from the Salk stock centre. All of them 

showed a defined phenotype (altered root formation, differences in the response to abiotic 

stresses and hormone treatments, early flowering and an increase in the amount of flowers 

and siliques) compared to the Arabidopsis thaliana wild-type (ecotype Col-0). The genetic 

analysis of the mutant lines showed that the T-DNA insertions in four of the mutant lines 

were in the predicted long 3’ UTR. In accordance with the observed phenotype these findings 

were unexpected. Therefore, it was hypothesized that the long predicted 3’ UTR was in fact 

still part of the coding region. This hypothesis led finally to the cloning of a longer version of 

AtDGK7 (F17I23.320), encoding an extended accessory domain. 

Sequence analysis showed that the new AtDGK7 cDNA that was cloned during the course of 

my experiments encodes a protein harboring a complete DGKa domain instead of a 

truncated one of the previously reported full-length cDNA (see details in (Gomez-Merino, F. 

C. et al. 2005). Whether the biochemical characteristics of the 54.6 kDa AtDGK7 protein are 

different from that of the 41.2 kDa protein (Gomez-Merino, F. C. et al. 2004, Gomez-Merino, 

F. C. et al. 2005) remains to be tested. 

The extended AtDGK7 cloning sequence, submitted to the GenBank database under the 

accession number DQ350135, is disrupted by the T-DNA insertion in four of the Salk mutants 

obtained. Hence, the observed phenotype in these lines is probably due to the absence of 

full-length AtDGK7 protein. 

 

3.4.2. Possible role of AtDGK7 in lateral root growth  

In the present work I have shown that the A. thaliana DGK7 promoter exhibits a specific 

pattern of expression in hypocotyls, root tips and the tips of lateral roots but, in general, 
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activity was not found in vascular tissue. Also, GUS expression was present in petioles and 

at the edges of the cotyledons and younger leaves. Temporally, lateral and primary root tips 

showed AtDGK7 expression starting at day three of seedling growth; however, the vascular 

tissue of the primary and lateral roots did not show any AtDGK7 transcriptional activity.  

The most apical part (2 mm) of the root tip shows strong auxin biosynthesis activity (Ljung, K. 

et al. 2005), but the auxin synthesis rate and the auxin concentrations decrease drastically 

along the elongation zone. The most apical 2 mm of the root tip is the region of the root that 

includes a range of tissue types, such as the root cap, the root meristem, the elongation 

zone, and the differentiation zone where lateral root formation is initiated (Benfey, P. N. and 

Schiefelbein, J. W. 1994, Dolan, L. and Davies, J. 2004). AtDGK7 showed the strongest 

transcriptional activity in the region of the most apical lateral root tip and coincidentally, their 

elongation zones did not show any AtDGK7 promoter driven GUS activity. 

In animal cells, several DGK isoforms are localized in the nucleus (Martelli, A. M. et al. 2002) 

where they regulate intranuclear DAG levels and, as a consequence, control cell proliferation 

(Martelli, A. M. et al. 2002, Topham, M. K. et al. 1998). Moreover, in mouse cells, a DGK 

isozyme interacted with phosphoinositide-specific phospholipase Cß1 (PLCß1) that is 

involved in inositide-dependent signaling pathways important for the regulation of cell 

proliferation and differentiation (Evangelisti, C. et al. 2006). 

Ras-like proteins, a group of small guanosine triphosphatases (GTPases), constitute a 

super-family of over 150 members in mammals, subdivided into five main families, which 

each control particular ways of cell metabolism, such as cell proliferation (Hancock, J. F. and 

Parton, R. G. 2005, Wennerberg, K. et al. 2005), cell morphology (Wennerberg, K. and Der, 

C. J. 2004), vesicle trafficking (Donaldson, J. G. and Honda, A. 2005);(Bucci, C. and 

Chiariello, M. 2006) and nuclear trafficking (Pemberton, L. F. and Paschal, B. M. 2005). 

Proteins of the family are found in protists, fungi, plants and animals (Madaule, P. and Axel, 

R. 1985);(Yang, Z. and Watson, J. C. 1993);(Lohia, A. and Samuelson, J. 1996). A total of 93 

small GTP-binding proteins were identified in Arabidopsis and classified into four of the five 

small GTPase families: 57 Rab GTPases, 21 Arf GTPases, 11 Rho GTPases, and 4 Ran 

GTPases (Vernoud, V. et al. 2003). 

When activated by external (or internal) signals Rho family GTPases are converted to GTP-

binding forms that interact with cellular target proteins or effectors and produces a variety of 

cellular responses (Hall, A. 1998), including cell growth and differentiation by mediating 

signals from membrane-bound receptors (Jones, M. A. et al. 2002);(Cheung, A. Y. et al. 

2003);(Chen, C. Y. et al. 2003);(Brembu, T. et al. 2005). When lateral root start to grow, 

small GTP-binding proteins from the Rop family appear at the growth site (Molendijk, A. J. et 

 104



Chapter 3 

al. 2001). Rops are unique to plants, but are related to the small GTPases that control the 

morphogenesis of animal and yeast cells (Chant, J. 1999);(Eaton, S. et al. 1996).  

A type I phosphatidylinositol-4-phosphate (PtdInsP) 5-kinase, independent of GTP, and DGK 

isozyme interacted with both GTP- and GDP-bound Rac1, a member of the Ras family 

(Tolias, K. F. et al. 1998). So far it is known that the generation of phosphatidylinositol-3,4,5-

trisphosphate (PIP3) by phosphatidlyinositol 3-kinase (PI 3-kinase) activity is essential for 

receptor-mediated activation of Rac in mammalian cells (Lemmon, M. A. et al. 1997). 

Another target of Rac that may play a major part in actin polymerization is 

phosphatidylinositol-4-phosphate 5-kinase (PIP5-kinase), the enzyme that converts PIP to 

phosphatidylinositol-4,5-bisphosphate (PIP2; (Hartwig, J. H. et al. 1995).  

Root hair tip growth requires calcium (Schiefelbein, J. W. et al. 1992) and the Ca2+ 

concentration at the tip of the swelling increases from about 200 nM to at least 1 µM, when 

Arabidopsis root hairs are 5-10 µm long (Wymer, C. L. et al. 1997);(Bibikova, T. N. et al. 

1999); the Ca2+ concentration falls again when growth ceases, and the Rop protein 

(Molendijk et al., 2001) and calcium channel activity (Schiefelbein, J. W. et al. 1992);(Very, A. 

A. and Davies, J. M. 2000) are lost from the root tip.  

Phosphatidic acid (PA) is known to function as a signaling molecule in various plant signal 

transduction pathways (Ritchie, S. et al. 2000, Ritchie, S. and Gilroy, S. 1998);(Lee, S. et al. 

2001);(de Jong, C. F. et al. 2004);(Testerink, C. et al. 2004). It has a role in the activation of 

AtPDK1 signaling pathway, which is involved in root hair formation in Arabidopsis thaliana 

(Anthony, R. G. et al. 2004). Although it remains to be determined whether the binding of PA 

to AtPDK1 results from the activation of PLDs because signaling PA can alternatively be 

synthesised from DGK coupled to the activation of PLC (den Hartog, M. et al. 2003);(de 

Jong, C. F. et al. 2004) and potentially from acylation reactions.  

It is important to note that PA may mediate cellular processes via different modes of action as 

a signaling messenger, e.g. as a lipid component of membranes. Also, PA may function via 

its structural effect on membranes to promote membrane fusion and trafficking. In addition, 

PA serves as a substrate and/or an activator for enzymes that promote the formation of other 

lipid regulators, such as lysoPA, free fatty acids, DAG, DAG-pyrophosphate, and oxylipins 

(Wang, X. M. 2002, Wang, X. M. 2004);(Testerink, C. and Munnik, T. 2005). Also, the binding 

of calcium ions by PA-rich sites providing sites for stimulation of enzyme activity by calcium 

binding appears possible (Wang, X. M. et al. 2006). 

Lateral root initiation, differentiation and development is known to be controlled by many 

genetic and environmental factors, including transcription factors, light, calcium, pH, free 

radicals, nutrients, ethylene, auxin and phosphorylation events (Carol, R. J. and Dolan, L. 

2002). The function of these different molecules and their interactions are rather complex. 
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Although the function of AtDGK7 has not been established completely, its participation as a 

part of this interlinking metabolic machinery can perhaps be proposed. Here, I am providing 

information from published resources that might relate AtDGK7 activity to growth and cell 

proliferation: 

- DAG, the substrate of AtDGK7 action, appears to have a role in root hair formation;  

- PA, resulting form AtDGK7 activity, is related to root hair formation in Arabidopsis 

thaliana, involving the activation of the AtPDK1 signaling pathway;  

- Auxin, functional in the most apical region of the lateral root tip, interacts functionally 

with Rob GTPases in the initiation of root hair formation and also controls the 

direction of growth, is directly or indirectly together with Ca2+ required for lateral root 

formation and growth; 

- As mentioned before, a close interaction exists between Ca2+ and/or DAG and/or PA 

in some of the metabolic pathways.  

Therefore, the working hypothesis that can be drawn is that AtDGK7 functions in the 

signaling pathway that links auxin to lateral root formation, perhaps via Rop GTPases, which 

might or might not involve the activation of Ca2+ mediated processes. AtDGK7 appears to 

represent a positive regulator mediating lateral root formation. In the future it will be 

interesting to see how the different signaling components interact during lateral root 

formation. Nevertheless, it can not be excluded at present that the enzyme AtDGK7 

participates in other metabolic ways that might perhaps be involved in physiological 

processes not directly linked to lateral root development (note for example that the AtDGK7 

gene is also active in stipules and in leaves, including stomatal guard cells and the leaf 

margin). 

 

3.4.3. Auxin transport inhibitor affects lateral root initiation  

The auxin polar transport inhibitor TIBA strongly reduced the size of the main root and 

affected lateral root initiation in AtDGK7 T-DNA insertion seedlings, as it did in wild-type 

plants. Similar data were previously reported for Arabidopsis wild-type plants (Reed, R. C. et 

al. 1998);(Malamy, J. E. and Ryan, K. S. 2001) and rice (Zhuang, X. et al. 2005) grown under 

standard conditions. In other publications it was reported that roots exhibited an aberrant 

gravitropism as a response to treatment with TIBA (Sieburth, L. E. 1999);(Ni, D. A. et al. 

2001), as I have observed here in the case of the AtDGK7 mutants. My data from AtDGK7 

promoter:GUS seedlings grown on TIBA confirmed the absence of lateral roots; GUS activity 

was not observed in the tip of the main root. I relate the absence of GUS activity with the 

absence of auxin in the tip root. This result agrees with the fact that auxin transport in plants 
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is disrupted by TIBA (Li, H. et al. 1999);(Ni, D. A. et al. 2001);(Avsian-Kretchmer, O. et al. 

2002). The author´s results also showed that auxin polar transport inhibitors cause an 

accumulation of auxin in the root apex of the seedlings, and also inhibit the initiation of lateral 

root and root elongation (Casimiro, I. et al. 2001). 

 

3.4.4. Lateral root initiation is promoted in AtDGK7 T-DNA insertion lines by external auxin 

application  

The experiments described here provide evidence that AtDGK7 T-DNA seedlings recovered 

partially the wild-type (Col-0) phenotype after an external application of NAA. The mutated 

Salk lines showed a strong phenotype on standard growth medium, i.e. reduced plant sizes 

and primary roots were obvious at 9 –day-old seedlings; also, lateral root formation was 

strongly reduced (an exception was the size of the primary root in the Salk 139760 line that 

appeared to be similar to roots of the wild-type, which could be explained by the insertion in 

the 3’ UTR after the stop codon). Without exceptions, all T-DNA insertion lines responded 

positively to a treatment with 50nM auxin supplied in standard medium, leading to an 

increased number of lateral roots and a longer primary root, thereby producing a phenotype 

that was similar to the root system of the Col-0 wild-type.  

In Arabidopsis, lateral root primordia arise from asymmetric transverse divisions of pericycle 

founder cells, pericycle cells in cell files adjacent to the two xylem poles (Dubrovsky, J. G. et 

al. 2000) at some distance from the primary root meristem (Dolan, L. et al. 1993) and 

situated deep inside the parent root (Casimiro, I. et al. 2001). Although lateral roots display 

more variability in cell numbers and precise cellular organization, at later stages of lateral 

root formation the cellular organization becomes very similar to that of the primary root. 

However, the initial cell division patterns that give rise to new primordia are very different 

from those occurring during primary root formation (Casimiro, I. et al. 2001). This new 

primordial tissue grows through the epidermis of the primary root to form a functional lateral 

root meristem (Malamy, J. E. and Benfey, P. N. 1997). 

Although plants tightly control lateral root initiation because lateral roots are initiated at a very 

well defined region in the main root, through which mechanism this happens is still not 

completely known. Auxin plays a dominant role in the process and its application (Himanen, 

K. et al. 2002, Torrey, J. G. 1950) and endogenous production (Boerjan, W. et al. 1995, 

Celenza, J. L., Jr. et al. 1995, King, J. J. et al. 1995) result in an increase formation of lateral 

roots. Three central aspects indicate why auxin is required for the initial cell divisions during 

lateral root initiation (De, Smet, I et al. 2006): first, experiments performed with an auxin-

responsive promoter-reporter system, i.e. DR5::GUS, had shown the presence of auxin 

and/or an auxin response just prior to and during the asymmetric division (Benkova, E. et al. 
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2003); second, several genes related with auxin function have been reported to exhibit 

altered expression during lateral root initiation (Marchant, A. et al. 2002); (Tatematsu, K. et 

al. 2004); and, third, a repression of lateral root initiation occurs when auxin transport is 

inhibited (Casimiro, I. et al. 2001). 

As mentioned before, PA specifically binds to AtPDK1 and stimulates AGC2-1; AGC2-1 is an 

AtPDK1-dependent molecule and its abundantly expressed in fast-growing organs and 

dividing cells. Evidence was provided that shows that AGC2-1 is activated during re-entry of 

cells into the cell cycle after sugar starvation-induced G1-phase arrest (Anthony, R. G. et al. 

2004); additionally, auxin and cytokinin synergistically activate the AtPDK1-regulated AGC2-

1 kinase, one more reason to evidence its role in growth and cell division. GFP-fused DGKγ 

(GFP-DGKγ), expressed in CHO-K1 cells, became localized in the nucleus as well as the 

cytoplasm and also, expression of DGKθ and DGKζ in the nucleus has been already 

described (Matsubara, T. et al. 2006) (Bregoli, L. et al. 2001, Topham, M. K. et al. 1998). The 

authors have shown that the S phase of cells expressing the DGKγ-negative mutant was 

extended; an involvement of DGK in cell-cycle regulation was suggested by (Flores, I. et al. 

1999) reporting that inhibition of DGK activity prevents the G1 to S transition. About DGK 

effects on the cell cycle, (Topham, M. K. et al. 1998) by expressing DGKζ in COS-7 cells 

showed an increase in the population of G1 cell and a decrease of cells that are in the G2/M 

transition phase. The amount of nuclear phosphatidylinositols fluctuates during the cell cycle 

(York, J. D. and Majerus, P. W. 1994), and the percentage of DAG in the nucleus increases 

during the G2/M phase (Deacon, E. M. et al. 2002). In human cells, DGKs are considered to 

be a one of the key players in lipid signaling, but their physiological functions remain to be 

solved in detail. Finally, it is suggest that the regulation of nuclear DAG activity is important 

for cell-cycle regulation, and apparently, DGK might be involved in the control of nuclear 

DAG (Matsubara, T. et al. 2006). Alternatively, PA produced by DGK may have a function in 

cell-cycle regulation (Bregoli, L. et al. 2002). 

AtDGK7 phosphorylates DAG and the product of its action is PA. Substrate and product are 

recognized second messengers and their phospholipid signaling activity control multiple 

cellular signaling pathways among critical biological functions such as cell division and 

proliferation. As well auxin properties are related to cell division, cell growth and expansion; 

auxin stimulates positively or negatively the expression and activity of specific genes. Among 

others tissues, auxin promotes and is directly responsible in the initiation of lateral roots; 

also, PA via the AtPDK1 signaling pathway participates in the formation of lateral roots. In 

human cells, DGKs have an effect on cell cycle progression controlling the intracellular 

population levels of DAG and PA. Therefore, I propose the participation of the catalytic 

activity of AtDGK7 in lateral root formation. The fact that auxin is able to overcome the short 

root size and positively affect the number of lateral roots in AtDGK7 mutant seedlings 
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supports the hypothesis. The regulation could be mediated by levels of PA and/or DAG, or 

through an interaction with small GTPases of the Rho family; also Ca2+ might be required for 

a proper AtDGK7-dependent cellular response.  

Finally, I was able to demonstrate clear GUS activity in the margins  of cotyledons and young 

leaves of AtDGK7 promoter:GUS seedlings grown on standard medium. There, available 

information about the role of polar auxin transport during leaf development in Arabidopsis 

and other observations suggest that within the leaf, the primary site of auxin synthesis is 

adjacent to the margin (Avsian-Kretchmer, O. et al. 2002); also studies on leaf vascular 

patterns indicate that the leaf margin is a source of auxin (Aloni, R. et al. 2003, Mattsson, J. 

et al. 1999, Mattsson, J. et al. 2003, Sieburth, L. E. 1999). Evidence suggests that the auxin 

produced by the leaf margin besides controlling leaf blade expansion also controls cell 

division (Zgurski, J. M. et al. 2005). This information partially supports the hypothesis 

developed here that tries to explain the relationship between the AtDGK7 expression pattern 

and auxin activity (AtDGK7 expression and high auxin levels are observed in the same 

regions of the leaf). 

The data provided here provide a good starting point for further analyses. In the future it will 

be necessary to demonstrate in detail the involvement of AtDGK7 in aspects of cell 

proliferation and growth in general. The transgenic lines used here – as well as a recently 

obtained line that carries a T-DNA in the central region of the AtDGK7 gene – could provide 

a useful tool to study the role of DAG and / or PA in more detail.   
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Allgemeinverständliche Zusammenfassung zur Dissertation mit dem Thema 

 
Biochemische Physiologische Studien an der Arabidopsis thaliana 

Diazylglyzerol Kinase 7 (AtDGK7) 
 

vorgelegt von Fernando Alberto Arana-Ceballos 

im Rahmen der Dissertation im Dezember 2006 

 

Wachstum und Entwicklung sind die Kennzeichen lebender Systeme. Diese Prozesse 

unterliegen einer strengen Regulation im Organismus. Diacylglycerol (DAG) und 

Phosphatidsäure (PA) sind wesentliche Elemente in der Signalübertragung in Organismen. 

In Säugetieren kann DAG auf drei verschiedenen Wegen metabolisiert werden, die 

Entstehung von PA durch Phosphorylierung der freien Hydroxyl-Gruppe von DAG ist jedoch 

der am häufigsten vorkommende Stoffwechselweg. Die enzymatische Umsetzung dieser 

Reaktion wird von der Familie der Diacylglycerol-Kinasen (DGKs) katalysiert. Molekulare und 

biochemische Untersuchungen konnten die Anwesenheit von DGKs in Drosophila 

melanogaster, Arabidopsis thaliana und jüngst auch in Dictyostelium discoideum zeigen. In 

der vorliegenden Arbeit wird die Klonierung und Charakterisierung von AtDGK7 aus 

Arabidopsis thaliana präsentiert, einem Vertreter des pflanzlichen DGK-Clusters II. Das 

Transkript von AtDGK7 findet sich in der gesamten Pflanze, jedoch sind die 

Transkriptmengen in Blüten und jungem Gewebe stark erhöht. Rekombinant hergestelltes 

AtDGK7 ist katalytisch aktiv und akzeptiert DAG-ähnliche Moleküle mit mindestens einer 

ungesättigten Fettsäure als bevorzugtes Substrat. AtDGK2, ein weiteres Mitglied der DGK-

Familie, und AtDGK7 metabolisieren Substrate, welche in Pflanzen physiologisch relevant 

sind. Das als DGK-Inhibitor beschriebene Molekül 6-{2-{4-[(4-fluorophenyl)phenylmethylene]-

1-piperidinyl}ethyl}-7-methyl-5H-thiazolo(3,2-α)pyrimidine-5-one (R59022) inhibiert bei 

Konzentrationen von 50-100 µM rekombinant hergestelltes AtDGK2 in vitro. In ähnlichen 

Konzentrationen eingesetzt modifiziert R59022 das Wurzelwachstum. Dies weist darauf hin, 

dass DGKs in Entwicklungsprozessen eine Rolle spielen. In in vitro Experimenten wurde 

AtDGK7 von R59022 allerdings erst in Konzentrationen über 100 µM inhibiert. Ferner wird in 

der vorliegenden Arbeit die erfolgreiche Klonierung einer cDNA beschrieben, die für AtDGK7 

aus A. thaliana kodiert und welche im Vergleich zu der bereits bekannten cDNA um 439 bp 

länger ist. Expressionsanalysen mit Hilfe eines Promotor-ß-glucuronidase (GUS) Fusions-

Produktes zeigten die Aktivität von AtDGK7 in vielen Geweben, vor allem aber in 

Schließzellen, im Konnektiv-Gewebe der Antheren, sowie besonders in den Spitzen der 

Seitenwurzeln. Physiologische Untersuchungen unter abiotischem Stress (Verwendung 
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verschiedener Konzentrationen von Stickstoff, Saccharose, Auxin und Inhibitoren von Auxin-

Transportern) wurden mit AtDGK7 T-DNA-Insertionslinien sowie mit den Promotor-GUS-

Linien durchgeführt. AtDGK7 T-DNA-Insertionslinien zeigten eine starke Inhibierung des 

Seitenwurzel-Wachstums unter limitierenden Stickstoff- und/oder Saccharose-

Konzentrationen. In einigen der T-DNA-Insertionslinien inhibierte die Zugabe eines Inhibitors 

für Auxin-Transport (TIBA; 2,3,5-triiodobenzoic acid) die Bildung von Haupt- und 

Seitenwurzeln fast vollständig. Die Inhibition des Wurzelwachstums in den T-DNA-

Insertionslinien konnte teilweise durch die Zugabe von 50nM NAA (α-naphtalene acetic acid) 

revertiert werden.  

Aus den vorliegenden Ergebnissen wird die Hypothese abgeleitet, dass AtDGK7 im 

Zusammenspiel mit Auxin in Signaltransduktionsprozessen eine Rolle spielt, welche das 

Wachstum und die Entwicklung in Pflanzen regulieren. 
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Fecha:  Fri, 20 Jan 2006 10:47:44 -0500 (EST) 
De:  gb-admin@ncbi.nlm.nih.gov 

Para:  arana@uni-potsdam.de 

Asunto:  GenBank DQ350135 

 
Dear GenBank Submitter: 
 
Thank you for your submission. 
 
Based on the data submitted to us, the scheduled release date 
for your submission is: 
 
                Feb  1, 2008 
 
However, if the accession number is published prior to that date, the sequence 
will be released upon publication.   
 
Note that the entire sequence will be released when the article citing this 
accession number is published or on theabove release date, which ever comes first. 
 If thisis not what you intended, please notify us immediately so that we can 
discuss your submission in more detail. 
 
If this date is not correct, please get in touch with us as soon as possible (gb-
admin@ncbi.nlm.nih.gov, telephone at (301) 496-2475, orfax at (301) 480-2918), 
otherwise this submission will be releasedon the date indicated above. The data 
would then be available overthe network data servers which provide daily updates 
of GenBank data.The data are simultaneously made available to EMBL in Europe and 
the DNA Data Bank of Japan. 
 
Minor changes may have been made in your original submission in order to conform 
to database annotation conventions.  You can greatly assist us in presenting your 
data in as accurate a manner as possible by paying specific attention to the 
following in your review: 
 
        -  Spelling (particularly author names) 
        -  Citation data (author order, page span, etc.) 
        -  Nomenclature ('official' gene names, product labels, etc.) 
        -  Taxonomic and source data 
        -  Feature spans and descriptions (particularly non-coding regions) 
 
Please send any revisions, including bibliographic information (e.g., conversion 
from unpublished to published), biological data  (e.g., new features), or sequence 
data as text in the body of an email to: 
 
gb-admin@ncbi.nlm.nih.gov 
 
Since the flatfile record is a display format only and is not an editable format 
of the data, do not make changes directly to a flatfile.  For  complete 
information about different methods to update a sequence record, see:   
http://www.ncbi.nlm.nih.gov/Genbank/update.html 
 
An accession number has been assigned to each nucleotide sequence and was provided 
to you at the time receipt of your submission was acknowledged.  Note that during 
the processing of your records, we have assigned protein identifiers to any 
proteins that are in your records.  This is fielded as /protein_id. 
 
We strongly recommend that these numbers appear in any publication which reports 
or discusses these data, as they give the community convenient labels with which 
they may retrieve your data from our on-line servers. 
 
Thank you once again for your submission. 
 
Sincerely, 
 
Kellie Kelm, PhD 
GenBank Direct Submission Staff 
gb-admin@ncbi.nlm.nih.gov 
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GenBank flat file: 
 
LOCUS       DQ350135                1564 bp    mRNA    linear   PLN 20-JAN-2006 
DEFINITION  Arabidopsis thaliana diacylglycerol kinase 7 mRNA, complete cds. 
ACCESSION   DQ350135 
VERSION     DQ350135 
KEYWORDS    . 
SOURCE      Arabidopsis thaliana (thale cress) 
  ORGANISM  Arabidopsis thaliana 
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; eudicotyledons; core eudicotyledons; 
            rosids; eurosids II; Brassicales; Brassicaceae; Arabidopsis. 
REFERENCE   1  (bases 1 to 1564) 
  AUTHORS   Arana-Ceballos,F.A., Gomez-Merino,F., Krebs,J., Skirycz,A. and 
            Mueller-Roeber,B. 
  TITLE     Arabidopsis AtDGK7 regulates lateral root formation 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 1564) 
  AUTHORS   Arana-Ceballos,F.A., Gomez-Merino,F. and Mueller-Roeber,B. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (03-JAN-2006) Dep. Molecular Biology, University of 
            Potsdam, Karl-Liebknecht-Str. 24-25, Haus 20, Potsdam 14476, 
            Germany 
FEATURES             Location/Qualifiers 
     source          1..1564 
                     /organism="Arabidopsis thaliana" 
                     /mol_type="mRNA" 
                     /db_xref="taxon:3702" 
                     /ecotype="Col-0" 
     CDS             1..1479 
                     /note="AtDGK7; At4g30340; similar to protein in GenBank 
                     Accession Number AF360174" 
                     /codon_start=1 
                     /product="diacylglycerol kinase 7" 
                     /protein_id="ABC71078" 
                     /translation="MEETPRSVGEASTTNFVAARPSAKTDDAVTMRGCGFANLALVGI 
                     DKEELRGRLAMPEYLRIAMRDCIKRKDSTEISDHLLLPGGAAADMAPHAPMVVFINPK 
                     SGGRHGPVLKERLQQLMTEEQVFDLTEVKPHEFVRYGLGCLDTLAAKGDECARECREK 
                     IRIMVAGGDGTVGWVLGCLGELHKDGKSHIPPVGVIPLGTGNDLSRSFSWGGSFPFAW 
                     RSAMKRTLHRATLGSIARLDSWKIVVSMPSGEVVDPPYSLKPTIEETALDQALDAGGD 
                     VPPKAKSYEGVFYNYFSIGMDAQVAYGFHHLRNEKPYLAQGPVTNKIIYSSYSCTQGW 
                     FCTPCVNNPALRGLRNIMKIHIKKANCSEWEEIHVPKSVRSIVVLNLYNYGSGRHPWG 
                     NLRPKYLEKRGFVEAHCDDGLIEIFGLKQGWHASFVMAEIISAKHIAQAAAIRFELRG 
                     GDWKNAFLQMDGEPWKQPMKSDYSTFVEIKKVPFQSLMINGE" 
ORIGIN       
        1 atggaggaga cgccgagatc agtcggcgaa gcatcgacga ctaatttcgt ggcggcgaga 
       61 ccgtcggcga agaccgatga tgcagtgacg atgagaggtt gtggttttgc taatcttgcc 
      121 ttggttggta tagacaaaga agagcttcga gggagactag cgatgcctga gtatcttcgt 
      181 atagctatga gagattgtat caagaggaaa gattcaacag agatttctga tcatttgtta 
      241 cttcctggag gcgccgccgc tgatatggct cctcacgcgc caatggttgt gtttattaac 
      301 ccgaaaagtg gtggtcgtca tggtcctgtt cttaaagaga ggcttcaaca attgatgact 
      361 gaagaacagg tatttgatct cacagaagtg aagcctcatg aatttgtacg gtacggtttg 
      421 gggtgcttgg acacattggc tgctaaagga gatgaatgtg caagagaatg cagagaaaag 
      481 atacggatca tggtagcagg cggtgatggt accgttggtt gggttcttgg atgtctcggt 
      541 gagcttcata aagatggtaa atcacatatt cctcctgttg gagttatacc tcttggtaca 
      601 ggaaatgacc tctccaggag ttttagttgg ggtggttcat tcccttttgc ttggagatct 
      661 gctatgaaaa gaacattaca tcgagcaact ttaggttcca ttgctcgatt agatagctgg 
      721 aagattgtag tgtcgatgcc atctggagaa gtcgttgatc ctccttattc tttgaagcct 
      781 acaatagagg aaactgcact tgatcaggct ttggatgctg gtggagatgt acctcctaaa 
      841 gcaaagtctt atgaaggagt gttctacaac tacttcagca taggtatgga tgctcaagtt 
      901 gcatatgggt tccaccatct tcgcaatgag aaaccgtatc tagctcaagg ccctgttaca 
      961 aataagatta tctattcgag ttacagttgt actcaaggtt ggttttgcac gccttgtgtc 
     1021 aacaatccag ctttaagggg actaagaaac attatgaaaa tccatattaa aaaggcaaat 
     1081 tgttccgagt gggaagagat ccatgttcct aagagcgtaa gatctattgt ggtgttgaat 
     1141 ctttataact atggaagtgg aagacatcca tggggtaatc tcagaccaaa atatttagag 
     1201 aagagaggat ttgtggaggc gcattgtgat gacggactga tagagatctt cggtttaaag 
     1261 caaggttggc atgcgtcatt tgtaatggct gaaattatct cagctaagca cattgctcag 
     1321 gcggctgcga ttagatttga actaagagga ggtgattgga aaaatgcatt cttgcaaatg 
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     1381 gatggtgaac catggaaaca accgatgaag agtgattatt cgacttttgt agagataaaa 
     1441 aaggtacctt ttcaatcgtt aatgatcaat ggcgaatgat cgaggaaact cttttcaaga 
     1501 agttgtaaaa ggattaaaaa agcatgattc tttatgtatt tctgttccat caattagtca 
     1561 aaat 
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Table 5. Growth media – Effect of the variation of sucrose-to-nitrogen ratio on Arabidopsis seedlings 
 

 LINES Col-0 Salk 110797 Salk 139504 Salk 507896 Salk 139507 Salk 139760 
GROWTH 
MEDIA        

Standard 
(Figure 12A) 

Size WT standard 
(WT-S), green 

Size reduced, 
chlorotic Size WT-S, green Size WT-S, 

chlorotic Size WT-S, green Size WT-S, green 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

4.5% sucrose, 
0.02mM N 
(Figure 12B) 

Size reduced, 
chlorotic 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

0.5% sucrose, 
0.02mM N 
(Figure 12C) 

size WT-S, chlorotic Size reduced, 
chlorotic 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

10% sucrose, 
60mM N 
(Figure 12D) 

Size reduced, 
chlorotic 

Cotyledons 
 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation (edges)

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

Size reduced, 
chlorotic with 
anthocyanin 
accumulation 

12% sucrose, 
60mM N 
(Figure 12E) 

        
Standard 
(Figure 12A) 

size WT standard 
(WT-S), green 

Size reduced, pale 
green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green 

Size reduced, 
anthocyanin 
accumulation 

Size reduced, 
anthocyanin 
accumulation 

Size reduced, 
anthocyanin 
accumulation 

Size reduced, 
chlorotic 

Size reduced, 
anthocyanin 
accumulation 

4.5% sucrose, 
0.02mM N 
(Figure 12B) 

Size reduced, 
anthocyanin 
accumulation 

0.5% sucrose, 
0.02mM N 
(Figure 12C) 

Size reduced, curly 
shape, anthocyanin 
accumulation 

Size reduced, 
anthocyanin 
accumulation 

Size reduced, pale 
green 

Size reduced, 
anthocyanin 
accumulation 

Size reduced, 
chlorotic 

Size reduced, curly 
shape, anthocyanin 
accumulation 

Leaves 
 

Size WT-S, 
anthocyanin 
accumulation 

Size reduced, curly 
shape, green 

Size reduced, 
anthocyanin 
accumulation 

Size reduced, curly 
shape, anthocyanin 
accumulation 

Size reduced, high 
anthocyanin 
accumulation 
(necrosis) 

10% sucrose, 
60mM N 
(Figure 12D) 

Size reduced, curly 
shape, anthocyanin 
accumulation 
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12% sucrose, 
60mM N 
(Figure 12E) 

Size reduced, curly 
shape, pale green 

Size reduced, 
chlorotic 

Size reduced, curly 
shape, anthocyanin 
accumulation 

Size reduced, 
chlorotic 

Size reduced, 
anthocyanin 
accumulation, 
necrosis 

Size reduced, 
anthocyanin 
accumulation 

        
Standard 
(Figure 12A) WT standard (WT-S) 7% of WT-S 70% of WT-S +15% of WT-S 40% of WT-S +20% of WT-S 

4.5% sucrose, 
0.02mM N 
(Figure 12B) 

50% of WT-S 10% of WT-S 35% of WT-S 10% of WT-S 70% of WT-S 70% of WT-S 

0.5% sucrose, 
0.02mM N 
(Figure 12C) 

50% of WT-S 15% of WT-S 35% of WT-S 15% of WT-S 50% of WT-S 70% of WT-S 

10% sucrose, 
60mM N 
(Figure 10D) 

50% of WT-S 10% of WT-S 35% of WT-S 10% of WT 70% of WT-S 70% of WT-S 

12% sucrose, 
60mM N 
(Figure 12E) 

Primary root 
length 

 

50% of WT-S 10% of WT-S 35% of WT-S 10% of WT 50% of WT-S 70% of WT-S 

        
Standard 
(Figure 10A) WT standard (WT-S) 15% of WT-S 15% of WT-S 25% of WT-S 15% of WT-S 25% of WT-S 

4.5% sucrose, 
0.02mM N 
(Figure 12B) 

15% of WT-S 3% of WT-S 10% of WT-S 10% of WT-S 20% of WT-S 15% WT-S 

0.5% sucrose, 
0.02mM N 
(Figure 12C) 

15% of WT-S 5% of WT-S 15% of WT-S 10% of WT-S 25% WT-S 15% WT-S 

10% sucrose, 
60mM N 
(Figure 12D) 

15% of WT-S 3% of WT-S 15% of WT-S 10% of WT-S 10% of WT-S 15% WT-S 

12% sucrose, 
60mM N 
(Figure 12E) 

Number of 
lateral roots  

 

7% of WT-S 1% of WT-S 7% of WT-S 2% of WT-S 5% of WT-S 15% WT-S 
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Table 6: Growth media – Effect of auxin (naphthalene acetic acid, NAA) on the growth of mutant Arabidopsis seedlings under standard 
and/or reduced nitrogen conditions. 
 
 
 LINES Col-0 Salk 110797 Salk 139504 Salk 507896 Salk 139507 Salk 139760 

GROWTH 
MEDIA        

Standard 
(Fig. 13A) 

Size WT standard 
(WT-S), green 

Size reduced, 
chlorotic Size WT-S, green Size WT-S, 

chlorotic Size WT-S, green Size WT-S, green 

Standard + 
1.0 nM NAA 
(Fig. 13B) 

Size WT-S, green Size reduced, 
green 

Size reduced, 
green 

Size reduced, pale 
green 

Size reduced, curly 
shape, pale green 

Size reduced, 
green 

Standard + 50 
nM NAA 
(Fig. 13C) 

Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green 

Standard + 
200 nM NAA 
(Fig. 13D) 

Size reduced, green Size reduced, 
green 

Size reduced, 
green 

Size reduced, curly 
shape, green 

Size reduced, 
green 

Size reduced, 
green 

Standard + 
100 mM NaOH
(Fig. 13E) 

Size WT-S, green Size WT-S Size WT-S, green Size WT-S, 
chlorotic Size WT-S, green Size WT-S, green 

4.5% sucrose, 
0.02 mM N + 
100 nM NAA 
(Fig. 13F) 

Cotyledon formation, 
but no development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

4.5% sucrose, 
0.02 mM N + 
100 mM NaOH
(Fig. 13G) 

Cotyledons 
 

Cotyledon formation, 
but no development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

Cotyledon 
formation, but no 
development 

        
Standard 
(Fig. 13A) 

Size WT standard 
(WT-S), green 

Size reduced, pale 
green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green 

Standard + 
1.0 nM NAA 
(Fig. 13B) 

Leaves 
 

Size WT-S, green Size reduced, 
green Size WT-S, green Size reduced, pale 

green 
Size reduced, curly 
shape, pale green 

Size reduced, 
green 
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Standard plus 
50 nM NAA 
(Figure 13C) 

Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green 

Standard plus 
200 nM NAA 
(Figure 13D) 

Size reduced, green Size reduced, 
green 

Size reduced, 
green 

Size reduced, 
green 

Size reduced, 
green 

Size reduced, 
green 

Standard plus 
100 mM NaOH
(Figure 13E) 

Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green Size WT-S, green 

4.5% sucrose, 
0.02 mM N + 
100 nM NAA 
(Figure 13F) 

No leaf formation No leaf formation No leaf formation No leaf formation No leaf formation No leaf formation 

4.5% sucrose, 
0.02 mM N + 
100 mM NaOH
(Figure 13G) 

No leaf formation No leaf formation No leaf formation No leaf formation No leaf formation No leaf formation 

        
Standard 
(Figure 13A) WT standard (WT-S) 7% of WT-S 70% of WT-S +15% of WT-S 45% of WT-S +20% of WT-S 

Standard + 
1.0 nM NAA 
(Figure 13B) 

WT-S 70% of WT-S 90% of WT-S 50% of WT-S 55% of WT-S WT-S 

Standard plus 
50 nM NAA 
(Figure 13C) 

+20% of WT-S +30% of WT-S +40% of WT-S +20% of WT-S +25% of WT-S +15% of WT-S 

Standard plus 
200 nM NAA 
(Figure 13D) 

50% of WT-S 20% of WT-S 35% of WT-S 40% of WT-S 30% of WT-S 30% of WT-S 

Standard plus 
100 mM NaOH
(Figure 13E) 

WT-S 30% of WT-S 80% of WT-S 75% of WT-S 50% of WT-S 90% of WT-S 

4.5% sucrose 
0.02 mM N 
plus 100 nM 
NAA 
(Figure 13F) 

Primary root 
length 

 

5% of WT-S 3% of WT-S 7% of WT-S 5% of WT-S 5% of WT-S 15% of WT-S 
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4.5% sucrose 
0.02 mM N 
plus 100 mM 
NaOH 
(Figure 13G) 

7% of WT-S 3% of WT-S 5% of WT-S 3% of WT-S 3% of WT-S 5% of WT-S 

        
Standard 
(Figure 13A) WT standard (WT-S) 15% of WT-S 15% of WT-S 25% of WT-S 15% of WT-S 25% of WT-S 

Standard plus 
1.0 nM NAA 
(Figure 13B) 

WT-S 15% of WT-S 30% of WT-S 20% of WT-S 15% of WT-S 25% of WT-S 

Standard plus 
50 nM NAA 
(Figure 13C) 

+20% of WT-S 80% of WT-S 90% of WT-S 70% of WT-S WT-S 85% of WT-S 

Standard plus 
200 nM NAA 
(Figure 13D) 

70% of WT-S 25% of WT-S 30% of WT-S 20% of WT-S 25% of WT-S 20% of WT-S 

Standard plus 
100 mM NaOH
(Figure 13E) 

15% of WT-S 8% of WT-S 15% of WT-S 10% of WT-S 15% of WT-S 10% of WT-S 

4.5% sucrose 
0.02 mM N 
plus 100 nM 
NAA 
(Figure 13F) 

2% of WT-S 1% of WT-S 1% of WT-S 2% of WT-S 2% of WT-S 2% of WT-S 

4.5% sucrose 
0.02 mM N 
plus 100 mM 
NaOH 
(Figure 13G) 

Number of 
lateral roots  

1% of WT-S 1% of WT-S 1% of WT-S 1% of WT-S 1% of WT-S 1% of WT-S 
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