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Plants, which are sessile unlike most animals, have evolved a
system to reduce growth under stress; however, the molecu-
lar mechanisms of this stress response are not well known.
During programmed development, a fraction of the leaf epi-
dermal precursor cells become meristemoid mother cells
(MMCs), which are stem cells that produce both stomatal
guard cells and epidermal pavement cells. Here we report
that Arabidopsis plants, in response to osmotic stress, post-
transcriptionally decrease the protein level of SPEECHLESS,
the transcription factor promoting MMC identity, through
the action of a mitogen-activated protein kinase (MAPK)
cascade. The growth reduction under osmotic stress was
lessened by inhibition of the MAPK cascade or by a mutation
that disrupted the MAPK target amino acids in SPEECHLESS,
indicating that Arabidopsis reduces growth under stress by
integrating the osmotic stress signal into the MAPK–
SPEECHLESS core developmental pathway.

Keywords: Arabidopsis thaliana � Mitogen-activated protein
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Abbreviations: Col, Columbia; EPF, EPIDERMAL
PATTERNING FACTOR; ER, ERECTA; ERL, ERECTA LIKE;
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curonidase; MAPK, mitogen-activated protein kinase; MMC,
meristemoid mother cell; NGC, non-guard cell; PEG, poly-
ethylene glycol; RT–PCR, reverse transcription–PCR; SPCH,
SPEECHLESS; TMM, TOO MANY MOUTHS; YFP, yellow
fluorescent protein.

Introduction

Water deficiency is one of the most serious threats to plant
survival in nature. Low (more negative) soil water potential
caused by drought (dry soil) or high osmotic pressure (high
concentrations of solute) can make it difficult for plants to
obtain water. Plants deal with water deficiency by undergoing
short- and long-term responses. As a short-term response to
drought, plants close their stomata. Stomatal closure decreases
water loss, but it also inhibits CO2 intake, therefore this re-
sponse is a trade-off between water conservation and

photosynthesis. As longer term responses, plants produce vari-
ous materials that make the cytoplasmic osmotic potential
more negative, protect the cells or decrease growth.
Generally, growth of the shoot is more severely reduced than
that of the roots under water-deficient conditions, and a low
shoot/root ratio is advantageous for survival under such con-
ditions (Sharp and Davies 1989). It is possible that plants have
evolved systems to reduce growth under various stresses to
enhance their survival, and that growth reduction under
stress is an active process. In the case of salt stress, there is
evidence that growth reduction is in part mediated through
modulation of growth repressor proteins (Achard et al. 2006).

Molecular mechanisms for perception of osmotic stress are
being uncovered. One candidate osmosensor is AtHK1, which is
a plasma membrane-localized histidine kinase. AtHK1 can sup-
press the phenotype of a yeast with a mutation in the gene for
the yeast osmosensor, SLN1 (Urao et al. 1999). However, the
phenotypes of the loss-of-function mutant of AtHK1 under
stresses are moderate (Tran et al. 2007, Kumar et al. 2013,
Lau et al. 2014), suggesting that there are other osmosensing
mechanisms. Recently, a transmembrane hyperosmolality-acti-
vated calcium channel, OSCA1, was identified. Loss-of-function
osca1 mutation compromises a range of hyperosmolality re-
sponses, indicating that it is a physiologically important osmo-
sensor (Yuan et al. 2014). Many possible secondary messengers,
including calcium, reactive oxygen species, calcium-dependent
protein kinases and mitogen-activated protein kinases
(MAPKs), are implicated in osmotic signaling (Deinlein et al.
2014, Golldack et al. 2014). However, how plants regulate cell
proliferation in response to stress is still elusive.

During leaf development, leaf protodermal cells may either
terminally differentiate into pavement cells (general epidermal
cells) or become meristemoid mother cells (MMCs). MMCs are
defined as cells that undergo asymmetric cell division to create
a small triangular cell, named a meristemoid, and a larger sister
cell. Both cells may undergo additional rounds of asymmetric
cell division, but the meristemoid and its sister cell eventually
become stomatal guard cells (GCs) and pavement cells, respect-
ively. Thus, the asymmetric divisions impart a stem cell-like
character to the stomatal lineage (Nadeau and Sack 2002).
Some MMC daughters have MMC identity and, by this stem
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cell character, the stomatal lineage can produce multiple GCs
and pavement cells. Thus the number and activity of MMCs
determine the number of epidermal cells, including GCs and
non-guard cells (NGCs) (Fig. 1A).

Genetically programmed molecular pathways that regulate
the placement and number of stomata and pavement cells are
well understood (Lau and Bergmann 2012, Pillitteri and Torii
2012, Pillitteri and Dong 2013). The master transcriptional regu-
lator for this stem cell identity is SPEECHLESS (SPCH)
(MacAlister et al. 2007, Pillitteri et al. 2007, Pillitteri and Torii
2012, Pillitteri and Dong 2013). EPIDERMAL PATTERNING
FACTOR 2 (EPF2), which is produced and secreted by MMCs,
functions as a negative feedback signal for stem cell number
(Hara et al. 2009, Hunt and Gray 2009). EPF1, a secretory pep-
tide resembling EPF2, is produced and secreted by the meriste-
moid and its early descendants. EPF1 inhibits contact formation
of two stomata by regulating the plane of asymmetric cell div-
ision in cells contacting an EPF1-producing cell (Hara et al.
2007) and by inhibiting the acquisition of meristemoid identity
(Hara et al. 2009). Stomagen (also known as EPFL9), which also
resembles EPF1 and EPF2 in amino acid sequence, is secreted by
immature mesophyll cells and positively regulates the number

of stomata (Kondo et al. 2010, Sugano et al. 2010). EPF1 and
EPF2 are perceived and signaled by receptor complexes consist-
ing of the TOO MANY MOUTHS (TMM) receptor-like protein
and several ERECTA (ER) and ERECTA LIKE 1 and 2 (ERL1 and
ERL2) receptor kinases (Lee et al. 2012, Jewaria et al. 2013).
Stomagen also requires TMM to function (Kondo et al. 2010,
Sugano et al. 2010). TMM and ER receptors act upstream of a
MAPK cascade that phosphorylates and destabilizes the SPCH
transcription factor (Lampard et al. 2008). These peptides
appear to be differentially recognized by receptor complexes
consisting of different combinations of these receptor compo-
nents (Jewaria et al. 2013). Because genes for these peptides are
developmentally regulated, as described above, they can gen-
erate signaling loops to ensure the basic stomatal and epider-
mal cell number and pattern (Hara et al. 2007, Hara et al. 2009,
Kondo et al. 2010, Sugano et al. 2010).

These developmental programs ensure robust development
of basic plant form. However, plants reduce growth of aerial
parts when they face drought or osmotic stresses (Sharp and
Davies 1989). Although some of the signaling intermediates in
hormone-driven environmental responses are known (Achard
et al. 2007), the developmental effectors of such responses are

Fig. 1 Effects of osmotic stress on epidermal development of the first leaf. (A) Genetically programmed pathway of leaf epidermal development.
The meristemoid mother cells (MMCs) derived from protodermal cells are precursors of the GC pairs that comprise each stoma and the NGCs.
Expression of SPCH is required for cells to be stomatal lineage stem cells (shown in gray). In the spch mutant, all protodermal cells differentiate
into pavement cells without first becoming an MMC. (B–D) Effect of 200 mM mannitol on the growth of the first leaves. Col carrying PIP2-GFP,
which is useful for visualization of cell margins, was used. Five-day-old plants were transferred onto GM gel plates (blue) or plates containing
200 mM mannitol (red), and the first leaves were excised for measurement of leaf area (B), number of GCs per leaf (abaxial side) (C) and number
of NGCs per leaf (abaxial side) (D), every day. Data are shown as the mean ± SD (n� 6).
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not. Here, we aimed to clarify how plants reduce growth under
osmotic stress. For this purpose, we focused on leaf epidermal
growth, because leaf size and stomatal number are important
factors during the adaptation to osmotic and drought stresses,
and the core regulatory pathways for cell fate and proliferation
are known (Pillitteri and Torii 2012).

Results

Time course changes in leaf cell numbers under
osmotic stress.

To examine the time course of leaf growth under osmotic
stress, 5-day-old Arabidopsis seedlings were transferred onto
a gel medium containing an osmoticum, 200 mM mannitol,
and the growth of the first true leaves was monitored. Plant
growth was repressed by mannitol, and the repression was
more in the shoot than in the root (Supplementary Fig.
S1A). After 7 d of mannitol treatment (12 d after seed
sowing), the leaf size (measured as area) of mannitol-treated
plants was 17.1% of that of unstressed (control) plants, and
the numbers of GCs and NGCs on the abaxial sides of
the first leaves were 10.5% and 27.7%, respectively, of the
control values (Fig. 1B–D). Stomatal index [number of
stomata/(number of epidermal cells + number of stomata)]
and stomatal density (number of stomata/total leaf area)
were also decreased by osmotic stress (Supplementary Fig.
S1B, C).

Numbers of MMCs are quickly decreased by
osmotic stress.

In this study, we focused on changes in cell identity and cell
numbers during short-term (24 h) osmotic stress treatment.
Leaf size, and the numbers of GCs and NGCs were significantly
repressed after 24 h treatment with mannitol (columns for
wild-type plants in Fig. 2A–E) or another osmoticum, poly-
ethylene glycol (PEG) 6000 (Fig. 2F–H). Consistently, the
number of cells expressing CycB1::GUS [a DNA region encom-
passing the CYCB1 promoter and that coding for the destruc-
tion box of CYCB1 fused in-frame to the b-glucosidase gene
(GUS)], a marker of the mitotic phase, decreased after the 24 h
period of osmotic stress (Supplementary Fig. S2A, B). Also the
number of cells in mitotic phase was decreased by the osmotic
stress (Supplementary Fig. S2C). The degree of reduction in
leaf size was similar to that of cell number, in the case of both
mannitol and PEG treatment, indicating that the reduction of
leaf size was mostly mediated by a decrease in cell number. To
learn more about patterns of cell changes after stress treatment,
we examined the distribution of cell sizes after the 24 h man-
nitol treatment. The fraction of small NGCs, many of which are
probably MMCs, was lower in the mannitol-treated plants than
in the control plants (Supplementary Fig. S3). We hypothe-
sized that the decrease in cell numbers observed under osmotic
stress was caused by a decrease in the number of MMCs. To
examine this hypothesis, we examined plants carrying the gene
encoding green fluorescent protein (GFP) under the control of
the EPF2 promoter (EPF2pro::GFP); in these plants, GFP is

primarily expressed in MMCs (Hara et al. 2009), the source of
stomata and stomatal lineage pavement cells (Geisler et al.
2000). The number of GFP-positive cells decreased greatly
during the 24 h period of osmotic stress (Fig. 3A, B). In contrast,
when we examined plants carrying the same reporter gene
under the control of the EPF1 promoter (EPF1pro::GFP), a
marker which is first expressed in meristemoids (i.e. not in
MMCs (Hara et al. 2007), GFP expression was not detectably
affected by 24 h osmotic stress, but was decreased only at later
time points (Supplementary Fig. S4). These results indicate
that the MMC population is rapidly decreased by osmotic
stress.

Decrease in the number of MMCs is solely
responsible for the decrease in epidermal cell
numbers

We next asked whether the decrease in the number of MMCs is
responsible for the stress-induced decrease in cell proliferation.
To answer this question, we used the spch mutant, which lacks
MMCs and, consequently, lacks the entire stomatal lineage
(MacAlister et al. 2007, Pillitteri et al. 2007). The number of
epidermal cells and the leaf size of spch plants were unaffected
by osmotic stress (Fig. 2A, B). These results indicate that the
decrease in cell number under the osmotic stress is caused by a
decrease in the number of MMCs.

Osmotic stress decreased leaf growth independent
of ER, ERL1, ERL2, TMM and their peptide ligands

A key question is whether the stress signal regulates the well-
known developmental signaling pathway, which constitutes
the secretory peptides, ER-containing receptor complexes, the
MAPK cascade and SPCH (Lau and Bergmann 2012, Pillitteri
and Torii 2012, Pillitteri and Dong 2013). First, we tested the
involvement of ER-family receptor kinases, which are absolutely
required for the functions of EPF1 and EPF2 (Hara et al. 2007,
Hara et al. 2009). We found that the er erl1 erl2 triple mutant
was able to respond to osmotic stress by decreasing the num-
bers of both GCs and NGCs, and by decreasing leaf size (Fig.
4A–C), indicating that ER-family receptors are not required for
the reduction in epidermal growth induced by osmotic stress.
Consistent with this, experiments with plants carrying a muta-
tion in the gene encoding TMM, the co-receptor of ER-family
receptors (Lee et al. 2012), showed that functional TMM was
not required for the osmotic stress response (Fig. 4D–F). The
EPF-family peptides were also not required for osmotic stress-
induced growth changes: upon stress induction, the expression
level of the EPF1 gene was unchanged and that of the EPF2 gene
decreased (Supplementary Fig. S5A). Because EPF2 negatively
regulates epidermal cell proliferation (Hara et al. 2009), the
decrease in EPF2 mRNA was not responsible for the stress-re-
sponsive decrease in cell number. Expression of the gene encod-
ing stomagen, a positive regulator of the number of stomata,
was decreased by mannitol (Supplementary Fig. S5B).
Therefore, we examined whether the decrease in STOMAGEN
gene expression is necessary for the growth decrease, by using
plants constitutively expressing STOMAGEN under the
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Cauliflower mosaic virus 35S promoter. Overexpression
of STOMAGEN did not greatly affect leaf size (Fig. 4G), but it
increased the number of GC pairs under normal conditions
(Fig. 4H), as has been reported previously (Hunt et al. 2010,
Kondo et al. 2010, Sugano et al. 2010). The GC and NGC pro-
duction was greatly decreased by osmotic stress in plants con-
stitutively expressing STOMAGEN (Fig. 4H, I), indicating that
the observed decrease in STOMAGEN expression with mannitol
treatment was not necessary to mediate the response.

The MAPK cascade integrates stress signaling and
the basal developmental program

The MAPKs MPK3 and MPK6, which function downstream of
the ER-family receptors to regulate epidermal development
(Pillitteri and Torii 2012), are also implicated in stress signaling
(Rodriguez et al. 2010). One hypothesis is that these kinases
actually serve as the integration point between programmed
development and stress responses. To examine the role of a
MAPK cascade in modulating epidermal development in

Fig. 2 The MAPK cascade mediates osmotic stress-induced cell proliferation stop. (A, B) Effect of the spch mutation on osmotic stress-induced
growth reduction. Mannitol treatment was for 24 h. (A) Leaf area. (B) Number of NGCs. Note that spch plants lack GCs. (C–H). The role of the
MAPK cascade for stopping osmotic stress-induced cell proliferation. Col carrying PIP2–GFP was used. Leaf area (C, F), number of GCs (D, G) and
number of NGCs (E, H) of the first leaves after 24 h treatment with mannitol (C–E) or PEG (F–H), in the presence or absence of 25 mM PD98059.
WT, wild-type. Data are shown as the mean ± SD (n� 6). **P< 0.01.
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response to osmotic stress, we first used a MAPK kinase inhibi-
tor, PD98059 (Dudley et al. 1995). PD98059 counteracted the
mannitol-induced decrease in GFP-positive cells in plants car-
rying EPF2pro::GFP (Fig. 3A–D), the decrease in the number of
cells in mitotic phase (Supplementary Fig. S2C), the decrease
in leaf size (Fig. 2C) and the decrease in epidermal cell number
(Fig. 2D, E) in wild-type plants. These results indicate that a
MAPK cascade mediates the stress-induced inhibition of cell
proliferation. Although mannitol has been widely used for stu-
dies of osmotic stress in plants, a recent study has indicated
that mannitol also has an osmotic stress-independent effect on
Arabidopsis growth (Trontin et al. 2014). Therefore, we tested
whether PD98059 inhibits the growth reduction caused by an-
other osmoticum, PEG. Reduction in leaf sizes and of GC and
NGC numbers caused by PEG were all alleviated by PD98059
(Fig. 2F–H).

Decrease in SPCH protein is necessary and
sufficient for a large part of the growth repression

We next examined the behaviour of SPCH, which is the master
regulator of MMC identity. In plants that carried the SPCH–GFP

fusion gene under the control of the SPCH promoter
(SPCHpro::SPCH-GFP), the signal from the SPCH–GFP product
was decreased after 24 h treatment with mannitol (Fig. 5A, B)
or PEG (Fig. 5J, K). To test whether the observed decrease in
SPCH–GFP was due to regulation of SPCH gene expression or of
the SPCH protein, we examined the same fusion gene expressed
under the constitutive 35S promoter (35Spro::SPCH-GFP).
Again, the signal from the SPCH–GFP product was decreased
after 24 h of mannitol-induced stress (Fig. 5D, E), suggesting
that the signal decrease was caused by post-transcriptional
regulation. Previously, SPCH was shown to be destabilized by
MAPK-mediated phosphorylation (Lampard et al. 2008).
Consistent with this, we found that the MAPK kinase inhibitor
PD98059 reversed the effect of mannitol (Fig. 5C, F) or PEG
(Fig. 5L) on the SPCH–GFP signal, suggesting that a MAPK
cascade mediates the decrease in SPCH under osmotic stress.
The results of Western blot analysis confirmed the effect of
PD98059 on the SPCH–GFP level (Fig. 5M).

We next asked whether the decrease in the level or activity
of SPCH was responsible for the decrease in cell proliferation
caused by the osmotic stress. For this purpose, we used a SPCH

Fig. 3 The number of MMCs following osmotic stress is decreased via an MAPK cascade. Five-day-old plants carrying an MMC marker
EPF2pro::GFP were grown for 24 h in (A) control liquid medium, (B) medium containing 200 mM mannitol, (C) medium containing 25 mM
PD98059 (a MAPK kinase inhibitor) or (D) medium containing 200 mM mannitol plus 25 mM PD98059. Scale bars = 50mm.
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variant, SPCH(S1-4), in which the MAPK target serine and
threonine residues are mutated to alanine (Lampard et al.
2008), and examined plants carrying a fusion gene encoding
SPCH(S1-4)–yellow fluorescent protein (YFP) under the control
of the SPCH promoter [SPCHpro::SPCH(S1-4)-YFPI]. The signal
for the fusion protein SPCH(S1-4)–YFP was much less sensitive
to mannitol (Fig. 5G, H) than the SPCH–GFP signal controlled
by an equivalent promoter in the plants described above (Fig.
5A, B). Furthermore, in plants carrying SPCHpro::SPCH(S1-4)-
YFP, the leaf size and numbers of GCs and NGCs were not
decreased by mannitol treatment (Fig. 6A–C). These results
indicate that the decreased growth under osmotic stress is
mediated by a MAPK-mediated decrease in SPCH.

Discussion

Growth reduction under drought and osmotic stresses has
been thought to be an adaptive plant response, but it has
been difficult to determine whether the growth reduction is
only a consequence of the inability to grow under harsh con-
ditions or whether it is an active plant response. High concen-
trations of salts, which can create both osmotic stress and an
ionic imbalance, also negatively affect plant growth. Sodium
chloride increases the stability of a DELLA protein,
REPRESSOR OF GA1-3 (RGA), and Arabidopsis carrying muta-
tions in genes encoding DELLA proteins exhibit decreased
growth reduction under NaCl compared with wild-type
plants (Achard et al. 2006). These results suggest that plants

evolved a specific system to reduce growth under salt stress.
Here we showed that Arabidopsis quickly reduces leaf growth
under osmotic stress by modulating a core developmental
regulatory loop that controls leaf epidermal growth.

In this study, we showed that osmotic stress caused a re-
duction in the number of MMCs (Fig. 3B) and a decrease in leaf
growth and stomatal number. The spch mutant, which lacks
MMCs, did not exhibit these osmotic stress-related effects (Fig.
2A, B), indicating that the reduction in the MMC population
was responsible for the reduction in leaf growth and stomatal
number in wild-type plants. In wild-type plants, a MAPK kinase
inhibitor inhibited the osmotic stress induced-decrease in SPCH
levels (Fig. 5), the reduction of the number of MMCs (Fig. 3)
and the reduction of the number of stomatal and non-stomatal
cells and leaf size (Fig. 2C–H). Furthermore, mutations in the
MAPK target sites of SPCH also inhibited the osmotic stress-
induced reduction of leaf growth (Fig. 4K–M). Taken together,
our results indicate that a MAPK-mediated decrease in SPCH
protein levels under stress conditions is responsible for the de-
crease in the number of MMCs and hence the reduction in the
number of epidermal cells. YDA (MKKK4, a MAPK kinase
kinase)–MKK4 and MKK5 (MAPK kinases)–MPK3 and MPK6
(MAPKs) mediate a developmental pathway regulating the sto-
matal lineage (Bergmann et al. 2004, Wang et al. 2007). On the
other hand, MKKK20 (a MAPK kinase kinase), MKK4 and
MAP3/4/6 are suggested to mediate osmotic stress signaling
(Ichimura et al. 2000, Kim et al. 2011, Kim et al. 2012).
Although the role of YDA in osmotic stress signaling has not
been examined due to the seedling-lethal phenotype of the yda

Fig. 4 ERECTA–TMM receptor complexes and the decrease in STOMAGEN are not responsible for the mannitol-induced decrease in cell
proliferation. Five-day-old plants were transferred to liquid nutrient medium without (blue) or with (red) 200 mM mannitol, and cultured for
24 h. Results for plants carrying (A–C) the er erl1 erl2 triple mutant, (D–F) tmm or (G–I) 35Spro::STOMAGEN are shown. Leaf area (A, D), number
of GCs (B, E) and number of NGCs (C, F) in the abaxial leaf surface of the first leaf are shown. Data are shown as the mean ± SD (n� 6). **P< 0.01.
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Fig. 5 SPCH–GFP protein was decreased by osmotic stress in a MAPK-dependent manner. (A–I) Effects of 200 mM mannitol and a MAPK kinase
inhibitor (PD98059) on the levels of SPCH–GFP and SPCH(S1-4)–GFP. Scale bars = 50 mm. Plants carrying (A–C) SPCHpro::SPCH-GFP, (D–F)
35Spro::SPCH-GFP or (G–I) SPCHpro::SPCH(S1-4)-YFP were analyzed. Seedlings were grown in (A, D, G) nutrient liquid medium, (B, E, H) nutrient
liquid medium containing 200 mM mannitol or (C, F, I) liquid medium containing 200 mM mannitol plus 25 mM PD98059 for 24 h. The SPCH–
GFP level was decreased by osmotic stress, and the decrease was dependent on a MAPK pathway. (J–K) Effects of 22% PEG and a MAPK kinase
inhibitor (PD98059) on SPCH–GFP. (J) Control, (K) 22% PEG, (L) 22% PEG plus 25 mM PD98059. (M) Western blot analysis showing the protein
levels of SPCH–GFP. The position corresponding to SPCH–GFP is indicated by an arrow.

2043

Plant Cell Physiol. 55(12): 2037–2046 (2014) doi:10.1093/pcp/pcu159



loss-of-function mutant and plants carrying a gain-of function
YDA gene (Lukowitz et al. 2004), it is possible that MKK4 might
function as an integration point of developmental and osmotic
stress signaling. Thus, although specific components of the
MAPK cascade mediating this pathway are yet to be defined,
our findings demonstrate that Arabidopsis plants control their
growth, in response to osmotic stress, by modulating the core
signaling pathway involving the MAPK–SPCH signaling module
that normally ensures the basic developmental program (Fig. 7).

Osmotic stress reduces proliferation of not only leaf epider-
mal cells, but also mesophyll cells. It is likely that growth of the
different cell layers is co-ordinated. Perhaps the proliferation of
inner cells (mesophyll cell precursors) depends on epidermal
cell proliferation. However, it is also possible that inner cells
may have an independent system to regulate cell proliferation
in response to osmotic stress. Another interesting question is
whether analogous systems that integrate environmental stress
and developmental programs operate in different organs. The
stress-induced active growth reduction system appears to have
evolved to optimize the survival rate at the expense of rapid
growth under harsh environmental conditions. The knowledge
of this mechanism opens up the possibility to optimize the
balance of biomass and stress adaptation in field crops.

Materials and Methods

Growth conditions, and stress and chemical
treatments

Arabidopsis thaliana Columbia (Col) ecotype was used. Plants were grown on a

GM gel medium [Murashige and Skoog’s salts (Murashige and Skoog 1962), 1%

(w/v) sucrose, 100 mg l–1 inositol, 10 mg l–1 thiamine-HCl, 1 mg l–1 pyridoxine-

HCl, 1 mg l–1 nicotinic acid, 0.05% MES-KOH (pH 5.7), 0.4% PhytagelTM (Sigma-

Aldrich)] for 5 d at 22�C For all 24 h osmotic stress experiments, except those

involving reverse transcription–PCR (RT–PCR) or CYCB1-GUS staining, 5-day-

old plants were moved to liquid nutrient medium [Gamborg’s B5 salts

(Gamborg et al. 1968), 1% sucrose, 0.05% MES-KOH, 100 mg l–1 inositol,

10 mg l–1 thiamine-HCl, 1 mg l–1 pyridoxine-HCl, 1 mg l–1 nicotinic acid] con-

taining no osmoticum (control), 200 mM mannitol, 22% PEG-600 or one of the

above osmotica plus 25mM PD98059.

For the RT–PCR experiments, CYCB1-GUS staining experiment and 1 week

time course experiments, 5-day-old plants were moved onto GM gel medium

with or without 200 mM mannitol.

Image analysis for epidermal cell number and size
quantification

The plasma membrane of the first leaves was stained with 10 mM FM4-64 dye

(Invitrogen), and images were captured with a confocal microscope, LSM710

(Carl Zeiss) or FV300 (Olympus). For all 24 h stress treatment experiments, all

epidermal cells of the abaxial side of the first true leaf were manually counted by

using the ImageJ software (http://imagej.nhi.gov/ij). Col ecotype plants carrying

a fusion gene encoding a plasma membrane marker, PIP2–GFP (Cutler et al.

2000), were used as the wild type for experiments including only the wild type,

and cell margins were visualized with the GFP signal. For measurements of NGC

cell area, we used Packing Analyzer V2 software (Aigouy et al. 2010).

In the time course experiment (Fig. 1B–D, 2–7 d treatment), we counted

cell numbers in 0.11 mm2 areas of the distal and proximal regions of the abaxial

parts (excluding the midvein) of the first leaf, and we used the average of the

two values to estimate the total cell numbers. This was because it was not

realistic to count all cells in large leaves. The time course experiment was

performed twice, and data from a representative experiment are shown.

Fig. 7 A proposed model for the molecular mechanisms responsible
for decreases in cell proliferation in response to osmotic stress. In
response to osmotic stress, plants activate a mitogen-activated pro-
tein kinase (MAPK) module, which in turn decreases the level of
SPEECHLESS (SPCH) and forces stem cells to differentiate terminally
into pavement cells. This results in a decreased number of stomata
and reduced leaf growth. EPF, EPIDERMAL PATTERNING FACTOR; ER,
ERECTA; ERL, ERECTA-LIKE; MMC, meristemoid mother cell; TMM,
TOO MANY MOUTHS.

Fig. 6 The MAPK target sites of SPCH are necessary for stress-induced
growth reduction and drought tolerance. (A–C) Epidermal growth of
Arabidopsis carrying stabilized SPCH after 24 h of mannitol treatment.
(A) Leaf size, (B) number of GCs per leaf and (C) number of NGCs per
leaf. Blue, control; red, 200 mM mannitol. Data are shown as the
mean ± SD (n� 6). **P< 0.01.
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Plant materials

The genetic background of er;erl1;erl2 (Shpak et al. 2005), tmm (Salk 011959)

(Hara et al. 2007) and all transformants used in this study is Col. Arabidopsis

carrying 35Spro::SPCH-GFP or 35Spro::STOMAGEN-GFP was produced as

follows. The EGFP gene was PCR-amplified with primers EGFPSmaIFw (50-

tcccccgggaaaATGGTGAGCAAGGGCGAGGAGCTGTTCAC-30) and EGFP

PacIRv (50-ccttaattaaGTTACTTGTACAGCTCGTCC-30), where lower case let-

ters indicate sequences added to create restriction enzyme sites, and the ampli-

fied DNA was digested with SmaI and PacI restriction enzymes, and cloned

between the SmaI and PacI sites of a binary vector pHM3 to create pHM3-EGFP.

The SPCH gene was PCR-amplified from genomic DNA of Arabidopsis ecotype

Col, by using primers SPCHXbaIFw (50-tgctctagaATGCAGGAGATAATACCG

GATT-30) and SPCHAsc1Rv (50-tttggcgcgcctcctcctccGCAGAATGTTTGCTG-

30), and the amplified DNA was digested with XbaI and SmaI restriction en-

zymes, and then cloned between XbaI and SmaI sites of pHM3-EGFP, creating

the plasmid pHM3-SPCH-EGFP (carrying 35Spro::SPCH-GFP). The STOMAGEN

gene was PCR-amplified from genomic DNA of Arabidopsis ecotype Col, by

using primers STOMAGENXho1Fw (50-ccgctcgagaaaATGAAGCATGAAATGA

TGAAC-30) and STOMAGENSma1Rv (50-tcccccgggTCTATGACAAACACATCT

ATAATGATAAG-30), and the amplified DNA was digested with XhoI and SmaI

restriction enzymes, and then cloned between XhoI and SmaI sites of pHM3-

EGFP, creating pHM3-STOMAGEN-EGFP (carrying 35Spro::STOMAGEN-EGFP).

pHM3-SPCH-EGFP and pHM3-STOMAGEN-EGFP were transformed into

Arabidopsis ecotype Col. Arabidopsis carrying CER6pro::H2B-GFP was produced

as follows. A 1.2 kb promoter region of CER6 was PCR-amplified by using pri-

mers pCER6Fw (50-TCCCAAGCTTTACTCTTCGATATCGGTTGTTG-30) and

pCER6Rv (50-CGTCGGAGAGTTTTAATG-30), and the coding region of the

HISTONE H2B gene (AT5G22880) was amplified by using primers H2BFw (50-

AAAATGGCGAAGGCAGATAAGAAACCAG-30) and H2BRv (50-CCGCTCGAG

AACTCGTAAACTTCGTAAC-30); and the amplified fragments were cloned in

vector pMM1 carrying sGFP. CER6pro::H2B-GFP was transformed into

Arabidopsis (Col).

Immunoblot analysis

Five-day-old plants carrying SPCHpro::SPCH-GFP were cultured in liquid nutri-

ent medium, or liquid nutrient medium containing 200 mM mannitol or

200 mM mannitol plus 25 mM PD98059 for 24 h. Then the first and second

leaves were collected in liquid nitrogen, and frozen samples were homogenized

in a buffer containing 100 mM Tris–HCl (pH 8.0), 200 mM NaCl, 10% glycerol,

1% NP-40, 5 mM EDTA, 10 mM dithiothreitol (DTT) and 1 : 100 (v/v) protease

inhibitor cocktail (Nacalai Tesque). The homogenates were centrifuged and the

supernatant was used for Western blot analysis. Anti-GFP (1181446000, Roche)

and horseradish peroxidase-linked anti-mouse IgG (NA931VS, GE Healthcare)

were used for SPCH–GFP detection.

Semi-quantitative RT–PCR

Five-day-old plants were transferred to GM gel medium with or without

200 mM mannitol for 12 or 24 h, and first and second leaves were used for

RNA extraction. Total RNA was isolated by using the RNeasy micro kit (Qiagen)

according to the manufacturer’s instructions. Total RNA (1 mg) was treated

with RNase-free DNase, and reverse-transcribed with a 10 ml reaction mixture

by using Superscript II (Invitrogen). After the reaction, 40 ml of water was added

and 1ml of the solution was used as template for the PCR. Primers used were as

follows: for STOMAGEN, STOMAGENXho1Fw and STOMAGENSma1Rv; for EPF1,

EPF1F (50-CCGCTCGAGAAAATGAAGTCTCTTCTTCTCCTTGCCT-30) and EPF1R

(50-TCCCCCGGGAGGGACAGGGTAGGACTTATTGTTG-30); for EPF2, EPF2F

(50-ccgctcgagaaaATGACGAAGTTTGTACGCAAGTATATG-30) and EPF2R (50-

tcccccgggAGCTCTAGATGGCACGTGATAGTAT-30); for AtIPT9, AtIPT9F (50-GG

ATTGTATCTGCGATGGTTTATGTATG-30) and AtIPT9R (50-CTCCATTGGGTCC

TGAAAGCA-30). AtIPT9 was used as a control gene.

Supplementary data

Supplementary data are available at PCP online.
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