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ABSTRACT
Osmotic stress activates the biosynthesis of the phytohormone abscisic acid
(ABA) through a pathway that is rate-limited by the carotenoid cleavage
enzyme 9-cis-epoxycarotenoid-dioxygenase (NCED).

To understand the

signal transduction mechanism underlying the activation of ABA biosynthesis,
we performed a forward genetic screen to isolate mutants defective in osmotic
stress regulation of the NCED3 gene.

Here we identified the Arabidopsis

Vacuolar Sorting Receptor 1 (VSR1) as a novel regulator of ABA biosynthesis.
The vsr1 mutant does not only show increased sensitivity to osmotic stress but
is also defective in the feedback regulation of ABA biosynthesis by ABA.
Further analysis revealed that vacuolar trafficking mediated by VSR1 is
required for osmotic stress-responsive ABA biosynthesis and osmotic stress
tolerance. Moreover, under osmotic stress conditions the membrane
potential, calcium flux and vacuolar pH changes in the vsr1 mutant differ from
those in the wild type.

Given that manipulation of the intracellular pH is

sufficient to modulate the expression of ABA biosynthesis genes including
NCED3 and ABA accumulation, we propose that intracellular pH changes
caused by osmotic stress may play a signaling role in regulating ABA
biosynthesis and that this regulation is dependent on functional VSR1.
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INTRODUCTION

Plant vacuoles are vital organelles for maintaining cell volume and cell turgor,
regulating ion homeostasis and pH, disposing toxic materials, and storing and
degrading unwanted proteins (Marty, 1999).

To perform these diverse

functions, vacuoles require an array of different and complex proteins.

These

proteins are synthesized at the endoplasmic reticulum (ER) and are
transported to the vacuole through the vacuolar trafficking pathway.
Perturbation of the vacuolar trafficking machinery affects many cellular
processes, including tropisms, responses to pathogens, cytokinesis, hormone
transport and signal transduction (Surpin and Raikhel, 2004).

The vacuolar

trafficking system is comprised of several compartments: the ER, Golgi
apparatus, trans-Golgi network (TGN), pre-vacuolar compartment (PVC), and
the vacuole. Vacuolar proteins synthesized at the ER are transported to the
cis-Golgi via COPII vesicles and are then transported to the TGN through the
Golgi apparatus. In the TGN, proteins are sorted for delivery to their
respective locations according to their targeting signal. Vacuolar proteins
carrying a vacuolar sorting signal are thought to be recognized by vacuolar
sorting receptors (VSRs), which are mainly located in the PVC, although
sorting of vacuolar proteins may also occur at the ER and VSRs can be
recycled from the TGN to the ER (Castelli and Vitale, 2005; Niemes et al.,
2010).

Multiple studies suggest that plant VSRs serve as sorting receptors

both for lytic vacuole proteins (daSilva et al., 2005; Foresti et al., 2006; Kim et
al., 2010) and for storage vacuole proteins (Shimada et al., 2003; Fuji et al.,
2007; Zouhar et al., 2010).
Osmotic stress is commonly associated with many environmental
stresses, including drought, cold and high soil salinity, that have a severe
impact on the productivity of agricultural plants worldwide.

Therefore
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understanding how plants perceive and respond to osmotic stress is critical for
improving plant resistance to abiotic stresses (Zhu, 2002; Fujita et al., 2013).
It has long been recognized that osmotic stress can activate several signaling
pathways that lead to changes in gene expression and metabolism.

One

important regulator of these signaling pathways is the phytohormone abscisic
acid (ABA), which accumulates in response to osmotic stress. ABA regulates
many critical processes, such as seed dormancy, stomatal movement and
adaptation to environmental stress (Finkelstein and Gibson, 2002; Xiong and
Zhu, 2003; Cutler et al., 2010).

De novo synthesis of ABA is of primary

importance for increasing ABA levels in response to abiotic stress. ABA is
synthesized through the cleavage of a C40 carotenoid originating from the
2-C-methyl-d-erythritol-4- phosphate (MEP) pathway, followed by a conversion
from zeaxanthin to violaxanthin catalyzed by the zeaxanthin epoxidase (ZEP)
ABA1 and then to neoxanthin catalyzed by the neoxanthin synthase ABA4.
Subsequently, a NCED (9-cis-epoxycarotenoid-dioxygenase) cleaves the
violaxanthin and neoxanthin to xanthoxin.

Xanthoxin in turn is oxidized by a

short-chain alcohol dehydrogenase (ABA2) to abscisic aldehyde, which is
converted to ABA by aldehyde oxidase (AAO3) using a molybdenum cofactor
activated by the molybdenum cofactor sulfurase (ABA3) (Nambara and
Marion-Poll, 2005). In this pathway, it is generally thought that the cleavage
step catalyzed by NCED is the rate-limiting step (Iuchi et al., 2000; Iuchi et al.,
2001; Qin and Zeevaart, 2002; Xiong and Zhu, 2003). In Arabidopsis, five
members of the NCED family (NCED2, NCED3, NCED5, NCED6, and NCED9)
have been characterized (Tan et al., 2003). Of those, NCED3 has been
suggested to play a crucial role in ABA biosynthesis and its expression is
induced by dehydration and osmotic stress (Iuchi et al., 2000; Iuchi et al., 2001;
Qin and Zeevaart, 2002; Xiong and Zhu, 2003).

Thus understanding how the

NCED3 gene is activated in response to osmotic stress is important for the
elucidation of the mechanisms that govern plant acclimation to abiotic stress.
We have used the firefly luciferase reporter gene driven by the
6
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stress-responsive NCED3 promoter to enable the genetic dissection of plant
responses to osmotic stress (Wang et al., 2011).

Here we report the

characterization of a novel regulator of ABA biosynthesis, CED2 (for 9-cis
Epoxycarotenoid Dioxygenase Defective 2). The ced2 mutants are impaired
in osmotic stress tolerance and are defective in the expression of genes
required for ABA synthesis and consequently osmotic stress-induced ABA
accumulation.

The CED2 gene encodes Vacuolar Sorting Receptor 1 (VSR1),

previously known to be involved in vacuolar trafficking but not known to be
critical for osmotic stress induction of ABA biosynthesis and osmotic stress
tolerance. Our study further suggests that intracellular pH changes might act
as an early stress response signal triggering osmotic stress-activated ABA
biosynthesis.

Results

Identification and characterization of the ced2 mutant

To understand the mechanisms of osmotic stress induction of ABA
biosynthesis, we undertook a genetic approach to isolate Arabidopsis mutants
with altered regulation of the NCED3 gene by osmotic stress. A two-step
screening was performed that involved imaging the NCED3 promoter-driven
firefly luciferase expression and measuring ABA levels as described previously
(Wang et al., 2011). In the current study, a new mutant, ced2, was identified
as a novel regulator of ABA biosynthesis. ABA accumulation in the ced2
mutant was reduced as compared to wild-type plants under the same osmotic
stress generated by treating with polyethylene glycol (PEG) (Fig. 1A). Since
ABA levels are closely correlated with the transcript levels of genes required
for ABA biosynthesis (Tan et al., 1997; Qin and Zeevaart, 1999; Thompson et
al., 2000), we examined the transcript levels of ABA biosynthesis genes, ABA1,
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AAO3 and NCED3. We found that the transcript levels of these genes were
lower in the ced2 mutant than in the wild-type plants under osmotic stress
treatment (Fig.1B). The ced2 mutant is defective in osmotic stress-induced
ABA accumulation that in turn is likely to negatively impact on osmotic stress
tolerance. In the presence of osmotic stress (on PEG-infused agar plates),
germination and early seedling growth of the ced2 mutant were markedly
inhibited (Fig. 1, C and D, Supplemental Fig. S1, A and B).

Moreover, the

shoot and root growth was inhibited by osmotic stress treatments in both
wild-type and ced2 mutant seedlings, but the inhibition was more pronounced
in the ced2 mutant (Supplemental Fig. S1, C and D).

These results indicate

that ced2 mutant plants are sensitive to osmotic stress during seed
germination as well as during early seedling development.
Given that the ced2 mutant was hypersensitive to osmotic stress, we
then determined whether the mutant was also sensitive to salt stress. We
compared seed germination and post-germination growth of the ced2 mutant
with wild-type plants but noted no significant difference between the mutant
and wild-type plants at different salt concentrations (Supplemental Fig. S2, A,
B and C). These results indicate that ced2 mutant plants were not more
sensitive to salt stress during seed germination and early seedling
development.
We mapped the ced2 mutation by crossing the ced2 mutant with the
Landsberg ecotype to generate a F2 segregation population. F2 seedlings that
showed increased osmotic stress sensitivity in shoots and roots on the
PEG-infused agar medium were selected for molecular mapping.

The ced2

mutation was mapped to a 128-kb interval covered by BAC clones F8J2 and
T4D2 on Chromosome 3. We sequenced all of the open reading frames in
this region in the ced2 mutant and only found one mutation, a single nucleotide
substitution from G to A at position 1987 from the translation start site in the
gene At3g52850 (Fig. 2A).

This mutation created a premature stop codon

resulting in the truncation of the encoded protein.

The At3g52850 gene was
8
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annotated as encoding Vacuolar Sorting Receptor 1 (VSR1), which binds
vacuolar-targeting signals and sorts targeted proteins into vacuoles.

To

confirm that the mutation in At3g52850 was responsible for the osmotic stress
sensitive phenotypes of the mutant, a genomic DNA fragment containing the
entire VSR1 gene (with about a 1.5-kb promoter region, the VSR1 open
reading frame, and 308 bp downstream of the stop codon) was transformed
into the mutant. Twenty independent transgenic lines were obtained and two
T3 lines were randomly chosen to test for osmotic stress sensitivity. The
mutant seedlings remained hypersensitive to the osmotic stress treatment
(-0.7 MPa PEG-infused agar plate), while the two transgenic lines no longer
exhibited these osmotic stress sensitive phenotypes (Fig. 2B). These data
demonstrated that VSR1 could rescue the ced2 mutant phenotypes and that
CED2 indeed is the same gene as VSR1.
As the ced2 mutant is a new allele of VSR1, we examined whether
other VSR1 alleles were also sensitive to osmotic stress. The vsr1-2 allele
had a T-DNA insertion in the seventh intron (Shimada et al., 2003), whereas
vsr1-3 and vsr1-5 each had a single nucleotide substitution (Fuji et al., 2007).
When grown on agar plates with -0.7 MPa of osmotic potential generated by
PEG infusion, all mutants phenocopied the osmotic stress-sensitive phenotype
of ced2 (Fig. 2C), and serious damage was observed in the vsr1-3 and vsr1-5
mutants. To verify that the ced2 mutant is allelic to other vsr1 mutants, we
performed genetic crosses among them. The resulting F1 seedlings were
grown on - 0.7 MPa PEG-infused agar plates and the osmotic stress-sensitive
phenotypes similar to those of the ced2 or other vsr1 mutants were observed
among these F1 seedlings, indicating a lack of complementation among these
mutant alleles (Fig. 2D). We also examined the expression of the NCED3
gene in these vsr1 mutants. Although these mutant alleles had slightly
different expression levels of the gene, all showed lower induction of NCED3
expression than the wild type in response to osmotic stress (Fig. 2E),
demonstrating that VSR1 is indeed required for full induction of the NCED3
9
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gene in response to osmotic stress.

Osmotic stress-regulated VSR1 expression occurs via ABA-dependent
pathways

We further investigated the expression of the VSR1 gene in response to
osmotic stress. The qRT-PCR analysis showed that the transcript level of
VSR1 was up-regulated within 6 h of osmotic stress treatment but returned to
the control level after prolonged stress (Fig. 2F). We then asked whether the
expression of VSR1 is ABA-dependent, by performing qRT-PCR analysis of
VSR1 expression in two ABA-deficient mutants, aba1-3 and aba3-2.
Consistent with previous studies, the expression of NCED3 was substantially
lower in the aba mutants than in the wild-type plants under osmotic stress
conditions. Interestingly, the expression of VSR1 was also lower in the
mutants, which suggested that VSR1 is at least partly regulated via
ABA-dependent pathways (Supplemental Fig. S3).

The ced2 mutant is sensitive to ABA and accumulates more ROS

We determined whether the ced2 mutant is also sensitive to ABA. The seed
germination and seedling greening rates were significantly lower than those of
the wild type in the presence of 0.1 to 0.5 M ABA (Fig. 3, A and B). We then
μ

tested whether post-germination growth was affected by the ced2 mutation
under ABA treatment. Root and shoot growth was inhibited by ABA
treatments in both wild-type and ced2 mutant seedlings, but the inhibition was
more pronounced in the ced2 mutant (Fig. 3, C and D).

These results are

consistent with previous observations that ABA-deficient mutants tend to be
sensitized to ABA in physiological and molecular responses, presumably to
compensate for their lower internal ABA levels (e.g., Xiong et al. 2001a; 2001b;
2002).
10
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Reactive oxygen species (ROS) have been implicated as second
messengers in osmotic stress and ABA mediated cellular responses in plants.
ROS signal can be perceived and transduced to activate redox-related
proteins which in turn mediate the induction of gene expression (Mustilli et al.,
2002; Fujita et al., 2013).
cause cellular damage.

Nonetheless, the accumulation of ROS can also
ROS were visualized with 2 , 7 -dichlorfluorescein
′

′

diacetate (DCFH-DA) followed the treatment of 40% PEG or 50 µM ABA for 3 h.
In the root tip region, the ced2 mutant accumulated more ROS than did the
wild-type plants under the control conditions (Fig. 3, E and F).

After a 3-h

exposure to a medium containing either 40% PEG or 50 µM ABA, the ROS
contents increased in both the ced2 mutant and wild-type plants. However,
the ced2 mutant accumulated more ROS than did the wild type in response to
ABA treatment.

Under the osmotic stress treatment, ROS levels in the wild

type and the ced2 mutant, although also increased, were at a similar
magnitude as compared to control conditions (Fig. 3, E and F).

The ced2 mutant is defective in the positive feedback regulation of ABA
biosynthesis genes by ABA and is drought-sensitive

While studying the ABA biosynthesis genes ABA3/LOS5 (Xiong et al., 2001b)
and ABA1/LOS6 (Xiong et al., 2002), it was found that ABA positively
feedback-regulates the expression of several ABA biosynthesis genes. This
auto-regulation of ABA biosynthesis genes is impaired in sad1, a mutant
defective in drought-induced ABA biosynthesis that is also sensitive to ABA
(Xiong et al., 2001a). Since ced2 mutant is sensitive to ABA and defective in
the expression of ABA biosynthesis genes in response to PEG-induced
osmotic stress, it is conceivable that CED2 may be involved in the
auto-regulation of ABA biosynthesis genes by ABA.

To test this hypothesis,

we examined the transcript levels of ABA biosynthesis genes ABA1, NCED3
and AAO3 in response to ABA treatments and noted that the transcript levels
11
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of these genes increased in response to exogenous ABA in wild-type plants
and while an increase was also seen in the ced2 mutant, it remained lower (Fig.
3G).

As a control, the induction of these ABA biosynthesis genes under

PEG-induced osmotic stress treatment was significantly lower in the ced2
mutant when compared with wild-type plants (Fig. 3G). These data suggest
that the ced2 mutant is impaired in the positive feedback regulation of ABA
biosynthesis genes.
Plant drought tolerance is tuned by a complex molecular and cellular
network that closely interacts with ABA signaling pathways.

In

ABA-hypersensitive mutants, such as era1 (Cutler et al., 1996), abh1
(Hugouvieux et al., 2001) as well as abo1 (Chen et al., 2006), increased ABA
sensitivity is accompanied by reduced transpiration water loss and increased
drought tolerance. In contrast, sad1 (Xiong et al., 2001a) and abo3 (Ren et
al., 2010) mutants show sensitivity to ABA and increased transpiration water
loss. Because the ced2 mutant is defective in osmotic stress tolerance and is
sensitive to ABA during seed germination and seedling growth, we tested it for
drought tolerance. We first measured transpiration water loss rates in
detached leaves and found that the ced2 mutant leaves lost water much faster
than did the wild-type leaves (Supplemental Fig. S4A), with a water loss rate
similar to that of the snrk2.6/ost1 mutant (Mustilli et al., 2002; Yoshida et al.,
2002; Fujii et al., 2007), consistent with defective stomatal regulation in the
ced2 mutant.

To determine whether this defect was caused by ABA

deficiency or ABA insensitivity, exogenous ABA was applied to the mutant and
wild-type plants.

Treatment with ABA reduced the rate of water loss in the

ced2 mutant and wild-type plants to a similar degree (Fig. 3H), therefore
implying that exogenous ABA could partially rescue the increased water loss
phenotype caused by impaired drought-induced ABA biosynthesis in the ced2
mutant.

Further examination showed that the ced2 mutant was less

responsive to ABA in closing stomata (Fig. 3, I and J). We also analyzed ABA
levels in the ced2 mutant under drought stress. The stress treatment
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Downloaded from www.plantphysiol.org on November 21, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

increased ABA content in the wild-type plants but not in the ced2 mutant,
indicating that drought-induced ABA biosynthesis was impaired (Fig. 3K). It is
therefore likely that the increased transpiration rate of the ced2 mutant leaves
may cause the effect on drought resistance. However, the ced2 mutant is
smaller than the wild-type plants when grown in soil, and therefore the reduced
total leaf surface area may have contributed to the reduced overall
transpiration thereby masking differences in drought resistance between the
ced2 mutant and wild-type plants (Supplemental Fig. S4, B and C). To more
reliably assess the drought sensitivity of the ced2 mutant plants irrespective of
the size of the plants, we employed electrolyte leakage as an indicator of
drought-induced cellular damage.

The ced2 mutant seedlings had a similar

electrolyte leakage rate as that of the wild-type plants without PEG treatment.
While in the presence of 40% PEG, the ced2 mutant seedlings showed greater
electrolyte leakage (Supplemental Fig. S4D), indicating that the integrity of the
ced2 mutant plasma membrane was more severely compromised by drought
stress.

Transcriptome analysis of the ced2 mutant in response to osmotic stress

To further examine the role of the ced2 mutant in global gene regulation, we
performed microarray experiments using Agilent Arabidopsis ATH1 Gene
expression arrays to compare the transcriptome of the mutant with that of the
wild type under osmotic stress conditions. As compared to the wild type,
osmotic stress increased the expression of 1849 genes and decreased that of
710 genes in the mutant (Fig. 4A, Supplemental Table S1).

To categorize the

genes with altered expression in the ced2 mutant in response to osmotic
stress, we performed the Gene Ontology
(http://www.arabidopsis.org/tools/bulk/go/) and Go Term Enrichment
(http://amigo.geneontology.org/cgi-bin/amigo/term_enrichment) analyses with
manual adjustment when necessary (Supplemental Fig. S5, A and B).
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Interestingly, in the group of down-regulated genes, we observed an
enrichment of genes related to water stimulus in the biological process
(Supplemental Table S2). We then analyzed the expression patterns of the
top 400 genes that were up- or down-regulated in the ced2 mutant by using the
“Genevestigator” tool (Hruz et al., 2008). A large number of genes that
showed lower expression levels in the mutant under osmotic stress in our
ATH1 array experiments are up-regulated by ABA and osmotic stress, while
the highly expressed genes in the ced2 mutant are mostly repressed by such
stimuli (Fig. 4B).

These data are consistent with the interpretation that VSR1

regulates the expression of osmotic stress- and/or ABA-responsive genes,
including ABA biosynthesis genes under osmotic stress conditions. To
ascertain the validity of the microarray data, we selected twelve genes related
to dehydration stress that showed significant up- or down-regulation in the
microarray assays to examine their expression levels by qRT-PCR.

In

agreement with the microarray results, the expression levels of ABF2
(AT1G45249), NF-YA5 (AT1G54160), ABI5 (AT2G36270), GORK
(AT5G37500), VSR1 (AT3G52850), FAB1B (AT3G14270), AHA4 (AT3G47950),
AHA8 (AT3G42640) and AHA10 (AT1G17260) showed lower expression
levels, while PUB22 (AT3G52450), PUB23 (AT2G35930) and HKT1
(AT4G10310) showed higher expression levels in the ced2 mutant as
compared to wild-type plants (Fig. 4C).

These results indicate that the ced2

mutant is impaired in osmotic stress regulation of a large number of genes.

Role of VSR-mediated vacuolar trafficking in osmotic stress regulation of
ABA biosynthesis and osmotic stress tolerance

Given that homomeric interaction of the VSR1 protein through the
transmembrane domain (TMD) and C-terminal cytoplasmic domain (CCD) is
essential for vacuolar trafficking of soluble proteins and that two
dominant-negative mutations (C2A: HA 4-3 and 7-6) with alanine substitution
14
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interfered with the homomeric interaction and inhibited vacuolar trafficking
(Kim et al., 2010), we first examined the osmotic stress sensitivity in transgenic
plants expressing these two dominant-negative mutations along with one
overexpressing the wild-type VSR1 (VSR1:HA). Despite of the slight
difference in their sensitivity to osmotic stress between the two transgenic lines
that may have been caused by their different mechanism of inhibition of
vacuolar trafficking, germination and seedling growth of the dominant-negative
mutants were more inhibited by the stress than those of the wild type (Fig. 5A).
On the other hand, overexpression of wild-type VSR1: HA did not affect
osmotic stress tolerance compared with the wild-type plants, consistent with
the fact that these overexpressors did not inhibit vacuolar trafficking (Kim et al.,
2010).

These two dominant-negative mutant lines also had lower levels of

ABA biosynthesis gene transcripts as compared to the wild type and the VSR1
overexpressing line (Fig. 5, B and C).

These data suggest that vacuolar

trafficking mediated by VSR1 is important for osmotic stress-regulated ABA
biosynthesis and consequently osmotic stress tolerance.
In Arabidopsis, the VSR family has seven members (VSR1 to VSR7).
We examined whether other VSRs are also involved in osmotic stress-induced
ABA biosynthesis and osmotic stress tolerance and found that, except for vsr3,
none of these single mutants showed any obvious difference in seed
germination (Supplemental Fig. S6, A and B) or in the expression of NCED3
under osmotic stress conditions relative to the wild type (Supplemental Fig.
S6C).

Given that recent studies showed that VSR1, VSR3, and VSR4 are

involved in lytic and PSV trafficking pathways (Zouhar et al., 2010; Lee et al.,
2013), whereas VSR5, VSR6 and VSR7 may be involved in sorting salicylic
acid-induced or NPR1-dependent pathogenesis-related vacuolar PR proteins
(Wang et al., 2005), we examined whether there is functional redundancy in
VSRs in osmotic stress induction of ABA biosynthesis and osmotic stress
tolerance. The results demonstrated that vsr1/vsr3 and vsr1/vsr4 double
mutants showed obvious inhibition during germination and post-germination
15
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growth on the PEG-infused agar plates relative to the wild type (Fig. 5, D and
E), whereas vsr5/vsr6 did not (Supplemental Fig. S6B). Furthermore, ABA
biosynthesis gene expression was also lower in vsr1/vsr3 and vsr1/vsr4 than in
the wild type (Fig. 5F).

Osmotic stress differentially affects membrane depolarization, calcium
flux and vacuolar alkalization in vsr mutants

Our studies uncovered an unexpected link between vacuolar trafficking and
ABA biosynthesis as well as stress signaling. Based on previous reports that
membrane potentials of the vacuole and plasma membrane rapidly respond to
osmotic stress prior to changes in gene expression (Lew, 2004), we
determined the effect of osmotic stress on membrane potentials in planta using
the fluorescent dye DiBAC4 (Konrad and Hedrich, 2008) (Supplemental Fig.
S7A). PEG-induced osmotic stress caused a transient increase in membrane
depolarization both in the wild-type and in mutant plants. However, the
depolarization was significantly higher in the ced2, vsr1/vsr3, and vsr1/vsr4
mutants than in the wild-type plants, as shown by increased voltage-sensitive
fluorescence in the mutants (Fig. 6, A and B), although membrane potentials
restored to near basal levels both in the wild-type and mutants under
prolonged PEG treatment.
Since osmotic stress triggers rapid transient changes in the second
messengers such as Ca2+ which then activate or modulate downstream
signaling (Dodd et al., 2010), we studied changes in cytosolic calcium ([Ca2+]cyt)
in response to osmotic stress using the fluorescent dye Fluo-4 acetoxymethyl
ester (Fluo-4-AM). In non-stressed seedlings, no significant difference was
observed in [Ca2+]cyt in the root tips and root elongation zone between the wild
type and the mutant (Fig. 6, C and D).

However, in response to osmotic

stress, [Ca2+]cyt markedly increased in the ced2, vsr1/vsr3, and vsr1/vsr4
mutants compared to those in the wild-type plants or in the vsr5/vsr6 double
16
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mutant (Fig. 6, C and D and Supplemental Fig. S7B).
In plant cells, cation/H+ antiporters in the Golgi, TGN, endosome, and
PVC contribute to the regulation of the cation concentration as well as the pH
in these compartments, and thereby affect vesicle trafficking (Nakamura et al.,
2005; Pardo et al., 2006; Krebs et al., 2010; Bassil et al., 2011). The sustained
level of intracellular Ca2+ is diagnostic for an effect on one or several Ca2+
transporters, such as cation exchangers (CAX) (Sze et al., 2000). Since
these exchangers are energized by the proton gradient between the vacuole
and the cytoplasm, we investigated whether ced2/vsr1 mutants showed
differences in the pH gradients between the compartments that might explain
the differences in the Ca2+ signature.

To do this we used the ratiometric

fluorescein-based pH sensitive dye,
2 ,7 -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) with
′

′

membrane-permeable acetoxymethyl (AM) ester that was readily loaded into
the vacuoles of intact roots (Supplemental Fig. S7C). In situ calibration
curves were established by determining the fluorescence ratios of confocal
images in different pH values of the equilibration buffers (Supplemental Fig.
S7D).

It was observed that vacuolar pH (pHvac) in cells at the root tip was

lower (pH 5.5) than in the mature zone (pH 5.7) (Fig. 6E), and this is consistent
with a previous study (Bassil et al., 2011). Under the control conditions, no
significant difference in pHvac occurred in the root elongation zone between the
wild type and the vsr mutants (Fig. 6, E and F). In contrast, the pHvac in cells in
the elongation zone of ced2, vsr1/vsr3, and vsr1/vsr4 mutants was higher than
that in the wild-type plants in response to PEG treatment (Fig. 6, E and F),
whereas the pHvac of the vsr5/vsr6 mutant did not differ from that in the
wild-type (Supplemental Fig. S7E).

The intracellular pH homeostasis as a signal in the regulation of osmotic
stress-induced ABA biosynthesis
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The changes in intracellular pH homeostasis in vsr mutants in response to
osmotic stress prompted us to investigate whether pHvac does directly affect
the regulation of ABA biosynthesis in response to osmotic stress. Using a
specific inhibitor of vacuolar-type H+-ATPase (V-ATPase), concanamycin A
(ConcA), to raise the vacuolar pH (Krebs et al., 2010), we determined the
transcript levels of ABA biosynthesis genes under the control and PEG
treatment. The transcript level of NCED3 increased in seedlings treated with
ConcA (500 nM) under the control conditions. However, under osmotic stress,
the transcript level of NCED3 was significantly decreased in ConA treated
seedlings, while the transcript level of ABA1 did not show obvious change
either with or without osmotic stress treatment (Fig. 7A).
Since it is known that V-ATPase maintains the acidic pH of the
endomembrane system (Herman et al., 1994; Dettmer et al., 2006), we
determined whether the inhibition of the primary H+ pumps has an effect on the
regulation of ABA biosynthesis. We first determined whether the transcript
level of ABA biosynthesis genes was altered in the vha-a2/vha-a3 double
mutant that lacks both subunits A of the tonoplast V-ATPase (Krebs et al.,
2010). Surprisingly, we did not observe significant change in the expression
level of the ABA biosynthesis genes under control or osmotic stress (Fig. 7B).
Since previous studies showed that the det3 mutant has a reduced V-ATPase
activity (Schumacher et al., 1999) and increased alkalization of the endosomal
system (Brux et al., 2008), we tested whether this mutant is affected in ABA
biosynthesis. Indeed, the transcript level of NCED3 was significantly
decreased in det3 mutants compared with wild-type plants although the
transcript level of ABA1 did not show obvious change (Fig. 7B). Moreover,
osmotic stress activated-ABA accumulation in det3 mutants was also lower as
compared to wild-type plants while vha-a2/vha-a3 was not (Supplemental Fig.
S8).

Taken together, these results suggest that osmotic stress-induced ABA

biosynthesis is dependent on the pH of the endosomal system that in turn is
maintained by the activity of the V-ATPase.
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In the next series of experiments we investigated whether the
changes in the cytosolic pH (pHcyt) are sufficient to regulate ABA biosynthesis
in response to osmotic stress. We pretreated the tissue with butyric acid, a
weak cell-permeable acid to induce cytosolic acidification (Bibikova et al.,
1998), and benzylamine, a weak cell-permeable base to induce cytosolic
alkalization (Romani et al., 1998; Zhang et al., 2001) before imposing osmotic
stress and then examined their effects on transcript levels of ABA biosynthesis
genes. When wild-type (Col-0) plants were pretreated with 10 mM butyric
acid or 10 mM benzylamine for 1 h, and briefly rinsed before being subjected
to 40% PEG treatment, the transcript levels of ABA1, NCED3 and AAO3 could
still be induced by osmotic stress in the wild-type plants. However, the
transcript levels of these genes were significantly reduced in butyric acid
pretreated plants, but increased in benzylamine pretreated plants under
osmotic stress (Fig. 7C). We next determined whether ABA accumulation
was affected by the pH change-inducing pretreatments in the wild-type under
osmotic stress conditions and found that osmotic stress-induced ABA
accumulation was greatly reduced in wild-type plants following cytosolic
acidification, and raised as a result of cytosolic alkalization (Fig. 7D).

These

results are therefore consistent with a key role of intracellular pH homeostasis
in the regulation of osmotic stress-induced expression of ABA biosynthesis
genes as well as ABA biosynthesis in general (Fig. 7E).

DISCUSSION

In this study, we identified CED2/VSR1 as a novel component essential for
osmotic stress-regulated ABA biosynthesis and osmotic stress resistance.
The ced2/vsr1 mutants are also impaired in ABA response and the positive
regulation of ABA biosynthesis genes by ABA (Fig. 3).

This regulation is

important for ABA biosynthesis and drought resistance as the sad1 mutant
defected in this regulation also exhibited increased drought stress sensitivity
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(Xiong et al., 2001b). The role of VSR1 in vacuolar trafficking has been well
established (daSilva et al., 2005; Foresti et al., 2010; Kim et al., 2010), yet it is
unclear whether the role of VSR1 in the regulation of ABA biosynthesis
requires the function of VSR1 in vacuolar trafficking. To determine whether
VSR1 itself or its role in vacuolar trafficking is required for the osmotic stress
response, vrs1 mutants such as C2A:HA with minimum sequence changes but
with a defect in vacuolar trafficking (Kim et al., 2010) would be very useful.
The dominant-negative mutant (C2A: HA) has an Ala substitution in the
C-terminal tail and displays inhibited vacuolar trafficking by interfering with
endogenous VSR1 (Kim et al., 2010).

Indeed, transgenic plants expressing

the dominant-negative vsr mutant were more sensitive to osmotic stress and
had lower expression of ABA biosynthesis genes relative to wild-type plants
(Fig. 5, B and C). These data are therefore consistent with the notion that
vacuolar trafficking mediated by VSR1 is required for ABA biosynthesis gene
expression and osmotic stress resistance.
The current study uncovered an unexpected link between vacuolar
trafficking and ABA biosynthesis as well as stress signaling.

There has been

some other evidence to suggest that vacuolar trafficking machinery not only
delivers cargo proteins to the vacuole, but it is also involved in signal
transduction and environmental stress responses (Surpin and Raikhel, 2004;
Yamada et al., 2010; Andres et al., 2014). For example, VSR3 is involved in
ABA-mediated stomatal guard cell movement and has an important role in
responses to plant stress (Avila et al., 2008).

SNARE proteins have been

suggested to contribute to the sensing of osmotic stress (Solsona et al., 1998).
The vacuolar protein, Vac14p, regulates the levels of phosphatidylinositol
3,5-bisphosphate (PtdIns [3,5] P2) which is an osmotic stress-induced
phospholipid in yeast (Bonangelino et al., 2002). In Arabidopsis, the mutant
osm1 was identified as an allele of the t-SNARE SYP61. The osm1 mutant
was sensitive to osmotic stress and soil drying and seemed to control stomatal
response to ABA (Zhu et al., 2002).

An Arabidopsis mutant in the
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SYP41-interacting protein, TON1, is also sensitive to salt and osmotic stress,
possibly due to the mislocalization of SYP61 (Kim and Bassham, 2011).

The

antisense plants of AtVAMP7C showed improved salt tolerance through
maintaining pH and reducing vacuolar calcium release (Leshem et al., 2006).
Δ

In addition, our microarray analysis of the ced2 mutant revealed a key role of
VSR1 in regulating the transcriptional network under osmotic stress.

There

are 2559 genes that exhibited significantly altered expression in the ced2
mutant under osmotic stress conditions. Among the down-regulated genes, a
larger number were osmotic stress- or ABA-inducible genes, including those
involved in ABA biosynthesis and signaling, and those encoding osmotic
stress-responsive transcription factors, protein kinases and other proteins (Fig.
4, Supplemental Table S1 and S2).

Thus, VSR1 is likely to enable abiotic

stress responses and does so, at least in part, by regulating many osmotic
stress-induced genes.
Plant vacuoles are primed for maintaining cell volume and cell turgor,
regulating ion homeostasis and intracellular pH (Marty, 1999). To understand
the mechanisms of vacuolar trafficking in osmotic stress signaling, we
investigated whether ion flux and pH gradients in vacuoles might be altered in
vsr mutants.

Using the membrane potential dye DiBAC4 (Konrad and

Hedrich, 2008), we found that the membranes of ced2, vsr1/vsr3 and vsr1/vsr4
mutants were more depolarized relative to those of the wild-type plants under
osmotic stress (Fig. 6, A and B). Membrane depolarization has been
observed in response to abiotic stress, such as hypo-osmotic stress, cold
stress and salt stress (Covic et al., 1999; Lew, 2004; Carpaneto et al., 2007).
It has been established that changes in the electrophysiological properties of
the plasma membrane and vacuole membrane occurred prior to changes in
gene expression in response to hyperosmotic stress (Covic et al., 1999; Lew,
2004).

In the case of hyperosmotic shock, the cytoplasm and vacuole should

remain at the same osmotic potential to avoid volume changes, which is
required for vacuole and plasma membrane ion fluxes (Lew, 2004).

Osmotic
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stress is likely to lead to transient change of cytosolic Ca2+ fluxes that in turn
may trigger downstream plant defense responses. Studies also implicate
[Ca2+]cyt as a second messenger involved in regulating ABA response and ABA
biosynthesis (Knight et al., 1996; Pandey et al., 2004; Zou et al., 2010).

In

ced2/vsr1 mutants, [Ca2+]cyt was higher upon the osmotic stress treatment
which is consistent with more depolarized membrane potentials in the mutant.
Moreover, in coordination with changes in [Ca2+]cyt, protons could also serve as
a messenger molecule to activate downstream plant defense responses.
Both these processes depend primarily on the ability of proton pumps in
maintaining the pH gradients. The H+-translocating enzymes (H+-pumps) and
cation/H+ exchangers have been recognized to maintain optimal ion flux and
pH gradients essential for cell function and plant adaption to stress.

In plant

cells, there are three types of H+ pumps: P-type, V-type and pyrophosphatase
(PPase). After being synthesized in the endoplasmic reticulum, these
proteins are targeted to diverse locations, including plasma membrane,
tonoplast, Golgi and endosomes. The P-type H+-ATPases are thought to
function exclusively at the plasma membrane in the acidification of the
cytoplasm, while the V-type and PPase pumps are located on the tonoplast
membrane and are thought to function primarily in the acidification of vacuoles.
However, unlike in yeast and animals, at least one of plant P-type H+-ATPases
(AHA10) may also contribute to the acidification of the endosome or vacuolar
compartments (Baxter et al., 2005). Microarray analysis revealed that the
expression level of several H+-pumps and cation/H+ exchangers was
significantly lower in ced2 mutant than in the wild type in response to osmotic
stress.

These genes include AHA4, AHA8, AHA10, CHX19 and CHX23 (Fig.

4C). While the AHA proteins are well-known to function in maintaining pH
homeostasis (Sze et al., 1999), the cation/H+ exchangers also appear to play a
role in osmoregulation through K+ fluxes and pH regulation (Padmanaban et al.,
2007; Bassil et al., 2011; Barragan et al., 2012). Indeed, the vsr mutants
(ced2, vsr1/vsr3 and vsr1/vsr4) had a higher pHvac than the wild type in
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response to PEG-induced osmotic stress treatment (Fig. 6, E and F),
suggesting that the overall capacity of the proton pump is reduced and this is
consistent with the reduced transcript levels of H+-pumps and cation/H+
exchanger encoding genes in the mutant. Alternatively, these proton pumps,
particularly the V-ATPases and tonoplast-localized cation/H+ exchangers, may
not be correctly targeted and this in turn would compromise their activities in
vsr mutants. In any event, a compromised regulation of the cellular pH
homeostasis is likely a major cause for the aberrant ABA biosynthesis under
osmotic stress.
In order to answer the question of whether or not osmotic
stress-induced ABA biosynthesis is affected by intracellular pH changes, we
used ConcA, a specific V-ATPase activity inhibitor, which has recently been
shown to dramatically elevate pH in the pHvac and TGN but does not affect the
pH of other endomembrane compartments (Krebs et al., 2010; Shen et al.,
2013).

Indeed, ConcA treatment significantly decreased osmotic stress

activation of NCED3 gene expression (Figure 7A). We further employed
mutants defective in V-ATPases to test their response to osmotic stress.
V-ATPases are found at both the TGN and the tonoplast (Dettmer et al., 2006;
Krebs et al., 2010). The vha-a2/vha-a3 double mutants lack both
tonoplast-localized subunits A and thus V-ATPase activity on tonoplasts is
reduced (Krebs et al., 2010), whereas the det3 mutant lacks the TGN and early
endosome-localized subunit C and thus V-ATPase in both TGN and tonoplast
is affected (Brux et al., 2008). Our studies indicated that the reduced tonoplast
V-ATPases activity by vha-a2/vha-a3 mutant does not significantly affect ABA
biosynthesis under osmotic stress. In contrast, det3, which had reduced
V-ATPases activity in the TGN, had impaired ABA biosynthesis (Fig. 7B,
Supplemental Fig. S8).

The reduced ABA biosynthesis in det3 mutant is

consistent with the finding that inhibition of the TGN-localized V-ATPases
leads to increase salt sensitivity and growth defects in plants (Batelli et al.,
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2007).

It remains to be determined if pHvac was directly affected by

TGN-localized V-ATPases or indirectly affected by reduced trafficking of proton
pumps or other transporters. Our studies further revealed that osmotic
stress-induced ABA biosynthesis is affected by disturbed intracellular pH
homeostasis since changes in the pHcyt affect ABA biosynthesis (Fig. 7, C and
D).
It is known that drought stress and ABA can lead to cytosolic
alkalization in plant cells including guard cells (Gehring et al., 1990; Irving et al.,
1992; Blatt and Armstrong, 1993). Our data indicate that pHcyt in turn regulates
ABA biosynthesis and osmotic stress responses.

However, the output (e.g.,

ABA biosynthesis) of this apparent loop or signaling cascade does not seem to
linearly correlate with the absolute pH value in any compartments. Rather, it
seems that ABA biosynthesis gene expression and ABA production depend
more on the gradient between the cytoplasm and TGN/EE or the vacuole
generated by the V-ATPases. Our data showed that acidification of the
cytoplasm or alkalization of the vacuoles/TGN will diminish osmotic
stress-activated ABA biosynthesis.

Conversely, alkalization of the cytoplasm

or acidification of the vacuoles/TGN will boost ABA biosynthesis. This
regulation of the ABA biosynthesis may happen at several levels, including
transcription and translation, and it is also conceivable that the catalytic
activities of enzymes in the biosynthetic pathway or components in the
signaling pathway are directly or indirectly modulated by pH changes within the
range reported here.

CED2/VSR1 is likely to have a role in regulating pH

homeostasis via the targeting of vacuolar proton gradient generators to enable
pH and osmotic stress-induced ABA biosynthesis.
In conclusion, our genetic, physiological, and molecular evidence
provided in this study demonstrates that vacuolar trafficking mediated by VSRs
is required for osmotic stress regulation of ABA biosynthesis genes and
osmotic stress and drought stress resistance. We propose that changes of
pH gradients between cytoplasm and vacuoles or other endosomal
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compartments may act as an early osmotic stress signal essential for the
optimal induction of ABA biosynthesis and ABA-dependent signaling (Fig. 7E).

Materials and Methods

Plant materials and map-based cloning
Arabidopsis plants were grown at 21 ± 1°C under continuous white light. Both
wild-type (Col-gl1) and ced2 mutant plants carried a homozygous
NCED3pro-LUC reporter gene (Wang et al., 2011). All other mutants are in
the Col-0 background. T-DNA insertion lines of vsr2, vsr4, vsr5, vsr6 and vsr7
were obtained from the SalK T-DNA insertion collection. vsr1-2, vsr1-3 and
vsr1-5 were gifts from Dr. Ikuko Hara-Nishimura. VSR1-HA, C2A:HA 4-3 and
C2A:HA 7-6 were gifts from Dr. Inhwan Hwang. vsr3, vsr1/vsr3, vsr1/vsr4, and
vsr5/vsr6 were gifts from Dr. Enrique Rojo. vha-a2/vha-a3 and det3 mutant
lines were gifts from Dr. Karin Schumacher.
For map-based cloning, the ced2 mutant was crossed with the
Landsberg erecta accession and 590 mutant plants were chosen from the F2
generation by their osmotic stress sensitivity phenotypes. All candidate
genes in the fine-mapped interval were sequenced to identify the ced2
mutation. The VSR1 genomic fragment was cloned into pGWB501 and
transformed into ced2 for a complementation test.

Stress treatment
For germination test, seeds were sown on plates containing either a
half-strength Murashige and Skoog (MS) medium (solidified with 1.5% agar)
with 2% sucrose buffered with 2 mM 2-[N-morpholino]ethanesulfonic acid
(MES), or the same medium supplemented with ABA or infused with
polyethylene glycerol (PEG, average molecular weight, 8000). For seedling
growth, four-day old seedlings grown on vertically placed MS plates were
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transferred to the stress treatment plate for the indicated days. For water loss
treatment, soil-grown plants were pretreated with or without 50 m ABA for four
μ

hours, and fully expanded leaves were then detached and incubated on the
bench, and the sample (consisting of four leaves) was weighed at the indicated
time and the loss of fresh weight was calculated as water loss.

Determination of ABA content
ABA contents were measured as described before (Wang et al. 2011). ABA
was extracted by suspending 100 mg of lyophilized tissues in 1 ml of water and
agitating overnight at 4°C. The ABA content was then determined with a
Phytodetek ABA enzyme immunoassay test kit (Agdia).

Ion Leakage Assay
For the PEG-induced ion leakage assay, two-week-old seedlings were placed
on plates with filter paper saturated with 40% PEG. Seedlings were briefly
washed with 0.3 M mannitol solution to remove the PEG solution and
immediately placed in glass test tubes containing 10 ml deionized water. The
tubes containing the samples were shaken overnight and the conductivity was
measured (Xiong et al., 2001b).

Stomatal Aperture Measurement
Stomatal aperture measurement was performed as described (Chitrakar and
Melotto, 2010). Rosette leaves were immersed in the 20 M propidium iodide
μ

(P4864, Sigma) solution for 5 minutes and rinse with distilled water. Then
leaves were incubated in a stomatal open solution (10 mM KCl, 50 µM CaCl2,
10 mM MES-KOH, pH 6.15) for 3 h before ABA was added.

To study

ABA-mediated inhibition of light-induced stomatal opening, plants were kept in
darkness for 24 h to close the stomata before staining, and then kept under
light in solution with ABA addition. Images were obtained with a laser
scanning confocal microscope (LSM 710, Carl Zeiss Inc.) with excitation and
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emission wavelengths of 458 nm and 543-620 nm, respectively. At least 120
stomata for each treatment were measured using the LSM image browser.

RNA gel analysis and RT-PCR analysis
RNA gel blot analysis was performed as described (Wang et al. 2011). Total
RNA from seedlings was extracted with the Trizol reagent (Invitrogen) and
reversed transcribed using SuperScript III first-strand synthesis supermix
(Invitrogen). All the reactions were performed with the 7900HT Fast Real-Time
PCR System (Applied Biosystems).

Each experiment was replicated three

times. The primers used in this study are listed in Supplemental Table S3.

Microarray Analysis
The probe preparation, hybridization to the Arabidopsis ATH1 Gene
expression arrays (Agilent Technologies), and subsequent processing steps
were performed according to the manufacturer’s procedures. After
hybridization, raw signals were extracted from the scanned microarray slides,
and data were analyzed using the Feature Extraction Software (10.7.1.1;
Agilent technologies) with the default settings.

These signals were then log

2-transformed and subjected to percentile shift-based normalization and
median-based baseline transformation using Genespring GX (Agilent
Technologies), where the Benjamini-Hochberg false discovery rates (FDR)
were used to analyze significance, and genes with fold changes of at least 2
and a FDR-corrected p value lower than 0.05 were identified.

Detection of ROS, membrane potential, calcium flux, and vacuolar pH
For ROS production, seedlings were stained by H2DCFDA following the
indicated stress treatment. The image was captured with LSM 710 confocal
microscope (excitation at 488 nM, emission at 525 nm). For membrane
potential, seedlings were stained with Bis-(1,3-dibutylbarbituric acid) trimethine
oxonol (DiBAC4(3); Invitrogen) for 1h and rinsed three times with distilled water
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before stress treatment.

The stained seedlings were then mounted on cover

slides, and 40% PEG solution was applied and the fluorescence monitored.
Images were captured using a LSM 710 confocal microscope (excitation at
488 nm, emission at 530 ± 15 nm). For visualizing Ca2+, 20 µM Fluo4-AM
was loaded in the presence of 0.02% pluronic F-127 (P3000MP, Invitrogen)
and incubated for 2 h with gentle shaking. Images from the stained seedlings
were captured using LSM 710 (excitation at 488 nm, emission at 520 nm) after
PEG treatment for the indicated time.

The fluorescence intensity was

analyzed using the ZEN 2009 software.

For vacuolar pH measurement,

seedlings were stained with pH-sensitive dye BCECF-AM (B-1150, Invitrogen).
Dye loading was performed as described (Bassil et al., 2011) with minor
modifications. Briefly, seedlings were incubated in 1/10 MS liquid medium
(0.5% sucrose, 10 mM MES, pH 5.7) containing 10 M BCECF-AM and 0.02%
μ

pluronic F-127 (P3000MP, Invitrogen) for 1 h in darkness at 22°C and washed
twice with 1/10 MS buffer before stress treatments.

The stained seedlings

were incubated in 40% PEG or 50 M ABA for 1 h. The images were
μ

obtained using a LSM 710 confocal microscope (excitation at 458 and 488 nm
and emission at 525-550 nm). After background correction, the integrated
pixel intensity was measured for both the 458 nm-excited images and the 488
nm-excited images, and ratios were calculated with ImageJ (Version 1.46,
National Institutes of Health).
pH from a calibration curve.

Fluorescence ratios were used to calculate the
For pH calibration, seven-day-old seedlings

were incubated for 15 min in equilibration buffers containing 50 mM
BTP-HEPES or MES (pH varied from 5.2 to 7.4) and 50 mM ammonium
acetate.

The fluorescence images were obtained and ratios were calculated

as described above.

A calibration curve was made between the fluorescence

ratios and the corresponding pH values.
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Figure Legends

Figure 1. Isolation and characterization of the ced2 mutant.
A, ABA contents in ced2 and wild-type (WT) seedlings under the control or
osmotic stress treatment. Two-week-old seedlings were treated with 40%
PEG solution for 6 h before ABA measurement. B, RNA gel blot analysis of the

33

Downloaded from www.plantphysiol.org on November 21, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

expression of ABA biosynthesis genes in ced2 and wild type plants in response
to osmotic stress generated by the indicated concentrations of PEG. C,
Morphology of seedlings on control or -0.7 MPa PEG-infused agar plates.
Seeds were directly sowed on the shown plates, and pictures were taken two
weeks after seed imbibition. D, Root growth (upper panel) and shoot fresh
weight (lower panel) of wild-type and ced2 seedlings on MS agar plates with
different osmotic potentials at two weeks after seed imbibition. Six plants were
pooled together for shoot fresh weight measurement per experiment. Three
replicates were performed. Data in (A) and (D) represent means ± SEM. *p<
0.05. **p < 0.01.
Figure 2. Map-based cloning and complementation of the ced2 mutation
and the expression of VSR1 under osmotic stress treatments
A, By analyzing 590 recombinant chromosomes, the CED2 locus was mapped
to the lower arm of Chromosome 3 between the BAC clones F8J2 and T4D2.
DNA sequencing revealed that the ced2 mutant had a point mutation in the six
exon of the At3g52850 gene. Positions of mutations in each allele are
indicated by vertical arrows. B, Complementation of ced2 by the wild-type
CED2/VSR1 gene. The wild type (WT), ced2, and two homozygous ced2
transgenic lines (#3 and #8) expressing the wild-type CED2 gene are shown.
Plants were grown on MS (Control, upper panel) or -0.7MPa PEG-infused agar
plates (lower panel). The photographs were taken ten days after seed
imbibition. C, vsr1 mutant alleles were sensitive to osmotic stress. Seeds were
germinated and seedlings were grown on control (upper panel) or -0.7 MPa
PEG-infused MS agar plate (lower panel) for two weeks before taking the
pictures. D, The ced2 mutant is a new allele of VSR1. Wild-type and F1 plants
(ced2/vsr1-2, ced2/vsr1-3, and ced2/vsr1-5) were grown on MS (Control, upper
panel) or -0.7 MPa PEG-infused agar plate (lower panel) for two weeks before
taking the pictures. E, Transcript levels of NCED3 in the wild type and three
vsr1 mutant alleles under the control or 40% PEG treatment for 6 h. F,
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Regulation of CED2/VSR1 expression by osmotic stress. RNA was extracted
from two-week-old wild-type (Col-0) plants treated with 40% PEG solution for
the indicated time and was used for qRT-PCR analysis. In (E) and (F),
Real-time RT-PCR quantifications were normalized to the expression of UBQ3.
Error bars represent SE from three biological replicates. *p < 0.05. **p <0.01.

Figure 3. Stress and ABA responses in the ced2 mutant
A, Seed germination rate on MS agar plates supplemented with different
concentrations of ABA at 4 days after seed imbibition. Four replicates were
performed with about 100 seeds per genotype for each replicate. B, Greening
rate of seedlings on ABA-supplemented MS agar plates at 8 days after seed
imbibition. Four replicates were performed. C, Fresh weight of seedlings on
ABA-supplemented MS agar plates at two weeks after seed imbibition. Six
plants were pooled together for weight measurement per replicate. Three
replicates were performed. D, Root growth of seedlings on ABA-supplemented
MS agar plates at two weeks after seed imbibition. Three replicates were
performed. E, Representative images of ROS production stained with the
fluorescent dye H2DCF-DA in root tips under the control (left panels), PEG
(middle panels) and ABA treatment (right panels). F, Quantification of relative
ROS production based on fluorescence pixel intensity. Three replicates were
performed with ten seedlings for each genotype per replicate. G, qRT-PCR
analysis of transcript levels of ABA1, NCED3 and AAO3 in seedlings under
ABA and PEG treatments. Real-time RT-PCR quantifications were normalized
to the expression of UBQ3. The transcript level in Col-0 under the control
conditions was set to 1.0. H, Transpirational water loss of detached leaves.
Soil-grown plants were sprayed with water or 50 M ABA and leaves were
μ

detached 4 h later for measuring water loss at the indicated time. I, Stomatal
aperture at 2.5 h after 10 M ABA treatment. J, Inhibition of light-induced
μ
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stomatal opening by ABA. K, ABA content of ced2 and wild type seedlings after
dehydration treatment for 2 h. Three replicates were performed. Black bars,
wild type (WT), white bars, ced2 mutant. In (I) and (J), at least 120 stomata
were analyzed. Data in (A-D) and (F-K) represent means ± SEM. *p < 0.05. **p
< 0.01.
Figure 4. Transcriptome analysis of the ced2 mutant under osmotic
stress
A, Number of genes with altered expression in the ced2 mutant relative to the
wild-type plants. Two-week-old plants were treated with 40% PEG solution for
6 h. RNAs from two biological repeats were extracted for microarray analysis.
B, Heat maps indicating stimulus responsiveness of the top 400 genes in the
up-regulated or down-regulated group from microarray analysis as shown in (A).
The heat maps were generated from Genevestigator stimulus data sets. C,
Confirmation by Real-time RT-PCR quantifications of the expression of
stress-related genes with significant changes in expression levels between the
wild type (WT) and ced2 mutants from the microarray analysis. Total RNA
was extracted from ced2 and wild-type plants under osmotic stress treatment
(40% PEG, 6 h). The expression of individual genes was normalized to that of
UBQ3. The transcript level in the wild type was set to 1.0. Error bars represent
SE from three replicates. *p < 0.05. **p < 0.01. ***p < 0.001.
Figure 5. Vacuolar trafficking mediated by VSRs is required for osmotic
stress regulation of ABA biosynthesis and stress tolerance.
A, Seed germination and seedling greening rates on the control or PEG-infused
agar plates (-0.7 MPa). Four replicates were performed. B, Transcript levels of
NCED3 in seedlings under osmotic stress treatment (40% PEG). C, Transcript
levels of ABA biosynthesis genes in seedlings under 40% PEG treatment. D,
Seed germination and seedling greening rates on the control or PEG-infused
agar plates. Four replicates were performed. E, Morphology of Col-0 and vsr
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double mutants on the control or PEG-infused agar plates. Seeds were
directly sowed on the shown plates, and pictures were taken at ten days after
sowing. F, Transcript levels of ABA biosynthesis genes in seedlings in
response to PEG treatment. Col-0, wild type; VSR1:HA, transgenic plants
overexpressing VSR1; C2A:HA 4-3 and 7-6, two independent transgenic lines
expressing the dominant-negative form of VSR1 (C2A). vsr1/vsr3, vsr1/vsr4
and vsr5/vsr6, double mutants. Data in (A-D) and (F) represent means ± SEM.
*p < 0.05, **p < 0.01, and ***p < 0.001. For qRT-PCR analysis (B, C and F),
Real-time RT-PCR quantifications were normalized to the expression of UBQ3.
The transcript level in Col-0 under the control conditions was set to 1.0.

Figure 6. VSRs maintained membrane potential, calcium flux and
vacuolar pH under osmotic stress
A, Time-course of the relative membrane potential in roots of the wild type and
ced2 in response to 40% PEG treatment. B, Time-course of the relative
membrane potential in roots of the Col-0, vsr1/vsr3 and vsr1/vsr4 in response
to 40% PEG treatment. C, Calcium flux in roots of wild type and ced2 in
response to 40% PEG treatment. D, Calcium flux in roots of the Col-0, vsr1/vsr3
and vsr1/vsr4 in response to 40% PEG treatment. E, Vacuolar pH in root tips
and mature roots of the wild type and ced2 with or without 40% PEG treatment
for 1 hr. F, Vacuolar pH in roots of the Col-0, vsr1/vsr3 and vsr1/vsr4 in
response to 40% PEG treatment. For membrane potential and calcium flux
assays, three independent experiments with 10 seedlings each were
performed for each genotype. For vacuolar pH measurements, three
independent experiments were performed with 15 seedlings for each genotype.
Data in (A-F) represent means ± SEM. *p< 0.05. **p < 0.01. Col-0, wild type;
ced2, ced2 mutant; vsr1/vsr3 and vsr1/vsr4, double mutants.
Figure 7. ABA biosynthesis regulated by Intracellular pH homeostasis
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A, Transcript levels of ABA biosynthesis genes ABA1 (upper panel) and
NCED3 (lower panel) in Col-0 under osmotic stress (40% PEG) with or without
ConcA pretreatment. B, Transcript levels of ABA biosynthesis genes ABA1
(upper panel) and NCED3 (lower panel) in Col-0, vha-a2/a3 and det3 under
40% PEG treatment. C, Transcript levels of ABA biosynthesis genes, ABA1
(upper panel), NCED3 (middle panel) and AAO3 (lower panel), in Col-0 under
osmotic stress (40% PEG) with or without 10 mM butyric acid or 10 mM
benzylamine pretreatment. D, ABA content in Col-0 under osmotic stress (40%
PEG) with or without 10 mM butyric acid or 10 mM benzylamine pretreatment.
Three replicates were performed. E, A model proposing the function of VSRs in
regulating ABA biosynthesis and ABA signaling. Upon encountering osmotic
stress, an osmosensor perceives the signal and leads to changes in cell turgor
and cell volume, which are maintained by the vacuole. Osmotic stress also
activates an undefined upstream signaling pathway that triggers ABA
biosynthesis as well as downstream ABA signal transduction. VSRs function
in sorting soluble lytic vacuole proteins or vacuole storage proteins that might
affect the activity of proton pumps or ions channels, which in turn maintain the
pH homeostasis between the cytoplasm and the vacuole. Intracellular pH
homeostasis could act as a signal to activate ABA biosynthesis and signaling.
A hypothetical VSR1-independent regulation of ABA biosynthesis (dashed line)
is also shown. In (A-C), Real-time RT-PCR quantifications were normalized to
the expression of UBQ3. The transcript level in Col-0 under control conditions
was set to 1.0. Data in (A-D) represent means ± SEM. *p< 0.05. **p < 0.01. ***p
< 0.001.
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Supplemental Figure S1. Characterization of the ced2 mutant. A, Seed germination and seedling greening of
wild-type (WT) and ced2 mutants on the control or PEG-infused agar plates. Four replicates were performed
with similar results obtained. Representative pictures are shown. (B) Quantitative evaluation of the
germination rate (upper panel) and seedling greening rate (lower panel) of the wild-type and ced2 seedlings on
MS agar plates with different osmotic potentials at 4 days after sowing. Four replicates were performed each
with about 100 seeds for each genotype. (C) Growth of seedlings on the control and PEG-infused agar plates.
Seedlings were germinated and grown on MS agar plates for one week before being transferred to the
indicated plates. Three replicates were performed with similar results obtained. Representative pictures are
shown. (D) Quantitative evaluation of relative root growth (upper panel) and fresh weight (lower panel) on
PEG-infused agar plates at two weeks after seed imbibition. Fresh weight or root length was measured and
shown as a percentage relative to that on the normal MS medium. Three replicates were performed. Results
in (B) and (D) are means ± SE.. *p < 0.05. **p < 0.01.
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Supplemental Figure S2. Sensitivity of the ced2 Mutant to salt stress. A, Germination rate of
the wild-type and ced2 seeds on MS agar plates supplemented with different concentrations of
NaCl at four days after sowing. Four replicates were performed with about 100 seeds per line
for each replicate. (B) Representative pictures of the wild-type (WT) and ced2 seedlings grown
under different concentrations of NaCl. (C) Quantitative evaluation of root growth and fresh
weight of seedlings in (B) at two weeks after seed imbibition. Six plants were pooled and fresh
weight or root length was measured. Three replicates were performed. In (A) and (C), Black
bars, wild type; white bars, ced2. Results in (A) and (C) are means ± SE. *p < 0.05.
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Supplemental Figure S3. VSR1 expression is partly dependent on ABA.
Transcript level of NCED3 and VSR1 in Ler and two ABA-deficient mutants (aba1-3 and
aba3-2) under osmotic stress conditions (40% PEG, 6 h). Real-time RT-PCR quantifications
were normalized to the expression of UBQ3. Error bars represent SE from three replicates.
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Supplemental Figure S4. Water loss rate and drought tolerance of the ced2 mutant. A, Water loss rates of
detached ced2 and wild-type (WT) leaves. The snrk2.6 mutant and its wild-type Columbia (Col-0) are shown
as controls. Data are means ± SE (n =4). B, Comparison of drought tolerance between wild-type and ced2
plants. Soil-grown plants were supplied with sufficient water for 2 weeks (Watered), and water was then
withheld for 14 d (Drought). Representative picture was shown. C, Drought survival rates of the wild-type
and ced2 seedlings shown in (E). Four replicates were performed. Results are means ± SE. D, Electrolyte
leakage of the wild-type (WT) and ced2 mutant plants under the control or 40% PEG treatments. Two-weekold plants were transferred to plates containing 40% PEG solution and incubated for the indicated time.
Data are means and SE from four replicates.
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Supplemental Figure S5. Gene Ontology of genes with altered expression in ced2 under osmotic stress
conditions. A, Upregulated and B, downregulated genes from the ced2 microarray data were analyzed with
Gene Ontology Annotations database (Berardini et al. 2004; http://Arabidopsis.org/tools/bulk/go/).

G e r m in a t io n r a t e ( % )

A
100

C o l- 0

v s r2

v s r3

v s r5

v s r6

v s r7

v s r4

*
50

0
0

B

- 0 .5

- 0 .7

O s m o t ic p o t e n t ia l (M P a )
Col-0

vsr5/vsr6

vsr3

Col-0

N C E D 3 /U B Q

0 .0 8

vsr3

-0.7 MPa

Control
C

vsr5/vsr6

C o l- 0

v s r2

v s r3

v s r4

v s r5

v s r6

v s r7

v s r5 /v s r6

0 .0 6

0 .0 4

0 .0 2

0 .0 0
1

3

T im e ( h )

Supplemental Figure S6. Characterization of other vsr mutants. A, Germination rate of Col-0 and
other vsr mutants. Seeds were directly sown on MS agar plates with various osmotic potentials and
germination (radicle emergence) was scored 3 day later. B, Morphology of 10-day-old Col-0, vsr3 and
vs5/vsr6 seedlings on the control or -0.7 MPa PEG-infused MS agar plates. C, Transcript level of
NCED3 in Col-0 and other vsr mutants (vsr2, vsr3, vsr4, vsr5, vsr6 and vsr7 and vsr5/vsr6) under 40%
PEG treatment for the indicated time. Real-time RT-PCR quantifications were normalized to the
expression of UBQ3. Error bars represent SE from three replicates.
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Supplemental Figure S7. Membrane potential and vacuolar pH. A, Representative
images of the membrane potential in mature roots of the wild type and ced2. B,
Calcium flux in vsr5/vsr6 in response to 40% PEG treatment. C, Representative
images of vacuolar pH in mature roots of the wild-type plants. D, In situ calibration
curve. Four-day-old seedlings were incubated in the 10 µM BCECF-AM in darkness
for 1 h, and then immersed in each pH equilibration buffers for 15 min. The
fluorescence was obtained with dye loaded roots excited at 458 and 488 nm. Twenty
images were taken from 10 different seedlings. E. Vacuolar pH in vsr5/vsr6 in response
to 40% PEG treatment.
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Supplemental Figure S8. ABA accumulation in det3 and vha-a2/a3 mutants. Two-week-old seedlings
were transferred to plates containing 40% PEG solution and incubated for 3 h before ABA measurement.
Data are means and SE from 4 replicates.

