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Vacuolar Transport in Tobacco Leaf Epidermis Cells Involves a
Single Route for Soluble Cargo and Multiple Routes for
Membrane Cargo"

Francesca Bottanelli, Ombretta Foresti, Sally Hanton,' and Jiirgen Denecke?
Centre for Plant Sciences, Faculty of Biological Sciences, University of Leeds, Leeds LS2 9JT, United Kingdom

We tested if different classes of vacuolar cargo reach the vacuole via distinct mechanisms by interference at multiple steps
along the transport route. We show that nucleotide-free mutants of low molecular weight GTPases, including Rab11, the
Rab5 members Rha1 and Ara6, and the tonoplast-resident Rab7, caused induced secretion of both lytic and storage
vacuolar cargo. In situ analysis in leaf epidermis cells indicates a sequential action of Rab11, Rab5, and Rab7 GTPases.
Compared with Rab5 members, mutant Rab11 mediates an early transport defect interfering with the arrival of cargo at
prevacuoles, while mutant Rab7 inhibits the final delivery to the vacuole and increases cargo levels in prevacuoles. In
contrast with soluble cargo, membrane cargo may follow different routes. Tonoplast targeting of an «-TIP chimera was
impaired by nucleotide-free Rha1l, Ara6, and Rab7 similar to soluble cargo. By contrast, the tail-anchored tonoplast SNARE
Vam3 shares only the Rab7-mediated vacuolar deposition step. The most marked difference was observed for the calc-
ineurin binding protein CBL6, which was insensitive to all Rab mutants tested. Unlike soluble cargo, «-TIP and Vam3, CBL6
transport to the vacuole was COPII independent. The results indicate that soluble vacuolar proteins follow a single route to

vacuoles, while membrane spanning proteins may use at least three different transport mechanisms.

INTRODUCTION

Although the vacuolar branch of the plant secretory pathway has
been studied intensively, it remains the most controversial and
debated subject in the field. Dense vesicle (DV) carriers for the
transport of storage proteins were first identified by Chrispeels in
1983 (Chrispeels, 1983). More than a decade later, Paris and
colleagues introduced the concept that lytic and storage types
of vacuoles could coexist within the same cell (Paris et al., 1996).
This was supported by the notion that two types of vesicle (DV and
clathrin-coated vesicles) mediated transport of storage proteins
and acid hydrolases (Hohl et al., 1996).

Evidence suggesting multiple vacuolar sorting pathways was
drawn from the large variety of vacuolar sorting signals (VSSs)
operating in plants, differential sensitivities to the drugs Wortmannin
and Brefeldin A (BFA), and differential ligand binding specificities of
plant vacuolar sorting receptors (VSRs) (Gomez and Chrispeels,
1993; Kirsch et al., 1994; Matsuoka et al., 1995; Kirsch et al., 1996;
Ahmed et al., 2000; Cao et al., 2000; Frigerio et al., 2008). More
recently, this idea was further supported by VTi11, VTi12, and
VPS45 gene knockouts, which appeared to affect vacuolar cargo in
a differential manner (Sanmartin et al., 2007; Zouhar et al., 2009).
However, this abundance of evidence is matched by a similar
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number of observations arguing against multiple vacuolar sorting
pathways. The drug Wortmannin (Pimpl et al., 2003) and Arabi-
dopsis thaliana VSRs knockouts (Shimada et al., 2003; Craddock
et al., 2008) were later shown to affect the different types of VSS
cargo indiscriminately. Although different types of vacuoles may
coexist within certain plant cell types, a unifying model has not been
drawn yet on how many different routes mediate transport to the
vacuoles (Frigerio et al., 2008).

One of the problems with the early work is that conclusions were
drawn from the use of a single effector or gene knockdown. If two
vacuolar cargo molecules exhibit different binding affinity to the
same receptor, simple differences in the dose response can be
misinterpreted as true differential effects. Another problem arises
from the large number of transport steps required to complete
passage from the endoplasmic reticulum (ER) to the vacuole.
Branching points may occur at different positions in the pathway,
but two divergent routes may merge again before the vacuole. To
increase the chances of detecting a branching point, it is therefore
important to dissect the individual steps systematically along the
pathway.

For over a decade, low molecular weight Rab GTPases have
become a major tool for disrupting specific steps in the secretory
pathway (Rutherford and Moore, 2002). Nucleotide-deficient
mutants of plant Rab5 have been efficiently used to interfere
with vacuolar transport and have been localized to the preva-
cuolar compartment (PVC) (Sohn et al., 2003; Bolte et al., 2004;
Kotzer et al., 2004). Ara6 is an unusual member of the Rab5
GTPase family that differs from the canonical forms Rha1 and
Ara7 by being membrane anchored via N-terminal myristoylation
instead of C-terminal prenylation (Ueda et al., 2001). To expand
the number of tools available to dissect vacuolar sorting, Rab
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Figure 1. Nucleotide-Free Rab11, Rhal, Ara6, and Rab7 Interfere with
the Trafficking of the Vacuolar Cargo Amy-Spo.

(A) A dual expression vector (Effector) was used in conjunction with a
plasmid harboring the vacuolar cargo amy-spo (Cargo) to test for
interference with vacuolar sorting. In the dual expression vector, the
Golgi marker ST-YFP was used as internal reference for normalization of
the transfection efficiency, and untagged Rab GTPase mutants (Effector)
are present in the same cassette.

(B) Tobacco protoplasts were cotransfected with a constant amount of
plasmid harboring the vacuolar cargo amy-spo alone (15 g, first lane) or
together with constant amounts (30 ng) of plasmids harboring either the
mock effector PAT or a nucleotide-deficient mutant [Rab(NI)] as indi-
cated above each lane. After a 24-h incubation, cells and medium were
harvested, and the a-amylase activity was measured in each fraction.
The Sl (top panel) was calculated as the ratio between extracellular
and intracellular activities. Rab11(NI), Rha1(NI), Ara6(NI), and Rab7(NI)
caused secretion of the vacuolar cargo into the medium. The level of
expression of the various untagged effectors was equalized via immu-
noblots aimed at detecting ST-YFP present in the same expression

GTPases were chosen that would operate at the organelles
flanking the PVC in the pathway. Plant Rab6 (Osterrieder et al.,
2009) and Rab8 (Zheng et al., 2005; Speth et al., 2009) were
shown to localize to the Golgi apparatus, while Rab11 members
have been localized to the trans-Golgi network (TGN) and the cell
plate (Ueda et al., 1996; Preuss et al., 2006; Chow et al., 2008).
Last along the pathway is Rab7, which has been used as a
marker for the vacuolar membrane in various instances (Saito
et al., 2002; Uemura et al., 2002). A potential role of Rab7 in
vacuolar sorting has not been investigated to date.

In this work, a systematic screening of mutants based on in-
terference with the trafficking of a vacuolar biochemical cargo
identified Rab11, Rha1, Ara6, and Rab7 mutants as effectors that
dissect distinct events in vacuolar sorting. Comparison of differ-
ent classes of vacuolar cargo suggests that tobacco (Nicotiana
tabacum) epidermis cells use a single route for soluble proteins.
By contrast, membrane proteins can use divergent routes and
may segregate from other vacuolar cargo at multiple steps along
the pathway.

RESULTS

Identification of Rab GTPases Involved in Vacuolar Sorting

Nucleotide binding mutants of Rab GTPases have been instru-
mental in blocking ER export (Batoko et al., 2000) and vacuolar
sorting (Bolte et al., 2004). In this study, the Asn-to-lle substitu-
tion (NI) in the nucleotide binding domain was chosen for a
systematic comparison as it was shown to lead to a dominant-
negative phenotype by titration of the exchange factors involved
(Jones et al., 1995; Richardson et al., 1998). NI mutants of the
Golgi Rab6 and Rab8, TGN Rab11, PVC Rhal and Ara6, and the
tonoplast Rab7 were thus created in an attempt to interfere with
sorting steps at different levels along the pathway.

To permit routine quantification and dose-response analysis of
different GTPase mutants, a dual expression (DV) vector was
developed (Figure 1A) for the simultaneous expression of untagged
effectors and the Golgi marker the N terminus of sialyl-transferase
fused to yellow fluorescent protein (ST-YFP) under control of the
TR2' promoter (Velten et al., 1984). By first quantifying the Golgi
marker ST-YFP via immunobilotting, it was possible to equalize the
transfection efficiency for individual plasmids and enabled control
over the level of expression of the various untagged Rab mutants.

Initial screening of Golgi-, TGN-, PVC-, and tonoplast-localized
Rabs was aimed at monitoring induced secretion of the vacuolar
cargo a-amylase-sporamin (amy-spo), a fusion protein carrying
the VSS of sweet potato ([pomoea batatas) sporamin, which has
been extensively tested (Pimpl et al., 2003; daSilva et al., 2005).
Constant amounts of amy-spo encoding plasmid were coelec-
troporated in tobacco protoplasts together with the double

cassette. Total activities (TA) are shown (bottom panel) to illustrate that
induced secretion was not due to cell mortality (notice that total levels are
increased when vacuolar sorting was impaired due to higher stability of
amy-spo in the medium compared with the vacuole). Error bars repre-
sent standard errors from five independent transfections for each con-
dition.
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Figure 2. Interference with Post-Golgi Rab GTPase Activity Highlights a
Single Route to the Vacuole for ssVSS and ctVSS Cargo.

Tobacco protoplasts were cotransfected with a constant amount of
plasmid (15 .g) encoding either ssVSS cargo amy-spo (A) and Aleu-amy
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expression vectors harboring the various nucleotide-deficient NI
mutants [Rab(NI)]. As a mock effector, the gene encoding the
cytosolic phosphinothricin acetyltransferase (PAT) replaced the
various GTPase coding regions in the dual expression construct to
serve as wild-type background. Cells and medium were harvested
and the a-amylase activity was measured in each fraction,
followed by the calculation of the ratio between the extracellular
and intracellular activities, referred to as the secretion index (Sl).

As shown in Figure 1B, expression levels of the internal marker
ST-YFP were comparable in each case, and the differential
effects of the various mutant GTPases could therefore be attrib-
uted to the specific role of the GTPases in the pathway. NI
mutants of the Golgi Rab GTPases Rab6 and Rab8 had no
influence on the trafficking of the cargo amy-spo, suggesting that
they may not be involved in vacuolar sorting steps. Surprisingly,
Rab11(NI) expression led to a modest but reproducible increase
in the secretion of the vacuolar cargo, indicating a possible role in
the transport of vacuolar proteins. Rha1(NI), Ara6(Nl), and Rab7
(NI) caused a strong inhibitory effect on the vacuolar trafficking of
amy-spo as indicated by a ~10X increase in the SI. Figure 1B
shows that none of the total a-amylase activities (medium + cells)
is reduced, thus ruling out cell mortality as a cause for induced
secretion. By contrast, an increase in the total activity was seen
in samples where vacuolar sorting was inhibited, which is ex-
plained by a higher stability of the reporter in the culture medium
compared with the vacuole (Foresti et al., 2006).

Soluble Proteins Reach the Vacuole via a Single Route

The positive candidates Rab11(NI), Rha1(NI), Ara6(NIl), and Rab7
(NI) were chosen from the initial screening to perform a more
detailed dose-response analysis and to compare vacuolar cargo
harboring different classes of VSS, including the so-called
sequence-specific VSS (ssVSS) and C-terminal VSS (ctVSS).
These two classes have been proposed to follow different path-
ways to either lytic or storage vacuoles, respectively (Matsuoka
et al., 1995; Sanmartin et al., 2007; Zouhar et al., 2009).

Initially a dose-response analysis was performed with the
ssVSS cargo amy-spo in an attempt to monitor any subtle dose-
dependent difference that was not highlighted in the initial screen-
ing. Tobacco protoplasts were thus cotransfected with constant
amounts of amy-spo encoding plasmid together with increasing
quantities of plasmids encoding either Rab11(NI), Rha1(NI), Araé
(NI), or Rab7(NI) (Figure 2A). All four dominant-negative (NI) mu-
tants caused a dose-dependent increase in the Sl. The TGN
Rab11(NI) had the weakest effect on amy-spo trafficking as shown
by an approximately sixfold increase in the Sl for the highest
concentration of effector. Increasing doses of Rha1(NI), Ara6(NI),
and Rab7(NI) caused stronger, dose-dependent inductions of
secretion that reached ~10-fold the basal secretion level of the

(B) or the ctVSS cargo amy-chi (C) and amy-BN2SA (D) alone (first lane)
or together with increasing concentrations of either Rab11(NI), Rha1(NI),
Ara6(NI), and Rab7(NI) harboring plasmids as indicated below each lane.
a-Amylase assays and routine verification of ST-YFP by immunoblotting
was performed as described in Figure 1. Error bars represent standard
errors from five independent transfections for each condition.
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cargo model in the case of both Rha1(NI) and Rab7(NI) and ~13-
fold in the case of the nucleotide-free Ara6.

To expand the portfolio of ssVSS cargo, we generated a fusion
bearing the barley (Hordeum vulgare) aleurain propeptide
sequence (Di Sansebastiano et al., 2001) at the N terminus of
a-amylase (Aleu-amy). The new cargo was tested against the
same inhibitors as in Figure 1A. The basal level of secretion of
Aleu-amy alone was approximately threefold higher compared
with amy-spo, indicating a lower transport fidelity. Figure 2B
shows that secretion of Aleu-amy was induced by the same post-
Golgi Rab mutants as amy-spo, and again Rab11(NIl) was the
weakest effector (cf. Figures 2A and 2B). The only difference was
a faster induction at low effector concentrations in all four cases
and a higher maximum induced secretion. This could simply be
explained by a lower affinity of the aleurain signal for the same
receptor. No differential sensitivity was observed.

In an attempt to highlight any difference in the trafficking
of ssVSS and ctVSS cargo, a fusion between a-amylase and
the C-terminal processed fragment from tobacco chitinase A
(amy-chi) was created. The resulting chimera contains the hepta-
peptide GLLVDTM exposed at the C terminus, which was shown
to be sufficient for chitinase transport to the storage vacuole
(Neuhaus et al., 1991). In comparison to amy-spo, amy-chi
shows a higher basal level of secretion, similar to that of Aleu-
amy. Figure 2C shows that the dose response to coexpressed
Rab11(NI), Rha1(NI), Ara6(NI), and Rab7(NI) revealed an almost
identical pattern as the two previous cargo molecules, except for
a closer resemblance to the pattern observed for Aleu-amy
(Figure 2B).

One further a-amylase fusion was generated containing the
ctVSS from 2S storage albumin from Brazil nut (Bertholletia
excelsa) (amy-BN2SA). The resulting chimera contains the 14
C-terminally located residues SPMRCPMGGSIAGF, which
were earlier shown to be sufficient for its sorting to the vacuole
(Saalbach et al., 1996). Amy-BN2SA showed an intermediate
transport fidelity under control conditions and showed approx-
imately twofold higher basal levels of secretion compared with
amy-spo (Figure 2D). In addition, the resulting dose-response
pattern was again comparable to those observed for the other
cargo molecules amy-spo, Aleu-amy, and amy-chi.

To obtain evidence for two distinct pathways, it would be
necessary to identify two inhibitors, of which one interfered with
vacuolar sorting of ssVSS-cargo but not ctVSS cargo while the
other displayed the reciprocal specificity. None of the post-Golgi
Rab dominant-negative mutants could highlight such polarized
differences in the trafficking of ssVSS and ctVSS cargo. This
suggests that there may be only one route for soluble proteins
leading to the vacuole in tobacco leaf protoplasts.

In Situ Analysis of Soluble Vacuolar Cargo in Leaf
Epidermis Cells

Although NI mutants of Rab11, Rab5, and Rab7 all caused
secretion of soluble vacuolar cargo, the position in the pathway
at which they interfere is likely to be different. The in vivo bio-
chemical assays based on the use of a-amylase fusions is a
valuable tool to monitor transport of soluble cargo quantitatively.
However, it distinguishes only between intracellular and extracel-

lular partitioning of cargo. To detect intracellular transport inter-
mediates en route to the vacuole, fluorescently tagged vacuolar
cargo can be visualized in situ using confocal laser scanning
microscopy. Soluble red fluorescent protein (RFP) has recently
been shown to be an excellent reporter for microscopy under
acidic conditions found in the vacuoles (Hunter et al., 2007). The
soluble cargo molecules Aleu-amy and amy-chi used in the
biochemical approach were thus replaced by their respective
RFP chimeras Aleu-RFP (Foresti et al., 2010) and RFP-chi.

To carry out in situ analysis on single cells expressing visible
cargo molecules and invisible (untagged) Rab mutants, we
wanted to use the dual expression cassettes harboring the
various untagged effectors and the internal Golgi marker ST-YFP
(Figure 1A). To demonstrate that cotransformation from a single
T-DNA is effective, we created a dual color expression vector
(pRainbow) encoding YFP-labeled plasma membrane marker
and an RFP-labeled tonoplast marker on a single T-DNA. To-
bacco leaf infiltration with the new Agrobacterium tumefaciens
strain followed by extensive image analysis revealed that cells
exhibited the typical variance in expression levels due to differ-
ences in the actual time of transformation after infiltration or
resulting from insertion copy number variability and position
effects. However, we have not found a single cell in which one of
the two colors was missing, suggesting that the cotransforma-
tion from a single T-DNA was highly efficient. Moreover, fluores-
cence intensity from the two markers was highly correlated,
verified by a constant red-green ratio that was independent of
expression level (see Supplemental Figure 1 online).

Dual expression cassettes (Figure 1A) were subcloned into
binary vectors for Agrobacterium-mediated plant transforma-
tion. After Agrobacterium leaf infiltration, the dual expression
vectors permitted efficient identification of cells guaranteed to
express Rab(Nl) by simple visualization of the Golgi marker
encoded by the same T-DNA. Tobacco leaves were thus coin-
filtrated with an Agrobacterium strain encoding for Aleu-RFP
together with the various dual expression vectors for ST-YFP and
the effectors (DVST-YFP+effector). A control vector containing
the mock effector PAT instead of Rab(NI) was also included to
represent wild-type background. Only cells that showed mobile
yellow fluorescent Golgi bodies labeled with ST-YFP (shown in
green) were imaged, and altered distribution of Aleu-RFP (shown
in purple) was documented (Figure 3).

To evaluate vacuole-to-apoplast repartitioning, infiltrated leaf
epidermis tissue was imaged at low magnification with the focal
plane in the center of the cells. Figure 3A shows that Aleu-RFP
labels the central vacuole when expressed with the mock effec-
tor PAT. This confirms that neither the Golgi marker ST-YFP nor
cytosolic PAT perturbs vacuolar trafficking. It also shows that the
fidelity of Aleu-RFP sorting is very high, as the apoplast remains
nonfluorescent (white arrowheads). By contrast, when Aleu-RFP
is coexpressed together with the nucleotide-deficient mutant of
Rab11, it is readily detected in the apoplast (Figure 3B, white
arrowheads) at the expense of a portion of vacuolar fluores-
cence, which was reduced. Coexpression with the NI mutants of
Rha1 (Figure 3C), Ara6 (Figure 3D), or Rab7 (Figure 3E) caused
more severe mis-sorting of Aleu-RFP to the apoplast of the cells.
Although microscopy provides more qualitative results, they do
confirm the earlier biochemical experiments (Figures 1 and 2).
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Figure 3. The Fluorescent Chimera Aleu-RFP Is Redirected to the
Apoplast in the Presence of Nucleotide-Free Variants of Rab11, Rha1,
Ara6, and Rab7.

An Agrobacterium strain harboring an Aleu-RFP encoding plasmid was
infiltrated together with the strain harboring the dual expression vectors
encoding for the Golgi marker ST-YFP together with either PAT (A) as
mock effector or Rab11(NI) (B), Rha1(NI) (C), Ara6(NI) (D), or Rab7(NI) (E)
mutants as test objects.

(A) Cells expressing comparable levels of the internal standard ST-YFP
were chosen for imaging the midsection of the lower epidermis to
evaluate both vacuolar and apoplastic fluorescence of Aleu-RFP where
appropriate. The mock effector PAT does not prevent normal vacuolar
localization of Aleu-RFP, as shown by diffuse fluorescence in the central
vacuole and an absence of signal in the apoplast (white arrow heads).
(B) to (E) Rab11(NI), Rhal(NI), Ara6(NI), and Rab7(NI) mutants cause
mis-sorting of Aleu-RFP to the apoplast of the cells (white arrowheads).
Bars = 10pm.
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To detect Aleu-RFP in transit to the vacuole, tissues analyzed
in Figure 3 were imaged at high magnification with the focal plane
at the cell cortex to image the thin layer of cytosol in between the
apical membrane and the tonoplast. Figure 4A shows that in
addition to the Golgi marker ST-YFP, extra-Golgi structures were
labeled by Aleu-RFP when coexpressed with the mock effector.
Coexpression of the NI mutant of Rab11 caused a noticeable
reduction in punctate Aleu-RFP labeling (Figure 4B). By contrast,
coexpression with Rha1(NI), Ara6(Nl), and in particular Rab7(NI)
led to more numerous and brighter fluorescent extra-Golgi
structures (Figures 4C to 4E).

To express quantitatively the decrease or increase in Aleu-
RFP fluorescence in post-Golgi structures, fluorescent signals
were quantified by manual masking of all punctate structures
using Imaged (Abramoff et al., 2004) from various images
comprising at least 20 different cells and/or 400 individual
punctae followed by Pearson-Spearman correlation (PSC) anal-
ysis (French et al., 2008). The resulting scatterplots comprise all
the data for each series and are shown on the right-hand side of
arepresentative image. PSC correlation coefficients were close
to 0 or even negative, as expected when comparing Golgi and
post-Golgi organelles. However, the Golgi fluorescence serves
as reference point to monitor changes in the abundance of
cargo in post-Golgi organelles. Subsequent quantification of all
pixels in the scatterplots permitted calculation of a ratio indi-
cating the amount of punctate Aleu-RFP fluorescence (shown in
red) against the Golgi marker ST-YFP as internal marker (shown
in green). This ratio (top right corner) is reduced for the Rab11
(NI) coexpression experiment and shows a reduced number
of red-only pixels near the x axis. By contrast, the two mutant
Rab5 GTPases, and in particular the mutant Rab7, caused an
increase in the red-green ratio. This is an important result as it
indicates clear differences between the different classes of
Rab mutants.

An RFP-chitinase chimera (RFP-chi) was also tested against
the same portfolio of inhibitors to represent the ctVSS cargo
class. The mock transfection with PAT shows that the fidelity of
transport is lower compared with Aleu-RFP (Figure 3A). RFP-chi
faintly labels the central vacuole and also labels the cell periphery
(Figure 5A). This was not observed for Aleu-RFP (Figure 3A).
When imaged at the cell cortex, the peripheral fluorescence was
shown to represent RFP-chi in the ER (Figure 5B). In addition,
small mobile punctate structures could also be observed (white
arrowheads), but they were harder to detect compared with
those highlighted by Aleu-RFP (Figure 4A). These results suggest
that in addition to a lower transport fidelity leading to partial
secretion (Figure 2C), the chitinase signal also appears to lead to
partial ER retention. This was independent of the expression
levels and/or timing of the experiment.

When coexpressed with NI mutants of the various Rab
GTPases, the same trend was observed as for Aleu-RFP.
Nucleotide-free Rab11 mediated a decrease in the red-green
ratio and reduced the red fluorescence in the punctate struc-
tures (Figure 5C). By contrast, the two Rab5 mutants Rha1(NI)
and Ara6(Nl) caused a stronger accumulation of RFP-chi in
post-Golgi structures as shown by an increase in the red/green
ratio and a better defined red fluorescent cloud of punctae
(Figures 5D and 5E). The strongest inhibitory effect and most
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Figure 4. Rhal, Ara6, and Rab7 Mutants Cause Accumulation of Aleu-RFP in Post-Golgi Structures.

The same samples analyzed in Figure 3 were imaged at the cell cortex at higher magnification to visualize individual organelles in the cytosol and to
assess accumulation of Aleu-RFP (purple) in intracellular compartments in transit to the vacuole. The far right panels show scatterplots derived from the
correlation analysis performed using the PSC plug-in for Imaged (French et al., 2008) and show ST-YFP signals in green and Aleu-RFP signals in red
rather than purple due to software characteristics. At least 400 individual punctate structures were manually masked on a minimum of 20 independent
images or 400 independent punctae for each coexpression pair. The overall sum of green and red pixels was quantified, and the red/green ratio was
calculated and is shown in the top right corner. Notice that in all cases, the vacuolar marker Aleu-RFP can be visualized in post-Golgi punctate
structures in transit to the vacuole, as no overlap with the Golgi-marker was detected, but the amount of post-Golgi red fluorescence relative to the
internal marker ST-YFP is increased in (C) and (D) and particularly (E). Bars = 10um.

pronounced accumulation of red fluorescent post-Golgi organ-
elles was again observed when Rab7(NI) was coexpressed
(Figure 5F) .

The results confirm that ssVSS cargo and ctVSS cargo show the
same sensitivity toward the various effectors. They also illustrate
that the individual Rab GTPases may interfere at different steps of

the pathway, even though all cause induced secretion of soluble
vacuolar cargo. The reduced post-Golgi fluorescence caused by
the Rab11 mutant may indicate an early transport defect, inter-
fering with arrival of Aleu-RFP at the TGN and/or PVC. Both Rab5
(NI) and Rab7(NI) caused an increase in post-Golgi fluorescence,
but the stronger effect of the latter suggests that a late transport
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Figure 5. RFP-Chi Transport Shows the Same Sensitivity toward Rab Mutants as Aleu-RFP Does.

The trafficking of the ctVSS fluorescent chimera RFP-chi was tested against the same Rab mutants using experimental conditions as in Figure 4 and
subjected to the same statistical testing. In the presence of the mock effector PAT, RFP-chi is partially detected in the central vacuole (A) and in transit
through the ER (B) as well as small extra-Golgi punctae ([B]; indicated by arrows). Coexpression with Rab11(NI) shows RFP-chi mostly in the ER without
punctate post-Golgi structures (C). Rha1(NI), Ara6(Nl), and particularly Rab7(NI) caused a strong accumulation of the chimera in post-Golgi structures
([D] to [F]). Bars = 10 pm.
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step to the vacuole is compromised. However, it remains to be
shown how this could lead to secretion of the vacuolar cargo.

Vacuolar Delivery of GFP-Vam3 Is Dependent on the Action
of the Tonoplast GTPase Rab7

Distinct pathways for the transport of transmembrane and soluble
proteins to the plant vacuole have been proposed based on work
with the drug BFA, which is widely used as an ER export inhibitor.
The drug prevented the soluble cargo phytohemagglutinin but not
the membrane spanning cargo «-TIP from reaching the vacuole
(Gomez and Chrispeels, 1993). Since membrane spanning pro-
teins often display cytosolic portions, they can interact with differ-
ent types of sorting machinery compared with soluble proteins
which are confined to the lumen of the secretory pathway.

In an attempt to highlight any differences in the trafficking of
soluble and membrane spanning cargo to the vacuole, the
tonoplast SNARE Vam3(SYP22) was chosen for comparisons
with the soluble markers. Vam3 is a tail-anchored transmem-
brane SNARE that has been extensively used as a tonoplast
marker (Saito et al., 2002; Uemura et al., 2002) and a green
fluorescent protein (GFP)-Vama3 fusion was previously shown not
to interfere with vacuolar sorting (Foresti et al., 2006).

To analyze the effect of the various Rab mutants on the
trafficking of membrane cargo, the experiments shown in Figures
3 to 5 were repeated using GFP-Vam3 as cargo instead of Aleu-
RFP (Figure 6). Coexpression of GFP-Vam3 with the mock
effector PAT (Figure 5A) or the (NI) mutant of Rab11 (Figure 6B)
resulted in the typical tonoplast localization pattern observed
previously for GFP-Vam3, displaying fluorescence at the delim-
iting vacuolar membrane and also in the so-called bulbs, bright
fluorescent intravacuolar spherical structures with double or
multiple folded vacuolar membranes (Saito et al., 2002; Uemura
et al., 2002; Foresti et al., 2006). Coexpression with the two Rab5
members Rha1(NI) and Ara6(NI) did not affect labeling of the
delimiting vacuolar membrane (Figures 6C and 6D). A clear
phenotype is caused by coexpression with Rab7(NI), resulting in
reduced fluorescence at the delimiting vacuolar membrane and
formation of enlarged punctate structures (as indicated by ar-
rowheads, Figure 6E). The latter accumulate GFP-Vam3 but
remain totally distinct from a normal Golgi pattern highlighted by
coexpressed ST-YFP. These enlarged structures were not ob-
served upon coexpression with other Rab mutants (Figures 6A to
6D) regardless of the plane of focus.

The results indicate that GFP-Vam3 delivery to the delimiting
vacuolar membrane is insensitive to NI mutants of Rab11 and
Rab5 but strongly dependent on functional Rab7 GTPase. This
suggests that Rab7 could mediate the very terminal step of
vacuolar delivery of Vam3, consistent with Rab7 localization in
the tonoplast (Saito et al., 2002).

While «TIP Trafficking Is Rab5 and Rab7 Sensitive, the
Calcineurin B-Like Protein CBL6 Reaches the Vacuole in an
Unconventional Manner

To compare the transport of GFP-Vam3 with other tonoplast
markers, two further fluorescent chimeras were used. o TIP-YFP
was used as a model protein for multiple membrane spanning

DVST-YFP+PAT

DVST-YFP+Rab11(NI)

DVST-YFP+Rha1(NI)

DVST-YFP+Ara6(NI)

DVST-YFP+Rab7(NI)

Figure 6. Dominant-Negative Rab7 Interferes with Vacuolar Delivery of
GFP-Vam3.

Tobacco leaves were coinfiltrated with Agrobacterium strains harboring
a GFP-Vam3-encoding plasmid together with the various dual expres-
sion vectors for ST-YFP and either PAT (A), Rab11(NI) (B), RHA1(NI) (C),
ARAB(NI) (D), or Rab7(NI) (E) mutants. Bars = 10 pm.

(A) The mock transfection showed normal tonoplast labeling of GFP-
Vam3 as observed before (Foresti et al., 2006).

(B) to (D) Expression of Rab11(NI) (B), Rha1(NI) (C), and Ara6(NI) (D) also
failed to arrest trafficking of the chimera to the vacuolar membrane.

(E) Interestingly, GFP-Vam3 accumulated in enlarged punctate struc-
tures when Rab7(NIl) was coexpressed (white arrowheads). GFP-Vam3
structures were always found separate from the Golgi marker ST-YFP,
which showed an unaltered distribution.

domain proteins (Hunter et al., 2007). A member of the Calcineurin
B-like protein family (CBL6) was chosen as an independent
tonoplast marker as it was shown to localize to the vacuolar
membrane in tobacco protoplasts and leaves (Luan et al., 2002;
Batistic et al., 2010). Plant CBLs are divided into two groups,
one of which is N-terminally myristoylated and plasma membrane



resident. CBL6 falls into the second class characterized by an
N-terminal transmembrane domain (Batistic and Kudla, 2009).
Moreover, CBL6 has been recently suggested to traffic to the
vacuole via a COPIl-independent pathway (Batistic et al., 2010), but
its route has not been further characterized. A control experiment
with tobacco leaf epidermis cells coexpressing the plasma mem-
brane marker YFP-SYP121 (Foresti et al., 2006) and the newly
constructed CBL6-RFP fusion confirms a typical tonoplast pattern
from this chimeric gene that can be clearly distinguished from the
plasma membrane (see Supplemental Figure 2 online).

To explore if aTIP-YFP and CBL6-RFP display the same
sensitivity to the four Rab mutants used in this study, the dual
expression vectors containing either the mock effector PAT
or Rab11(NI), Rha1(NI), Ara6(NI), or Rab7(NI) mutants used in
Figures 3 to 5 were reconstructed to replace the TR2'-driven
internal Golgi marker ST-YFP with TR2'-driven CBL6-RFP. These
constructs were then coexpressed with a separate strain en-
coding aTIP-YFP alone (Hunter et al., 2007). Cells displaying both
red and yellow fluorescence were thus guaranteed to contain
the various effector molecules and allow simultaneous compari-
son of the two membrane spanning proteins.

Figure 7A shows that coexpression with the mock effector PAT
reveals a typical tonoplast pattern for both o TIP-YFP and CBL6-
RFP. The same pattern was observed when Rab11(NI) was
coexpressed (Figure 7B). By sharp contrast, coexpression with
Rha1(NI), Ara6(NIl), and Rab7(NI) caused significant retention of
oTIP-YFP in punctate structures, while CBL6-RFP was unaf-
fected (Figures 7C to 7E). No punctate CBL6-RFP structures
could be detected regardless of the plane of focus.

The results indicate that o TIP-YFP traffics in a similar manner
as soluble cargo because those effectors that mediated efficient
retention of soluble cargo in punctate structures also mediated
that same effect on the membrane cargo. By contrast, CBL6-
RFP traffics to the tonoplast via a completely different route
compared with either soluble cargo and «TIP-YFP or the tail-
anchored GFP-Vama3. It can also be concluded that the vacuolar
compartment is still intact under conditions where vacuolar
sorting of a subset of vacuolar markers is inhibited.

Vacuolar Sorting of RFP-CBL6 Is COPIl Independent in
Contrast with That of Aleu-RFP, GFP-Vam3, and aTIP-YFP

Proteins of the CBL family have been previously reported to be
insensitive to a GTP trapped mutant of the GTPase Sar1,
suggesting that they exit the ER via a COPIl-independent path-
way (Batistic et al., 2010). Aleurain is a well known VSR ligand
(Ahmed et al., 2000), and it has recently been suggested that
VSRs and their ligands may exit the ER via a COPIl-independent
pathway (Niemes et al., 2010). Tail-anchored proteins such as
the SNARE Vam3 are inserted into the membrane at the level of
the ER, but the COPII dependency for ER export has never been
tested. Finally, o TIP was earlier reported to reach the vacuole in a
BFA-insensitive manner (Gomez and Chrispeels, 1993). For
these reasons it was important to compare systematically the
COPII dependence of CBL6-RFP, Aleu-RFP, GFP-Vam3, and
aTIP-YFP with respect to vacuolar sorting.

COPII-mediated ER export can be disrupted by overexpress-
ing Sec12, the exchange factor of the small GTPase Sarl. This
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DVCBL6-RFP+PAT

DVCBLGE-RFP+Rab11(NI)

DVCBL6-RFP+Rha1(NI)

DVCBLE-RFP+Ara6(NI)

DVCBL6E-RFP+Rab7(NI)

Figure 7. oTIP-YFP but Not CBL6-RFP Trafficking Is Rhal, Ara6, and
Rab7 Dependent.

Tobacco leaves were coinfiltrated with Agrobacterium strains encoding
aTIP-YFP together with the various dual expression vectors for CBL6-
RFP, and the various Rab mutants and annotations are as before. Notice
that none of the effectors alters the tonoplast localization of CBL6-RFP,
while oTIP-YFP is blocked in punctate structures en route to the
tonoplast upon coexpression with Rha1(NI) (C), Ara6(NI) (D), or Rab7
(NI) (E). Bars = 10 pm.

results in Sarl titration, disruption of coat formation, and inhibition
of constitutive secretion of soluble proteins (Phillipson et al.,
2001). Sec12 overexpression also disrupts ER export sites and
causes ER retention of the Golgi marker ST-YFP (daSilva et al.,
2004). To test the COPIl dependency of the various cargo
molecules, two new dual expression plasmids were generated
that each encode one of the TR2'-driven Golgi markers ST-YFP
or ST-RFP together with the untagged Sec12 gene product
under control of the cauliflower mosaic virus 35S promoter. Cells
that showed a partial redistribution of the Golgi marker to the ER
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were guaranteed to express sufficient levels of the untagged
Sec12 gene product to disrupt COPIlI-mediated ER export.

Tobacco leaves were thus coinfiltrated with an Agrobacterium
strain encoding CBL6-RFP, Aleurain-RFP, or GFP-vam3 to-
gether with the new dual expression vector for ST-YFP and
Sec12. In the case of aTIP-YFP, coexpression was performed
with the dual vector encoding ST-RFP and Sec12. Figure 8A
shows that Sec12 overexpression failed to inhibit trafficking of
CBL6-RFP to the vacuolar membrane. When the same cells were
imaged at the cell cortex, most of the Golgi marker was retained
in the reticular ER, but no CBL6-RFP fluorescence was detected
in those structures (Figure 8B). By sharp contrast, Sec12 over-
expression caused a dramatic retention of Aleu-RFP in the ER,
even when ER redistribution of the Golgi marker ST-YFP was
partial and ST-YFP-labeled Golgi bodies were readily observed
(Figure 8C). This shows that ER export of Aleu-RFP is COPII
dependent in sharp contrast to earlier suggestions (Niemes et al.,
2010). Interestingly, ER export of the two vacuolar membrane
proteins GFP-Vam3 and aTIP-YFP was also highly sensitive to
Sec12 overexpression (Figures 8D and 8E), confirming that they
exit the ER in a COPII-dependent manner.

In contrast with the other cargo molecules, we confirm
that CBL6-RFP reaches the vacuolar membrane via a COPII-
independent pathway as recently proposed (Batistic et al., 2010).
Moreover, as CBL6 sorting was not influenced by Rab mutants
that affect further transport events in post-Golgi compartments
(Figure 7), this route may bypass the secretory pathway all
together.

Rab7-Induced Fusion of Post-Golgi Organelles

Although nucleotide-deficient Rab7 interfered with vacuolar de-
livery of the transmembrane cargo GFP-Vam3, the vacuolar
membrane and the Golgi apparatus remained intact under
these conditions. However, compared with Rab7(NI)-mediated
punctate structures containing aTIP-YFP (Figure 7E), Rab7(NI)-
induced GFP-Vam3 retention caused formation of much larger
mobile clusters. These are similar in size to the PVC clusters
observed upon overexpression of Pep12 (Foresti et al., 2006).
For these reasons we wanted to assess markers of plant post-
Golgi organelles for their presence in this compartment. The dual
expression vector containing the nucleotide-free Rab7(NI) mu-
tant used in previous experiments was reconstructed to replace
the TR2'-driven internal Golgi marker ST-YFP by markers for
post-Golgi organelles. These included the TGN-marker YFP-
Syp61 (Foresti and Denecke, 2008), the PVC marker RFP-VSR2
(Foresti et al., 2010), the vacuolar lumen marker Aleu-RFP
(Foresti et al., 2010), or CBL6-RFP as internal standards. Coex-
pression of these new dual expression vectors with GFP-Vam3
would allow identification of Rab7(NI)-expressing cells via mon-
itoring the red fluorescent internal standards and at the same
time test if coexpressed GFP-Vama3 is colocalized in the enlarged
clusters with the various post Golgi organelle markers.

When GFP-Vam3 was coexpressed with YFP-Syp61 and
Rab7(NI), enlarged structures showed perfect colocalization of
the two fluorescent markers (Figure 9A). The results suggest that
Rab7(NI) causes either TGN retention of GFP-Vam3 or fusion of
the TGN with the PVC to form a supercompartment. This is in

A »

CBL6-RFP \
) \ R
CBL6-RFP DVST-YFP+sec12

Aleu-RFP DVST-YFP4sect2
D

GFP-Vam3 DVST-YFP4sec12
E

aTIP-YFP DVST-RFP+sec12

Figure 8. While Aleu-RFP, GFP-Vam3, and oTIP-YFP Exit the ER in
COPII Vesicles, CBL6-RFP Trafficking Is sec12 Independent.

This tobacco leaf infiltration experiment was based on an Agrobacterium
strain harboring a new dual expression vector encoding the Golgi marker
ST-YFP ([A] to [D]) or ST-RFP (E) as well as a Sec12 overexpression
cassette for inhibition of COPII-mediated ER export. This vector was
cotransformed with Agrobacterium strains harboring either CBL6-RFP
([A] and [B]), Aleu-RFP (C), GFP-Vamg3 (D), and aTIP-YFP (E). Only cells
displaying ER-retained Golgi marker ST-YFP were imaged as they
contained inhibitory levels of the Sec12 gene product. (A) shows the
midsection of a transfected cell in which it is possible to evaluate normal
CBL6-RFP staining of the tonoplast. (B) shows the cortex of the same
cell in (A) where it can be noted that CBL6-RFP has not redistributed to
the ER, in spite of strong ER retention of the Golgi marker ST-YFP, which
served as positive control for Sec12 action. On the contrary, Sec12
overexpression caused redistribution of GFP-Vam3 (C), Aleu-RFP (D), as
well as oTIP-YFP (E) into the ER. Bars = 10 pm.



contrast with the Golgi marker that remains separate from Rab7
(NI)-induced clusters (Figure 6E). Rab7(NI) clusters also show
colocalization of GFP-Vam3 with the PVC marker RFP-VSR2
(Figure 9B) or the vacuolar cargo Aleu-RFP (Figure 9C). This
shows that the enlarged clusters contain markers for the TGN,
the PVC, as well as soluble and membrane vacuolar markers. By
contrast, CBL6-RFP was excluded from the clusters (Figure 9D,
arrowheads), and the subcellular distribution of the CBL6-RFP
chimera remained normal even under conditions where Rab7(NI)
and GFP-Vam3 are coexpressed.

We also recorded time series to document cell viability and
organelle motion at the time of imaging (Figure 10; see Supple-
mental Movies 1 and 2 online). Figure 10A shows that enlarged
Rab7(Nl)-induced clusters carrying the marker GFP-Vam3 are

DVYFP-Syp61+Rab7(NI)

DVRFP-VSR2+Rab7(NI)

DVAleuRFP+Rab7(NI)

DVCBL6-RFP+Rab7(NI)

Figure 9. The Mobile Clusters Contain Markers for the TGN, the PVC,
and the Vacuole but Not CBL6-RFP.

Tobacco leaves were infiltrated with an Agrobacterium strain encoding
GFP-Vam3 together with new double vectors containing Rab7(NI) as
effector and either the TGN marker YFP-SYP61 (A), the PVC marker
RFP-VSR2 (B), the soluble vacuolar marker Aleu-RFP (C), or the tono-
plast-localized CBL6-RFP (D). YFP-SYP61 (A) and RFP-VSR2 (B) redis-
tribute into the same mobile clusters in the presence of GFP-Vam3 and
Rab7(NI). The soluble vacuolar marker Aleu-RFP is also observed in
these putative TGN-PVC supercompartments (C). GFP-Vam3 is trapped
in the clusters in the presence of Rab7(NI) but these exclude CBL6-RFP
(white arrowheads) as the CBL6 fusion still reaches the vacuolar mem-
brane (D). Bars = 10 pm.
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mobile and move independently from Golgi bodies (see Sup-
plemental Movie 1 online). The latter are well separated from the
Rab7(NI) clusters and show normal morphology and mobility. By
contrast, the TGN marker YFP-SYP61 is found together with GFP-
Vam3 in Rab7(NI)-induced mobile clusters (Figure 10B; see Sup-
plemental Movie 2 online). Identical results as those in Figure 10B
were obtained with the RFP-VSR2 and Aleu-RFP in the dual
expression vectors (data not shown). A final control was to test if
constitutive secretion was affected by Rab7(NI) or the three other
nucleotide-free Rab mutants in both expression systems. In pro-
toplasts, constitutive secretion of the model cargo a-amylase was
unaffected by the four individual Rab mutants (see Supplemental
Figure 3A online). Similar results were obtained in situ with secreted
RFP in tobacco leaf epidermis using Rab7(NI) (see Supplemental
Figure 3B online) and the other three Rab mutants (data not shown).

The results illustrate that inhibition of vacuolar sorting does not
compromise constitutive secretion, confirming earlier results
(Pimpl et al., 2003; daSilva et al., 2005; Foresti et al., 2006).
More specifically, Rab7(NI)-induced enlarged PVC clusters ex-
clude Golgi and vacuole membranes because these structures
remain intact and harbor markers that do not partition into
the clusters. Their high directional mobility (see Supplemental
Movies 1 and 2 online) shows that clustering/fusion of post-Golgi/
prevacuolar compartments is not due to cell mortality or unspecific
aggregation. Finally, the work indicates that CBL6-RFP may reach
the tonoplast via a noncanonical mechanism that may either
bypass the organelles of the secretory pathway completely or
follow an as yet unknown route from the plant ER.

DISCUSSION

Involvement of Rab11 and Rab7 in Transport to the
Lytic Vacuole

With the aim to identify a set of transport inhibitors to character-
ize individual transport steps along the biosynthetic route to the
vacuoles, a range of NI mutants of Golgi and post-Golgi Rab
GTPases was tested in a quantitative screen for induced secre-
tion of soluble vacuolar cargo. Members of the Rab6 and Rab8
group did not influence vacuolar sorting, suggesting that they
may play a role in constitutive secretion or recycling. By contrast,
a member of the plant Rab11 GTPase, a representative member
of the canonical Rab5 GTPase (Rha1), the plant-specific Rab5
GTPase (Ara6), and a member of the Rab7 GTPase tested
positive in this assay (Figure 1). While the role of both Rab5 family
members in vacuolar sorting has been reported previously
(Sohn et al., 2003; Bolte et al., 2004; Kotzer et al., 2004; Lee
et al., 2004), our work introduces Rab11 and Rab7 as additional
tools to examine vacuolar transport steps before and after Rab5-
mediated processes. Soluble vacuolar cargo can be detected in
post-Golgi structures in transit to the vacuoles under control con-
ditions. Rab11(NI) causes a reduction of these trafficking inter-
mediates (cf. Figures 4A and 4B), while the two Rab5(NI) mutants
[Rha1(NI) and Ara6(Nl)] and in particular Rab7(NI) caused an
increase (Figures 4C to 4E). This suggests a sequential action
of Rab11, Rab5, and Rab7 members in transport to the plant
vacuole.



3018 The Plant Cell

Figure 10. Mobility of the TGN-PVC Clusters Is Not Compromised.

(A) Selected frames from a time series recorded from a leaf epidermal cell coexpressing the dual expression vector harboring the Golgi marker ST-YFP
and Rab7(NI) along with the GFP-Vam3 chimera. White arrowheads follow the movement of the mobile clusters (green) in the various frames, while black

arrowheads follow the movement of the separate Golgi bodies (purple).

(B) Selected frames from a time series recorded from a leaf epidermal cell coexpressing the dual expression vector harboring YFP-SYP61 and Rab7(NI)
together with the GFP-Vam3 chimera. Arrowheads indicate the movement of the clusters that contain both the TGN and tonoplast markers (pale green).

Bars = 10 pm.

Members of the Rab11 family in plants have been implicated in
biosynthetic trafficking to the plasma membrane and cell plate
formation (Chow et al., 2008). Moreover, Rab11 has been impli-
cated in root hair cell growth (Preuss et al., 2004, 2006) and
pollen tube growth (Szumlanski and Nielsen, 2009) in agree-
ment with a possible role in polarized secretion of cell wall
components. However, no evidence for a role on the vacuolar
branch of the secretory pathway had been previously proposed.
Vacuolar and secretory cargo have been suggested to deviate at
the level of the TGN (Dettmer et al., 2006; Toyooka et al., 2009;
Viotti et al., 2010). Electron tomography of the TGN suggests the

presence of microdomains on the TGN either covered with
clathrin or uncoated (Staehelin and Kang, 2008). Since the VSR
BP80 was isolated from clathrin-coated vesicles (Kirsch et al.,
1994), it can be speculated that clathrin-coated domains may be
involved in vacuolar sorting, while uncoated domains may pos-
sibly be implicated in secretory vesicle budding. Rab11 may play
a role in maintaining the microdomain structure required to
maintain efficient vacuolar sorting.

It is also possible that plant Rab11 may play a primary role
in endocytic recycling back to the plasma membrane as is the
case for its mammalian homolog (Ullrich et al., 1996). Rab11



knockout-induced defects in cell plate deposition or tip growth
of pollen tubes and root hairs (Preuss et al., 2004, 2006;
Szumlanski and Nielsen, 2009) may thus be indirect secondary
effects. If a significant portion of VSRs cycle via the plasma
membrane (Foresti et al., 2010; Saint-Jean et al., 2010), inter-
ference with Rab11-mediated recycling could compromise
VSR endocytosis and cause partial mis-sorting of cargo to
the apoplast. This may explain the Rab11(NI)-mediated reduc-
tion of post-Golgi structures labeled with soluble cargo in
transit to the vacuole (Figure 4B). It would also explain the
weaker effect of Rab11(NI) on the trafficking of vacuolar cargo
compared with Rab5(NI) and Rab7(NI) (Figures 1B and 3B) as
the majority of receptors may reach the PVC without passing via
the plasma membrane. Since the Rab11 family is unusually large
in plants and functional differentiation has been suggested
for some of its members (Chow et al., 2008), further work must
be performed with other Rab11 members and can now include
the simple vacuolar transport assay in addition to localization
studies.

While Rab11 is localized to the TGN upstream from the PVC,
Rab7 was found to reside on the tonoplast (Nahm et al., 2003)
and would therefore be expected to act at the very last step of the
pathway. By analogy to the yeast homolog Ypt7 (Haas et al.,
1995), plant Rab7 could facilitate PVC fusion with the vacuolar
membrane. Rab7 overexpression was shown to induce salt and
osmotic stress tolerance in Arabidopsis (Mazel et al., 2004), but
its role in vacuolar transport was not addressed. Here, it is
demonstrated that Rab7(NI) causes a similar induced secretion
of vacuolar cargo as seen for the Rab5 mutants Rha1(NI) and
Ara6(NI) (Figures 1 to 3). In addition, Rab7(NI) causes a drastic
accumulation of post-Golgi transport intermediates harboring
vacuolar cargo in transit (Figure 4E). This was much more
pronounced than that observed for the Rab5 mutants Rha1(NI)
and Ara6(NlI) (Figures 4C and 4D), which may act at an earlier step
in the pathway.

Increased levels of vacuolar cargo in transit would be consis-
tent with a role of Rab7 in PVC to vacuole fusion. However, it was
unexpected that accumulation in the PVC would lead to secre-
tion. Constitutive secretion may occur from the Golgi stack or the
TGN, but in the first instance it is hard to imagine how secretion
could still occur at the level of the PVC. However, there is also
evidence for the existence of secretory routes that traffic through
the late endosome in yeast and mammals (Harsay and Schekman,
2002; De Matteis and Luini, 2008). In hematopoietic cells, late
endosomes and lysosomes have a role in exocytosis and can
fuse directly with the PM (Théry et al., 2002). Moreover, some
viruses were shown to hijack the secretory pathway and cause
fusion of late endosomes to the PM for the release of newly
synthesized viral particles (Pelchen-Matthews et al., 2004). There
is also evidence in plants suggesting that under specific phys-
iological conditions, multivesicular bodies could fuse with the
plasma membrane and thus release internal vesicles as the so-
called exosomes or paramural vesicles that accumulate between
the plasma membrane and the cell wall (An et al., 2006, 2007).
Future work will have to reveal if pathogens may interfere with
Rab7-mediated trafficking to mediate this type of mis-sorting
and if different members of the plant Rab7 family carry out
specialized functions.
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ssVSS and ctVSS Cargo Follow the Same Route to the
Vacuole in Plant Cells

Evidence pointing toward the existence of different pathways
leading to the vacuole in plant cells came from reports using a
single effector to interfere with vacuolar sorting (Matsuoka et al.,
1995; Bolte et al., 2004; Zouhar et al., 2009). Here, the trafficking
of a-amylase fusions bearing either ssVSS or ctVSS was mon-
itored in response to increased dosage of the four different
transport inhibitors identified in the screen (Figure 1B). Evidence
for two distinct pathways would be given if one inhibitor specif-
ically affected the sorting of one class but not the other and
another inhibitor showed the opposite specificity.

Using barley a-amylase as quantitative transport cargo, we
tested the ssVSS from sweet potato sporamin (Kirsch et al.,
1994; Matsuoka and Nakamura, 1999) at the C terminus of the
enzyme (amy-spo) as well as barley aleurain propeptide se-
quence (Di Sansebastiano et al., 2001) at the N terminus of
a-amylase (Aleu-amy) for putative trafficking to the lytic vacuole
(Figures 2A and 2B). To represent ctVSSs, we used the propep-
tides of chitinase (Neuhaus et al., 1991) and Brazil nut 2S storage
albumin (Saalbach et al., 1996) for C-terminal fusions with the
enzyme (amy-chi and amy-BN2SA) and tested putative sorting to
the storage vacuole (Figures 2C and 2D).

The results of the dose-response analysis failed to reveal any
meaningful differences in the specificity for the two classes of
cargo molecules and certainly did not reveal opposite specificities.
The only noticeable difference was a lower vacuolar sorting fidelity
compared with our model cargo amy-spo and a higher maximum
induced secretion, which was ~2X higher in all other cases (Fig-
ure 2). This minor discrepancy could easily be explained by the
fact that amy-spo is a stronger ligand for the same VSR.

The work shows that four different NI mutants of Rab GTPases
acting at different stages of the pathway interfere with ssVSS- and
ctVSS cargo trafficking indiscriminately. In situ studies in the leaf
epidermis system also failed to reveal differences in the vacuolar
transport route of ssVSS and ctVSS cargo, except that RFP-chi
was slowly exported from the ER compared with Aleu-RFP, which
rapidly reaches post-Golgi structures and the vacuoles (cf. Figures
3 and 4 with 5). Inhibition of vacuolar sorting by NI mutants of
GTPases revealed accumulation in punctate post-Golgi structures
of both cargo molecules when the two Rab5 mutants were coex-
pressed and stronger prevacuolar retention in the case of Rab7(NI).
By contrast, Rab11(NI) reduced the detection of cargo in post Golgi
structures. Both types of cargo behaved in the same manner.

The combined results are in agreement with VSR knockdown
experiments in Arabidopsis (Craddock et al., 2008) and the fact that
both ssVSS and ctVSS cargo were shown to traffic through the
same PVC (Miao et al., 2008). We were unable to support earlier
reports on differential inhibition (Bassham et al., 2000; Sanderfoot
etal., 2001; Bolte et al., 2004; Sanmartin et al., 2007; Zouhar et al.,
2010).

Evidence for Multiple Transport Mechanisms for the
Targeting of Membrane-Spanning Vacuolar Cargo

Due to their different topologies, the sorting of transmembrane
and soluble proteins must occur via completely different sorting
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mechanisms, even if they share the same transport organelles.
Soluble proteins occupy the lumen of organelles and vesicles and
either passively diffuse into the membrane carriers (Denecke et al.,
1990) or rely on the binding to membrane-spanning receptors if
they carry active sorting signals. On the other hand, transmem-
brane proteins span the limiting membrane of organelles and
vesicles and thus bear motifs in their cytoplasmic domains for
direct interaction with cytosolic components that shape and
deliver transport carriers.

In this study, three classes of membrane spanning vacuolar
cargo were compared with the soluble vacuolar reporters, and the
results show that they display different transport sensitivity in
response to coexpression of the various Rab GTPase mutants.
Tonoplast targeting of an aTIP-YFP fusion protein was clearly
sensitive to NI mutants of the two Rab5 GTPases and Rab7
(Figures 7C to 7E). This was also observed for soluble vacuolar
cargo bearing either ssVSS (Figures 4C to 4E) or ctVSS signals
(Figures 5C to 5E). Clear accumulation in punctate structures was
most obvious in the case of Rab7(NI) and undetectable for Rab11
(NI). The same was observed for soluble cargo, except for a mild
induction of secretion of the a-amylase fusion proteins (Figure 2),
due to higher sensitivity and quantification by the protoplast
transport assay. In conclusion, o TIP-YFP is transported in a similar
manner as soluble cargo regardless of the VSS.

Tonoplast targeting of tail-anchored GFP-Vam3 was insensi-
tive to NI mutants of Rab11 Rab5 (Figures 6B to 6D). Only Rab7
(NI) trapped the SNARE fusion in an enlarged post-Golgi struc-
ture that contained markers for the PVC, the TGN, and soluble
vacuolar cargo but not the Golgi marker (Figure 6E). The results
suggest that the early transport steps controlling Vam3 delivery
to vacuoles differ from those of soluble cargo and «-TIP, al-
though both types of cargo may merge at the level of the PVC
prior to a common Rab7-mediated PVC-to-vacuole fusion event.
In addition, the differential sensitivity of Vam3 to Rab5 and Rab7
mutants provides the strongest evidence for functional differ-
entiation between the two classes of Rab GTPases.

Any branching in the pathway would have to be placed from
the level of the Golgi onwards because ER export of Aleu-RFP,
oTIP-YFP, and GFP-Vam3 was sensitive to Sec12 overdose and
thus COPII dependent (Figures 8C and 8D). Interesting parallels
can be drawn with results obtained in the yeast Saccharomy-
ces cerevisiae, where Golgi-mediated sorting of the vacuolar
t-SNARE Vam3 and the soluble cargo carboxypeptidase Y depend
on different machinery (Cowles et al., 1997). Results presented in
this study present a first step toward elucidating the true com-
plexity of post-Golgi trafficking in plants. It will also be interesting
to analyze the recently characterized two-pore K* channels
TPKa and TPKb that show differential subcellular localization in
rice (Oryza sativa) protoplasts and test their dependence on
the portfolio of inhibitors used in this study (Isayenkov et al.,
2011).

The CBL6-RFP chimera represents a totally different case
study because its arrival at the vacuolar membrane was insen-
sitive to any of the transport inhibitors used (Figures 7, 8A, and
8B). The results suggest that CBL6 segregates from Vam3 and
soluble cargo at the ER export step as it is not COPIl dependent.
This is in agreement with earlier studies based on the use of a
GTP-trapped form of the small GTPase Sar1 as a COPII transport

inhibitor (Batistic et al., 2010). Moreover, the results with the
mutant Rab GTPases suggest that the pathway does not merge
at later stages.

On the basis of the results obtained, the most probable scenario
is that CBL6 may not enter the secretory pathway at all and could
insert directly into the vacuolar membrane after synthesis in the
cytosol. However, the CBL6 sequence bears no consensus sites
for lipid anchoring and instead contains an N-terminal hydropho-
bic region (Batistic and Kudla, 2009). This region lacks the typical
-1-3 region for signal peptide processing (von Heijne and Gavel,
1988) and appears to be a noncleavable transmembrane domain,
although the mechanism of insertion remains to be established.
Further work will have to be performed to confirm this hypothesis
and to characterize the pathway.

Fusion of Post-Golgi Compartments

Overexpression of Rab7(NI) caused two interesting effects that
deserve to be mentioned specifically. First, it was noticeable that
soluble cargo accumulates to a greater extent in post-Golgi
structures compared with coexpression experiments with the
two Rab5 GTPase mutants (cf. Figure 4E with 4C and 4D). This
effect appeared to be exacerbated when GFP-Vam3 was coex-
pressed with Rab7(Nl), causing clustering/enlargement of post
Golgi compartments (Figures 9 and 10). These structures are
larger than those observed when Rab7(NI) was coexpressed with
the soluble markers Aleu-RFP and RFP-chi (Figures 4 and 5)
or the membrane cargo «TIP-YFP (Figure 7). They also show
similarity to the PVC clusters observed upon Pep12 overexpres-
sion (Foresti et al., 2006). Given the fact that Vam3 and Pep12
have been proposed to display interchangeable functions
(Uemura et al., 2010), it is possible that Vam3 retention in the
PVC leads to a Pep12 overproduction phenotype.

Further analysis with organelle markers revealed that Rab7
(NI)-induced GFP-Vama3 clusters contained also the TGN marker
YFP-SYP61 (Figure 9A), the PVC marker RFP-VSR2 (Figure 9B),
and the soluble vacuolar cargo Aleu-RFP (Figure 9C). These
results suggest that a TGN-PVC supercompartment is formed
that strictly excludes the alternative vacuolar cargo CBL6-RFP
(Figure 9D) and the Golgi marker ST-YFP (Figure 6E). However,
the cells are capable of normal constitutive secretion (see Sup-
plemental Figure 3 online), they show normal cytoplasmic stream-
ing, and the enlarged clusters retain high directional mobility
(Figure 10; see Supplemental Movies 1 and 2 online) and cannot
be regarded as unspecific terminal aggregates.

Colocalization of TGN with PVC markers in enlarged structures
has also been observed in response to the drug Wortmannin
(Wang et al., 2009), which was earlier shown to inhibit recycling of
plant VSRs (daSilva et al., 2005). Wortmannin-induced enlarge-
ment was accompanied by vacuolation, whereas the Rab7(NI)-
induced structures do not appear to be vacuolated.

It is curious to note that a late transport defect should lead to
fusion of the PVC with an earlier compartment, but precedence
for such a scenario in the early secretory pathway arose two
decades ago from observations with the drug BFA, which causes
fusion of entire Golgi cisternae with the ER (Lippincott-Schwartz
et al., 1989). It was later shown that the drug causes titration of
the GTPase ARF1 in an abortive complex with its exchange



factor, leading to inhibition of retrograde COPI-mediated Golgi-
to-ER transport (Peyroche et al., 1999). In plant cells expressing
BFA-resistant ARF1 exchange factors, this early transport defect
is replaced by a later transport defect surrounding the TGN
(Geldner et al., 2003; Geldner, 2004; Lam et al., 2009). Further
work will have to be performed to study the conditions promoting
post-Golgi organelle fusion in plants and to identify common
denominators that may shed further light on this phenomenon.

METHODS

Recombinant DNA Plasmids Encoding Cargo Molecules

A schematic representation of plasmids used in this study is given in
Supplemental Figure 4 online. Previously described plasmids include those
encoding the soluble vacuolar cargo amy-spo (Pimpl et al., 2003; daSilva
et al., 2005), a-amy (Phillipson et al., 2001), Aleu-RFP (Foresti et al., 2010),
the membrane cargo GFP-Vam3 (Foresti et al., 2006), and «TIP-YFP
(Hunter et al., 2007). To generate the alternative vacuolar cargo construct
with the sorting signal of tobacco (Nicotiana tabacum) chitinase, pAmy
(Phillipson et al., 2001) was digested with Bglll and Hindlll to generate the
vector. pAmy was also digested with Xbal and Hindlll to isolate the 3'nos
fragment, and the two oligonucleotides NtChis and NtChias (see Supple-
mental Figure 5A online) were annealed to generate a Bglll-Xbal compatible
fragment. Both fragments were ligated together into the above-described
vector to yield pAmy-chi. To generate a vacuolar cargo construct with the
sorting signal of the Brazil nut storage albumin, the same procedure was
used except for the annealed fragment, which was generated using
oligonucleotides BN2SAs and BN2SAas (see Supplemental Figure 5A
online) to yield pAmy-BN2SA. To generate an a-amylase fusion bearing the
barley (Hordeum vulgare) aleurain propeptide sequence (Di Sansebastiano
et al., 2001), pAleu-RFP (Foresti et al., 2010) was digested with Nhel and
BamHI and deposphorylated. A compatible a-amylase fragment was
generated by amplifying pAMY (Phillipson et al., 2001) with the primers
amys and 3'nosas (see Supplemental Figure 5A online), gel purified, and
ligated into the previously generated vector.

To generate a secreted variant of RFP, pRFP-VSR2(L615A) (Foresti
et al.,, 2010) was digested with Bgl/ll and Hindlll and deposphorylated.
pAMY (Phillipson et al., 2001) was also digested with Bg/ll and Hindlll, and
the obtained fragment was gel purified and ligated into the previously
generated vector, yielding psecRFP. To generate a fusion between CBL6
and RFP, pAleu-RFP was digested with Clal and Nhel and dephosphory-
lated. The CBL6 coding region was amplified using primers CBL6s and
CBL6as (see Supplemental Figure 5A online), digested with Clal and Nhel,
and gel purified. Vector and fragment were ligated to yield pCBL6-RFP.
To generate a fusion between RFP and the ctVSS from tobacco chitinase,
psecRFP was amplified with an oligonucleotide annealing to the 35S
promoter region (35Ss) and RFPChias (see Supplemental Figure 5A
online). The resulting PCR fragment was digested with Clal and Xbal, gel
purified, and ligated into pVENUS-Rha1 (Foresti et al., 2010) that had
been previously digested with Clal and Xbal and deposhorylated.

Cloning and Mutagenesis of Rab GTPase Coding Regions

Rab GTPases were cloned by PCR from first-strand cDNA from 5-d-old
seedlings prepared as described previously (Pimpl et al., 2003). Rab8 and
Rab11 coding regions were amplified to yield Ncol-BamHI flanked coding
regions with sense and antisense primers indicated in Supplemental
Figure 5B online. After digestion and gel purification, these were ligated
into pAmy (Phillipson et al., 2001) previously digested with Ncol-BamHI
and dephosphorylated to yield pRab8 and pRab11. The Rab5 members
Rha1 and Arab6 as well as Rab6 and Rab7 coding regions were amplified
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to yield Ncol-Xbal flanked coding regions with sense and antisense
primers indicated in Supplemental Figure 5B online. After digestion and
gel purification, these were ligated into pAmy-HDEL (Phillipson et al.,
2001) previously digested with Ncol-Xbal and dephosphorylated to yield
pRha1, pAra6, pRab6, and pRab7.

Mutagenesis of all Rabs to generate the NI mutants was done via the
QuickChange method (Stratagene) using pairs of oligonucleotides en-
coding for the mutated triplet and 15 bases extending on either side of the
mutated codon. All mutagenesis primers for each specific Rab GTPase
are shown in Supplemental Figure 5C online. All resulting clones were
verified by sequencing.

Dual Expression Vectors

Several steps were required to generate the dual expression vector using
primers described in Supplemental Figure 5D online. ATR2'promoter fusion
with the Golgi marker ST-YFP was generated by assembly PCR using first
the primer pair TR2EcoRIs with TRSTYas and the plasmid pOP443 (Velten
et al., 1984) as template, resulting in a modified TR2' promoter fragment.
The primer pair TRSTYs with STYas and plasmid pLL4 (daSilva et al., 2005)
as template were used to generate a modified ST-YFP fragment. The two
overlapping fragments were subsequently subjected to 10 PCR cycles for
self-priming, followed by further PCR amplification using the primer pair
TR2EcoRIs with STYas to yield the assembled TR2':ST-YFP fragment. This
was trimmed with EcoRI and Xbal and gel purified.

PCR assembly of the 3'ocs:35Spromoter fragment was performed with
primer pair 3ocsXbals with 3ocs35sas and plasmid pDE1001 (Denecke
etal., 1992) as template to generate a modified 3'ocs sequence. The primer
pair 3ocs35ss with amyas and plasmid pAmy as template (Phillipson et al.,
2001) resulted in the amplification of a modified 35S promoter fragment.
The two overlapping amplification products were subsequently subjected
to 10 self-priming PCR cycles to generate an assembled fusion, followed by
further PCR amplification using the primer pair 3ocsXbails with amyas to
yield the assembled 3’'ocs:35Spromoter fragment. This was ultimately
trimmed with Xbal and Ncol and gel purified.

To generate the double expression vector, plasmid pDE317 was di-
gested with EcoRIl and Ncol to remove the 35S promoter in front of the
PAT-3'nos region (Denecke et al., 1992) followed by dephosphorylation.
The two assembled and trimmed DNA fragments described above were
ligated into this vector to generate plasmid pFB62 carrying the dual expres-
sion cassette TR2-ST-YFP-3'0cs/35S-PAT-3'nos. This plasmid was used as
starting point for all subsequent double expression vector construction.

The PAT coding region in pFB62 was removed with an Ncol-BamHI
digestion followed by dephosphorylation. All Rab GTPase coding regions
and mutations thereof were isolated as compatible Ncol-BamHI fragments
and ligated into pFB999. These plasmids were used for quantitative
transient expression experiments in conjunction with pAMY derivatives.
For tobacco leaf infiltrations, the entire double expression cassettes were
cloned between the EcoRI and Hindlll sites of pDE1001 (Denecke et al.,
1992) using standard recombinant DNA procedures, yielding pTFB62 and
derivatives containing Rab coding regions.

The Golgi marker ST-YFP was replaced by the TGN marker YFP-SYP61
(Foresti and Denecke, 2008) by digesting pTFB62 with EcoRI and Xbal and
dephosphorylation. pTFB62 was also digested with Clal, followed by
Klenow treatment, and subsequent EcoRI digestion and gel purification.
The YFP-SYP61 fragment was obtained by digesting pOF61 with Ncol,
followed by Klenow treatment, subsequent Xbal digestion, and gel purifi-
cation. The two fragments were then jointly ligated into pTFB62 to yield
pTFB73 carrying the dual expression cassette TR2-YFPSYP61-3'0cs/35S-
PAT-3'nos. pTFB62 was treated with Xbal, Klenow, and Clal, followed
by dephosphorylation to generate a vector. CBL6-RFP was processed
with BamHI, Klenow, and Clal, gel purified, and ligated in the above-
described vector, yielding pTFB86, carrying the dual expression cassette
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TR2-CBL6-RFP-3'0cs/35S-PAT-3'nos. pTFB86 was digested with Clal
and Pvull and dephosphorylated. pAleu-RFP was digested with Clal and
Pvull, gel purified, and ligated in the above-described vector, yielding
pFB90. pTFB62 was treated with Xbal, Klenow, and Clal, and dephos-
phorylated. RFP-VSR2 was obtained by treating pOF100 (Foresti et al.,
2010) with BamHI, Klenow, and Clal, followed by gel purification, for
ligation into the vector. This resulted in plasmid pTFB97 carrying the
dual expression cassette TR2-RFP-VSR2-3'0cs/35S-PAT-3'nos. In all
the dual expression vectors, replacement of PAT by the various Rabs
was performed as for pFB62. The dual expression vector harboring the
Golgi marker ST-YFP and the Sec12 overexpression cassette was built
by replacing PAT in pTFB62 by a Ncol-BamHI fragment derived from
pSec12 (Phillipson et al., 2001).

To assess cotransformation and coexpression fidelity on a single-cell
level, a dual color expression vector was constructed as follows: pTFB86
was digested with Ncol and Hindlll, followed by dephosphorylation.
pOF44 (Foresti et al., 2006) was digested with Ncol and Hindlll, followed
by gel purification of the YFP-SYP121-3'nos fragment, which was sub-
sequently ligated into pTFB86, yielding pRainbow (TR2-CBL6-RFP-
3'0cs/35S-YFP-SYP121-3'nos).

Transient Expression in Tobacco Protoplasts

N. tabacum cv Petit Havana SR1 (Maliga et al., 1973) was grown in
Murashige and Skoog medium (Murashige and Skoog, 1962) supple-
mented with 2% Suc in a controlled room at 22°C with a 16-h daylength at
alightirradiance of 200 wE m? s. Tobacco leaf protoplasts were prepared,
electroporated, and harvested following the previously described proto-
col (Hadlington and Denecke, 2000). Concentrations of plasmids are
indicated in the figures and legends.

a-Amylase Assay Procedure

Tobacco protoplasts were incubated for 24 h after electroporation in the
dark. Cells and medium were harvested according to the well-established
procedure described by Foresti et al. (2006). A sample of culture
medium without cells was diluted 1:1 with a-amylase extraction buffer
for direct enzymatic analysis. Total cells were recovered as a compact
pellet after washing with 250 mM NacCl, and cells were extracted in a
final volume (a-amylase extraction buffer + cells) of 500 L by sonica-
tion and centrifugation as described (Foresti et al., 2006). Enzymatic
a-amylase assays were performed with the Megazyme substrate
(R-CAAR4) according to the manufacturer’s instructions and down-
scaling to microtiter plates as described earlier (Foresti et al., 2006).
Absorbances were read at A = 405 nm against a blank consisting of
either medium or cell extracts from mock-transformed protoplasts.
All values are provided as differences in optical density (AOD) between
test samples and blanks, divided by the time in minutes of incubation
time and the volume of the extracts in microliters, corrected for dilution
of the medium and concentration of cell extracts relative to the original
cell suspension, and multiplied by 1000 to obtain AOD/min/mL sus-
pension. The Sl is the ratio of activity in the medium to that of the cells;
the total activity is the sum of the activities in the medium and cells.
A detailed procedure has been published previously (Foresti et al.,
2006).

Extraction of Protein and Immunoblot Analysis

Protoplast pellets obtained from the harvesting were extracted in 100 wL
total volume of phaseolin extraction buffer (daSilva et al., 2005). The
extract was then centrifuged at maximum speed for 10 min and the
supernatant recovered, diluted 1:1 with sample buffer, and loaded on an
SDS-PAGE gel. Protein gel blots and immunodetection were performed

as previously described by Pimpl et al. (2006) using an anti-GFP rabbit
polyclonal antiserum (Invitrogen).

Cotransfection Practice Using Dual Expression Vectors

For transient expression in tobacco leaf protoplasts, all pFB62-based
dual expression vectors were first tested individually by monitoring
expression levels of the internal Golgi marker ST-YFP via immunoblotting
to normalize transfection efficiencies. Under these conditions, the effect
of different Rab GTPases and derived mutants could be compared in
a quantitative and reproducible manner. Cotransfection of plasmids
encoding the soluble vacuolar cargo molecules derived from barley
a-amylase with the dual vectors were tested again for ST-YFP expression
as additional quality control. Differences in the effect of RabGTPases
expressed from the same plasmid could thus be attributed to the nature of
the GTPases themselves rather than variance in transfection efficiency.

Tobacco Leaf Infiltration Procedure and Confocal Laser
Scanning Microscopy

Soil-grown N. tabacum cv Petit Havana SR1 (Maliga et al., 1973) were
infiltrated with Agrobacterium tumefaciens cultures (OD = 0.1) of strains
harboring the desired plasmids (Sparkes et al., 2006). Infiltrated tobacco
leaves were used as starting material for confocal laser microscopy
analysis. Imaging of transfected cells was performed early after infiltration
and restricted to cells expressing well below the steady state levels to avoid
overexpression artifacts. Typically, 24 to 48 h after infiltration, a square of
around 0.5 X 0.5cm was cut from the infiltrated area and mounted on a
glass slide, with the lower epidermis facing up the cover glass (22 X 50 mm,
N. 0). Confocal imaging was performed using an upright Zeiss LSM 510
META laser scanning microscope with a Plan-Neofluar x40/1.3 oil differ-
ential interference contrast objective. When GFP and YFP were coex-
pressed, samples were excited with an argon ion laser at the wavelength of
458 nm for GFP and 514 nm for YFP. Fluorescence was detected with a
545-nm dichroic beam splitter and a 480- to 520-nm band-pass filter for
GFP and 565 to 615 nm for YFP. When GFP or YFP were coexpressed with
RFP, samples were excited with an argon ion laser at the wavelength of 488
nm for GFP or YFP and 543 nm for RFP. Fluorescence was detected with a
545-nm dichroic beam splitter and a 500- to 530-nm band-pass filter for
GFP or YFP and 565 to 615 nm for RFP. Postacquisition image processing
was performed with LSM 5 image browser (Zeiss) and ImageJ (http://rsb.
info.gov/ij/). For all experiments, normal organelle mobility was a prereqg-
uisite for further analysis, and fluorescence levels 10- to 20-fold below the
steady state levels were found to be ideal for in vivo analysis. Cells with
fluorescence levels closer to steady state levels or with static organelles
showing merely Brownian motion were not imaged.

Cotransformation Practice for in Situ Expression Using Dual
Expression Vectors

Unlike experiments with protoplast populations in which samples are
averages of many cells, in situ fluorescent imaging is performed on
individual cells displaying variable levels of expression and coexpression.
The dual expression vectors derived from pTFB62 for Agrobacterium-
mediated leaf transformation were used to restrict analysis to only those
cells expressing the internal marker as well as the cargo molecule to be
influenced. Expression of the internal marker guarantees expression of
the GTPase as effector as it is encoded by the same T-DNA. Moreover,
using a constant laser output and detector gain, cells could be selected
that express comparable levels of internal marker and, thus, GTPase for
comparisons. Under these conditions, differences observed in the effect
of various GTPases could thus be attributed to the nature of the GTPases,
rather than coexpression efficiency.



In Situ Quantification of Aleu-RFP and RFP-Chi in Transit through
Post-Golgi Compartments

For colocalization studies of punctate structures that could not be
distinguished morphologically and to quantify levels of Aleu-RFP and
RFP-chi in transit through post-Golgi organelles relative to the internal
marker, we used the PSC colocalization plug-in of Image J (French et al.,
2008) to calculate colocalization and to produce scatterplots. A minimum
of 20 cells or at least 400 independent punctate were manually masked
using the “selection brush” tool as introduced earlier (French et al., 2008).
To produce scatterplots with the “analyze” tool, a threshold level of 10
was defined as pixel noise and excluded from statistical analysis. The
total intensity of the green and red colors in the resulting scatterplots was
measured to provide a red-green ratio, representing Aleu-RFP and RFP-
chi in transit through post Golgi compartments relative to the fluores-
cence of the internal Golgi marker (Green).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
databases under the following accession numbers: CBL6 (At4g16350),
Rab6 (At2g44610), Rab8 (At5g03502), Rab11 (At1g09630), Rhal (At5g45130),
Arab (At3g54840), and Rab7 (At3g16100).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Cotransformation Efficiency of Two Different
Genes from a Single T-DNA Region.

Supplemental Figure 2. Separation of Plasma Membrane from
Tonoplast.

Supplemental Figure 3. Rab NI Mutants Do Not Impair Constitutive
Secretion.

Supplemental Figure 4. Schematic Drawings of Recombinant Genes
Used in This Study.

Supplemental Figure 5. Oligonucleotides Used in This Study.
Supplemental Movie 1. Original Video Data to Figure 10A.
Supplemental Movie 2. Original Video Data to Figure 10B.
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