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Hyperosmotically induced accumulation of a phosphorylated
p38-like MAPK involved in protoplast volume regulation
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G. Komis?®, P. Apostolakos®, C. Gaitanaki®, B. Galatis™*

dFaculty of Biology, Department of Botany, University of Athens, Athens 157 84, Greece
®Faculty of Biology, Department of Animal and Human Physiology, University of Athens, Athens 157 84, Greece

Received 20 July 2004; accepted 28 July 2004

Available online 9 August 2004

Edited by Jesus Avila

Abstract A 46 kDa protein resembling immunochemically to
the mammalian dually phosphorylated p38-MAPK was detected
in wheat root cells under hyperosmotic conditions, using Western
blot analysis. This protein accumulated in a time- and dose-
dependent fashion and exhibited pharmacological sensitivity
similar to the activated p38-MAPK. The application of a highly
specific p38-MAPK inhibitor revealed that the p38-like MAPK
is probably implicated in hyperosmotically induced tubulin
cytoskeleton reorganization as well as in protoplast volume
regulation and osmotic tolerance of wheat root cells. As far as we
know, the p38-MAPK has not been previously reported in higher
plants.
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by Elsevier B.V. All rights reserved.
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1. Introduction

MAPKSs are key transducers of extracellular stimuli to co-
ordinated cellular responses under various circumstances [1].
MAPKSs are discriminated to ERKs, JNKs/SAPK1 and p38/
SAPK2. The latter two are associated with stress signaling
cascades [1]. Any MAPK cascade may be activated through
diverse pathways, including small GTPases [2], heterotrimeric
GTPases [3], phosphoinositide [4], cAMP [5], or calcium sig-
naling [6]. Events following MAPK activation diverge from
gene expression regulation to the modification of the activity
of several cytoplasmic targets, including cytoskeletal proteins
[1]. The association of MAPK signaling complexes with cy-
toplasmic assemblies and specific scaffolding proteins con-
tributes to the spatial specificity and compartmentalization of
MAPK signaling [7]. Docking of MAPK complexes to the
actin or tubulin cytoskeleton has been reported in other studies
[7.8].

In higher plants, MAPK cascades participate in water stress
signaling, while more than one MAPK signaling module may
be employed at a time [9]. The kind of the activated MAPKs,
the accumulated levels of their activated form and the time
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course pattern of activation depend on either the nature of
water stress (hyperosmotic conditions, salinity, drought or
cold) [5] or its magnitude [10].

Higher plant MAPKSs are classified in to the ERK subgroup
[11]. MAPKSs similar to animal JNKSs or p38, respectively, have
not been identified. p38-MAPK is the mammalian homologue
of yeast HOG1p MAPK, which is essential for the yeast hy-
perosmotic response [12]. Since p38-MAPK is conserved from
yeast to mammals and holds an elemental role in both early
and late events of the hyperosmotic response, we sought its
counterparts in angiosperms.

Hereby, we report the detection of a protein sharing im-
munochemical and pharmacological similarities with the
mammalian phosphorylated form of p38-MAPK (phospho-
p38-MAPK), which accumulated under hyperosmotic condi-
tions in wheat root cells. Additionally, its involvement in the
tubulin cytoskeleton-dependent-mechanism of the protoplast
volume regulation previously described in wheat roots [13] was
investigated.

2. Materials and methods

2.1. Plant material

Wheat caryopses (Triticum turgidum cv. Athos) were imbibed in
distilled water for 36-48 h in dark at 2541 °C. Roots were detached
from the seedlings and immersed in MES buffered Hoagland’s solution
(20 mM MES, pH 5.6, 5 mM CaCl,, 5 mM KNO;, 2 mM MgSOy, 2
mM KH;PO4, 1 pM NaFeEDTA, 0.1 uM each of NaMoOQOy, CuSOys,
ZnS0Oy4, and MnCl,) supplemented with 20 mM glucose. Roots were
allowed for 1 h to recover from wounding before the treatments de-
scribed below.

2.2. Treatments

Hyperosmotic conditions were achieved with 1 M sucrose in Hoa-
gland’s medium. For time course experiments, hyperosmotically
stressed roots were sampled at 10, 30, 60, 90, 120, 240 and 480 min
after the onset of the hyperosmotic stress and processed for either
immunofluorescence or Western blotting. For dose-response experi-
ments, samples were exposed to different concentrations of the hy-
perosmotic medium for 1 h. For inhibitor treatments, roots were
treated with MAPK inhibitors for 2 h before and for 1 h during the
hyperosmotic stress.

MAPK signaling was impaired by the use of PD98059 (MEKI1 in-
hibitor, Calbiochem), U0126 (MEKI1/2 inhibitor, Calbiochem), or
SB203580 (p38-MAPK inhibitor, Calbiochem). All inhibitors were
prepared as 10 mM stock solutions in DMSO. The solvent alone had
no effect on the phosphorylation of the p38-MAPK under the condi-
tions used. To test the efficacy of PD98059 to inhibit the accumulation
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of the phosphorylated plant ERK species, excised roots were treated
for 30 min with 1 uM phorbol 12-myristate 13-acetate (PMA) in
Hoagland’s solution in the presence or absence of 25 pM PD98059.
PMA-induced plant ERK activation was previously documented [14].

2.3. Western blotting

Roots treated as described above were washed with ice-cold phos-
phate buffered saline (PBS) and homogenized with 1 volume of ice-cold
extraction buffer (100 mM K-HEPES, pH 7.5, 50 mM p-glycero-
phosphate, 10 mM EGTA, 10 mM DTT, 20 mM NaF, 150 mM NaCl,
20% (v/v) glycerol, 1% (v/v) Triton X-100, 1 mM Na3;VO4, 1 mM
Pefabloc and 1 tablet of the Mini Complete protease inhibitor cock-
tail). The homogenate was clarified at 6000 x g for 10 min at 2 °C. The
supernatants were mixed proportionally with Laemmli sample buffer
and subjected to SDS-PAGE. Approximately, 100 pg of protein was
loaded per well. Protein content was determined by the micro BCA kit
(Pierce). Gels were semi-dry blotted to nitrocellulose sheets (Protran
Schleicher and Schuell). Membranes were blocked with 1% (w/v) BSA
in Tris-buffered saline plus 0.1% (v/v) Tween 20 (TBST) for 1 h at
room temperature and successively treated with the adequate primary
antibody (see below) overnight at 4 °C and HRP-conjugated secondary
antibody (DAKO HRP-anti-rabbit or HRP-anti-mouse) for 1 h at
room temperature. Membranes were then developed with the ECL
reagent kit (Amersham Biosciences) according to the manufacturer’s
instructions and exposed to Kodak XOMAT films. MAPK or tubulin
probed blots were quantified by scanning densitometry using Gel
Analyzer software. Statistical analysis was done with Graph Pad Prizm
4.0 software.

2.4. Antibodies

The dually phosphorylated form of p38-MAPK was probed using an
affinity purified polyclonal serum developed against a synthetic peptide
corresponding to the dually phosphorylated epitope of the p38-MAPK
(Cell Signaling, Cat. No. 9211), diluted 1:1000 in TBST with 5% (w/v)
BSA. Total p38 was detected with a rabbit polyclonal antibody (Cell
Signaling, Cat. No. 9212) diluted 1:250 in TBST with 5% (w/v) BSA.
Phospho-ERKs were probed with rabbit polyclonal antibodies (Cell
Signaling, Cat. No. 9101 and Santa Cruz, Cat. No. SC16982) diluted
1:1000 in TBST with 5% (w/v) BSA. To ensure equal loading per well,
membranes were stripped and reprobed with the mouse monoclonal
anti-a-tubulin antibody DM1A (Sigma) diluted 1:250 in TBST with 5%
(w/v) BSA.

2.5. Immunofluorescence

For immunolabeling of tubulin polymers, root tips were fixed in 8%
(w/v) paraformaldehyde in microtubule (Mt) stabilizing buffer (MSB;
100 mM K-PIPES, pH 6.8, 5 mM EGTA and 10 mM MgSOy,). Cell
walls were digested with 1% (w/v) driselase, 3% (w/v) cellulase Ono-
zuka R-10, 1% (w/v) macerozyme and 3% (w/v) pectinase and root tips
were macerated on polycationized acid-washed coverslips to release
individual cells. These were successively permeabilized with 3% (v/v)
Triton X-100 in PBS, pH 7.4, blocked with 3% (w/v) BSA in PBS and
probed with an anti-a-tubulin monoclonal antibody (clone YOL1/34,
Abcam, diluted 1:100 in PBS) and finally with FITC-conjugated anti-
rat IgGs (Sigma, diluted 1:20 in PBS).

Nuclei were counterstained with bis-benzimide (Hoechst 33258,
Sigma) and specimens were mounted in 90% (v/v) glycerol in PBS, pH
8.0, supplemented with 0.1% (w/v) of paraphenylenediamine as an
antifading agent. Specimens were observed and photographed through
a Zeiss Axioplan microscope equipped with Neofluar objectives and
standard monochromatic filters. Photomicrographs were captured on
Kodak T-MAX 400 film rated at 1600 ISO.

2.6. Transmission electron microscopy and tubulin polymer
morphometric analysis

Root tips were fixed, dehydrated, infiltrated and embedded in
Spurr’s resin as previously described [13]. Thin sections were sequen-
tially stained with uranyl acetate and lead citrate and observed through
a Philips 300 EM. For Mts and macrotubule diameter measurements,
the microscope was calibrated with a grated microscale and measure-
ments were conducted accordingly [13].

2.7. Microscopic assessment of living material
Paradermal sections of MAPK inhibitor-treated or untreated roots
were collected in a drop of 1 M sucrose in Hoagland’s solution with or
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without inhibitors and studied through time using DIC optics. Proto-
plast volume measurements were conducted using Hoffler’s method [13].

3. Results

3.1. General remarks on the hyperosmotically treated cells
The time course of plasmolysis of wheat root cells in hy-
perosmotic sucrose was essential as described for mannitol

Fig. 1. Plasmolyzed root cells under DIC optics (A, B), after tubulin
immunofluorescence (C-F) and in TEM (G, H). (A, B) DIC micro-
graphs of a living rhizodermal cell treated with 1 M sucrose for 5 and
60 min. The asterisks mark the plasmolyzed protoplast. The protoplast
volume remains almost the same after 60 min of plasmolysis. Bars 10
pum. (C) Cortical macrotubule arrays in a root cell plasmolyzed with 1
M sucrose for 30 min. Bar 10 um. (D) Root cell treated with 1 pM
SB203580 for 2 h and exposed to 1 M sucrose supplemented with 1 pM
SB203580 for 60 min, showing poor development and abnormal dis-
tribution of cortical tubulin strands (compare with figure C). Bar 10
um. (E) Perinuclear macrotubule arrays in a root-cap cell plasmolyzed
with 1 M sucrose for 30 min. Bar 10 pm. (F) Root-cap cell treated as
the cell of figure D, lacking tubulin strands (compare with figure E).
Bar 10 pm. (G, H) Electron micrographs of cross-sectioned Mts (G,
arrow) and macrotubules (H, arrow). Bar 100 nm.



170

solutions [13]. In untreated roots, plasmolysis was concluded
within 5-10 min after the exposure of root cells to the hyper-
osmotic medium. At longer times, no significant changes in the
volume of the plasmolyzed protoplast were observed (Fig. 1A
and B). In their vast majority, the plasmolyzed protoplasts
assumed a convex form (Fig. 1A and B).

In plasmolyzed interphase cells, Mts were replaced by thick
strands of tubulin polymers, traversing the cortical cytoplasm
and the endoplasm (Fig. 1C and E). TEM observations re-
vealed that the tubulin strands consist of macrotubules
(Fig. 1H; cf. Fig. 1G) with a diameter ranging from 24 to 33
nm (mean diameter 27+ 0.3 nm, » = 102). In contrast, the
mean Mt diameter in control cells was 21 +0.4 nm (n = 105).
Differences between the mean diameters (macrotubules vs Mts)
were statistically significant (P < 0.05). The macrotubules in
the plasmolyzed plant cells consist probably of more than 13
protofilaments [13,14].

3.2. Hyperosmotic conditions induce the accumulation of a
phospho-p38-like MAPK in a time- and dose-dependent
manner

Western blot localization of a 46 kDa phospho-p38-like

MAPK in extracts collected from a time series in 1 M sucrose

yielded a time-dependent pattern of accumulation. The accu-

mulation of this protein started as early as 10 min from the
onset of hyperosmotic treatment and peaked 90-120 min later

(Fig. 2B).
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Fig. 2. Time-dependent accumulation of phospho- and total p38 im-
munoreactivity in roots challenged by 1 M sucrose in Hoagland’s so-
lution. (A) Quantification of root extracts collected at the designated
time points for phospho-p38 immunoreactivity (mean % fold accu-
mulation+S.E.M. from 4 independent experiments, *P < 0.05,
**P < 0.01, TP < 0.001 vs control value). Control (C) was arbitrarily
set as 100%. (B) Western blots demonstrating the time course of
phospho-p38 (upper) and total p38 (middle) immunoreactivity accu-
mulation as well as the respective loading control probed with the
DMI1A anti-tubulin mAb (lower). Total p38 MAPK or DMIA lane-
to-lane density fluctuation is not statistically significant (P > 0.1).
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Densitometric analysis showed that phospho-p38 immuno-
reactivity started to accumulate as soon as 10 min after the
onset of the hyperosmotic treatment and increased up to 900%
at 120 min compared with the control (Fig. 2A). During longer
exposure of seedlings to the hyperosmotic medium, the levels
of phospho-p38 drop yet remaining higher than the levels of
phospho-p38-like MAPK of control cell extracts (Fig. 2A and
B). Total p38 immunoreactivity as probed in appropriate
Western blots (Fig. 2B) remained fairly constant in root cell
extracts at the same time series of 1 M sucrose treatment.

For dose-response experiments, roots were treated with the
hyperosmotic solutions at the concentrations indicated in
Fig. 3 for 1 h. Increase in phospho-p38 immunoreactivity was
also found in roots subjected to sucrose concentrations as low
as 250 mM (Fig. 3A and B), where no plasmolysis was mi-
croscopically detectable. At increasing sucrose concentrations,
the levels of phospho-p38 immunoreactivity were proportion-
ally enhanced (Fig. 3A and B) and reached saturation at 1 M
sucrose (Fig. 3A).

Mechanical wounding due to detachment of roots from the
seedlings had no effect on the accumulation of the phospho-
p38 MAPK immunoreactivity (data not shown).

To test whether the detection of phospho-p38-like MAPK
was due to cross reactivity of the antibody used hereby with
phospho-ERK species, blots of hyperosmotically treated root
cell extracts were analyzed with two anti-phospho-ERK anti-
bodies (see Section 2.4). As it is shown in Fig. 4A and B, the
phospho-ERKSs are absent from the plasmolyzed root extracts.
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Fig. 3. Dose-dependent accumulation of phospho-p38 immunoreac-
tivity of root extracts treated with the designated sucrose concentra-
tions in Hoagland’s solution. (A) Quantification of root cell extracts
treated for 1 h with different sucrose concentrations (mean % fold
accumulation + S.E.M. from 4 independent experiments, *P < 0.05,
**P < 0.01 vs control value). Control (C) was arbitrarily set as 100%.
(B) Western blots demonstrating the dose-response of phospho-p38
immunoreactivity (upper) and the respective loading control probed
with the DM1A anti-tubulin mAb (lower).
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Fig. 4. Roots treated with 1 M sucrose for the designated time series
(A, B) or with 1 uM PMA in the presence or absence of 25 pM
PD98059 (C) and probed with anti-phospho-ERK antibodies. (A, B)
The same Western blot probed with either the Cell Signaling antibody
(A) or Santa Cruz antibody (B) showing phospho-ERK absence. In the
last lane, a positive control from hyperosmotically treated frog heart is
included. (C) Western blot demonstrating phospho-ERK immunore-
activity of extracts from control roots (1), roots treated with 1 pM
PMA (2) and roots treated with 1 uM PMA in the presence of 25 uM
PD98059 (3). In lanes 4, 5, and 6, mammalian C2 mouse skeletal
myoblasts treated likewise were included as positive controls for
phospho-ERK immunoreactivity. Obviously, the antibody used hereby
detects phospho-ERK (1, 2, 3) and PD98059 inhibits the phospho-
ERK accumulation (lane 3; cf. lane 2) in our system.

In contrast, both antibodies detected a very prominent band at
approximately 45 kDa in extracts from control (non-plasmo-
lyzed) roots treated with the ERK activator PMA (Fig. 4C).
This finding shows that both antibodies have the ability to
recognize phospho-ERKs (see also [15]). Furthermore, the
MEKI1 selective inhibitor PD98059 (25 M) abolished the ERK
activation induced by PMA (Fig. 4C).

3.3. Effects of MAPK inhibitors on the hyperosmotically
induced accumulation of the phospho-p38-like MAPK

Western blot analysis of samples from hyperosmotically
treated roots incubated along with the p38-MAPK specific in-
hibitor SB203580 revealed a dramatic reduction (270% with
respect to sucrose treated roots) in the levels of phospho-p38
immunoreactivity at micromolar concentrations (1-75 pM,
Fig. SA and B). SB203580 is a highly selective inhibitor of the
activated phosphorylated form of p38-MAPK. However, it has
been repeatedly reported to also prevent the phosphorylation
of the inactive p38-MAPK by interfering with the interaction of
the p38-MAPK with its upstream activators [16]. Concerning
other inhibitors, neither PD98059 nor U0126, both used at 50
puM, inhibited the accumulation of phospho-p38 immunoreac-
tivity under hyperosmotic conditions (Fig. 5A and C).

3.4. The effects of MAPK inhibitors on the course of
plasmolysis and the volume of the plasmolyzed protoplast
To assess the role of MAPKs in the osmotic tolerance of
plasmolyzed wheat root cells against hyperosmotic conditions,
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Fig. 5. Differential effects of three MAPK inhibitors on the sucrose-
induced accumulation of phospho-p38 immunoreactivity. (A) Quan-
tification of sucrose-induced phospho-p38 immunoreactivity in the
absence or presence of SB203580 (1, 20 and 75 pM), PD98059 (50 uM)
and U0126 (50 pM). Results are depicted as mean % fold accumula-
tion +S.E.M. from 4 independent experiments (*P < 0.05 vs sucrose
value). Control (C) was arbitrarily set as 100%. (B) Western blot to
demonstrate the phospho-p38 immunoreactivity of extracts from
control roots (1) and roots treated with 1 M sucrose (2) or with | M
sucrose plus 1, 20 and 75 pM SB203580 (3-5). (C) Western blot
demonstrating the phospho-p38 immunoreactivity of extracts from
control roots (1) and roots treated with 1 M sucrose (2) and with 1 M
sucrose plus 50 uM PD98059 (3), or 50 uM U0126 (4).

roots were exposed to hypertonic sucrose solutions in the
presence of MAPK inhibitors SB203580, PD98059 or U0126.
In all cases, root cells were monitored for up to 2 h. Finally,
roots plasmolyzed in the presence or absence of inhibitors,
were fixed and the volumes of the plasmolyzed protoplasts
were measured accordingly [13].

Treatment of roots with either 20 pM PD98059, or 20 uM
U0126, both inhibitors of the ERK pathway, did not have any
significant effect on the time course of plasmolysis. The chain
of events during the exposure of PD98059 or U0126-treated
root cells was almost identical to that of the untreated ones
(data not shown). By contrast, SB203580 had profound effects
even at 1 puM. In this case, plasmolysis was significantly pro-
longed as the protoplast volume diminution continued for up
to 1 h after the exposure of root cells to the hyperosmotic
medium (Fig. 6A and B; cf. Fig. 1A and B).
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Fig. 6. (A, B) DIC micrographs of living rhizodermal cells pretreated
with 1 uM SB203580 for 2 h taken at 5 and 60 min after treatment with
1 M sucrose plus 1 uM SB203580. Volume reduction of the plasmo-
lyzed protoplasts (asterisks) is evident. Bar 10 pm. (C) Histogram
depicting the mean protoplast volumes (+S.E.M.) of rhizodermal cells
treated with 1 M sucrose for 60 min or treated for the same time with 1
M sucrose plus 1 uM SB203580, or 20 uM PD98059 or 20 uM U0126.
Differences of mean protoplast volume between sucrose-treated and
sucrose plus SB203580 treated cells were statistically significant
(**P < 0.01).

Volume measurements of the plasmolyzed protoplast re-
vealed that either PD98059 or U0126 treatments did not have
any statistically significant effect (Fig. 6C). By contrast,
SB203580 treatment brought about approximately 45% dimi-
nution of the plasmolyzed protoplast volume when compared
to untreated plasmolyzed cells (Fig. 6C).

3.5. The effects of MAPK inhibitors on the hyperosmotically
induced tubulin cytoskeleton reorganization

Since tubulin cytoskeleton reorganization holds a pivotal
role in the osmotic tolerance of wheat root cells [13], we rea-
soned that the phospho-p38-like protein could be involved to
some extent in the formation and/or organization of hyper-
osmotically induced tubulin macrotubules. For this purpose,
we studied the organization of tubulin cytoskeleton in hyper-
osmotically treated root cells in the presence of the MAPK
inhibitors SB203580 or PD98059.

Non-plasmolyzed root cells exposed to either 1 puM
SB203580, or 20 pM PD98059 for 3 h were processed for tu-
bulin immunofluorescence to test whether the inhibitors exert
any effect on Mt organization. In both cases, cortical Mt ar-
rays were normal (data not shown).
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SB203580 treatment of root cells exposed to 1 M sucrose
yielded a tubulin cytoskeletal response markedly different from
that expected under typical hyperosmotic conditions. Usually,
the SB203580-treated interphase plasmolyzed cells display
sparsely arranged atypical strands of cortical tubulin polymers
instead of the dense and diffuse macrotubule arrays expected
(Fig. 1D; cf. Fig. 1C), or they lack tubulin strands. The latter
phenomenon is clear in the plasmolyzed root-cap cells, where
radial perinuclear macrotubule arrays are typically observed.
SB203580 treatment induced their disappearance from every
cell examined (Fig. 1F; cf. Fig. 1E). PD98059 treatment did
not affect the hyperosmotically induced tubulin cytoskeleton
reorganization (data not shown).

TEM examination of cells plasmolyzed in the presence of 1
uM SB203580 confirmed in their majority the low abundance
of tubulin polymers, while in few, which were not intensely
plasmolyzed, those persisted forming clusters (data not
shown).

4. Discussion

4.1. Identification of a phosphorylated p38-like MAPK in
hyperosmotically stressed cells

The most significant finding presented hereby is the detec-
tion of a 46 kDa phospho-p38-like MAPK in hyperosmotically
stressed root cells of an angiosperm for the first time. So far,
p38-like and JNK-like MAPKs have been excluded from
higher plants based on sequence analysis failure to recover
plant homologues of TGY and TPY motifs within the acti-
vation loop of MAPKs [11]. However, recently, Jimenez et al.
[17] demonstrated the occurrence of a 57 kDa phospho-p38-
like MAPK in hyperosmotically and UV-stressed unicellular
alga Dunaliella. In our system, detection of the phospho-
p38-like MAPK was based on a highly specific antibody raised
against the phosphorylated form of an oligopeptide containing
the "'TG'32Y motif of mammalian p38-MAPK. This anti-
body detected phospho-p38-MAPK in phylogenetically distant
organisms including algae [17], mammals [18], amphibians
[19,20] and mussels [21]. Additionally, antibodies raised
against the similar oligopeptide of mammalian ERKs failed to
detect the 46 kDa band in the plasmolyzed root cells of wheat
(Fig. 4A and B), suggesting that there was no false cross-re-
activity with the ERK species. The most compelling evidence,
however, comes from the use of SB203580, a highly specific
p38-MAPK activation inhibitor [15]. Plasmolysis in the pres-
ence of SB203580 resulted in the dramatic diminution of the
phospho-p38-like MAPK levels in immunoblots.

4.2. Probable involvement of the p38-like MAPK in tubulin
cytoskeleton reorganization and protoplast volume
regulation

In plants, hyperosmotic stress induces massive reorganization
of the tubulin and actin cytoskeleton [13,14,22-25]. In wheat
root cells, Mts are disintegrated and replaced by tubulin ma-
crotubules [13]. In contrast, in hyperosmotically stressed

Chlorophytum comosum leaf cells, an extensive reorganization

of the actin cytoskeleton occurs [25]. Results from the present

study, revealed that a SB203580 sensitive mechanism interferes
with Mt disintegration and/or macrotubule polymerization.

Since SB203580 is a highly specific inhibitor of the p38-MAPK

[15], it is reasonable to assume that the phospho-p38-like
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MAPK identified in this work is related to this mechanism.
Although the implication of MAPKSs in mechanisms controlling
cytoskeletal organization and dynamics has been demonstrated
in plants, the involvement of a p38-MAPK has not been re-
ported so far. In alfalfa suspension culture cells, a stress acti-
vated MAPK (SAMK), is responsive against antimicrotubular
treatments and becomes activated by the use of either oryzalin
or low temperatures [26]. In salt stressed alfalfa root cells, the
MAPK SIMK colocalizes with the preprophase Mt band, the
mitotic spindle and the phragmoplast but not with the inter-
phase cortical Mt arrays [27,28]. Two other MAPKs, NPK1
and NtF6 identified in cytokinetic tobacco cells, are involved in
the formation and development of the phragmoplast [27].

In animal cells, p38-MAPK is directly involved in Mt
organization and function. In human gingival fibroblasts and
rat2 cells, mechanical loading induces both the activation of
p38-MAPK and its translocation to the focal adhesion sites in
a Mt-dependent manner [29]. Besides, in hypo-osmotically
treated rat liver cells, Mts mediate autophagosome formation
downstream of p38-MAPK activation [30]. The relationship
between p38-MAPK activation and the tubulin polymer state
is furthermore substantiated in studies of animal cells dem-
onstrating differential effects of various anti-cytoskeletal drugs
on p38-MAPK activation [31]. Among the possible targets of
p38-MAPK relevant to Mt dynamics and organization stath-
min and tau proteins are included [1]. Mt-p38-MAPK inter-
actions are also implicated in the spatial control of p38-MAPK
signaling, while scaffolding proteins like JIP2, link p38-MAPK
to Mts via interactions with kinesin motor proteins [7]. This
information supports the view that the 46 kDa phospho-p38-
like MAPK is involved in the control of tubulin cytoskeleton
reorganization in the plasmolyzed wheat root cells.

In plants, Mts may be involved in the guard cell volume reg-
ulation occurring in stomatal movement, being probably re-
quired upstream to the H* efflux and K* influx leading to
stomatal movement (reviewed in [32]). In the plasmolyzed wheat
root cells, tubulin macrotubules appear involved in a protoplast
volume regulatory mechanism [13]. The present findings re-
vealed that a p38-like MAPK signaling pathway is probably
implicated in the above mechanism cooperating with the cortical
macrotubules, as assessed by the use of SB203580. This phos-
pho-p38-MAPK inhibitor interfered with the osmotic tolerance
of wheat root cells and the state of the tubulin polymers.

In animals, although Mt arrays seem to be implicated in the
regulatory volume increase (RVI) [33], this phenomenon is
functionally coupled to the actin cytoskeleton remodeling in-
volved in both the regulation of ionic transport and plasma
membrane protection. Two prominent features of RVI, the
induction of polymerization of actin filaments and their in-
teraction with NHE]1, are in part controlled by the activated
p38-MAPK. The mechanism through which p38-MAPK af-
fects actin polymer fraction depends on the p38-MAPK
mediated Hsp27 phosphorylation [34]. p38-MAPK is also in-
volved in another major aspect of RVI, the regulation of so-
dium/proton exchange through the function of plasma
membrane NHEs and particularly NHE1, which is ubiqui-
tously involved in RVI events [35]. The hyperosmotic activa-
tion of NHE1 by phosphorylation has been partially attributed
to p38-MAPK activation [36]. Since NHEI regulation also
depends on components of the actin cytoskeleton [37], the role
of p38-MAPK in its regulation might be more complex.
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SIMK was initially identified as a plant MAPK activated in
a wide range of osmotic stress [10]. SIMK is also related to the
actin-dependent root-hair tip growth [38]. Considering that the
actin cytoskeleton appears to be involved in the control of
protoplast volume in plasmolyzed leaf cells of Chlorophytum
comosum [25,39], it would be interesting to find out whether
SIMK and/or a p38-like MAPK are implicated in the hyper-
osmotically induced actin filament reorganization [25,39].
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