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Plant vacuoles are essential and dynamic organelles, and mechanisms of vacuole biogenesis and fusion are not well
characterized. We recently demonstrated that Wortmannin, an inhibitor of Phosphatidylinositol 3-Kinase (PI3K), induces
the fusion of plant vacuoles both in roots of itt3/vti11mutant alleles and in guard cells of wild type Arabidopsis and Fava
bean. Here we used Fluorescence Recovery After Photobleaching (FRAP) to demonstrate that the vacuoles in itt3/vti11
are independent organelles. Furthermore, we used fluorescent protein reporters that bind specifically to
Phosphatidylinositol 3-Phosphate (PtdIns(3)P) or PtdIns(4)P to show that Wortmannin treatments that induce the fusion
of vti11 vacuoles result in the loss of PtdIns(3)P from cellular membranes. These results provided supporting evidence
for a critical role of PtdIns(3)P in vacuole fusion in roots and guard cells.

The vacuole is an essential organelle that is critical for cellular
homeostasis, establishment of turgor pressure and storage.1-5 The
molecular mechanisms for plant vacuole biogenesis and fusion
are not fully understood. A pathway for pro-vacuole formation
from ER membranes was recently shown in meristematic root
cells in Arabidopsis.6 Lytic vacuoles may also form by maturation
and fusion of protein storage vacuoles as it was visualized in
developing root tips during tobacco germination.7 We recently
demonstrated that the VTI11 SNARE protein is critical for the
maintenance or biogenesis of the large central vacuole in plant
cells.8 VTI11 is a vacuolar SNARE protein involved in mem-
brane fusion that was shown to regulate gravitropism and protein
trafficking to the vacuole.9-11 vti11 mutant alleles such as
impaired tonoplast trafficking3 (itt3) display defects in vacuole
fusion both during root and hypocotyl development, and during
the formation of a large vacuole in guard cells.8 It is likely that
the vacuolar SNARE complex containing VTI11,9 which local-
izes to the pre-vacuolar compartment (PVC) and vacuole,9,12 reg-
ulates vacuole fusion events during the formation of the large
central vacuole.

Recent surface renderings of stained vacuoles in Arabidopsis
meristematic cells showed tubular interconnected vacuolar com-
partments that form a single organelle.6 Therefore, we questioned
whether the multiple vacuole phenotype in vti11/itt3 mutants8

resulted from independent or interconnected vacuoles. We used
Fluorescent Recovery after Photobleaching (FRAP) to differenti-
ate between these two possibilities. Bleaching a region of the vac-
uole in the parental control resulted in almost complete
fluorescence recovery (Fig. 1A, orange). Similarly, bleaching
only a fraction of one of the itt3 vacuoles results in fluorescence

recovery due to the movement of GFP-TIP2;1 from non-
bleached regions in that vacuole (Fig. 1B, orange). In contrast,
vacuoles that are completely bleached recover poorly to the pre-
bleached levels even after 5 min (Fig. 1B, dark blue). Vacuoles
that were not bleached or regions outside the bleach area of par-
tially bleached vacuoles were included as controls (Fig. 1). To
quantify these results, 36 FRAP experiments with root epidermal
cells were analyzed and fluorescence recovery was quantified
based on relative fluorescence intensity (Fig. 1C–D). Partially
bleached vacuoles in itt3, and the parental control recovered
to almost 80% of the original fluorescence intensity. In con-
trast, membranes from completely bleached vacuoles in itt3
did not recover. These results indicate that vti11/itt3 vacuoles
are independent compartments and not connected to adjacent
vacuoles.

Vacuole fusion in plants is also regulated by
phosphoinositides.8 Using a pharmacological approach, Zheng
et al. showed that inhibition of PtdIns(3)P synthesis by either
Wortmannin or LY294002 is sufficient to induce vacuole fusion
of itt3 vacuoles in Arabidopsis roots and fragmented vacuoles of
closed guard cells in Fava bean.8 Given that most mature vege-
tative cells maintain a single large vacuole, an effect of Phospha-
tidylinositol 3-Kinase (PI3K) inhibitors on vacuole fusion could
not previously be observed, and it was the prevalent view that
Wm induced fusion only of PVCs.13 The effect of Wm on vac-
uole fusion indicated a critical role for phosphoinositides in reg-
ulating very dynamic changes in vacuole morphology.8

Furthermore, loss of function of SUPPRESSOR OF ACTIN 2–
5 (SAC2–5), results in abnormal phosphoinositide levels and
changes in vacuole morphology.14 A challenge for these analyses
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is that the loss of PI3K function is gametophytic lethal.15 In
addition, manipulating phosphoinositide levels by either chemi-
cal inhibitors or genetically may result in changes of multiple
forms of these lipids due to lack of specificity or inter-conver-
sion between different species.16-18 In the case of Zheng et al.,8

we wanted to investigate the effect of Wm on PtdIns(3)P accu-
mulation in cells from the root elongation zone. In order to test
this, we used two biosensors that specifically bind to and report
the levels of two phosphoinositides, YFP-2xFYVE to visualize
PtdIns(3)P19 and YFP-PHFAPP1 to visualize PtdIns(4)P.20 The
effect of Wm on the localization of YFP-2xFYVE has been
tested in tobacco cells19 and Arabidopsis root tips;21 however,
these data were not available for mature root cells where the
central vacuole is fully formed, and where vacuole fusion events
can be visualized in the itt3 mutant.8 YFP-PHFAPP1 has been
shown to localize to Golgi and plasma membrane,20,22 and Wm
did not affect the localization of this marker in tobacco BY-2
cells.20 Similar to Zheng et al.,8 we exposed the two marker
lines to 33 mM Wm and imaged mature root cells by confocal
scanning laser microscopy. The YFP-2xFYVE marker localizes
to the tonoplast as well as punctate compartments, most likely
pre-vacuolar compartments as previously reported (Fig. 2A).19

After 30 min of Wm treatment, the YFP-2xFYVE fluorescence

shifted to the cytosol as shown by the more diffused signal
between the vacuole and the cell periphery and the bright signal
inside the nucleus. A defined tonoplast membrane signal is diffi-
cult to discern at 60 and 120 min (Fig. 2A). The loss of YFP-
2xFYVE from endomembranes indicates a reduction in PtdIns
(3)P levels that correlates with the inhibition of PI3-Kinase.
The accumulation of the fluorescent marker in the cytosol is
similar to the changes in YFP-2xFYVE fluorescence in tobacco
BY-2 cells treated with Wm.19 In contrast, the PtdIns(4)P sen-
sor, which is abundantly localized to the plasma membrane in
the control, does not change significantly at 30 min of Wm
treatment (Fig. 2B). To indirectly determine the accumulation
of the two sensors in the soluble fraction, e.g., no longer associ-
ated with a membrane, we quantified the fluorescence intensity
of each marker inside the nucleus. Labeling with Lysotracker
Red was used to identify the position of nucleus (Fig. 2D). As
shown in Figure 2C, the nuclear signal of 2xFYVE-YFP
increases significantly at 30 min of Wm treatment while that of
YFP-PHFAPP1 increases only at 2 h. Results from these experi-
ments indicate that Wm treatment of Arabidopsis roots results
in a significant decrease of PtdIns(3)P in tonoplast membranes
within 30 min, but not in major changes in PtdIns(4)P at this
time point. This timing correlates well with the timing of fusion

Figure 1. itt3 vacuoles are independent
organelles. (A–B) Root epidermal cells from
GFP-TIP2;1 (parental control, A) or itt3 (B)
were used for FRAP using a Zeiss710 confocal
microscope and images were captured every
10 s. Images before (pre-bleach), immediately
after (bleach 0’) and 6 min after (post-bleach
30’) bleaching are shown for one experiment.
Bleached areas are shown with white (dashed)
rectangles. ROIs that were used to measure
fluorescence recovery are shown with colored
rectangles. ROI fluorescence was quantified
for complete vacuoles included in the bleach
area (1, dark blue), vacuoles partially included
in the bleach area (2, orange), non-bleached
controls (3, light blue), and an area adjacent
to the bleach area in partially bleached
vacuoles (4, magenta). To measure the fluo-
rescence recovery of vacuoles that were
completely bleached, only the membrane
adjacent to the cell wall was selected for
quantification (1, dark blue). Bleaching was
accomplished with an argon laser in the Zeiss
LSM 710 microscope with excitation wave-
length of 488 nm. The laser was used at 100%
power and the pixel dwell time was
100.85 msec. Scale bar: 20 mm. (C–D) Quantifi-
cation of fluorescence recovery over time for
GFP-TIP2;1 (parental control, C) or itt3 (D).
Using 36 sets of FRAP experiments for each
genotype as shown in A–C, the percent fluo-
rescence recovery was calculated for each
region of interest. The numbers and colors in
the graphs correspond to those in A–B. N: 7
seedlings. Error bars indicate standard error.
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events in itt3 roots,8 and provides further
supportive evidence for a specific role of
PtdIns(3)P on vacuole fusion in plants.
Our hypothesis is that the multiple inde-
pendent vacuoles in itt3/vti11 result from delayed homotypic
vacuole fusion during early stages of seedling germination that
require VTI11 SNARE function and the regulation of PtdIns
(3)P in the tonoplast.
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