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Proline (Pro) accumulation occurs in various plant organisms in response to environmental stresses. To identify the signaling
components involved in the regulation of Pro metabolism upon water stress in Arabidopsis (Arabidopsis thaliana), a pharma-
cological approach was developed. The role of phosphoinositide-specific phospholipases C (PLCs) in Pro accumulation was
assessed by the use of the aminosteroid U73122, a commonly employed specific inhibitor of receptor-mediated PLCs. We found
that U73122 reduced pyrroline-5-carboxylate synthetase transcript and protein as well as Pro levels in salt-treated seedlings.
Inhibition of PLC activity by U73122 was quantified by measuring the decrease of inositol 1,4,5-trisphosphate (InsP,) levels.
Moreover, the utilization of diacylglycerol kinase and InsP;-gated calcium release receptor inhibitors suggested that InsP; or its
derivatives are essential for Pro accumulation upon salt stress, involving calcium as a second messenger in ionic stress sig-
naling. This observation was further supported by a partial restoration of Pro accumulation in salt- and U73122-treated
seedlings after addition of extracellular calcium, or when calcium homeostasis was perturbed by cyclopiazonic acid, a blocker
of plant type IIA calcium pumps. Taken together, our data indicate that PLC-based signaling is a committed step in Pro bio-
synthesis upon salinity but not in the case of mannitol stress. Calcium acts as a molecular switch to trigger downstream signaling
events. These results also demonstrated the specific involvement of lipid signaling pathway to discriminate between ionic and

nonionic stresses.

Drought and salinity represent major environmental
constraints for sessile plants (Boyer, 1982). To achieve
hyperosmotic stress tolerance, plants have developed
various adaptive responses, including physiological
and biochemical changes. The most notable ones in-
clude a reduction of cell growth and a decrease in the
intracellular water potential resulting from the accu-
mulation of compatible osmolytes, such as ions, amino
acids, and soluble sugars. Among these osmolytes, the
amino acid Pro is the most widely accumulated com-
pound in plants; however, its function in stress toler-
ance remains equivocal. Although the role of Pro as
an osmolyte is justified by its accumulation in certain
species, the amount of free Pro in Arabidopsis (Arabi-
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dopsis thaliana) remains generally too low to be signif-
icant to achieve osmotic adjustment. The exact link of
Pro accumulation in stress tolerance remains puzzling.
Nevertheless, several studies propose that Pro may play
other nonexclusive roles, such as being a hydroxyl
radical scavenger, maintaining the balance between
photosynthetic light capture and NADPH utiliza-
tion in carbon fixation, and being a sink of reducing
power following metabolic disturbance that might be
remobilized upon relief from stress (for review, see
Hare et al., 1998; Kavi Kishor et al., 2005). Accumula-
tion of Pro may also be a compensatory mechanism to
limit or repair stress injury. Finally, Pro has been pro-
posed to be a stress-related signal molecule since Pro-
overaccumulating yeast were slower growing (Maggio
etal., 2002) and, more recently, Pro-inducible genes have
been identified (Satoh et al., 2002; Oono et al., 2003).

In plants, Pro is synthesized from either Glu or Orn,
depending on the developmental stage and the envi-
ronmental growth conditions (Delauney and Verma,
1993). In response to water stress, Pro accumulation is
dependent on the transcriptional activation and trans-
lation of NAD(P)H-dependent pyrroline-5-carboxylate
(P5C) synthetase to produce P5C (Savouré et al., 1995;
Yoshiba et al., 1995). This compound is then reduced
to Pro by the P5C reductase. At the same time, Pro
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degradation, controlled by the sequential action of the
mitochondrial enzymes Pro dehydrogenase (ProDH)
and P5C dehydrogenase, is abolished by a still-unknown
mechanism (Kiyosue et al., 1996; Peng et al., 1996;
Verbruggen et al., 1996). Understanding the mecha-
nisms by which plants transduce stress signals to trig-
ger Pro accumulation is important to elucidate the role
of this amino acid in the acquisition of stress tolerance.

To date, the signaling pathways involved in the
regulation of Pro metabolism remain poorly under-
stood. Various signals, including phytohormones like
abscisic acid (ABA) or intracellular messengers such
as calcium, phosphoinositides, or kinases, have been
proposed to regulate plant responses in adverse envi-
ronmental conditions and thus contribute to the coor-
dination of plant stress physiology (Zhu, 2002). However,
the absence of a causal link between ABA and Pro ac-
cumulation has been described in Arabidopsis upon
hyperosmotic stress (Savouré et al., 1997; Yoshiba et al.,
1999), although contradictory results have also been
published (Strizhov et al., 1997).

A central role for lipid signaling pathways in plant
responses to abiotic stresses is now clearly emerging
from current research in various plant model systems
(Meijer and Munnik, 2003). Osmotic stress is known to
activate phosphoinositide-specific phospholipases C
(PLCs), which in turn hydrolyze phosphatidylinositol
4,5-bisphosphate [P1(4,5)P,] to generate two potential sec-
ondary messengers: inositol 1,4,5-trisphosphate (InsP,)
and 1,2-diacylglycerol (DAG; Drobak and Watkins, 2000;
DeWald et al., 2001; Takahashi et al., 2001). Several
studies have shown that salt and hyperosmotic stresses
increase PI(4,5)P, as well as InsP, levels within min-
utes (Pical et al., 1999; DeWald et al., 2001; Takahashi
etal., 2001). InsP; diffuses into the cytosol, where it can
activate receptors coupled with calcium channels to re-
lease calcium from intracellular stores to increase local
calcium concentration. In animals, DAG stays in the
membrane and allosterically activates protein kinase
C. In plants, however, no protein kinase C has been
found, suggesting an indirect role of DAG. Indeed,
DAG can be rapidly phosphorylated to phosphatidic
acid (PA) by DAG kinases (DAGKs). PA synthesis can
also result from the activation of phospholipases D
(PLDs) that hydrolyze structural glycerophospho-
lipids. PA plays a central role in the biosynthesis of ma-
jor phospholipids and is also considered as a secondary
messenger (Testerink and Munnik, 2005; Bargmann
and Munnik, 2006). Increase in PA levels is observed in
response to osmotic stress in plants (Frank et al., 2000;
Munnik et al., 2000; Katagiri et al., 2001; Thiery et al.,
2004). DAGK may play an important role in the tight
regulation of DAG and PA levels in order to enable
proper cell physiological functions. Recently, we have
shown that some PLDs are negative regulators of Pro
biosynthesis and that plants present higher Pro re-
sponsiveness to hyperosmotic stress when this regu-
lator is abolished (Thiery et al., 2004).

It has also been well documented that water and salt
stresses can trigger a transient increase in cytosolic
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calcium (Knight et al., 1997; Kiegle et al., 2000). This
increase can occur via the influx of calcium from
apoplastic compartment or from intracellular stores,
such as vacuole, endoplasmic reticulum (ER), or nu-
cleus (Sanders et al., 2002). Calcium was described as a
necessary but not sufficient component in mediating
the molecular events associated with hyperosmotic
and salt induction of P5CS (Knight et al., 1997). More-
over, the overexpression of a soybean (Glycine max)
calmodulin isoform in Arabidopsis markedly triggered
the expression of P5CS1 and increased the Pro content
by 3-fold in transgenic plants (Yoo et al., 2005). These
observations suggest a key role for intracellular cal-
cium in the regulation of Pro metabolism.

To identify potential components of the signaling path-
ways required for the regulation of Pro accumulation,
we screened a variety of pharmaceutical compounds
that may modulate Pro accumulation in Arabidopsis.
We report an inhibition of Pro accumulation by the
aminosteroid U73122, an inhibitor of PLCs, upon ionic
but not nonionic hyperosmotic stress in Arabidopsis.
For simplicity, in the rest of the article, nonionic hy-
perosmotic stress has been referred to as hyperosmotic
stress. In this work, we also provide evidence that PLC
signaling upon salt stress involves InsP;-gated Ca*"
release from internal stores but not PA signaling from
DAG. Moreover, the inhibitory effect of U73122 can be
reversed by the application of extracellular calcium or
by modifying the intracellular calcium homeostasis
with cyclopiazonic acid (CPA) calcium pump antago-
nist. Here, we demonstrate that plants can discern be-
tween ionic and nonionic osmotic stress and also that
phosphoinositide signaling via PLCs accurately medi-
ates Pro accumulation in response to salt but not man-
nitol stress.

RESULTS

U73122, an Inhibitor of PLCs, Inhibits Pro Accumulation
upon Salt But Not Hyperosmotic Treatments

To investigate whether PLCs regulate Pro accumu-
lation upon osmotic stresses, we assessed the effect of
U73122, a specific PLC inhibitor, in Arabidopsis seed-
lings treated for 24 h with either 200 mm NaCl or 400 mm
mannitol.

Following hyperosmotic stress, seedlings lost their
turgescence after a couple of hours (data not shown).
Full leaf turgor was recovered after 5- to 8-h treatments,
which indicates setting up of an osmotic adjustment.
After a 24-h treatment, Pro accumulation was up
by 6-fold in plants treated with either 200 mm NaCl
or 400 mM mannitol compared to the control plants
(Fig. 1). Addition of various concentrations of U73122
did not affect Pro accumulation in seedlings growing
under normal growth conditions or in medium supple-
mented with mannitol (Fig. 1A). However, the amount
of Pro decreased in a dose-dependent manner for NaCl-
treated plants, with complete inhibition of Pro accumu-
lation at 100 uMm U73122. Although the total amount of
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Figure 1. Dose-dependent effects of PLC, DAGK, InsP,-induced calcium release, and calcium pump antagonists on Pro levels
upon salt and mannitol treatments in Arabidopsis. Twelve-day-old seedlings grown on 0.5 X MS solid medium were transferred to
0.5X MS liquid medium for treatment. Plants were preincubated with inhibitors for 1 h and then treated with either 200 mm NaCl
(gray bars) or 400 mm mannitol (black bars) for 24 h. Control plants were treated with the same amount of solvent under the same
conditions (white bars). The results are shown as mean = sp of at least three independent experiments. A, U73122, an inhibitor of
PLCs; B, R59022, a specific inhibitor of DAGK; C, 2-APB, an inhibitor of InsP;-induced calcium release; D, CPA, an inhibitor of

calcium ATPase. FW, Fresh weight.

Pro fluctuated slightly from experiment to experiment,
the effect of the inhibitor on Pro levels was always re-
producible. The phenotypes of the seedlings were not
affected by the inhibitory treatment, irrespective of the
osmotic conditions. The leaves stayed fully turgid and
green even after prolonged treatment (data not shown).
As control, the inactive analog of U73122, U73343,
showed no effect on Pro levels even at 100 uwMm, irre-
spective of the osmotic conditions (data not shown).

However, it was also an important prerequisite to
verify whether U73122 inhibited PLC activity in seed-
lings in our experimental system. Should there be an
inhibition of PLC activity in U73122-treated seedlings,
it would be expected that InsP; would decrease dur-
ing treatment. Therefore, we measured the changes in
InsP; levels during treatments in the presence or
absence of U73122. As shown in Figure 2, InsP; levels
at 3 h increased by 1.5- and 1.2-fold in response to salt
and mannitol stresses, respectively. These InsP; levels
in stressed plants compared to unstressed plants were
maintained at 24 h, although a slight decrease could be
observed upon stress treatments. As expected, the
addition of U73122 caused a drastic decrease of InsP,
levels at 3 and 24 h in the different growth conditions.
At 3 h, this InsP, decrease was about 2.5-, 4.1-, and 2.7-
fold under unstressed, NaCl, and mannitol conditions,
respectively.
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To further investigate the role of PLCs in Pro metab-
olism, we assessed the effect of U73122 at the transcrip-
tional level of AtP5CS1 and ProDH, two key marker
genes of Pro metabolism. AtP5CS2 transcript level was
not detectable under our experimental conditions (data
not shown).

Ionic and hyperosmotic stresses imposed by either
200 mm NaCl or 400 mm mannitol resulted in an
increase of P5CS1 transcript levels after 3-h treatment
(Fig. 3A). After longer treatments, ie. 24 h, P5CS1
transcripts were found to decrease but remained al-
ways higher than that of control (untreated) plants. We
also observed an increase of ProDH transcript levels
over the course of the experiment, whatever the treat-
ment. When osmotically treated seedlings were incu-
bated with 100 um U73122 during 3 h, a significant
decrease in P5CS1 transcript was observed. At24 h, no
difference in P5CS1 transcript levels could be observed
in treated or nontreated seedlings with U73122.
U73122 provoked a diminution of ProDH steady-state
transcript levels at 24 h, irrespective of the conditions.

Using specific antibodies, P5CS and ProDH protein
levels were also investigated (Fig. 3B). P5CS protein
level increased following 24-h treatment with either
NaCl or mannitol compared to control seedlings. A
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Figure 2. U73122 triggered a decrease of InsP, in Arabidopsis seed-
lings. Twelve-day-old seedlings grown on 0.5X MS solid medium were
prepared and treated with 100 um U73122 for 3 and 24 h as described
in the legend of Figure 1. InsP; was extracted and quantified from
frozen ground tissue as described in ““Materials and Methods.” The
results are shown as mean = sp of four independent experiments.

slight decrease in P5CS protein levels was observed
after treatment with U73122, irrespective of the stress.
Two bands corresponding to mature and immature
forms of ProDH were detected under unstressed con-
dition as well as upon mannitol treatment, in contrast
to NaCl treatment where ProDH were almost not de-
tectable. A slight decrease in ProDH protein levels was
observed after 24-h treatment with U73122 without
any osmoticum or with mannitol.

2-Aminoethoxydiphenyl Borate, an Inhibitor of the
InsP,-Dependent Calcium Signaling Pathway, Inhibited
Pro Accumulation upon Salt Stress, Unlike R59022,

an Inhibitor of the DAGK Signaling Pathway

Since PLCs catalyze the formation of two secondary
messengers, the positive regulation mediated by PLCs
on the Pro level observed for NaCl-treated plants could
arise from DAG signaling leading to PA synthesis via
DAGK activity and/or from InsP; activating calcium
channel coupled receptors involved in the Ca®" re-
lease from intracellular stores. To better characterize
the role of PLC signaling and to distinguish between
these two putative pathways, the effect of the DAGK
inhibitor R59022 and the InsP,-induced Ca*" release
inhibitor 2-aminoethoxydiphenyl borate (2-APB) were
evaluated.

R59022 ranging from 0 to 100 uM was applied to
seedlings with or without stresses. As shown in Figure
1B, addition of various concentrations of the DAGK
inhibitor had no effect on Pro levels independently of
the stress. Accumulation of Pro remained low in un-
stressed seedlings and reached around 5.5 umol g~ !
fresh weight with either NaCl or mannitol. Since R59022
had no impact on Pro accumulation whatever the treat-
ment and differed from Pro inhibition triggered by
the PLC inhibitor U73122, we investigated the effect of
2-APB on Pro levels.

Like U73122, 2-APB added on unstressed plants did
not have any effect on Pro levels (Fig. 1C). However,

506

under salt stress, addition of 2-APB resulted in a dose-
dependant decrease of Pro accumulation at 24 h, with
the highest effect resulting from the addition of 50 to
100 um 2-APB. Despite this high 2-APB concentration
used, inhibition was not complete since Pro level re-
mained 3-fold higher than in control seedlings. In
contrast, only a 1.7-fold decrease in Pro accumulation
was observed in response to mannitol treatment using
the highest 2-APB concentration (100 um).

In addition, pharmaceutical toxicity was investi-
gated in U73122- or 2-APB-treated seedlings, i.e. we
tested whether the effect of the inhibitors on Pro levels
could be reversed after removal of U73122 or 2-APB.
As shown in Figure 4, the inhibition of Pro levels
caused by the addition of either U73122 or 2-APB in
salt-treated seedlings was partially reversed after wash-
ing the seedlings and putting them back in salt me-
dium. These data demonstrated that these compounds
were not toxic in our experimental design since they
did not cause any lethality.

CPA, an Inhibitor of Calcium ATPase, Had an
Opposite Effect on Pro Levels in NaCl- and
Mannitol-Treated Seedlings

Our experiments with 2-APB clearly demonstrated
the importance of intracellular calcium store release
for Pro accumulation upon salt stress. To further in-
vestigate the role of intracellular calcium, we assessed
the effect of altered cellular calcium homeostasis through
addition of CPA, a blocker of the plant ER-type IIA
calcium pump.

In nonosmotically stressed plants, addition of 10 to
25 uM CPA slightly stimulated Pro accumulation, whereas
50 uM CPA provoked a 6.5-fold increased in Pro level
(Fig. 1D). Analysis of Pro accumulation pattern in
mannitol- or NaCl-treated plants demonstrated that
the sensitivity to the inhibitor differed between the two
stress treatments. On the one hand, in mannitol-treated
plants, addition of CPA showed a dose-dependent in-
crease of Pro levels, and, on the other hand, Pro levels
in salt-treated seedlings remained unchanged for low
inhibitor amounts but drastically decreased with higher
concentrations (50 um).

The Effect of the PLC Inhibitor U73122 on Salt-Treated
Seedlings Can Be Partially Reversed by the Inhibitor
of Calcium ATPase

CPA and U73122 inhibitors are both involved in the
modification of cellular calcium homeostasis, i.e. ad-
dition of CPA can partly block calcium recycling to
intracellular stores, in contrast to U73122, which leads
to an impoverishment of cytosolic calcium. To further
demonstrate the key role of intracellular calcium, we
tried to reverse the effect of U73122 by increasing the
cytosolic calcium concentration with CPA. Inhibitor con-
centrations were chosen according to their effects on
Pro accumulation in response to salt treatment, i.e.
U73122 at 50 um and CPA at 25 um. Addition of both
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Figure 3. U73122 differentially modulates the expression of Pro met-
abolic genes, P5CS and ProDH, and their products. A, Northern-blot
analysis of total RNA (10 ug) extracted from seedlings treated as
described in the legend to Figure 1. Blots were hybridized with DNA
fragments specific for P5CST and ProDH. Methylene blue staining of
rRNAs is shown as a loading control. B, Western blot of P5CS and
ProDH proteins from seedlings treated as described in Figure 1. Blots
were exposed to specific antibodies directed against AtP5CS1 and
ProDH proteins. Detection of the corresponding proteins was done by
autoradiography with an ECL kit. “Total proteins” refers to protein
stained with Ponceau-S as a control for loading and transfer of proteins
onto membranes.

U73122 and CPA could restore Pro accumulation in
NaCl-treated seedlings (Fig. 5). Furthermore, a similar
effect was also observed when 10 mm CaCl, was added
to seedlings treated with both NaCl and U73122. In
addition, to strengthen the fact that U73122 is not toxic,
this result provides clear evidence that intracellular
calcium level, mediated by InsP,-dependent calcium
release, represents an essential and rate-limiting factor
for Pro accumulation in response to salt stress.

To investigate further the effect of calcium in Pro
accumulation, we measured the in vivo changes in cal-
cium concentration using Arabidopsis plants express-
ing cytosolic aequorin (Knight et al., 1991). In each
independent control experiment with dimethyl sulf-
oxide (DMSO; n = 3), we observed a very stable calcium
baseline indicating a cytosolic calcium concentration
around 0.2 uM. Application of 200 mm NaCl to DMSO-
treated seedlings revealed a transient increase in cy-
tosolic calcium (Fig. 6). This calcium peak corresponds
to the mechanical shock response induced by the ad-
dition of the salt culture medium to the plants. This
peak lasted about 10 s and reached a maximal calcium
concentration of 0.9 uM. Addition of the calcium ATPase
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inhibitor CPA (25 uM) caused an increase, as expected,
in the cytosolic calcium concentration after the me-
chanical shock. The calcium concentration then de-
creased, but always remained higher than the basal
level measured in the absence of the inhibitor. This
is in contrast to the response of salt-treated seedlings
with U73122, which presented a rapid decrease of
calcium after the mechanical shock, leading to a lower
level than the control. However, after 30 s, calcium
level increased, suggesting some compensatory mech-
anisms. Interestingly, treatments of seedlings with both
CPA and U73122 provoked a completely different cal-
cium response with a high and long increase in cal-
cium concentration.

DISCUSSION

It has long been observed that a wide range of plants
accumulates Pro in response to environmental stresses.
Pro accumulation has been suggested to play an im-
portant role in water stress adaptation. The accumu-
lation of Pro in the cytosol of certain species has been
shown to contribute to osmotic adjustments. Further-
more, this amino acid has been suggested to play a role
as a stress-related signal molecule (Hare and Cress,
1997). Pro may also be considered as a by-product
following stress injuries and hence act as a cell death
inducer. This study allows inference of some key sig-
naling components that are required to generate Pro
accumulation in response to salt and hyperosmotic
stresses. We have used a pharmacological approach
to identify candidate components of osmotic stress
signaling pathways. The results presented here dem-
onstrate that the salt-induced Pro accumulation is
mediated by PLC and calcium signaling pathways,
and differs from the mannitol-induced one.

Extracellular calcium was shown to play a role in
P5CS1 transcript accumulation (Knight et al.,, 1997;
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Figure 4. Inhibitory effects of U73122 and 2-APB on Pro accumulation
upon salt stress were partially reversible in Arabidopsis seedlings.
Seedlings were prepared as described in the legend to Figure 1.
Seedlings were treated with either U73122 (100 um) or 2-APB (100 um)
and grown under normal conditions or in the presence of 200 mm NaCl
for 24 h (white bars). Seedlings were then washed and transferred onto
NaCl medium (black bars) for another 24 h.
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Figure 5. Inhibition of Pro accumulation by U73122 upon salt stress
can be reversed by either CPA or extracellular calcium in Arabidopsis
seedlings. Seedlings were prepared as described in the legend to Figure
1. After 1-h preincubation with either 50 um U73122, 25 um CPA,
10 mm CaCl,, or with a combination of U73122 and CPA or U73122
and CaCl,, seedlings were treated with or without 200 mm NaCl
together with pharmaceuticals for 24 h.

Thiery et al., 2004) and in Pro accumulation in response
to hyperosmotic stresses (Thiery et al.,, 2004). Since
calcium transients may also originate from intracel-
lular stores as observed in response to hyperosmotic
stresses (Knight et al., 1997), we addressed the ques-
tion of whether PLCs are involved in the intracellular
calcium release using a pharmacological approach.
To develop such an approach, it was essential to
question the specificity of the pharmaceuticals used.
Although a relevant dose of a pharmaceutical may ac-
tivate a targeted biological pathway, it may also induce
harmful or even lethal side effects due to modulation
of secondary pathways. To consider an optimal work-
ing system, the pharmaceuticals used should inhibit
targeted enzymes over the time course of the experi-
ment; moreover, the inhibition has to occur at physi-
ological concentrations well below cell lethality. We
therefore carefully chose our inhibitors according to
their enzymatic targets that have been very well es-
tablished in plants, except for U73122, which has been
reported to inhibit cytoplasmic streaming in Vicia sativa
root hair cells even at a low concentration of 10 uM (den
Hartog et al., 2001). We are convinced that all the phar-
maceuticals used in our system, including the higher
concentration of U73122, did not induce any artifact or
cause any toxic effects because of the following obser-
vations: (1) the absence of plant lethality even after a 3-d
inhibitor treatment; (2) the lack of the inhibitor response
upon mannitol stress in general; and (3) the reversibility
of the pharmaceutical effects as observed with U73122
and 2-APB. We have also shown that U73122 triggered
a diminution of InsP;, confirming an inhibition of PLC
activity by this compound (Fig. 2). Although PI(4,5)P,
levels may not only reflect PLC activity, a net increase
of PI(4,5)P, levels was also observed in nonstressed
or salt-treated Arabidopsis seedlings (data not shown).
These results provide a substantial support for a se-
lective inhibitory effect of U73122 on PLC activity.
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In response to salt or hyperosmotic stresses, a 6- to
10-fold Pro accumulation was observed after 24-h treat-
ment, and this Pro accumulation was correlated to the
increase in P5CS1 transcript and protein levels. In par-
allel, an increase of ProDH transcripts was observed
whatever the conditions, suggesting an accumulation
that is dependent on the growth conditions. Interest-
ingly, the ProDH accumulation did not correlate with
the ProDH transcript levels in response to salt stress,
indicating some posttranscriptional mechanisms, which
remain to be elucidated. We may also not exclude
some regulation of the transport of Pro for its degra-
dation into mitochondria because ProDH levels did
not correlate with Pro ones.

The PLC inhibitor U73122 had a dose-dependent
dramatic effect on Pro levels in salt-treated seedlings
but not in mannitol-treated ones. However, the inhib-
itory effect of U73122 on protein levels was not corre-
lated with the corresponding observed accumulation
of Pro. These results suggest that other transcriptional
or posttranscriptional regulations might occur to ac-
count for this Pro accumulation. From these data, the
effect of U73122 inhibition indicates that PLC activity
is a required factor for Pro accumulation upon NaCl
stress.

In response to salt stress, rapid increases in PI1(4,5)P,
and InsP; were previously observed with Arabidopsis
plant cells (Pical et al., 1999; DeWald et al.,, 2001;
Takahashi et al., 2001). In our conditions, both NaCl
and mannitol stresses also provoked an increase of
InsP; at 3- and 24-h treatments. PLC activity hydro-
lyzes PI(4,5)P, into two second messengers, DAG and
InsP;. It is thus important to query the roles of these
putative secondary messengers. Diverse cellular pro-
cesses such as growth and differentiation may be regu-
lated by DAGKSs in animals. In plant cells, DAG
has been shown to trigger both ion pumping in
patch-clamped guard cells and the opening of stomata
(Lee and Assmann, 1991). The DAGK inhibitor R59022
has been shown to modulate a number of cellular
processes in both animal and plant cells (Lundberg
and Sommarin, 1992; Matowe and Ginsberg, 1996;
Jiang et al., 2000; Gomez-Merino et al., 2005). For
example, the synthesis of cold-induced PA was reduced
by treatment with R59022 in Arabidopsis suspension
cells (Ruelland et al., 2002). Moreover, R59022 enhanced
phytoalexin accumulation in pea (Pisum sativum) epi-
cotyl tissues treated with fungal elicitor (Toyoda et al.,
2000). Recently, it has been shown that Arabidopsis
seedlings grown for 3 weeks in the presence of R59022
had a reduced primary root elongation and developed
chlorosis at a concentration above 50 uM, indicating
that DAGKSs play an important role in plant develop-
ment (Gomez-Merino et al., 2005). In our work, how-
ever, the DAGK inhibitor did not have any effect on
Pro levels in both salt- and mannitol-treated seedlings,
suggesting a putative implication of InsP,, but not of
PA derived from DAG.

In mammalian cells, the membrane-permeable 2-APB
inhibitor is a blocker of InsP;-mediated calcium release
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Figure 6. The combination of U73122 and CPA increases intracellular
calcium level in Arabidopsis seedlings upon salt stress. Representative
calcium responses obtained during one experiment (n = 3) after
challenging salt-treated (200 mm) Arabidopsis plants either with 1%
DMSO, 25 um CPA, 50 um U73122, or with a combination of U73122
and CPA are shown. The vertical line at t = 30 s indicates the moment
where NaCl was added to the seedlings. Each trace represents an
averaged response obtained from the simultaneous measurement of
light emitted by five plants.

from internal stores over the range of 1 to 100 uM. In
plant guard cells, caged InsP, induced Ca”" increase in
the cytoplasm and decrease in stomatal aperture (Blatt
et al., 1990; Gilroy et al., 1990). In addition, microin-
jection showed that InsP; was able to induce expres-
sion of osmotic stress-responsive genes (Wu et al.,
1997).

U73122 and 2-APB pharmaceuticals have the same
inhibitory effect on Pro accumulation, which suggests
that these two compounds inhibit effectors belonging
to the same signal transduction pathway and that this
signaling pathway is required for Pro accumulation
upon salt stress. Since there is evidence that 2-APB tar-
gets intracellular InsP,;-gated calcium channel in plant
cells (Engstrom et al., 2002), our data consolidate the
hypothesis that InsP, generated by PLCs is an essential
second messenger in Pro accumulation upon salt treat-
ment. Although InsP, has been shown to release cal-
cium from intracellular plant stores (Alexandre et al.,
1990; Gilroy et al., 1990; Allen et al., 1995), we must
point out that genes encoding InsP,-gated calcium
channels have not been observed in plant and yeast.
Meijer and Munnik (2003) proposed that InsP, could
be further phosphorylated to inositol hexakisphos-
phate (InsP), as described in hyperosmotically stressed
Schizosaccharomyces pombe (Ongusaha et al., 1998). InsP
level increased following ABA treatment and inacti-
vated the plasma membrane (PM) inward K" conduc-
tance in guard cells (Lemtiri-Chlieh et al., 2000). Recently,
the InsP-induced increase in cytoplasmic calcium was
shown to involve endomembranes for calcium release
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from internal stores (Lemtiri-Chlieh et al., 2003). There-
fore, we cannot exclude the fact that stress-generated
InsP, may be in fact phosphorylated to InsP,, which
then acts as the true second messenger releasing Ca”"
from internal stores.

To elucidate the role of intracellular calcium in Pro
biosynthesis, we investigated the effect of a distur-
bance of calcium homeostasis by inhibiting sarcoplas-
mic (S)/ER calcium pump. Biochemical and cellular
studies in animal systems have shown that there are
two classes of Ca®*-ATPases: S/ER type and PM type
(Sze et al., 2000). In plants, homologs of both these
classes have been identified and are classified as type
ITA, homologous to the S/ER type of calcium pumps,
or type 1IB, homologous to the PM calcium pump in
animals. In plants, type IIB calcium pumps are local-
ized on the PM as well as other membranes. ER-type
ITA Ca®* pumps are specifically inhibited by CPA com-
pounds. Interestingly, our results have shown that
CPA had contrasting effect on Pro levels depending on
the nature of the osmoticum, i.e. lower concentrations
of CPA did not have any effect on Pro levels, although
50 uM reduced them in salt-treated seedlings and a
dose-dependent stimulatory effect was observed in
mannitol-treated plants. Furthermore, CPA slightly
stimulated Pro accumulation in nonstressed conditions
and this effect was more pronounced with 50 um CPA.
We further addressed the importance of calcium in
response to salinity by trying to reverse the inhibitory
effect of U73122 with CPA or with extracellular cal-
cium supply. Treatment of NaCl-treated seedlings with
50 um CPA partially inhibited Pro accumulation; this
effect is probably due a major impact of CPA on cal-
cium homeostasis. Therefore, 25 um CPA concentra-
tion has been chosen because it has no effect on Pro
accumulation in response to salt stress and has only a
little one under nonstress condition. Indeed, CPA or cal-
cium was able to partially reverse the effect of U73122
upon salt stress. Thus, addition of both U73122 and
CPA provoked a net increase in cellular calcium in
response to salt stress. These results strengthen the key
role of calcium in salinity-induced Pro response and
indicate that threshold level of cytoplasmic Ca** is re-
quired for Pro accumulation. Calcium is believed to
act either as a signature encoding spatial and temporal
characteristic of stress-specific transients, or as a switch
in signaling (McAinsh and Hetherington, 1998; Scrase-
Field and Knight, 2003). Since calcium accumulation
triggered by CPA does not have the same signature
as the salt-induced one, our data demonstrate that Pro
accumulation in response to salt stress requires cal-
cium threshold amplitude but not a calcium signature.
In this case, calcium plays a key role as a molecular
switch (Scrase-Field and Knight, 2003).

Combined with other recent data (Thiery et al., 2004;
Yoo et al., 2005), these studies allowed us to propose an
integrated cellular model based on the accumulation
of Pro in response to salt stress. Without hyperosmotic
constraints, a negative regulation mediated by PLD
activity abolished Pro accumulation. Upon salt stress,
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although increase in PLD activity was observed
(Thiery et al., 2004), Pro accumulates in plant cells.
This may be due to the fact that the Arabidopsis ge-
nome possesses 12 PLDs with very different biochem-
ical properties. Actually, it seems likely that individual
PLD isoforms have opposite roles in stress signaling.
In this context, the inhibition of one PLD isoform may
not be compensated by another. Pro response is me-
diated via intracellular calcium released by PLCs and
InsP, and via extracellular calcium entry. Recently, Yoo
et al. (2005) have shown that overexpression of a soy-
bean calmodulin isoform up-regulates the transcrip-
tion rate of ATMYB2-regulated genes, including that
of P5CS1 in Arabidopsis, and accordingly increases
Pro content by 3-fold. This calmodulin isoform may
sense calcium originating from PLC signaling path-
way. Calcium may also regulate PLC activity by binding
to the C2 domain. These results and our data indicate
that this calcium/PLC signaling pathway plays an
essential role in Pro accumulation in response to salt
stress. However, from this work and literature, it clearly
appears that complex posttranscriptional and/or post-
translational regulations are also involved to tightly
control Pro metabolism, but they still need to be iden-
tified.

Hyperosmotic stress signaling pathway is clearly
different from the salt one since calcium signaling via
PLCs did not play any role. Signaling components in-
volved in hyperosmotic stress responses are still un-
known and need to be identified. Our results as well as
others (Ruggiero et al., 2004) clearly demonstrate that
plants are able to sense and discern between ionic and
nonionic hyperosmotic stresses, both of which involve
specific signaling pathways. However, no experimen-
tal evidence has been brought forward to elucidate the
role of Pro yet, even if Pro-induced gene expression is
well documented, suggesting the existence of a cellu-
lar system able to sense Pro levels in plants (Maggio
et al., 2002). Pro may represent a signaling/regulatory
molecule activating multiple responses related to the
adaptation process.

MATERIALS AND METHODS
Plant Material

Arabidopsis (Arabidopsis thaliana) Heynh. ecotype Columbia seeds were
surface sterilized and grown on 0.5X Murashige and Skoog (MS) agar me-
dium (Murashige and Skoog, 1962) in 14-cm-diameter petri dishes as de-
scribed previously (Verbruggen et al., 1993). After an overnight period at 4°C
to break dormancy, seedlings were allowed to grow for 12 d at 22°C under

continuous light with a luminosity of 60 umol photons m 25",

Pharmacological Effectors and Hyperosmotic Stress

All inhibitors were purchased from Sigma-Aldrich. U73122 or its inactive
form U73343, DAGK activity R59022, and indole tetrameric acid CPA inhib-
itors were freshly prepared in DMSO while the borate derivative 2-APB was
dissolved in ethanol. Twelve-day-old seedlings were removed from 0.5X MS
agar plates and transferred into 0.5X MS liquid medium supplemented with
the different pharmaceuticals or with the same amount of the corresponding
solvent as control for 1 h. The seedlings were then transferred to petri dishes
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containing either pharmaceutical or solvent in a 0.5X MS medium supple-
mented with either 200 mm NaCl or 400 mm mannitol. After different in-
cubation times, seedlings were collected and frozen immediately in liquid
nitrogen and stored at —80°C for further analysis. Neither hyperosmotic treat-
ments nor pharmaceuticals caused any visible damage to the seedlings over
the course of the experiment (not shown). To determine inhibitor reversibility,
after incubation with inhibitors in the presence or absence of either NaCl or
mannitol for 24 h, seedlings were washed four times with the growth medium
and subsequently placed back with the appropriate osmotic medium. The
effects of DMSO or ethanol on plant growth and Pro levels were also moni-
tored (not shown). All experiments were performed at least in triplicate.

InsP; Analysis

The inhibitory effect of U73122 on PLC activity was investigated by mea-
suring InsP; levels. Frozen seedlings were ground to a fine powder in liquid
nitrogen. One hundred milligrams of powder was mixed with ice-cold 20%
perchloric acid and incubated on ice for 20 min. Insoluble material was re-
moved by centrifugation at 3,000¢ at 4°C for 15 min. The supernatant was
recovered and neutralized with ice-cold 1.5 M KOH containing 60 mm HEPES.
The assay was performed on the neutralized supernatant using an InsP, mea-
surement kit according to manufacturer’s protocol (GE Healthcare).

Calcium Measurements

Arabidopsis plants, ecotype RLD1, expressing a 35S-aequorin construct
(Knight et al., 1991) were vertically grown in petri dishes over a 37-um wide-
pore Nytal cloth layered on 0.5X MS medium and 0.8% agar. After 10 to 12 d of
culture, groups of five plants were harvested and incubated overnight in the
dark with 500 uL of 0.5X MS medium containing 2.5 um native coelenterazine.
After aequorin reconstitution, each group of five plants was transferred onto
fresh medium in a small petri dish and allowed to equilibrate and desensitize
from the mechanical shock due to the manipulation of plants.

For luminescence measurement, the small petri dish containing the plants
was placed in the luminometer chamber and the luminescence counts were
recorded continuously at 1-s intervals. For treatment, the 1 mL of 0.5X MS
medium (complemented or not with the drugs according to the treatment)
bathing the plants was replaced with either 1 mL of 0.5X MS medium
containing 200 mM NaCl with 1% DMSO (control) or with 1 mL of 0.5X MS
medium containing 200 mm NaCl with the indicated pharmaceuticals. Lumi-
nescence data were transformed into calcium concentrations by a method
based on the calibration curve of Allen et al. (1977). For this purpose, total
reconstituted aequorin was discharged at the end of the experiment by adding
1 mL of lysis buffer (100 mm CaCl,, 2% Nonidet P-40, 10% ethanol) to the
plants.

Pro Determination

Free Pro content was measured using L-Pro as standard (Bates et al., 1973).

Northern-Blot Analysis

Total RNA was extracted, separated on formaldehyde-agarose gels, and
blotted onto nylon membranes as described earlier (Thiery et al., 2004). Mem-
branes were hybridized at 65°C with either specific 3’ -untranslated regions of
AtP5CS1 and AtP5CS2, or with full-length ProDH (Thiery et al., 2004). The
fragments were labeled with *P-dCTP using Ready-To-Go DNA labeling beads
(Amersham Biosciences). Before hybridization, membranes were stained with
methylene blue as a control for RNA loading. The hybridization signals were
quantified using a Storm Imager (Amersham Biosciences).

Western-Blot Analysis

Proteins were extracted, separated by SDS-PAGE, and electrophoretically
transferred onto a nitrocellulose filter as described previously (Thiery et al.,
2004). For immunodetection, filters were incubated in TBS with 5% (w/v)
nonfat dry milk and 0.05% (v/v) Tween 20 (TBS-T) for 1 h at room temperature
and then in TBS-T with 0.1% (v/v) rabbit antiserum for 16 h at room tempera-
ture. Antisera were obtained by immunization of rabbits with the following
recombinant proteins: AtP5CS1 (amino acids 5-717) and AtProDH (amino
acids 1-522). Blots were washed with TBS-T. Detection was performed with an
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ECL assay using horseradish peroxidase-conjugated antibodies (Amersham
Biosciences). Equal protein loading and integrity of protein samples were veri-
fied by staining the membrane with Ponceau-S.

Sequence data for P5CS1, P5CS2, and ProDH from this article can be found
in the GenBank/EMBL data libraries under accession numbers NM_129539,
NM_115419, and NM_11398]1, respectively.
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