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Regulation of phosphatidylcholine biosynthesis under salt stress
involves choline kinases in Arabidopsis thaliana
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Abstract Increasing evidence suggests a major role for phos-
phatidylcholine (PC) in plant stress adaptation. The present
work investigated the regulation of choline, PC and intercon-
nected phosphatidylethanolamine biosynthesis in Arabidopsis
thaliana L. as a function of cold- and salt- or mannitol-mediated
hyperosmotic stresses. While PC synthesis is accelerated in both
salt- and cold-treated plants, the choline kinase (CK) and
phosphocholine cytidylyltransferase genes are oppositely regu-
lated with respect to these abiotic treatments. Salt stress also
stimulates CK activity in vitro. A possible regulatory role of CK
in stimulating PC biosynthesis rate in salt-stressed plants is
discussed.

© 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Phosphatidylcholine (PC) is the major phospholipid in eu-
karyotic cell membranes, and it has major structural and
functional roles. As a substrate for membrane-bound desatu-
rases in the endoplasmic reticulum, PC actively contributes to
the formation of the pool of free polyunsaturated fatty acids
(see [1] for a review). In plants, PC is a precursor for the
synthesis of glycerolipids, such as monogalactosyldiacylglyc-
erol, digalactosyldiacylglycerol and sulfoquinovosyldiacyl-
glycerol, in plastid membranes [2]. Moreover, PC also serves as
a reservoir for lipid second messengers, e.g. lyso-PC, phos-
phatidic acid, diacylglycerol, lyso-phosphatidic acid, in higher
eukaryotes [3,4].
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There are two PC biosynthesis pathways in higher eukary-
otes, the cytidyldiphosphate-choline (CDP-Cho) pathway and
the methylation pathway (Fig. 1). The CDP-Cho pathway
includes three steps, the first one catalyzing the phosphoryla-
tion of Cho, while the methylation pathway requires free,
phospho- or phosphoryl-conjugated ethanolamine (EA) moi-
eties to produce PC. The first pathway is the primary route for
PC synthesis in mammals [5], while the second operates in a
limited mammalian cell types, such as hepatocytes, adipocytes
or pituitary cells. In the yeast Saccharomyces cerevisiae, both
pathways exist, although PC is synthesized primarily by the
methylation pathway (see [4] for a review). In plants, it is
generally accepted that PC is produced through a mixed CDP-
Cho and methylation pathway [6]. The biosynthesis of Cho
(Fig. 1) results from the methylation of EA moieties, which can
occur at the free base, the phospho-base or the phosphatidyl-
base levels depending on plant species or tissue (see [7] for a
review).

PC is thought to be involved in adaptive response to abiotic
stresses in higher plants. Freezing tolerance is correlated with
the amount and the degree of polyunsaturation of PC in planta
[8,9] and high salt stress induces a rapid increase in the PC
turnover in suspension-cultured cells [10]. From these data it
seems that the pool of PC might be tightly regulated and is
critical to maintain cell structure and function under stress.

Drought, high salinity and cold stresses are the primary
causes of crop loss worldwide [11]. Some plants have evolved
specific mechanisms to protect against osmotic stress by ac-
cumulating Cho-derived osmoprotective products such as
glycine betaine (GB) [7,12]. Although related to Cho metab-
olism, the adaptive accumulation of GB is not accompanied by
a change in the net PC biosynthesis rate [13]. Much effort has
been undertaken to improve stress resistance in model species,
such as tobacco and Arabidopsis, that do not possess the Cho
monooxygenase nor the betaine aldehyde dehydrogenase en-
zymes necessary for GB biosynthesis (see [14] for a review). In
Cho monooxygenase transgenic tobacco, significant accumu-
lation of GB occurs only after exogenous Cho supply or by
engineering plants to overproduce Cho, and it appears that
Cho biosynthesis is a major limiting factor in GB synthesis
[13,15-17]. Therefore, genetic engineering revealed differences
between natural plant accumulators and non-accumulators of
GB with regard to their respective capacities to regulate the
Cho and the connected PC biosynthesis fluxes.

Because PC seems to function in adaptive mechanisms in
species that do not accumulate GB, we chose to study the
metabolism of PC in planta to identify regulatory targets that
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Fig. 1. Simplified scheme of Cho and PC biosynthesis pathways in higher
plants. The conversion of phospho-bases (PEA; PMMEA, phosphom-
onomethylethanolamine; PDMEA, phosphodimethylethanolamine;
PCho) to phosphatidyl-bases (PE; PMME, phosphatidylmonomethy-
lethanolamine; PDME, phosphatidyldimethyletha- nolamine; PC) im-
plicates cytidine 5'-diphosphate (CDP)-containing intermediates, some
of which being omitted for simplicity. The CDP-EA pathway for PE
biosynthesis is also indicated. Genes related to metabolic steps are in-
dicated in italic. For nomenclature, see abbreviations.

are differentially altered by stress. Here we show that changes
in the PC biosynthesis rate in Arabidopsis thaliana are corre-
lated to changes in the expression level of PC pathway genes.
In vivo and in vitro labeling experiments corroborate some of
these gene expression data, and identify the first step in the
CDP-Cho pathway as a rate-controlling step for PC biosyn-
thesis in plants exposed to salinity.

2. Materials and methods

2.1. Plant material and stress treatments

Arabidopsis thaliana L. ecotype Columbia seeds were sown on
stainless metal filters in close contact with a mixture of soil and sand
(5:3, v/v). Plants were grown at 22 °C under continuous illumination
(50 umol/m?/s) for 4 weeks up to a vegetative pre-bolting phase. At the
time of stress treatments, the soil mixture surrounding the roots was
gently removed by careful washing and plants were transferred in
hydroponic medium containing one half-strength Murashige and
Skoog medium (0.5x MS) for 1 h prior to treatment. All further
treatments were done under the same light conditions.

For cold treatment, plants were transferred from 22 to 4 °C in pre-
chilled 0.5x MS. For hyperosmotic treatments, plants were trans-
ferred in 0.5x MS containing iso-osmotic concentrations of 200 mM
NaCl (salt stress) or 400 mM mannitol (simulating water stress) at
22 °C. Control plants were maintained in non-supplemented 0.5x MS
at 22 °C.

After various time periods, plants were gently blotted dry and whole
rosettes were either used for metabolic labeling analysis or rapidly
frozen in liquid nitrogen prior to Northern-blot analysis.

2.2. Metabolic labeling experiments

Whole rosettes (0.5 g fresh weight) from control and from 24- or 48-
h treated plants were cut in fragments using a razor blade and placed in
small vials containing 0.5x MS, supplemented with either 0.5 nCi/ml
[methyl-"*C]Cho chloride (56 mCi/mmol, Amersham Biosciences) or
0.5 pCi/ml [2-"*C]JEA hydrochloride (55 mCi/mmol, Amersham Bio-
sciences). Rosette fragments were vacuum infiltrated for 5 min at 600
mm Hg and then incubated for 10 min at 22 °C, or 4 °C for cold stress,
under gentle agitation. Following infiltration, plant material was
gently rinsed with 0.5x MS solution and further incubated in 0.5x MS
at 22 °C (or 4 °C for the cold-treated plants) for various periods of tune
(0, 20, 60 and 120 min). After incubation, rosette fragments were
gently blotted dry and rapidly frozen in liquid nitrogen.

2.3. Analysis of the in vivo-labeled Chol EA-containing metabolites
Samples were ground in liquid nitrogen and immediately extracted
for 2 h with a methanol/chloroform mixture (2:1, v/v) under nitrogen
atmosphere at 4 °C. Samples were filtered through Whatman glass
fiber filters. An aliquot was removed for the determination of total
[*C]Cho or [“CJEA uptake, and subsequently, one volume of a
mixture containing chloroform/150 mM NacCl (1:1, v/v) was added to
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facilitate phase separation. The organic phase was washed once with
glacial methanol/water mixture (5:4, v/v) for better phase separation,
then evaporated to dryness under a nitrogen stream and dissolved in
chloroform. For Cho labeling experiments, the aqueous phase was
neutralized, dried in vacuo and the resulting residue was dissolved in a
minimal volume of deionized water (pH 5.0). Phospholipids in the
organic phase of either ['*C]Cho- or ['*C]JEA-labeled samples were
analyzed by thin layer chromatography (TLC) on silica gel 60A plates
(Merck) with the solvent mixture containing chloroform, methanol,
acetone, acetic acid, water (100:20:40:20:8, v/v), whereas the aqueous
metabolites in the Cho labeling experiment were separated by TLC
with the solvent mixture containing methanol, 0.5% NaCl, ammonium
hydroxide (50:50:1, v/v). Radiolabeled metabolites were visualized
using a Phosphorlmager scanner (Molecular Dynamics), identified
relatively to the migration of commercial standards spotted on the
same plates and the label incorporation associated with each com-
pound was determined by scraping appropriate areas prior to scintil-
lation counting.

2.4. In vitro choline kinase (CK) assay

CK activity was assessed in the cytosolic subcellular fraction. One
part of fresh weight of rosettes was ground in glass mortar with two
parts of an extraction medium containing 50 mM Tris-HCI, pH 7.4,
0.32 M saccharose, 0.3 M MgCl, and 1 mM phenylmethanesulfonyl
fluoride. The homogenate was centrifuged at 10000 x g for 10 min and
the supernatant (cytosolic fraction) was recovered. After determining
protein concentration as described using bovine serum albumin as
standard [18], enzyme assays immediately proceeded. The reaction
mixture contained 100 mM Tris-HCI, pH 8.5, 8 mM MgCl,, 8§ mM
ATP, 0.18 mM ["“C]Cho chloride (56 mCi/mmol, Amersham Bio-
sciences) in a final volume of 200 pl. The reaction was initiated by the
addition of the protein aliquot (5-30 pg/assay). After 5-15 min incu-
bation at 30 °C, the reaction was terminated by boiling samples im-
mediately in a water bath for 5 min. Radiolabeled Cho and
phosphocholine (PCho) were analyzed as described above for in vivo
labeling experiment.

2.5. RNA isolation and Northern-blot analysis

Pairs of specific forward/reverse primers were used to generate ge-
nomic DNA fragments from individual genes by polymerase chain
reaction using standard conditions: 5-TGGAACGCGACTCGTCG-
3'15Y-GGGAAGAAGCAGTTAGC-3  (Atlg34100), 5-CAAACG-
CTAGGTTCGAGC-3'/5-CGTTTGAGTGTATGTCTC-3  (AtCKl),
5'-CTAGATTAGTAAGGATG-3'/5'-CAAAACCTTACGAGAA-
G-3' (Atl1g74320), 5-CAAACTTGTACGGTATG-3'/5-AGTTCTA-
GGTCAGAGAG-3' (At2g26830), 5-GACTTCTCTCCAACTCT-3'/
5-AACAAGAAGCTTCCTAC-3 (At4g09760); 5'-CGTAGACAGT-
ATCCAAG-3'/5-GAGAGAGAGTGCGAGGC-3  (4tCCTI), 5'-
GATGGGATTCAGCAACG-3/5-ATGTGAGCAACAAAGGG-3
(A1CCT2), 5-AGATAATCCGTATTCTG-3'/5-TAGTATGTAGCA-
TTTGG-3' (AtECT); 5'-GTACTCGTCTCTTGA-TC-3'/5-CCAACA-
AGAAAGTAACC-3' (4tAAPTI), 5-CAAGTTCGTGTATGTTG-3'/
5-AAGCAACTAGAAGCTTC-3 (A4tAAPT2); 5-GGAACAGAG-
GAAGAGAG-3/5-GATTTTCAAGTCTGGAG-3  (At1-g48600),
5-TCCCTGGTCTTACTCTC-3/5-CATATGAGTCATTCTCG-3
(At1g73600); 5'-TCAACATGATCTCATAG-3'/5-AGGACTCTAG-
TCCTTGG-3' (AtNMTI). Primers for two stress-marker genes were
5-AGTTCGTATTACAGAGGAGCTCAGGGT-3'/5-ACGAGCA-
GCAGTAGCTCGACGAGGTA-3 for the Atl1g43890 (RABIS) and
5-TGATGAGTCTCCTGATCAGAAGCCAGG-3'/5-GGCACATC-
CTTGTCGATATCAGATTCG-3 for the At5g52310 (RD294).

Total RNAs were isolated from samples using the guanidinium
thiocyanate—cesium chloride purification method as described [19].
Samples of 20 pg RNA were fractionated on a 1.2% agarose—formal-
dehyde gel and blotted on Nytran SuperCharge transfer membrane
(Schleicher & Schuell). Probes were prepared using the Megaprime™
DNA Labelling System according to the manufacturer’s instructions
(Amersham Biosciences). Prehybridization (1 h) and hybridization (16
h) were performed at 65 °C as described [20]. Following hybridization,
membranes were washed twice in 2x saline-sodium citrate (SSC), 0.1%
sodium dodecyl sulfate (SDS) (w/v) for 10 min at room temperature,
then once in 1x SSC, 0.1% SDS (w/v) for 15 min at 65 °C. After
soaking, membranes were wrapped in saran wrap and exposed to a
phosphor screen overnight. Labeled bands were revealed using a
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Phosphorlmager scanner and quantified by ImageQuant (Molecular
Dynamics).

3. Results and discussion

3.1. Differential effects of abiotic constraints on the rates of PC
and phosphatidylethanolamine ( PE) biosynthesis in
Arabidopsis

The two pathways for PC formation in plants are the CDP-
Cho and the methylation pathways. The CDP-Cho pathway
requires free Cho, while the methylation pathway requires free
EA. This latter pathway is also the main route for Cho syn-
thesis in Arabidopsis [21] and in GB-producing plants like
spinach [22] (Fig. 1). The fluxes of each pathway were deter-
mined in whole rosettes of 4-week-old plants, normally grown
or exposed to abiotic constraints, by measuring the incorpo-
ration of either radiolabeled Cho or EA into PC (Fig. 2A). The
flux of the CDP-EA pathway was determined by measuring the
incorporation of labeled EA into PE (Fig. 2B).

Independent of treatment, the in vivo incorporation of
["*C]Cho into lyso-PC never exceeded 0.5% of total label re-
covered in the lipid phase, while incorporation of ['*C]EA into
PC was at most 2.5%. On the basis of rate incorporations into
PC of labeled Cho and EA, respectively, the methylation
pathway accounted for approximately 10% of PC synthesis in
control plants, and approximately 6%, 1% and 9% in cold-,
salt- and mannitol-stressed plants, respectively (data not
shown). These data denote a weak contribution of the meth-
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Fig. 2. Effects of various abiotic treatments on the in vivo biosynthesis
rate of PC and PE. Four-week-old plants were subjected to cold (4 °C),
salt (200 mM NacCl), or mannitol (400 mM Man, simulating water
stress) treatment. Rosette fragments from control (&) or 24-h treated
plants were vacuum infiltrated with either [methyl-'*C]Cho chloride or
[2-'*C]EA hydrochloride. Incorporations of radiolabeled Cho and EA
after the indicated incubation time are presented as percent of label
recovered in the PC (A) and the PE (B), respectively, over the total
label per sample. The latter represents the sum of label incorporated
into all classes of aqueous and lipid intermediates. Results are means
of three separate experiments + S.D. Similar lipid labeling pattern was
observed for 48-h treated plants. The results were statistically analyzed
by Student’s #-test. Significant differences were accepted if P < 0.05 (*).
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ylation pathway for PC synthesis in Arabidopsis under either
condition. Fig. 2 presents the incorporation of labeled Cho
and EA into PC and PE, respectively, as the mainly labeled
lipid compounds in the corresponding in vivo labeling exper-
iments. After 60 min of in vivo labeling, about 52% and 42% of
the labeled Cho were taken up into PC for cold- and salt-
treated plants, respectively, against 27% of incorporation ob-
served for control plants (Fig. 2A). In contrast, plants treated
with mannitol did not show any increase in the rate of PC
biosynthesis relatively to the control (Fig. 2A). On the other
hand, the rate of biosynthesis of PE from labeled EA was
similar in control and cold-treated plants, while it was reduced
up to 4-fold in salt-stressed or in water-stressed plants
(Fig. 2B).

Our present data reveal different responses of the two in-
terconnected pathways for PC and PE biosynthesis to abiotic
treatments. Whereas synthesis of PC via the CDP-Cho path-
way is accelerated in response to either cold or saline treat-
ment, synthesis of PE via the CDP-EA pathway is repressed by
either hyperosmotic treatment and is not significantly altered
by cold. An accelerated biosynthesis rate may contribute to an
increase in the content of PC in membranes, as previously
reported for cold-stressed Arabidopsis plants [23] or, alterna-
tively, to maintain sufficient levels of PC when subjected to
enhanced turnover.

The stimulation of PC biosynthesis in vivo may be the
consequence of up-regulation of specific steps of the CDP-Cho
pathway. We expect that changes in the pool of each of the
pathway intermediates should inform us about the nature of
such regulatory steps. Therefore, individual analysis of me-
tabolites was undertaken for each treatment (Fig. 3). Com-
paratively to the control, the reduced pool size of PCho
observed under all treatments indicates an acceleration of the
cytidyltriphosphate (CTP)-phosphocholine cytidylyltransfer-
ase (CCT)-mediated conversion of PCho to CDP-Cho. The
step catalyzed by aminoalcoholphosphotransferase (AAPT)
was not limiting, since only traces of CDP-Cho were detected
at any condition. Our in vivo labeling indicates positive reg-
ulation of CCT, which may be at a transcriptional [23,24] or
post-transcriptional level [5,25,26]. However, our data cannot
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Fig. 3. Effect of cold-, salt- and mannitol-mediated hyperosmotic
stresses on the pool sizes of CDP-Cho pathway intermediates. Time
course of in vivo [“C]Cho label distribution among water-soluble
derivatives (Cho, PCho, CDP-Cho) and PC, in control and 24-h
treated plants. Results are means of three separate experiments + S.D.
Similar labeling pattern was observed for 48-h stressed plants.
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give insight whether the step catalyzed by CK is also positively
affected under these abiotic stresses.

These results suggest that the enhanced synthesis of PC
triggered by salt and cold stress is due to an accelerated CDP-
Cho pathway, and does not involve the methylation pathway.
Therefore, the CDP-Cho pathway must be up-regulated in
order to adapt its flux rate to the increased demand for PC
formation. Previous studies on the metabolism of PC in cold-
treated plants showed that regulation may occur at the tran-
scriptional level [23,27]. We therefore measured transcription
of enzymes involved in the PC and the interconnected PE
biosynthesis to identify the regulatory mechanisms of hyper-
osmotic or cold treatment.

3.2. CK genes are up-regulated by hyperosmotic stress

We measured the effect of abiotic stresses on transcript levels
of four gene families involved in the PC and the interconnected
PE biosynthesis, namely CKs/ethanolamine kinases (EKs),
CCTs/CTP-phosphoethanolamine cytidylyltransferases (ECT),
AAPTs and phosphoethanolamine N-methyltransferases
(PEAMT, also called N-methyltransferases (NMT)). As posi-
tive control, two well-documented stress-marker genes, the
abscisic acid-regulated RABI8 (for responsive to abscisic acid)
and the abscisic acid-independent RD294 (for responsive to
desiccation) [28-31] were used. As shown in Fig. 4C, the
RABI8 mRNA level peaked at 24 h of hyperosmotic treat-
ment, while RD294 transcript peaked at 24 h of treatment
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whatever the applied stress, therefore establishing the reli-
ability of our experimental conditions.

Cold regulation of CCT has been already described [23] and
our results confirmed the stimulation of AtCCT2 expression
within 6 h of cold treatment. This was not observed for Atz-
CCTI (Fig. 4A). These genes were not induced by hyperos-
motic treatments. Although the reaction catalyzed by CCT is
considered as the rate-limiting step in the CDP-Cho pathway
in animals [5,26] and in plants [9,32-34], the increased rate of
PC biosynthesis in salt-treated plants appears to be not related
to up-regulation of the CCT genes.

We expected that CCT activity would be up-regulated under
cold as well as under hyperosmotic stress conditions, as dem-
onstrated by in vivo measurements of pool sizes of PC pre-
cursors (Fig. 3). However, the steady-state transcript levels of
both CCT genes was not altered by hyperosmotic stress, sug-
gesting post-translational regulation. Such a mechanism exists
in animals [5,26] and was already reported in pea stems, where
CCT activity is rate-limiting for PC synthesis [25,32]. Potential
regulatory mechanisms include a change in the subcellular
distribution of the enzyme, such as a translocation from the
microsomal fraction to the cytosol increasing its activity [25].
Alternatively, allosteric regulation via CMP, could inhibit
CCT activity [25]. Additional mechanism include a decrease in
protein levels resulting from auxin treatment [25].

The AtECT gene is another member of the CCT gene family
and its transcript level increased slightly following cold treat-
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Fig. 4. Changes in the steady-state levels of transcripts related to the PC and the interconnected PE biosynthesis pathways in response to various
abiotic constraints. (A) Northern-blot analysis of 4-week-old plants exposed to low temperature (4 °C), 200 mM NaCl (NaCl) or 400 mM mannitol
(Man) for the indicated periods of time. 25 S ribosomal RNAs are shown for normalization. (B) Relative steady-state levels of transcripts normalized
with respect to the 25S rRNA. (C) Northern-blot analysis of RABI18 and RD29A transcripts reflecting the responsiveness of plants toward the applied
abiotic constraints. Data are representative of three independent experiments.
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ment but not in response to hyperosmotic treatments. Both
AtAAPT genes behaved in a similar manner to ArCCT2.
Among genes associated to the methylation pathway, the pu-
tative NMT genes, Atlg73600 and At3g18000, showed a re-
duction in their mRNA level up to 3-fold after 6 h of cold
treatment, but returned to normal levels at 48 h. The key en-
zyme in the plants methylation pathway PEAMT contributes
to Cho synthesis and to PC formation. It controls the meta-
bolic flux to Cho since Arabidopsis mutants deficient in a
PEAMT gene expression have a severe reduction up to 64-fold
in Cho content [21]. Consistently, tobacco plants overex-
pressing PEAMT produce 5-fold more PCho and 50-fold more
free Cho, while unaffecting the amount of PC [13]. These
findings suggest that PEAMT regulates the Cho synthesis rate
but do not affect the pool of PC. Data reported here also de-
notes that PEAMT activity is not correlated with the PC
synthesis rate since salt-treated plants showing an enhanced
rate of PC synthesis (Fig. 2A) contain a lower level of PEAMT
transcripts (Fig. 4A and B).

In addition to 4¢CK1, four genes encode putative CKs and
EKs in Arabidopsis. Transcripts from each of these genes
showed striking variability in their steady-state level under
stress treatment. The putative CK At1g34100 and the putative
EK At2g26830 showed equal mRNA levels under all experi-
mental conditions. In contrast, the other three A¢CK genes were
differentially responsive to saline or mannitol treatments.
AtCKI1 mRNA level increased 2.5- to 4-fold between 6 and 48 h
of salt stress, peaking at 24 h of treatment, but was not re-
sponsive to mannitol-mediated hyperosmotic stress. While
slightly stimulated under mannitol treatment, the At4g09760
transcript level increased dramatically up to 4.5-fold after 24 h
of saline treatment. Interestingly, the expression pattern of this
gene was similar to the one of RABI8 under hyperosmotic
treatment, suggesting a possible common relationship in their
regulation. The pattern of At1g74320 transcripts in response to
hyperosmotic treatment resembles that of At4g09760 as both
showed a slight reduction in transcript levels in the cold-treated
plants. This suggests a positive regulation of CKs that may be
related to the enhanced synthesis of PC in response to salinity.

Based on sequence homology, it is likely that the CK genes
encode kinases with a strict specificity for Cho substrate,
suggesting a crucial role of the CDP-Cho pathway versus the
methylation pathway in regulating PC biosynthesis during
hyperosmotic stress adaptation. However, the existence of CK
isoforms in mammals displaying dual specificity for both Cho
and EA [35-37] supposes further biochemical investigations
before understanding the relative importance of one or another
metabolic functions of the Arabidopsis CKs in adaptive
mechanisms. Several data favor the hypothesis that plants
have separate CK and EK activities carried out by distinct
proteins. On the one hand, kinase isoforms purified from
spinach leaves [38] or soybean seeds [39] exhibit specificity
towards EA exclusively and, on the other hand, two CK iso-
forms in soybean produced in heterologous systems show
negligible EA kinase activity [40]. Therefore, it is likely that the
regulation of some CK isoforms in response to hyperosmotic
stress might specifically modulate PC biosynthesis throughout
the CDP-Cho pathway under such conditions without con-
tributing to PE biosynthesis. However, until accurate func-
tional enzymatic analysis of the CK gene products is provided,
we cannot definitively exclude that these products may catalyze
the phosphorylation of EA in Arabidopsis.
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Biosynthesis of PC in animals is regulated by both CK and
CCT (see [41] for a review). Indeed, stimulated CK activity is
required for recycling Cho into phospholipase D (PLD)-
mediated PC turnover signaling pathways in mammals [42]. In
yeast, a change in the phosphorylation state of CK directly
affects the pool of PC, demonstrating that post-translational
modifications of CK regulates PC synthesis through the CDP-
Cho pathway [43]. Since A4¢CK] is inducible by wounding in
Arabidopsis [44], our results denote that CKs also represent a
potential regulatory target for some abiotic constraints in
plants, such as increased environmental salinity.

3.3. Increased CK activity in rosettes from salt-stressed
Arabidopsis plants

In betaine-accumulating plants such as spinach, Cho is di-
verted through the formation of GB and CK specific activity
remains essentially unchanged upon salinization [22]. There-
fore, it is interesting to examine the regulation of CK activity
in Arabidopsis, which does not accumulate GB. In order to
check whether transcriptional activation of the CK genes is
reflected at the enzymatic level, we assayed in vitro CK ac-
tivity. As shown in Fig. 5, total CK activity was enhanced by
salt stress by approximately 1.5- and 2-fold after 24 and 48 h of
NaCl treatment, respectively. Other treatments did not induce
significant change in CK activity.

The concomitant increase in CK mRNA levels (Fig. 4A and
B) and CK activity in response to salinity denotes regulation at
a transcriptional level that may contribute in the stimulation of
the biosynthesis rate of PC in vivo (Fig. 2A). However, control
at a transcriptional level is probably not a single mechanism
modulating CK activity since, unlike salt stress, mannitol-
mediated hyperosmotic stress induced no detectable increase in
CK activity in vitro (Fig. 5), nor in the PC biosynthesis rate
(Fig. 2A), despite a noticeable increase in the mRNA steady-
state levels of two CK isogenes (Fig. 4A and B). These CK
isogenes, At1g74320 and At4g09760, may thus be considered
as hyperosmotic stress-responsive, whereas activation of
AtCK1 is specifically related to salt stress. Thus, it is probable
that such regulation of the CKs depends on signaling pathways
that differ according to the ionic or the osmotic nature of the
stress (see [45] for a review). The discrepancy between the
enhanced transcript levels and the unresponsiveness of the CK
enzymes towards mannitol treatment raises the question of a
possible phosphorylation-mediated post-translational regula-
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Fig. 5. Effect of abiotic treatments on the in vitro CK activity. Crude
cytosolic extracts were prepared from whole rosettes of control plants
or plants submitted to abiotic stress for 24 and 48 h and assayed in
vitro for CK activity. Values represent the average of three separate
experiments £ S.D.
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tion of the CKs, as observed in yeast [43], that would selec-
tively affect the CK isoenzymes under hyperosmotic stress.

The inverse responsiveness of the CK genes comparatively to
the CCT genes under salt and cold stresses indicates that PC
homeostasis is regulated by two distinct mechanisms. Both
mechanisms are supposed to maintain high levels of PC for
membrane structure remodeling and/or production of lipid
messengers. Salt stress activates PLDs in various plant species
(see [46,47] for reviews) and possibly in response to cold in
Arabidopsis [48]. Furthermore, it is likely that the biosynthesis
as the PLD-mediated turnover of PC is accelerated by saline
treatment since, despite the existence of an increased CK ac-
tivity, no change in the pool size of labeled Cho between
control and stressed plants was detected (Fig. 3). We therefore
hypothesize that PLD-mediated PC turnover is enhanced un-
der salt stress. In such a way, the activation of CKs would be
required for recycling the released Cho moieties into the CDP-
Cho pathway, as in animals [42]. In contrast, no induction of
phospholipase A,-mediated deacylation of PC was observed
in response to either treatment because we failed to detect in
vivo-labeled glycerophosphocholine nor a significant change in
the labeled lyso-PC pool. An alternative hypothesis would be
to consider that high salt concentration versus low temperature
distinctively alters the activity of the CKs and the CCTs en-
zymes. In this respect, CCTs would be sensitive to cold, as
confirmed for AtCCTs [23], whereas CKs would be sensitive to
salt. Transcriptional up-regulation would be induced to com-
pensate enzyme sensitivity and fulfill requirement of PC under
such adverse conditions. Comparative in vitro enzyme assays
of purified CKs and CCTs would clarify this.

The present study shows that abiotic stresses trigger differ-
ential regulation of the CDP-Cho pathway for PC biosynthe-
sis. Taken together, the biochemical and molecular data
denote a regulatory role of the CKs in salt tolerance mecha-
nisms within non-accumulating GB species like Arabidopsis.
Further characterization of the salt-stress targeted CK genes
using engineered plants will allow us to define precisely their
biological role and foresee possible agronomic application to
remedy saline environment.
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