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Abstract

Vacuolar sorting receptors (VSRs) are responsible for

the proper targeting of soluble cargo proteins to their

destination compartments. The Arabidopsis genome

encodes seven VSRs. In this work, the spatio-temporal

expression of one of the members of this gene family,

AtVSR3, was determined by RT-PCR and promoter::-

reporter gene fusions. AtVSR3 was expressed specifi-

cally in guard cells. Consequently, a reverse genetics

approach was taken to determine the function of

AtVSR3 by using RNA interference (RNAi) technology.

Plants expressing little or no AtVSR3 transcript had

a compressed life cycle, bolting ;1 week earlier and

senescing up to 2 weeks earlier than the wild-type

parent line. While the development and distribution of

stomata in AtVSR3 RNAi plants appeared normal,

stomatal function was altered. The guard cells of

mutant plants did not close in response to abscisic

acid treatment, and the mean leaf temperatures of the

RNAi plants were on average 0.8 �C lower than both

wild type and another vacuolar sorting receptor mu-

tant, atvsr1-1. Furthermore, the loss of AtVSR3 protein

caused the accumulation of nitric oxide and hydrogen

peroxide, signalling molecules implicated in the regu-

lation of stomatal opening and closing. Finally, proteo-

mics and western blot analyses of cellular proteins

isolated from wild-type and AtVSR3 RNAi leaves

showed that phospholipase Dg, which may play a role

in abscisic acid signalling, accumulated to higher

levels in AtVSR3 RNAi guard cells. Thus, AtVSR3 may

play an important role in responses to plant stress.

Key words: Abscisic acid, expression analysis, guard cells,

hydrogen peroxide, nitric oxide, phospholipase Dc1, protein
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Introduction

Soluble proteins are delivered to the vacuole via vesicle
trafficking through the endomembrane system. Soluble
cargo proteins enter the endomembrane system at the
rough endoplasmic reticulum (RER). While some vacuo-
lar proteins segregate into ER bodies that bleb off the ER
membrane and are delivered directly to the vacuole
(Shimada et al., 1997; Tsuru-Furuno et al., 2001; Rojo
et al., 2003), most vacuolar proteins are transported to the
Golgi and, subsequently, the trans-Golgi network (TGN)
(Vitale and Raikhel, 1999). The TGN represents a major
branch point from where soluble proteins enter either the
secretory, or default, pathway to the cell’s exterior, or are
sorted, based on plant-specific primary sequence determi-
nants, and packaged into vesicles for transport to various
vacuolar compartments.
Plant cells rely on a diverse array of sequence-specific

vacuolar sorting signals (ssVSS) to target cargo proteins
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to their proper compartments. The classic model for the
plant endomembrane system has been that carboxy-
terminal vacuolar sorting signals (ctVSS) have been found
necessary for correct targeting of tobacco barley lectin
(Bednarek et al., 1990), tobacco chitinase A (Neuhaus
et al., 1991), and b-1, 3-glucanase (Melchers et al., 1993)
to the protein storage vacuole (PSV), and amino-terminal
vacuolar sorting signals (ntVSS) direct proteins such as
barley aleurain (Holwerda et al., 1992) and sweet potato
sporamin (Matsuoka and Nakamura, 1991) to the lytic
vacuole. Proteins such as phytohaemagglutinin (Tague
et al., 1990) and legumin (Saalbach et al., 1991) contain
internal sorting signals that are not cleaved and, in
addition, there is evidence that some proteins are sorted
based on information provided by multidomain signals
(Saalbach et al., 1991). There appears to be a correlation
between the type of VSS and the pathway taken to the
destination compartment. Proteins containing ctVSS are
packaged into dense vesicles (Matsuoka et al., 1995; Hohl
et al., 1996), and are delivered to PSVs (Hohl et al., 1996;
Paris et al., 1996). ntVSS-containing proteins are trans-
ported to the lytic vacuole by clathrin-coated vesicles
(CCVs) in a pathway that appears to be analogous to
those described for yeast and mammalian cells (Ahmed
et al., 2000). It was recently proposed that different types
of vacuoles may not co-exist in single cells, but that the
post-embryonic PSV matures into a lytic vacuole (Olbrich
et al., 2007). The ntVSS has been characterized in several
plant species and was often found to contain an NPIR
motif (Matsuoka and Nakamura, 1999), although this
conservation is not absolute. The NPIR motif is recog-
nized by vacuolar sorting receptors (VSRs), among these
are pea binding protein-80 (BP-80) (Kirsch et al., 1994),
pumpkin PV72 (Shimada et al., 2002), and Arabidopsis
thaliana VSR1/ELP (vacuolar sorting receptor 1/epider-
mal growth factor receptor-like protein) (Ahmed et al.,
1997). Pea BP-80 was isolated using affinity chromatog-
raphy of CCVs to identify proteins that bind the ntVSS of
barley aleurain (Kirsch et al., 1994). PV72 was isolated
from precursor-accumulating vesicles of developing
pumpkin seeds (Shimada et al., 1997). Arabidopsis
VSR1/ELP was identified, using a bioinformatics ap-
proach, to find proteins that contained cysteine-rich
repeats that are present in the receptor proteins of other
species (Ahmed et al., 1997).
Plant VSR domain structure is highly conserved. VSRs

are type I transmembrane proteins with large lumenal
domains, short transmembrane domains, and small cyto-
plasmic domains (Ahmed et al., 1997). The immature
forms of these proteins contain an amino-terminal signal
peptide necessary for co-translational insertion into the ER
membrane (Ahmed et al., 1997). A protease-associated
domain, the proposed site of ligand interactions, follows
the signal peptide (Mahon and Bateman, 2000). There are
three cysteine-rich epidermal growth factor repeats within

the lumenal domain, one of which is a calcium-dependent
epidermal growth factor repeat (Watanabe et al., 2002).
The cytoplasmic domain features a tyrosine motif that
interacts with clathrin coat adaptor proteins at the TGN
(Sanderfoot et al., 1998; Bonifacino and Dell’Angelica,
1999; Watanabe et al., 2002; Happel et al., 2004). It also
contains a diacidic motif that directs export from the ER
(Matsuoka and Bednarek, 1998).
AtVSR1 and BP-80 have been localized to the TGN,

CCVs, and the PVC, and colocalize with proteins such as
aleurain and sporamin that are destined for the lytic
vacuole (Kirsch et al., 1994; Ahmed et al., 1997, 2000;
Sanderfoot et al., 1998; Li et al., 2002). These locations
are consistent with those for MPR and Vps10, vacuolar/
lysosomal sorting receptors of animals and yeast. Both
sorting receptor proteins have also been found to co-
localize with the plant syntaxin SYP21 (Miller et al.,
1999; Ahmed et al., 2000).
The current model of plant VSR function in the context

of the CCV pathway is as follows: the NPIR motif of the
ntVSS interacts with the ligand-binding domain of the
VSR in the neutral pH lumen of the TGN, the cytoplasmic
domain of the VSR is recognized by the trafficking
machinery and, subsequently, both proteins are packaged
into CCVs that are then delivered to the PVC (Ahmed
et al., 2000). The receptor releases the cargo in the acidic
pH environment of the PVC and is presumably recycled
to the TGN by vesicle trafficking, whereas the cargo is
delivered to the lytic vacuole by either vesicle trafficking
or fusion of the PVC with the vacuole.
Two observations suggest a more complicated scenario.

First, the Arabidopsis genome encodes six additional
genes that are highly similar to AtVSR1/AtELP and thus,
may also function as VSRs (Laval et al., 1999; Shimada
et al., 2003; Masclaux et al., 2005). Additionally, rice
encodes nine genes that are homologous to AtVSR1/
AtELP and BP-80 (E Avila, T Girke, and N Raikhel,
unpublished results). Secondly, despite their high amino
acid identity, plant VSRs are found in a variety of vesicle
types and these have been implicated in different vacuolar
transport pathways. A recent reverse genetics character-
ization of the Arabidopsis VSRs demonstrated that VSR1
could mediate the transport of 2S albumin, a seed storage
protein, to PSVs in developing seed (Shimada et al.,
2003). Furthermore, the putative receptor for Vigna
mungo SH-EP, a KDEL-tailed cysteine protease that
degrades storage proteins in the PSV, was found to be
homologous to AtVSR1 (Tsuru-Furuno et al., 2001).
These results were further reinforced by the examination
of transport of storage proteins, their cognate processing
proteases, and the VSR1 protein during PSV formation in
Arabidopsis embryos. Storage proteins and their corre-
sponding processing proteases were spatially separated in
the Golgi cisternae and subsequently packaged into
separate vesicles. In this study, only vesicles that
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contained the storage proteins were marked by VSR1.
Subsequently, both the storage protein vesicles and
processing protease vesicles fused into a prevacuolar
multivesicular body (Otegui et al., 2006).
However, previous results demonstrated that AtELP/

VSR1 mediates the transport of ntVSS, and not ctVSS-
containing proteins (Ahmed et al., 2000). A more recent
study, in which the distribution of two VSRs and two
types of luminal cargo proteins was examined, showed
that cruciferin, a storage protein, and aleurain, a processing
protease, were both transported to the PSV during the
bent-cotyledon stage of Arabidopsis embryo development.
Also examined were the localizations of the sorting
receptors VSR1 and RMR, which may be the sorting
receptors of aleurain and cruciferin, respectively. RMR,
which recognizes ctVSSs, had a distribution similar to that
of cruciferin and was found in dense vesicles, and
therefore are the more likely candidates for sorting storage
proteins. VSR1 was localized primarily to the TGN. The
authors hypothesized that, although there was spatial
separation between the receptors and ligands, their path-
ways are interdependent; therefore a lesion in one could
influence the function of the other (Hinz et al., 2007).
In order to develop a more comprehensive model of

VSR function in plants, the expression patterns of one of
the Arabidopsis VSR genes was determined, AtVSR3,
using both reverse transcription PCR (RT-PCR) and
stably transformed promoter::GUS (b-glucuronidase) fu-
sion lines. In addition, the phenotype of plants that
post-transcriptionally silenced the AtVSR3 gene was char-
acterized, and it was determined that AtVSR3 may mediate
abscisic acid (ABA)-related responses in guard cells.

Materials and methods

Plant growth conditions

Arabidopsis seeds (ecotype Columbia) were sterilized in a solution
of 50% bleach/0.05% Tween-20 (Sigma) and rinsed with sterile
water. After cold treatment at 4 �C for 24 h, the seeds were sown on
phytagar plates containing Murashige Minimal Organics Medium
(Invitrogen/Gibco), and antibiotic selection as indicated. The seed-
lings were germinated under constant light conditions at ; 23 �C.
After 2 weeks, the seedlings were transferred to a commercial soil
mixture containing slow-release fertilizer pellets (Osmocote) and
fungicide (Marathon). The plants were grown under long-day
conditions (16 h light/8 h dark) at ;23 �C. For experiments carried
out under short-day conditions, the plants were grown in a chamber
set at 8 h light, 16 h dark, at ;23 �C.

Phylogenetic analysis and bioinformatics

The phylogenetic tree was calculated with the PHYLIP package
(Felsenstein, 1997) using the PROTDIST program for calculating
the distance matrix (categories model as distance matrix), the
Neighbor–Joining method for tree construction, and the midpoint
method in RETREE for defining the root of the tree. The internal
bootstrap values were obtained from 100 alignment re-sampling
replicates. Related protein sequences were identified by BLASTP

searches against the protein sequences from Arabidopsis (TAIR
annotation 7), rice (TIGR annotation 5), and the UNIPROT database
using an E value of 1e�20 as cut-off. The sequences obtained
were aligned with the T-Coffee program (Notredame et al., 2000).

RT-PCR of AtVSR3

Gene-specific primers were designed for VSR3 and were synthe-
sized at the MSU Macromolecular Structural Facility. The forward
primer sequence was CCT TGT CCT TCG AAT TTG TTC TTT G
and the reverse primer TCT AGA GTC CTT CCC GGG GAA TAA
ATA GAT G. Total RNA was extracted from all tissues using the
RNeasy Kit (Qiagen). RT-PCR was carried out using the One-Step
RT-PCR Kit (Qiagen) with 500 ng total RNA template. Each PCR
reaction was limited to 28 cycles in order to stay within the linear
range of amplification and thus obtain a more accurate picture of the
relative levels of gene expression in the various tissues. The PCR
products were electrophoresed on 1% agarose gels stained with
ethidium bromide and photographed using a Bio-Rad gel documen-
tation system. All the PCR products were sequenced at the
University of California, Riverside (UCR) Center for Genomics
DNA Sequencing Core Facility.

Preparation of the VSR3 promoter::GFP:GUS construct

The pRJG23 construct was a generous gift from Dr Jen Sheen. For
ease of cloning into pCAMBIA, the GFP::GUS fragment of
pRJG23 was cloned into pBS (SK+) using an EcoRI/HindIII double
digest. The GFP::GUS fragment was then cloned into pCAMBIA
1300MCS by means of a KpnI/SacI double digest. The subsequent
ligation yielded pCAMBIA::GFP:GUS.
The 2160 bp region upstream of the AtVSR3 start codon was

amplified by PCR using the following primers: forward ATA AGC
TTA ACG ACT ACT GCG TAT TGG AGA GC; reverse ATA
AGC TTT GGA AGG TAA CAC AGA AGC TGC. HindIII
restriction enzyme sites (underlined) were added to facilitate
cloning. The promoter was amplified from wild-type (WT)
Columbia genomic DNA using Takara Ex-Taq DNA polymerase
and following the manufacturer’s protocol. The PCR products were
purified using Qiagen PCR purification columns and were sub-
sequently cloned into the pGEM-T Easy vector (Promega).
Sequencing of the PCR products and the constructs was carried out
at the UCR DNA Sequencing Core Facility.
To replace the 35S promoter with the VSR3 promoter,

35S::GFP:GUS and pGEM::VSR3p were digested with HindIII,
and purified using Quiagen columns. The vector was treated with
alkaline phosphatase and ligated with T4 DNA ligase.
The resultant construct was cloned into the pCAMBIA1300

binary vector (McElroy et al., 1995) and transformed into WT
Arabidopsis (Columbia ecotype) by Agrobacterium-mediated stable
transformation (Clough and Bent, 1998). Seeds were collected from
the transformed plants and germinated on agar containing Mura-
shige Minimal Organics Medium, 30 mg l�1 hygromycin (Sigma),
and 25 mg l�1 Carbenecillin (Sigma).

Plant transformation

The DNA constructs were transformed into Agrobacterium tumefa-
ciens via a freeze–thaw protocol (Sanderfoot et al., 2001). Trans-
formed agrobacteria were selected on the appropriate media at 28
�C, and antibiotic-resistant colonies were screened for the presence
of the construct using PCR and by restriction digests of isolated
DNA. The constructs were introduced into Arabidopsis via
Agrobacterium-mediated transformation using the floral dip method
(Clough and Bent, 1998), and the putative transformants were
selected for resistance to hygromycin. The T2 and T3 generations
were then tested for GUS activity.
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Photography and microscopy

Seedlings were examined and photographed with a Leica MZIII
dissection microscope equipped with a Canon G4 digital camera.
Microscopy of guard cells was carried out using a Meridian insight
confocal microscope fitted with 320 and 340 objectives. Micro-
graphs were taken with a Hammamatsu CCD camera.

Nucleic acid extraction from plants and subsequent analysis

Genomic DNA was extracted from rosette leaves of individual
plants following published protocols (Weigel and Glazebrook,
2002). PCR was carried out using Ex-Taq (Takara Shuzo) and
following the manufacturer’s instructions. Total RNA was extracted
from rosette leaves using the RNeasy Plant Mini Kit (Qiagen). RT-
PCR was carried out using 500 ng total RNA, unless otherwise
indicated, with the One-Step RT-PCR Kit (Qiagen) following the
manufacturer’s protocol.

Post-transcriptional silencing of the AtVSR3 gene

The pFGC5941 dsRNA vector was a generous gift from Dr Richard
Jorgensen and Dr Vicki Chandler, and the relevant DNA fragments
were inserted following the protocols outlined on the ChromDB web
page (http://ag.arizona.edu/chromatin/strategy.html). Primers were
designed to amplify the coding region for the last 10 amino acids of
the carboxy-terminal and the 3# untranslated region (UTR) of
AtVSR3: forward TCT AGA GGC GCG CCT CCC GAA CCA
CGT TGA ATG ATG AAC G; reverse GGA TCC ATT TAA ATA
ACA ACA TGA ACT CTA AAA CAA GTA AC. The forward
primer contained XbaI and AscI restriction enzyme sites (underlined)
for cloning purposes. The reverse primer added BamHI and SwaI
restriction sites (underlined) to the 3# end, also for cloning purposes.
The PCR product was cloned into pGEM-T Easy (Promega) and
sequenced at the UCR DNA Sequencing Facility. To add the 3# end
of AtVSR3 in the forward orientation, the construct and the vector
were digested with AscI and SwaI. The relevant digestion products
were resolved on a 1% low melt agarose gel and the DNA purified
from the gel using Qiagen columns. The products were ligated with
T4 DNA Ligase (Roche) and transformed into Escherichia coli
DH5a. To add the same AtVSR3 fragment in the opposite
orientation, the new construct and the pGEM construct were
digested with BamHI and XbaI, ligated, and transformed as
described above. The integrity of the final construct was confirmed
by triple restriction digest with NotI, EcoRI, and PstI. The construct
was transformed into Arabidopsis using the same protocols outlined
above. Transgenic seedlings were obtained by germinating the seeds
on selection media. RT-PCR was carried out for all putative
transformants using the AtVSR3 RT-PCR primers.

Stomatal bioassays

Leaves were floated in MES/KCl buffer (5 mM KCl/10 mM MES/
50 lM CaCl2, pH 6.15) for 3 h under continuous illumination (60–
100 lE m�2 s�1). Once the stomata were fully open, leaves were
treated with ABA for a further 2.5 h. The leaves were subsequently
individually homogenized in a Waring blender for 30 s and the
epidermal fragments collected on a 100 lm nylon mesh (Spec-
traMesh, BDH-Merck, UK). Stomatal apertures from epidermal
fragments were then measured using a calibrated light microscope
attached to an imaging system (Leica QWin software, Leica, UK).

Measurement of hydrogen peroxide (H2O2) and nitric oxide

(NO) using confocal microscopy

Epidermal fragments from mature leaves, prepared as described
above, were incubated in MES/KCl buffer for 2–3 h. Following

buffer treatment, the fragments were loaded by incubation in 50 lM
of the H2O2-sensitive fluorescent dye H2DCFDA (Molecular
Probes, Leiden, The Netherlands) or 15 lM DAF2-DA (Calbio-
chem, UK) for 10 min. After washing in fresh buffer for a further
20 min, the fragments were challenged with ABA. Controls
included the addition of the appropriate solvents. Confocal laser
scanning microscopy was used to visualize fluorescence, using an
excitation wavelength of 488 nm and an emission wavelength of
515–560 nm (Nikon PCM2000; Nikon Europe B.V. Badhoewvedorp,
The Netherlands). Images were acquired and analysed using Scion
Image software (Scion Corp., Frederick, MD, USA) to measure the
relative fluorescence intensities in the cells following various treat-
ments. Data represent fluorescence intensities from several guard cells
analysed in different experiments.

Thermal analysis of seedlings

Seedlings were grown as described for the germination assay for 2
weeks without ABA. The plates were photographed with a retail-
grade digital camera and analysed with a ThermaCAM 560 from
FLIR Systems (Boston, MA, USA).

Proteomic analysis

Total proteins were extracted from either WT or VSR3 interfering
RNA (RNAi) guard cells that were isolated using published
protocols (Pandey et al., 2002). The proteins were separated by
standard 18 cm 14% SDS–PAGE (Laemmli, 1970). Staining with
Coomassie Brilliant Blue R 250 showed a ;90 kDa protein band
with differences in staining intensity between WT and VSR3 RNAi
guard cells. This band was excised and subjected to LC/MS/MS
analysis to identify the constituent proteins. Briefly, the two gel
slices were cut into small pieces ;1 mm2 in size, destained, and
then digested overnight with trypsin at 37 �C. The tryptic peptides
were extracted following a procedure described previously (Pan
et al., 2003). The liquid chromatography (LC) configuration and
method, the mass spectrometer instrumentation parameters, and the
data-dependent analysis survey scanning method were the same as
described (Carter et al., 2004). The data-dependent analysis data
were then processed with the PLGS2 program (Waters, Milford,
MA, USA) to generate PKL text files that were submitted to
MASCOT database searching to identify proteins with the same
parameters as previously described (Carter et al., 2004). The mass
spectrometer used in this study was a Q-TOF AP US (Waters)
housed in the W.M. Keck Proteomics Laboratory at the Center for
Plant Cell Biology.
For the phospholipase Dc (PLDc) western blot, leaves were

excised from WT and VSR3 RNAi plants. Equal amounts of tissue
were used to make crude extracts. The tissues were broken in 100
ll Laemmli buffer (Laemmli, 1970) and centrifuged for 1 min at
1000 g. The supernatants were then heated to 100 �C for 5 min.
Fifty microlitres of each extract were loaded onto a 10% SDS–
PAGE gel. The transfer and western blot were carried out using
standard protocols (Sambrook and Russell, 2001). The blot was
incubated with a 1:2000 dilution of PLDc antibody, kindly provided
by Dr Xuemin Wang (Donald Danforth Plant Science Center).

Results

Phylogenetic analysis and expression patterns of the
AtVSR gene family

Based on the analyses shown in Fig. 1 and published
phylogenetic analyses (Shimada et al., 2003; Masclaux
et al., 2005), the known plant VSRs clustered into three
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groups. The first group contained Arabidopsis VSRs 3 and
4, pea BP-80, a grape (Vitus vinifera) VSR, and a rice
VSR. The second group was composed of AtVSR1,
AtVSR2, pumpkin (Cucurbita) PV-72, four rice VSRs,
and one VSR each from wheat (Triticum aestivum), potato
(Solanum tuberosa), grape, mung bean (Vigna mungo),
and Medicago trunculata. The third group contained
VSRs 5–7, two rice VSRs, and VSRs from two different
species of green algae.
All the putative plant VSRs contain a proteinase-

associated domain, thought to be the site of cargo loading
(Mahon and Bateman, 2000). The phylogenetic relation-
ship of the proteinase-associated domains was examined
and found to be identical to that of the full-length proteins
(data not shown), suggesting that the relatedness of the
individual proteins may be indicative of their functions.
To begin to address the particular functions of individual
Arabidopsis VSRs, the expression patterns of the AtVSR3
gene were determined using RT-PCR.
RT-PCR was carried out using gene-specific primers to

amplify total RNA isolated from various Arabidopsis

tissues. The primers were specific to the 5# and 3# UTRs
of the VSR3 gene, and amplified a 1.9 kb product that was
specific for the cDNA. After reverse transcription, PCR
was carried out for a total of 28 cycles. AtVSR3 transcripts
were detected in all tissues, with the exception of seeds,

Fig. 1. Phylogenetic analysis of plant VSRs. Phylogenetic analysis indicated that the land plant clade of the vacuolar sorting receptor proteins
clusters into three groups. The full-length amino acid sequences were analysed to determine their relationships to one another. The bootstrap values
are reported at the nodes.

Fig. 2. Expression analysis of the Arabidopsis VSR3 gene. RNA was
extracted from various Arabidopsis tissues as indicated in the figure.
Five hundred nanograms of RNA were used as a template for RT-PCR
with gene-specific primers and 28 cycles of PCR after reverse
transcription cDNA synthesis. The Arabidopsis UBIQUITIN10 gene
was used as a control.
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although expression was highest in young leaves, flowers,
and siliques (Fig. 2).

Cell type-specific expression patterns of
Arabidopsis VSRs

To determine the cell type-specific expression patterns of
AtVSR3, the predicted promoter region of the VSR3 gene
was fused to the coding region of the b-glucuronidase
(GUS) reporter gene. The transcriptional fusion was
transferred to a binary vector for stable transformation into
Arabidopsis. Fifteen transgenic lines from three indepen-
dent pools of plants carrying the pAtVSR3::GUS reporter
construct were analysed. In a departure from the RT-PCR
results, faint GUS staining was detected in the cotyledons
of imbibed seeds (Fig. 3A). The staining was considerably
fainter than that in other tissues; most likely increasing the

number of RT-PCR cycles would have revealed the
presence of VSR3 transcript. Thus, if VSR3 is expressed in
Arabidopsis embryonic tissue, it is at very low levels.
GUS activities in other tissues at various developmental
stages essentially mirrored the RT-PCR results. GUS
activity was observed throughout 7-d-old seedlings (Fig.
3B). In older plants, GUS staining was detected in 3-
week-old roots (Fig. 3C). GUS staining in young leaves
was concentrated in the vascular tissue and was uniform
over the rest of the leaves (Fig. 3D). However, as the
seedlings matured, expression from the AtVSR3 promoter
was strongest in vascular tissue, guard cells, and hydath-
odes of true leaves (Fig. 3E, F). GUS activity was also
detected in the inflorescence stems, flowers, and siliques
(Fig. 3G–J). In siliques, GUS staining was found primarily
in the siliques sheaths and funiculi (Fig. 3I, J).

Fig. 3. Expression analysis of the Arabidopsis VSR3 protein using promoter::GUS fusions. AtVSR3 promoter::GUS transgenic plants were
histochemically stained with the X-glucuronide substrate so as to visualize its tissue and cell type-specific expression patterns. The images presented
are typical examples of staining as observed from multiple independent lines. (A) GUS activity is seen in the mature embryo. (B) Seven-day-old
seedlings express GUS throughout the cotyledons, hypocotyl, and vascular tissue. (C) GUS is detected in 3-week-old roots. (D) Staining of the
adaxial surface of a young leaf. (E) A view of the abaxial surface of a mature leaf. Arrows point to a stained hydathode and stomate. (F) Close
examination of rosette leaves (340 magnification) revealed GUS activity specifically in the guard cells. Scale bar¼20 lm. (G) GUS activity was
detected in the inflorescence stem. (H) Staining of carpel, anthers, and petals in pVSR3::GUS flowers. (I) GUS activity detected in the silique sheaths.
(J) Within the siliques, GUS staining was restricted to the funiculi (arrows).
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Creation of RNAi lines for functional analysis of
AtVSR3

Promoter::reporter fusion studies indicated that AtVSR3
was expressed in guard cells, thus suggesting that the
VSR3 protein may play a role in stomatal function. Thus,
a reverse genetics approach was taken to determine the
function of AtVSR3. It was not possible to obtain viable,
homozygous T-DNA knockouts for AtVSR3 (data not
shown), indicating that this was an essential gene, so the
function of AtVSR3 was addressed by creating RNAi lines
that post-transcriptionally reduced the accumulation of
AtVSR3 transcript. RNA was extracted from putative
RNAi lines and used as templates for semi-quantitative
RT-PCR. Four of the transformed lines, Lines 1.11, 1.18,
2.6, and 3.1, which were generated in three independent
transformations, showed greatly reduced levels of AtVSR3
transcript (Fig. 4A).

AtVSR3 RNAi plants have a compressed life cycle

Comparison of the four AtVSR3 RNAi plant lines with
WT plants indicated that the RNAi lines had a compressed
life cycle relative to WT (Fig. 4B, C). Seeds from all four
lines were germinated on soil under short-day light

conditions. While all the RNAi lines and the WT
reference bolted at approximately the same number of
leaves (Fig. 4B), the RNAi lines bolted around 7–10
d earlier than WT. Furthermore, the AtVSR3 RNAi plants
set seed and senesced about 2 weeks earlier than WT
plants when grown under the same environmental con-
ditions (data not shown). Similar effects were observed in
RNAi plants that were grown under long-day conditions,
except that bolting occurred 5–7 d earlier than in WT (Fig.
4C and data not shown).

Loss of AtVSR3 protein results in altered
stomatal function

Because of the guard cell expression patterns that were
observed for AtVSR3, it was questioned whether the
AtVSR3 RNAi plants exhibited an abnormal distribution
or function of guard cells. Analysis of rosette leaves from
various stages of development showed that the RNAi lines
had essentially the same numbers of stomates as their WT
counterpart, indicating that the loss of AtVSR3 protein
does not affect stomatal number or distribution (data not
shown). However, when measuring whether cells are
opened or closed based on a 2.5 lm cut-off, there are

Fig. 4. Characterization of AtVSR3 RNAi plants. (A) RT-PCR of wild-type (WT) and four putative transformants using either AtVSR3-specific
primers (top panel) or UBIQUITIN10-specific primers (bottom panel). While some transformants had reduced amounts of AtVSR3 mRNA, one line,
Line 3.1, did not accumulate any detectable AtVSR3 mRNA, while UBIQUITIN10 levels for all lines examined were similar. (B, C) AtVSR3 RNAi
plants have a shorter life cycle than WT plants. Plants were grown in a short-day chamber. WT and AtVSR3 RNAi plants have the same number of
leaves at bolting (B). (C) AtVSR3 RNAi plant growth compared with WT. The AtVSR3 RNAi plants from Lines 1.11, 1.18, 2.6, and 3.1 (right) are
considerably larger and more developed than their WT counterparts. Line 1.11 and its WT comparison were grown under long-day conditions and are
30 d old. Lines 1.18 and 3.1 were grown under short-day conditions and are 56 d old. Line 2.6 was also grown under short-day conditions and is 61
d old.
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significant differences between the WT and the RNAi
lines (Fig. 5A).
Because Line 3.1 did not accumulate any detectable

AtVSR3 transcript, this line was used for all subsequent
experiments. In a more detailed analysis of Line 3.1, the
stomatal apertures in WT and mutant lines were measured
with and without treatment with ABA. As shown in Fig.
5B, in the absence of ABA the apertures of AtVSR3 RNAi
were smaller than WT; however, with ABA, there was
only a very small closure response in the mutant
compared with the WT.
If stomata of the mutants did not fully close in response

to ABA, then the plants would have higher rates of
transpiration, and thus the leaves would display cooler
temperatures than leaves of WT plants (Merlot et al.,
2002). Furthermore, if AtVSR3 specifically functioned in
stomatal regulation, then plants with defects in other
members of the AtVSR family would most likely have
leaf temperatures similar to that of WT. Thus, a thermal
camera was used to compare the temperatures of WT
leaves with the leaves of both AtVSR3 RNAi plants (Line
3.1) and vsr1-1 mutant plants (Fig. 4C, D, and data not
shown) (Shimada et al., 2003). The analysis demonstrated
that the mutants were on average 0.8 �C (P <0.0001)
cooler than both their WT counterparts and the atvsr1
mutant (Fig. 5C and data not shown). These results
indicated that AtVSR3 plays a role in guard cell
movement and that its function is not redundant with at
least one other member of the AtVSR family.

Loss of AtVSR3 results in altered accumulation of
NO and H2O2

NO and H2O2 have been implicated in regulation of
stomatal opening and closing. Furthermore, the levels of
NO and H2O2 increase in the presence of ABA in WT
plants (Pei et al., 2000; Desikan et al., 2002). Therefore,
the amounts of NO and H2O2 were compared in WT and
AtVSR3 RNAi Line 3.1 plants, both untreated and treated
with ABA. The levels of both signalling molecules were

Fig. 5. Stomatal function is impaired in the AtVSR3 RNAi lines. (A)
Examination of the stomata of excised leaves at high magnification
revealed that AtVSR3 RNAi lines did not have as many closed stomata
as their wild-type counterparts under the same conditions. Closed
stomata were considered to be those that had a diameter <2.5 lm. (B)
ABA-induced stomatal closure. Leaves from either wild-type (WT) or
the AtVSR3 RNAi Line 3.1 were incubated in buffer alone (–) or in 10
lM ABA (+). Data are from three independent experiments (mean
6SE; n¼60 guard cells). (C, D) Thermal imaging of WT and AtVSR3
RNAi Line 3.1 plants. Seeds were sown on agar plates and grown for 2
weeks (D, top; wild type on left and AtVSR3 RNAi Line 3.1 on right).
The plates were imaged with a thermal camera (D, bottom; wild type on
left and AtVSR3 RNAi on right) and the results are presented in a colour
format with a corresponding look-up table. The temperatures of random
spots on the plate were collected and compared between the wild-type
and mutant plates (D). The average temperature was 0.8 �C higher in
wild-type plants with a significance of P <0.0001.
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constitutively higher in untreated AtVSR3 RNAi plants,
compared with untreated WT plants (Fig. 6). Treatment of
WT plants with ABA raised H2O2 and NO levels nearly
2-fold, compared with the untreated WT plants (Fig. 5).
H2O2 and NO levels were actually reduced by small but
significant amounts in treated versus untreated VSR3
RNAi Line 3.1 plants, by 12% and 13%, respectively.
Because both H2O2 and NO levels are already elevated in
untreated RNAi plants, this decrease may reflect a negative
feedback regulatory pathway (Desikan et al., 2004).

Comparison of accumulated proteins in WT and
RNAi AtVSR3 plants

The next goal was to determine the molecular relationship
between AtVSR3, endomembrane trafficking, and stoma-
tal movement. Toward this end, total proteins were
isolated from WT and AtVSR3 RNAi guard cell proto-
plasts. The isolated proteins were separated by SDS–
PAGE and visualized by Coomassie stain. There were
differences in protein composition observed between the
WT and AtVSR3 RNAi extracts (data not shown). A
protein band of ;90 kDa that stained more heavily in the
RNAi line than the WT was identified using LC-MS. The
sole endomembrane system protein in the 90 kDa band
that had different accumulation patterns in WT and
AtVSR3 RNAi was phospholipase Dc1 (PLDc1;
At4g11850). PLDc is present in a number of different
plant tissues, and participates in a variety of cellular
processes; amongst these are vesicular trafficking and
signal transduction pathways (Zhang et al., 2005). To
confirm the difference in accumulation patterns of PLDc
between WT and AtVSR3 RNAi plants, antibodies against
PLDc were used in a western blot comparison of crude

protein extract from leaves of WT and AtVSR3 RNAi Line
3.1 (Fig. 7). The PLDc protein accumulated more in the
RNAi plants than in the WT or other mutant plants such
as vsr1-1 (data not shown). Quantification of the blot
using the ImageJ analysis package showed that mutant
plants contained 2.75-fold more protein than WT plants.
This result indicates that there may be a functional
relationship between AtVSR3 and PLDc.

Discussion

Phylogenetic studies and expression analysis of
Arabidopsis VSRs suggest possible functions for
individual family members

Little is known about the functions of the individual
members of the Arabidopsis family of VSRs, with the
possible exception of AtVSR1. Formerly referred to as
AtELP, it has been shown to bind the ntVSSs of barley
aleurain and sporamin (Ahmed et al., 2000), and also the
ctVSS of Arabidopsis 12S globulin in a Ca2+-dependent
manner (Shimada et al., 2003). Studies with VSR1
knockout lines demonstrated that atvsr1-1 and atvsr1-2
accumulated the precursors of two seed storage proteins,
suggesting that this receptor mediates transport to the
PSVs of developing seeds (Shimada et al., 2003; Otegui
et al., 2006). However, more recent data call this
hypothesis into question (Hinz et al., 2007); it may be
more accurate to state that this group of VSRs is
important for the process of sorting to the PSV, but they
themselves are not the actual sorting receptors for storage
proteins.
The second group of VSRs was composed of the

previously characterized pea BP-80, two homologues
from Arabidopsis, AtVSR3 and AtVSR4, and putative
VSRs from rice and grape. BP-80 was identified as a VSR
for the CCV pathway and is strictly localized to CCVs
relative to dense vesicles (Kirsch et al., 1994). Thus,
members of this group may be responsible for soluble
proteins that are delivered to the lytic vacuole via the
CCV pathway.
AtVSR3 was expressed at low levels in mature embryos

and was expressed ubiquitously in 7-d-old seedlings.
However, beginning with the first true leaves, expression
was limited to the hydathodes and guard cells until

Fig. 7. PLDc protein accumulation in AtVSR3 RNAi and WT plants.
Equal amounts of total protein extracts from leaves of WT and AtVSR3
RNAi Line 3.1 were separated by SDS–PAGE, transferred to
nitrocellulose membrane, and probed with antibodies raised against
PLDc.

Fig. 6. Generation of H2O2 and NO in response to ABA. Epidermal
fragments from either WT or AtVSR3 RNAi Line 3.1 leaves exposed to
either buffer alone (–) or 10 lM ABA (+) for 15 min (H2O2) or 30 min
(NO) were subjected to confocal microscopy and detection of H2O2 or
NO fluorescence. Data are represented as average pixel intensities
(mean 6SE) recorded from 85–130 guard cells. White columns indicate
H2O2 levels; grey columns indicate NO levels.
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flowering, at which point GUS activity was also detected
in the anthers and carpels. The present RT-PCR results
were, for the most part, consistent with those reported by
Laval et al. (2003).

The localization pattern and RNAi analysis suggest
a role for AtVSR3 in guard cell regulation and
stomatal function

Because AtVSR3::GUS expression was localized to guard
cells and hydathodes in 4-week-old plants, it was
hypothesized that this sorting receptor was somehow
involved in the regulation of water relations and, by
extension, ABA signalling. ABA-induced stomatal open-
ing involves a complex scheme of intermediates and both
plasma membrane- and tonoplast-localized ion channels.
ABA itself is responsible for an increase in cytosolic pH
that triggers the activation of ion channels, and induces
enzymes that are involved in the synthesis of signalling
intermediates such as NO and reactive oxygen species
(ROS). ABA biosynthesis occurs in response to stress
from water deficits. ABA, in turn, causes an increase in
cytoplasmic calcium ion concentration. Increased [Ca2+]cyt
activates anion channels that release anions from guard
cells that lead to the depolarization of the guard cell
plasma membrane. The change in membrane potential
activates outward-rectifying K+ channels and deactivates
inward-rectifying K+ channels, causing a net outflow of
potassium ions and, subsequently, loss of guard cell
turgor, leading to stomatal closing (Schroeder et al.,
2001). It would not be unprecedented to determine that
an endomembrane system component is involved in
osmotic regulation. A number of studies have linked
trafficking proteins such as NtSYR1 (Geelen et al., 2002),
AtSYP61 (Zhu et al., 2002), and the ABC transporters
AtMRP4 (Klein et al., 2004) and AtMRP5 (Klein et al.,
2003) to guard cell regulation and function.
To test further the hypothesis that AtVSR3 may also be

involved in stomatal regulation pathways, RNAi lines that
exhibited either lower or no expression of the AtVSR3
gene were created. The AtVSR3 RNAi lines have no
obvious morphological defects. Furthermore, the RNAi
lines had comparable numbers of stomates as compared
with the WT control line, although a larger proportion
were opened based on a 2.5 lm cut-off (no ABA
treatment). They also have a compacted lifecycle; VSR3
RNAi plants bolt, set seed, and senesce earlier than WT
control plants of comparable chronological age. More
detailed analysis of one of the RNAi lines (Line 3.1)
revealed additional phenotypes; these include less stoma-
tal closure following treatment with ABA, and a mean leaf
temperature 0.8 �C lower than that of wild-type (WT).
AtVSR3 Line 3.1 RNAi plants also feature constitutively
higher levels of H2O2, NO, and PLDc in guard cells.
The phytohormone ABA is known to play a role in the

induction of senescence (Yang et al., 2001; Pourtau et al.,

2004). Enhanced carbon remobilization and accelerated
grain filling have been observed in wheat plants when
subjected to water stress (Yang et al., 2003). These effects
have been attributed to elevated ABA levels induced by
drought conditions. The higher endogenous levels of ROS
in the AtVSR3 RNAi plants may indicate that the plants
lacking AtVSR3 protein could be stressed to the point that
they enter early senescence, which would correlate with
the early flowering phenotype. The simplest explanation
of the present results is that AtVSR3 operates upstream of
NO and ROS production, in which case it may suppress
endogenous levels of ROS and NO in the guard cells of
wild-type plants.
It has been shown for a number of different plant

species that levels of NO and H2O2 in guard cells rise in
response to applied ABA, and that these increases
promote decreases in stomatal apertures (Neill et al.,
2003; Desikan et al., 2004). Furthermore, increases in
endogenous levels of ABA induce synthesis of these two
intermediate signalling molecules in plant cells. Pharma-
cological data indicate that MAP kinases are involved in
both ABA- and H2O2-induced stomatal closing pathways.
It is unclear at this point whether H2O2 and NO are also
involved in stomatal opening, pathways that are distinct
from those that control the closing of guard cells.
Proteomic analysis of WT and VSR3 RNAi plants

demonstrated that the RNAi plants display higher levels
of PLDc1. Phospholipases hydrolyse phospholipids to
produce phosphatidic acid and free head group. Phospha-
tidic acid may act in signal transduction pathways,
cytoskeletal rearrangements, membrane lipid degradation,
and, significantly, vesicular trafficking (Zhang et al.,
2005). The Arabidopsis genome contains 12 PLD genes,
including three PLDc genes that feature Ca2+-dependent
phospholipid-binding C2 domains (Zhang et al., 2005;
Qin et al., 2006). Specific PLDs function in different plant
stress pathways; PLDa1 has been shown to promote ROS
production, which leads to stomatal closure, whereas
PLDd mediates other responses to ROS (Zhang et al.,
2005). Less is known about the function(s) of PLDc1.
PLDc has been localized to the plasma membrane,
intracellular membranes, mitochondria, CCV, cytosol, and
nucleus (Fan et al., 1999). Arabidopsis plants challenged
with avirulent or virulent Pseudomonas syringae cultures
show an enhanced and sustained elevation of PLDc1
expression during incompatible reactions, suggesting that
it might play a role during gene-to-gene interactions that
lead to the hypersensitive response (Zabela et al., 2002).
PLDc also contains a putative amino-terminal myristoy-
lation site that is not found in the a or b forms of the
protein (Qin et al., 1997). The C2 and myristoylation
domains of a number of proteins are involved in protein–
membrane interactions, so it may be possible that these
domains regulate the association of PLDc with target
membranes. Increased PLDc1 was detected in VSR3

1158 Avila et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/59/6/1149/481141 by guest on 21 August 2022



RNAi crude cellular extracts. Whether the loss of VSR3
protein results in cellular stresses that impact on the levels
of PLDc1 at the transcriptional level, or alters the relative
amounts of soluble and membrane-bound protein, will be
addressed in future experiments.
Defects in stomatal movement and lower leaf temper-

atures in the VSR3 RNAi line may implicate a role for
VSR3 in guard cell function; the accelerated life cycle
phenotype most likely indicates that lack of VSR3 protein
causes systemic stress in affected plants. What is not clear
at this point is the mechanism by which VSR3 may
regulate stomatal function. A recently published study has
demonstrated that vacuolar fusion is necessary for guard
cell expansion; it may be possible that VSR3 is necessary
for this process (Gao et al., 2005). It will be necessary to
determine the subcellular localization of VSR3 and to
uncover the identities of proteins with which it may
interact. In a recent publication it was shown that all seven
AtVSRs are localized to multivesicular bodies in tobacco
BY-2 cells (Miao et al., 2006); however, higher resolution
data from non-heterologous experimental systems is still
required. It will be of interest to determine whether other
molecules involved in protein trafficking and guard cell
regulation, such as SYP61 and PLDc1, interact specifi-
cally with VSR3 or VSR3-containing vesicles. Studies of
the vacuole proteome have already demonstrated that
there is no appreciable VSR3 protein associated with that
compartment, although it should be noted that this
determination was made using protoplasts derived from
whole rosette leaves (Carter et al., 2004). The most
obvious mechanistic explanation is that plants lacking
VSR3 protein fail to transport a particular cargo to the
vacuole, thus altering the vacuole in such a manner as to
either prevent vacuolar fusion or to impede ion flux to and
from the vacuole. However, at this point, a novel
regulatory role cannot be ruled out. Further experiments
will help clarify the role that membrane trafficking plays
in guard cell regulation.
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