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We recently tested that plant 
response to cold stress includes a 

rapid formation of nitric oxide (NO) that 
participates in the control of cold-respon-
sive gene expression. Unexpectedly we 
also shed light on a novel downstream 
element of NO signaling that is phospho-
sphingolipid (PS) metabolism. Indeed, 
two phosphosphingolipid species, phy-
tosphingosine phosphate (PHS-P) and 
a ceramide phosphate (Cer-P) are spe-
cifically synthesized upon cold exposure. 
Manipulating NO levels by pharmaco-
logical or genetic means dramatically 
modified the cold-triggered synthesis of 
PHS-P and Cer-P, but did not affect the 
cold-responsive formation of phospha-
tidic acid (PtdOH), a ubiquitous lipid 
signal derived from phospholipid deg-
radation. So far no crosstalk between 
NO and PS signaling had been reported 
in plants. How NO might modulate PS 
formation and whether this regulation 
might be extended to other physiological 
processes are further discussed.

Nitric Oxide (NO) is a pleiotropic signal-
ing molecule involved in the regulation of 
plant development and response to abiotic 
and biotic stresses.1 A set of recent pub-
lications brought interactions between 
NO and lipid signaling out in the open 
in physiological responses such as elici-
tor responses, adventious root formation 
and stomatal movements.2-7 From these 
studies it is now clear that NO is a potent 
regulator of phosphatidic acid (PtdOH) 
signaling in plants. PtdOH is transiently 
synthesized from membrane phospholip-
ids upon plant stimulation, either by the 
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sole activity of phospholipase D (PLD) 
or by the sequential action of phospholi-
pase C (PLC) and diacylglycerol kinase 
(DGK). Depending on the physiological 
context NO triggers PtdOH production 
by enhancing PLD, PLC/DGK or both 
activities.2-5 Not only PtdOH formation is 
stimulated by NO. Indeed, the synthesis 
of phosphatidylinositol 4-phosphate and 
phosphatidylinositol 4,5-bisphosphate, 
two PtdOH precursors that act as signal-
ing molecules in plants, is increased in 
NO-treated plants. Conversely, PtdOH 
production is required for NO forma-
tion stimulated by extracellular ATP.7 
This ability for lipid signals to induce 
NO production has also been observed in 
alkamide-treated Arabidopsis roots and in 
Taxus yunnanensis cells treated with fun-
gal cerebrosides.8,9

Our recent experiments add to the com-
plexity of NO-lipid signaling interplay. As 
evidenced, Arabidopsis exposure to chill-
ing led to the synthesis of PtdOH and 
NO, but also to the transient formation of 
two phosphosphingolipid species, i.e., the 
long chain base (LCB) phytosphingosine 
phosphate (PHS-P) and a ceramide phos-
phate (Cer-P). Unexpectedly, whereas 
PtdOH synthesis was not affected by 
modulating NO concentration, the for-
mation of PHS-P and Cer-P was dramati-
cally modified depending on NO levels. 
Indeed, decreasing NO by pharmacologi-
cal treatments or by genetic tools led to an 
over-accumulation of PHS-P and Cer-P 
whereas enhancing NO level strongly 
impaired sphingolipid phosphorylation. 
In this context, NO appears as a nega-
tive regulator of sphingolipid signaling 
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of mammalian sphingosine kinase 1 
(SK1) by NO brings some hints into pos-
sible regulatory mechanisms.18 In this 
study, NO stimulated SK1 activity, but 
also enhanced SK1 transcript levels. The 
regulation of gene transcription and pro-
tein activity appeared independent of the 
cGMP pathway (the major NO-activated 
signaling pathway in animals). On the 
other hand, it required the activity of a 
MAP kinase cascade. So far the activa-
tion of MAP kinase cascades by NO in 
plants remains elusive.19 In response to 
cold stress two MAP kinases i.e., AtMPK4 
and AtMPK6 get transiently activated in 
Arabidopsis and could therefore constitute 
intermediates in NO-mediated sphingo-
lipid regulation.20 It would therefore be 
interesting to evaluate if NO-dependent 
sphingolipid regulation still occurs in 
mpk4 and mpk6 plant mutants.

Increasing evidence point out the 
involvement of NO and sphingolipids in 
numerous aspects of plant development 
and response to environmental cues.1,15 
For instance, NO and LCB have been 
reported as key elements of the signaling 
cascades leading to stomatal movements.21 
Similarly, Cer-P and NO are required for 
plant resistance towards pathogens.13,22 It 
is therefore tempting to anticipate that 
interactions between NO and sphingo-
lipid signaling might not be restricted to 
cold stress response. Future investigations 
in a range of physiological contexts and 
organisms will help evaluate how univer-
sal such regulation may be.

phosphorylation would therefore imply 
the inhibition or activation of sphingolipid 
kinase or phosphatase activities by direct 
NO-based post-translational modifica-
tions (PTM). As reported for a set of plant 
proteins, the main NO-based PTM are 
Cysteine nitrosylation, Tyrosine nitration 
and metal nitrosylation.15 As sphingolipid 
kinases/phosphatases are not metal-depen-
dent enzymes, only the two first regulatory 
mechanisms are conceivable. Two lines of 
evidence suggest that such PTM might 
occur. Firstly DPL1 has been isolated in a 
screen for Tyr nitrated proteins.16 Secondly 
ACD5 presents two sequence motifs 
meeting the requirements for protein 
S-nitrosylation.17 Whether these modifica-
tions effectively occur and regulate enzyme 
activity has to be elucidated. Even more 
important would be the demonstration 
that such modification effectively occurs 
in planta and participates in protein regu-
lation in cold stressed plants. Nevertheless, 
it would constitute the first direct evidence 
for sphingolipid kinase/phosphatase regu-
lation by NO-based PTM.

Alternatively or in parallel to a direct 
effect on sphingolipid metabolism, NO 
might affect LCB/LCB-P and Cer/Cer-P 
ratio indirectly, through the regulation 
of additional signaling pathways. The 
multiplicity of the signaling elements act-
ing downstream of NO, together with 
the lack of data on sphingolipid kinase/
phosphatase regulation, make it difficult 
to designate likely candidates a priori.1,15 
A recent report on the indirect regulation 

and may participate in the fine-tuning 
of phospho- versus unphosphorylated 
sphingolipid ratio. This aspect is crucial 
when considering that this ratio orientates 
mammalian cells towards proliferation or 
death.10 Our data therefore expend the 
crosstalk between NO and lipid signal-
ing to sphingolipids, through a control of 
sphingolipid phosphorylation unreported 
in plants so far.

As for PtdOH synthesis, the mecha-
nisms by which NO regulates sphingolipid 
phosphorylation is currently unknown. 
In this view, a crucial step forward will 
be to investigate how NO might inhibit 
phosphosphingolipid formation in chilled 
plants. A simple model would imply a 
direct regulation of key enzymes of the 
phosphosphingolipid pathway. The metab-
olism of phosphorylated sphingolipids 
relies on the activity of specific kinases and 
phosphatases (Fig. 1). In Arabidopsis thali-
ana, three LCB kinases have been identi-
fied: SPHK1, SPHK2 and LCBK1.11,12 
In contrast, a single Cer kinase, ACD5, 
has been characterized.13 Less is known 
about sphingolipid dephosphorylation. A 
LCB phosphate phosphatase designated 
SPPASE has been recently isolated.11 
Finally it has been proposed that Cer 
dephosphorylation would imply unspe-
cific lipid phosphatases. It is also notewor-
thy that LCB-P can get recycled through 
the activity of the LCB-P lyase DPL1, 
which degrades LCB-P into long chain 
aldehydes and ethanolamine phosphate.14 
A direct effect of NO on sphingolipid 

Figure 1. Metabolic pathways for LCB and Cer phosphorylation, dephosphorylation and degradation. ID for Arabidopsis genes encoding the charac-
terized enzymes of the phosphosphingolipid metabolism are indicated.
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