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Endocytosis is a ubiquitous cellular process that is characterized well in animal cells in culture but poorly across intact,
functioning tissue. Here, we analyze endocytosis throughout the Arabidopsis thaliana root using three classes of probes:
a lipophilic dye, tagged transmembrane proteins, and a lipid-anchored protein. We observe a stratified distribution of
endocytic processes. A clathrin-dependent endocytic pathway that internalizes transmembrane proteins functions in all cell
layers, while a sterol-dependent, clathrin-independent pathway that takes up lipid and lipid-anchored proteins but not
transmembrane proteins is restricted to the epidermal layer. Saline stress induces a third pathway that is clathrin-
independent, nondiscriminatory in its choice of cargo, and operates across all layers of the root. Concomitantly, small acidic
compartments in inner cell layers expand to form larger vacuole-like structures. Plants lacking function of the Rab-GEF
(guanine nucleotide exchange factor) VPS9a (vacuolar protein sorting 9A) neither induce the third endocytic pathway nor
expand the vacuolar system in response to salt stress. The plants are also hypersensitive to salt. Thus, saline stress
reconfigures clathrin-independent endocytosis and remodels endomembrane systems, forming large vacuoles in the inner
cell layers, both processes correlated by the requirement of VPS9a activity.

INTRODUCTION

Multiple pathways of endocytosis have been identified in animal
systems that vary in terms of the molecular constituents in-
volved and also by the type of cargo that is internalized (Doherty
and McMahon, 2009). Most studies have utilized isolated cells in
culture, apart from some recent studies in developing embryos
of Caenorhabditis elegans and Drosophila melanogaster. The
latter studies raise the possibility that endocytic processes may
be differentially regulated across different cell lineages (Andrews
and Ahringer, 2007; Mateus et al., 2011). Endocytic mechanisms
may thus be expected to vary across cell types in an intact,
functional tissue and, moreover, may be subject to differential
regulation in response to diverse physiological conditions. The
best-characterized endocytic mechanism is clathrin-mediated
endocytosis (Taylor et al., 2011). However, pathways independent
of clathrin are also reported to operate in animal cells, in-
cluding one that mediates the uptake of glycosyl phosphatidyl
inositol (GPI)-anchored proteins in GPI-anchored protein-
enriched early endocytic compartments via the formation of
clathrin-independent carriers (Sabharanjak et al., 2002).

Although the operation and physiological relevance of endo-
cytosis have been demonstrated unequivocally in plants, the
molecular components participating in the process are less well
characterized than in animal systems. Simple, well-defined tis-
sue organization makes the Arabidopsis thaliana root an ideal
system to study endocytic events across different cell layers.
Most extant studies, however, have been confined to the epi-
dermal layer at the surface of the root. These studies, together
with others on cultured plant cells in suspension, have revealed
the operation of at least two endocytic mechanisms. All trans-
membrane proteins studied so far have been shown to follow
the clathrin-dependent uptake pathway, which operates in all
cell layers of the Arabidopsis root (Robert et al., 2010; Kitakura
et al., 2011), but information on other pathways is scarce. Cla-
thrin-independent pathways have been implicated in studies of
tobacco (Nicotiana tabacum) cells grown in suspension culture
(Onelli et al., 2008) and in epidermal cells of Arabidopsis root
(X. Li et al., 2011; R. Li et al., 2012), but neither of these path-
ways has been characterized with respect to the identity of
cargo handled or the range of operation beyond the epidermis.
Furthermore, the functions of these pathways have not been
investigated in any metazoan system; therefore, the study of the
role of this pathway in plants would represent an important step
in this direction (Mayor et al., 2014).
Here, we have exploited the optical transparency and physical

accessibility of young Arabidopsis roots to explore the full
panoply of endocytic mechanisms in different cell layers. We
have probed uptake mechanisms utilizing a range of probes and
varied physiological conditions. GPI-anchored proteins resemble
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glycolipids with large protein head groups. Unsurprisingly, in an-
imal cells, they follow an uptake pathway distinct from trans-
membrane proteins with cytoplasmic tails that bear endocytic
signals. Speculating that such proteins could utilize clathrin-
independent pathways in plants as well, we attached a GPI
anchor signal sequence (Eisenhaber et al., 2003) from the
Arabidopsis GPI-anchored protein COBRA (Roudier et al.,
2005) to the C terminus of a secretory version of green fluo-
rescent protein (GFP)/mCherry. Along with GPI-tethered fluores-
cent proteins (GFP/mCherry-GPI), we monitored the endocytosis
of the endocytic tracer dye FM4-64 (Bolte et al., 2004) as a re-
porter for bulk membrane uptake and utilized several trans-
membrane proteins as cargo for clathrin-dependent endocytosis.
We have used these three sets of probes to explore endocytic
mechanisms in Arabidopsis roots and tobacco BY-2 cells. Our
study, spanning all cell layers of the intact tissue, establishes that
clathrin-dependent endocytosis operates in all cell layers of the
root, consistent with previous observations. By contrast, a clathrin-
independent endocytic pathway operates in the epidermal cell
layer but not in the internal layers of the Arabidopsis root tip.
Finally, we report that salinity stress induces an additional
clathrin-independent bulk-flow endocytic pathway in all cell
layers of the Arabidopsis root that is critically dependent on the
function of the Rab-GEF (guanine nucleotide exchange factor)
VPS9a (Goh et al., 2007). This study thus establishes that mul-
tiple endocytic pathways operate within a stratified tissue and
that these pathways are differentially regulated across cell types
by physiologically relevant stimuli.

RESULTS

GPI-Anchored Proteins Are Endocytosed from the Plasma
Membrane in Plant Cells

To monitor the intracellular distribution of GPI-anchored pro-
teins, we observed Arabidopsis roots and tobacco BY-2 cells
expressing the mCherry/GFP-GPI cassette from a cauliflower
mosaic virus 35S promoter (Figure 1A). Fluorescence signal was
detected at the cell periphery and intracellular vesicular struc-
tures (Figure 1B, left). Upon plasmolysis of root epidermal cells
of GFP-GPI plants with 600 mM sucrose, GFP remained asso-
ciated with the plasma membrane (PM) and not the cell wall or
periplasmic space (Figure 1B, right).

PM localization of GFP-GPI was shown by surface im-
munostaining of unpermeabilized BY-2 protoplasts (Supplemental
Figure 1A). This result also indicates that the GFP moiety faces the
cell wall, as expected for an exofacial lipid-tethered protein. We
verified that the GFP is indeed tethered to the PM by a GPI anchor
using a Triton X-114 partitioning assay together with treatment with
phosphatidylinositol-specific phospholipase C, an enzyme that
specifically cleaves the GPI anchor (Roudier et al., 2005)
(Supplemental Figure 1B).

To ascertain the nature of the cytoplasmic bodies in which
GFP-GPI was observed, pulse-chase experiments were per-
formed in BY-2 cells and Arabidopsis roots with the endocytic
tracer dye FM4-64 (Bolte et al., 2004). After 10 min of chase,
FM4-64-containing nascent endocytic vesicles colocalized with

GFP-GPI in the vicinity of the PM in root epidermal cells (Figure
1C). After a longer chase period of 30 min, GFP-GPI vesicles
almost completely colocalized with FM4-64 in BY-2 cells
(Supplemental Figure 1C) as well as root epidermal cells. The
endocytic character of GFP-GPI vesicles was further examined
by treatment with the drug brefeldin A (BFA). BFA causes en-
dosomal compartments and the endocytosed cargo within to
clump into large intracellular aggregates termed BFA bodies
(Geldner et al., 2001). Upon treatment with BFA, both in BY-2
cells and in Arabidopsis root, large aggregates, characteristic of
BFA bodies, were formed that contained both GFP-GPI and
FM4-64 (Figure 1D; Supplemental Figure 1D). A functional GFP
fusion of the endogenous GPI-anchored protein SKU5 (Sedbrook
et al., 2002) showed similar trafficking properties to GFP-GPI in
Arabidopsis root (Supplemental Figures 2A and 2B).
Intracellular vesicles of GFP/mCherry-GPI partially colocalized

with the endosomal markers (Ueda et al., 2001) ARA6-GFP
(Pearson’s coefficient, 0.51 6 0.07; n = 74 cells) and ARA7-GFP
in root epidermal cells and formed aggregates together when
treated with BFA (Figures 1E and 1F; Supplemental Figures 1E
and 1F). However, GFP-GPI punctae showed little colocalization
with the Golgi marker SYP32-RFP (red fluorescent protein)
(Uemura et al., 2004; Geldner et al., 2009) (Pearson’s coefficient,
0.12 6 0.05; n = 70 cells) (Supplemental Figure 1G). Upon BFA
treatment, GFP-GPI aggregated in the center of the BFA bodies
and was clearly separated from SYP-32-marked Golgi stacks
that were arranged in the fringes (Supplemental Figure 1H). Such
differential response to BFA has been used as a marker to
distinguish the endosomal/trans-Golgi network (TGN) from Golgi
bodies in Arabidopsis root cells (Geldner et al., 2009). Similar
characteristics were observed in transiently transfected BY-2
cells/protoplasts with ARA6-GFP or the Golgi marker soybean
(Glycinemax) mannosidase-1-RFP (Nelson et al., 2007) (Supplemental
Figures 1I to 1K).
To ascertain the endocytic uptake of GPI-anchored proteins

from PM in living root tissue, we observed Arabidopsis root
epidermal cells expressing mCherry-GPI and clathrin light chain
(CLC)-GFP using variable-angle epifluorescence microscopy
(VAEM), which allows imaging of events on or immediately be-
neath the PM (Konopka and Bednarek, 2008). Under VAEM,
PM-localized mCherry-GPI appeared as dynamic and well-
demarcated cortical-associated foci embedded within diffuse
and weaker background fluorescence (Supplemental Movie 1).
We found that this background fluorescence was quickly
photobleached within the first few frames of acquisition, whereas
the brighter punctate structures photobleach over a longer
time scale, making it possible to track the formation and in-
ternalization of such foci over time (we have sorted images to
ensure that we are not monitoring intracellular punctate struc-
tures and organelles such as TGNs; see Methods). Some
mCherry-GPI foci colocalized with CLC-GFP foci, while others
did not (dashed versus solid circles in Figure 1G; Supplemental
Figure 3A). Analysis of 10 different dual-color mCherry-GPI/CLC-
GFP VAEM images containing a total of 2801 mCherry-GPI foci
revealed that 68.23% 6 3.86% of such foci colocalized with
CLC-GFP (Supplemental Figure 3E). However, the remaining
mCherry-GPI foci were devoid of CLC-GFP. To rule out the
possibility that the observed colocalization between CLC-GFP
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Figure 1. GPI-Anchored Proteins Are Endocytosed from the PM.

(A) Schematic representation of the GPI reporter cassette. SS, secretory signal sequence from Arabidopsis basic chitinase; GAS, GPI anchor signal
sequence from At-COBRA.
(B) Arabidopsis root epidermal cells (left) expressing GFP-GPI. Plasmolysis of GFP-GPI roots with 600 mM sucrose (right) reveals that GFP-GPI is
associated with the PM (white arrow) rather than the cell wall, which is stained with propidium iodide (red).
(C) GFP-GPI-expressing Arabidopsis roots pulsed with 5 mM FM4-64 for 5 min on ice, washed, and then chased for 10 min at room temperature.
Enlarged images of the boxed areas are presented on the right.
(D) Arabidopsis root epidermal cells pulsed with FM4-64 for 5 min and then treated with 50 mm BFA for 1 h. White arrows mark a BFA body.
(E) Arabidopsis root epidermal cells expressing ARA6-GFP and mCherry-GPI. Enlarged versions of the boxed areas are shown on the right.
(F) ARA6-GFP- and mCherry-GPI-expressing Arabidopsis root treated with 50 mm BFA for 1 h. White arrows mark a BFA body.
(G) VAEM images of Arabidopsis root epidermal cells expressing GFP-CLC (green) and mCherry-GPI (red). Examples of mCherry-GPI foci colocalizing
with and devoid of CLC-GFP are marked with dashed and solid white circles, respectively.
(H) and (I) Time-lapse snapshots from Supplemental Movies 2 and 3 showing clathrin-dependent (H) and independent (I) uptake of mCherry-GPI foci.
n, nucleus. Bars = 10 mm.
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and mCherry-GPI foci was due to random overlap, the red
channel image from five different cells was rotated 180° with
respect to the green channel (Delcroix et al., 2003; Konopka
et al., 2008). The percentage of mCherry-GPI foci that colo-
calized with CLC-GFP foci in the rotated images (37.64% 6
5.03%) was significantly lower than that in the original image
(67.52% 6 7.58%; n = 1058 foci, P < 0.000001). Pearson’s co-
efficients for original and rotated images were 0.48 6 0.12 and
0.0498 6 0.09, respectively (P < 0.0001). The formation and in-
ternalization of both classes of mCherry-GFP foci could be ob-
served under time-lapse imaging (300-ms exposure time; see
Supplemental Movies 2 and 3 for clathrin-dependent and
clathrin-independent uptake of mCherry-GPI, respectively). Se-
quences of images from these movies (Figures 1H and 1I) show
the appearance and internalization of mCherry foci together with,
as well as independent of, CLC-GFP, respectively. Taken together,
these results strongly suggest the uptake of GPI-anchored
proteins by both clathrin-dependent and -independent mech-
anisms in root epidermal cells.

A Ubiquitous Clathrin-Dependent Pathway and a Spatially
Restricted Clathrin-Independent Pathway Operate in the
Arabidopsis Root

We examined the effect of 1-naphthalene acetic acid (NAA),
an inhibitor of clathrin-dependent endocytosis in plant cells
(Paciorek et al., 2005; Robert et al., 2010), on endocytosis in the
Arabidopsis root. In agreement with previous reports (Robert
et al., 2010), NAA treatment reduces the localization of CLC-
GFP to the PM as observed by both confocal and VAEM im-
aging (Supplemental Figures 4A to 4D). Moreover, we found that
NAA treatment severely diminished the mobility and turnover of
CLC-GFP foci. When we superposed two VAEM snapshots of
CLC-GFP foci in control roots taken 20 s apart, several foci were
seen in previously unpopulated areas while other foci were no
longer seen in their original locations (Supplemental Figure 4B).
However, in roots treated with NAA, such turnover was com-
pletely blocked. CLC-GFP foci in the VAEM images taken 20 s
apart completely overlapped, and there was no evidence of ei-
ther recruitment or loss of any clathrin foci (Supplemental Figure
4C). GFP-tagged versions of clathrin-dependent cargo, the
auxin efflux carrier proteins PIN2 (epidermis and cortex; Xu and
Scheres, 2005) and PIN1 (stele; Benková et al., 2003) as well
as another transmembrane protein, LOW TEMPERATURE
INDUCED-6B (LTI6b; all layers of root; Cutler et al., 2000), did
not accumulate in BFA bodies following NAA treatment, dem-
onstrating that the pathway was effectively blocked throughout
the root (Supplemental Figure 4E). Thus, NAA pretreatment ef-
ficiently blocks the recruitment of clathrin to the PM and also the
uptake of clathrin-dependent cargo from this membrane. How-
ever, the lipid probes GFP-GPI and SKU5-GFP, as well as FM4-
64, accumulate in BFA bodies in epidermal cells even following
NAA pretreatment (Figures 2A and 2C, right; Supplemental
Figure 2C).

The average surface area of BFA bodies containing GFP-GPI
or FM4-64 in the NAA-pretreated roots was about half that in
roots treated only with BFA (Figures 2B and 2D), indicating that
while a fraction of the lipid probes is taken up by a pathway that

is refractory to NAA treatment, entry of a significant fraction of
these lipid probes is in fact sensitive to NAA. This observation is
corroborated by VAEM imaging, which showed a dramatic 50%
reduction in the number of foci that contained both CLC-GFP
and mCherry-GPI in the presence of NAA. By contrast, the oc-
currence of mCherry-GPI foci that are independent of clathrin
was elevated by NAA treatment (Supplemental Figures 3B
and 3D). In PIN2-GFP Arabidopsis roots treated with BFA, in-
ternalized FM4-64 accumulated in BFA bodies along with PIN2-
GFP in cells of the epidermis and cortex (Figures 2E and 2F).
However, when the roots were pretreated with NAA, FM4-64 but
not PIN2-GFP accumulated in BFA bodies in the epidermal layer
cells (Figures 2G and 2H), confirming the operation of an en-
docytic mechanism refractory to NAA in these cells. A similar
observation was made in LTI6b-GFP plants; while NAA pre-
treatment blocked the uptake of LTI6b across all cell layers, the
uptake of FM4-64 in BFA bodies could still be observed in epi-
dermal cells (Supplemental Figure 5).
The uptake of lipid probes in BFA bodies following pre-

treatment with NAA was limited to epidermal cells and a few
cells of the cortex at the root tip. BFA bodies containing GFP-
GPI, FM4-64, or SKU5-GFP failed to accumulate in the mor-
phologically distinct endodermis and stele of roots pretreated
with NAA (Figures 2A and 2C, right, and Figure 2G, middle;
Supplemental Figures 2C and 5B and Supplemental Movie 4),
although they accumulated in all cell layers when the roots were
treated with BFA alone (Figures 2A and 2C, left, and Figure 2E,
middle; Supplemental Figures 2C and 5A and Supplemental
Movie 5). It is conceivable that the entry of BFA into the stele
cells may be reduced in the presence of NAA. Therefore, we
observed the uptake and BFA-induced aggregation of FM4-64
in plants expressing the endosomal marker ARA7-GFP (Ueda
et al., 2001). Internalized FM4-64 in stele cells accumulated in
ARA7-GFP-labeled compartments (Supplemental Figure 6A),
and upon BFA treatment, ARA7-GFP and FM4-64 clumped to-
gether in BFA bodies (Supplemental Figure 6B). With NAA pre-
treatment, we could still observe the formation of BFA bodies
containing ARA7-GFP, establishing that BFA still reaches stele
cells in the presence of NAA (Supplemental Figure 6C). These
BFA bodies, however, were devoid of internalized FM4-64,
demonstrating that internalization of FM4-64 was effectively
blocked in these cells. Furthermore, we incubated wild-type
plants with FM4-64 in the absence of BFA. After 30 min of pulse,
we could observe the internalization of FM4-64 in punctate
endosomal structures in stele (Supplemental Figure 6D, red
arrows) as well as in the epidermis (green arrows). Pretreatment
with NAA abrogated such FM-containing punctate structures
in the stele, indicating a complete block in endocytosis
(Supplemental Figure 6E, dashed area). Note, however, that the
cell membranes remain outlined by FM4-64, demonstrating that
the access of the dye to the stele is not compromised by NAA
treatment. Uptake of FM4-64 could still be seen in the epidermal
cells in the same image (Supplemental Figure 6E, green arrows),
suggesting the functioning of a clathrin-independent pathway in
those cells.
To directly address the role of clathrin in the uptake of the lipid

probes, we expressed RFP-tagged HUB1 protein from a tamoxifen-
inducible promoter to genetically perturb clathrin-dependent
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Figure 2. Effect of Clathrin Inhibition on Endocytosis.

(A) and (C) Uptake and BFA-induced aggregation of GFP-GPI (A) and FM4-64 (C) in Arabidopsis root in the absence (left) or in the presence (right) of
NAA pretreatment. Insets represent magnified versions of the boxed areas.
(B) and (D) Quantification of the average surface area of BFA bodies containing GFP-GPI (B) and FM4-64 (D) in epidermal cells of plants in the absence
or presence of NAA pretreatment. Bars represent weighted means of the surface area 6 SE. Asterisks indicate P < 0.0001 (Student’s t test). These
results are based on three independent experiments with at least 150 BFA bodies quantified per group per experiment.
(E) to (H) Uptake and clumping of PIN2-GFP and FM4-64 in response to BFA treatment ([E] shows lower magnification and [F] shows higher mag-
nification) or NAA + BFA treatment (following NAA pretreatment) ([G] shows lower magnification and [H] shows higher magnification). Stele cells in BFA-
treated roots have clumps containing FM4-64, while those pretreated with NAA do not ([E] and [G], boxed area in the middle panels).
Bars = 10 mm.
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endocytosis (Robert et al., 2010; Kitakura et al., 2011). Neither
uptake nor BFA-induced clumping of PIN2 was observed in
epidermal cells of plants following the induction of RFP-HUB1
(30 h) expression in all cell layers of the root (Figure 3A),
consistent with the block of clathrin-dependent endocytosis in
this layer (Figure 3B), in agreement with previous reports
(Robert et al., 2010; Kitakura et al., 2011). While FM4-64-
containing BFA bodies formed in all cell layers of the root of
noninduced RFP-HUB1 plants (Figure 3C, left), no FM4-64-
containing BFA bodies formed in the internal layers of the roots
of tamoxifen-treated plants, indicating a complete block of all
forms of endocytosis in these layers of cells (Figure 3C, right).
The uptake of FM4-64 into BFA bodies was prominent in the
epidermal layer of HUB1-induced plants (Figure 3C). Similar to
the NAA treatment, the average surface area of these BFA
bodies was markedly smaller compared with control cells
(Figure 3D). Taken together, these data strongly suggest the
functioning of a clathrin-independent endocytic pathway in the
Arabidopsis root that is spatially restricted to the epidermal
layer.
Further confirmation of these results was obtained using

the small molecule tyrphostin-A23 (Tyr-A23), which inhibits
receptor-mediated endocytosis in plants (Dhonukshe et al.,
2007), presumably by preventing the recruitment of trans-
membrane cargo via the AP-2 adapter complex (Ortiz-Zapater
et al., 2006) to clathrin-coated vesicles. Higher concentrations of
Tyr-A23 might affect other adaptor complexes, leading to gen-
eral defects of clathrin-dependent endocytosis (Konopka et al.,
2008; Konopka and Bednarek, 2008; Fujimoto et al., 2010). We
refrained from using higher concentrations of the inhibitor, as it
affects the viability of plants over long incubation times. Pre-
treatment with Tyr-A23 (30 mM, 30 min) inhibited the uptake of
PIN2-GFP but not that of GFP-GPI into BFA bodies in epidermal
cells (Supplemental Figures 7A and 7D). We used dark-induced
vacuolar accumulation of PM proteins as another assay for
endocytosis (Kleine-Vehn et al., 2008; Laxmi et al., 2008). In-
cubation in darkness for 6 h resulted in the accumulation of
both PIN2-GFP and GFP-GPI into vacuoles of epidermal cells
(Supplemental Figures 7B and 7E, left). Tyr-A23 treatment (30
mM) inhibited the uptake and vacuolar accumulation of PIN2-
GFP, while the vacuolar accumulation of GFP-GPI remained
unaffected (Supplemental Figures 7B and 7E, right; quantifica-
tion is shown in Supplemental Figures 7C and 7F). Surprisingly,
Tyr-A23 did not block the uptake of GFP-GPI (Supplemental
Figure 7D, right) or FM4-64 (Supplemental Figure 7G) in internal

Figure 3. Inhibition of Clathrin-Dependent Endocytosis by HUB1 Ex-
pression.

(A) RFP-tagged HUB1 was expressed in pINTAM>>RFP-HUB1 plants
induced with 2 mM 4-hydoxy tamoxifen for 30 h (right). No RFP ex-
pression could be seen in noninduced plants (left).
(B) Visualization of endogenous PIN2 by immunostaining in HUB1-RFP
plants treated with BFA. PIN2 accumulates in BFA bodies in noninduced
plants (left; arrows) but not in induced plants (right).

(C) In HUB1-expressing plants, FM4-64 uptake and BFA-induced
clumping are seen in epidermal cells (right; arrow) but not in the inner cell
layers (right; boxed area). FM4-64 uptake is seen in internal layers of
noninduced plants (left; boxed area). Bars = 10 mm in (A) to (C).
(D) Quantification of the average surface area of FM4-64-containing BFA
bodies in epidermis of plants in the presence or absence of HUB1 in-
duction. Bars represent weighted means 6 SE. Asterisks indicate P <
0.0001 (Student’s t test). These results are based on two independent
experiments with at least 200 BFA bodies quantified per group per ex-
periment.
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cells like stele. BFA treatment caused the coaccumulation of
LTI6b-GFP and FM4-64 in BFA bodies across all layers of the
root (Supplemental Figures 7H and 7I). Tyr-A23 pretreatment
blocked the uptake of LTI6b-GFP into BFA bodies across all the
cell layers but did not block the cognate process for FM4-64
uptake in any of the cell layers (Supplemental Figures 7J and
7K). It would thus appear that the uptake of lipid probes like
FM4-64 or GPI-anchored proteins does not require the Tyr-A23-
sensitive components that are indispensable for the endocytosis
of transmembrane proteins.

Clathrin-Independent Endocytosis Is Inhibited by
Sterol Depletion

Clathrin-independent endocytosis of GPI-anchored proteins in
animal cells is critically dependent on membrane sterol content
(Chadda et al., 2007). Pretreatment with methyl-b-cyclodextrin
(MbCD), a compound known to deplete sterol from the plant PM
(Roche et al., 2008; Li et al., 2011), reduced FM4-64 uptake in
epidermal cells (Figures 4A and 4B). However, the uptake of the
clathrin-dependent transmembrane cargo LTI6b-GFP was un-
affected (Figures 4C and 4D). Similarly, with VAEM imaging, we
found that MbCD treatment markedly reduced the number of
mCherry-GPI foci that were independent of CLC-GFP without
significantly affecting the number of foci that colocalized with
CLC-GFP (Supplemental Figures 3C and 3E). Hence, MbCD
treatment specifically inhibits clathrin-independent endocytosis
but does not affect the clathrin-dependent pathway. Further-
more, FM4-64 uptake, which was refractory to NAA treatment
in the epidermal cells, was severely diminished in response to
simultaneous sterol depletion by MbCD (Figure 4B). Thus, the
clathrin-independent endocytosis operating in the epidermal cells
is sensitive to sterol depletion.

Salinity Induces a Clathrin-Independent Bulk-Flow
Endocytosis Pathway across All Layers of Arabidopsis Root

Exposure to salinity has been reported to enhance the endocytic
uptake of FM dyes in root epidermal cells (Leshem et al., 2007;
Li et al., 2011). Exposure to 100 mM NaCl significantly increased
the number of clathrin-independent mCherry-GPI foci compared
with the control (Supplemental Figures 3D and 3E). Similar
treatment increased FM4-64 uptake by ;30% in root epidermal
cells (Figures 5A and 5B), of which a significant part was due to
NAA-insensitive uptake (enhancement of 50% even in the
presence of NAA). It may be noted that NAA was just as effective
in reducing the recruitment of CLC-GFP to the PM in the pres-
ence of saline stress as in its absence (Supplemental Figure 4A,
right). Hence, the salt-induced enhancement of FM4-64 uptake
in the presence of NAA may be ascribed to a clathrin-independent
process. We also found that salinity increased FM4-64 uptake
by 20% in epidermal cells of sterol-depleted (MbCD-treated)
plants, indicating that uptake via the clathrin-dependent path-
way is also enhanced, albeit by a smaller amount. Treatment
with both NAA and MbCD together blocked all salt-induced
increases in FM4-64 uptake. This observation indicates that all
augmented and induced pathways are sensitive to one or the
other of these reagents.

Two features distinguish the saline stress-induced endocytic
pathway from the constitutive clathrin-independent pathway:
cargo selectivity and the region of operation. Exposure of NAA-
treated plants to 100 mM NaCl resulted in the uptake of GFP-
GPI and FM4-64 into BFA bodies not only in the epidermis but
also in the internal cell layers where NAA-insensitive clathrin-
independent endocytosis is not normally observed (Figure 5C;
Supplemental Figure 8A). Surprisingly, in response to salinity,
despite NAA or Tyr-A23 pretreatment, the uptake of clathrin-
dependent cargo like PIN2-GFP (in epidermal layers) and LTI6b-
GFP (throughout the root) was also observed (Figures 5D and
5E; Supplemental Figure 8B). Plants expressing RFP-HUB1 and
stressed with 100 mM NaCl also exhibited FM4-64 uptake in
internal layers, unlike unstressed plants expressing RFP-HUB1,
where the uptake of FM4-64 was blocked (Figure 5F).
Concurrent with the induction of this clathrin-independent

endocytosis by salt stress in internal cell layers, we observed
a notable increase in PM sterol content of these cells. We used
the polyene dye filipin as a reporter of PM sterol levels (Grebe
et al., 2003; Li et al., 2011). After 1 h of treatment with 100 mM
NaCl, plants were cotreated with 100 mg/mL filipin for another
1 h. Under the same acquisition settings, the PMs of inner cell
files of control plants showed very faint fluorescence, and cell
outlines were barely visible (Figure 5G, middle, dashed box).
The PMs of similar cells of salt-treated plants displayed much
stronger fluorescence (Figure 5G, right, and Figure 5H). A similar
observation was made in PIN1-GFP plants, where the PM of
stele cells is marked with GFP (Supplemental Figure 9A). A 5 mM
pulse of FM4-64 labeled PMs of inner cells of control plants and
salt-treated plants equally (Supplemental Figures 9B and 9C),
establishing that accessibility to the stele was not enhanced by
salt stress. The importance of structural sterols in salt tolerance
is further corroborated by the fact that the sterol methyl-
transferase-defective smt2 smt3 double mutant plants (which
have altered profiles of structural sterols but not brassinoste-
roids; Carland et al., 2010) showed marked salt sensitivity
compared with wild-type plants (Supplemental Figures 10A and
10B). In addition, treatment with fenpropimorph, an inhibitor of
the sterol C14 reductase FACKEL (He et al., 2003) and also an
inhibitor of salt-induced endocytic response (Li et al., 2011),
renders wild-type plants extremely salt-sensitive (Supplemental
Figures 10E and 10F). We also found that the smt2 smt3 plants
were impaired in mounting the endocytic augmentation seen in
wild-type plants (Supplemental Figures 10C and 10D).

The Salinity-Induced Clathrin-Independent Endocytic
Response Is Impaired in the vps9a-2 Mutant

The Rab-GEF VPS9a is a common activator of different Rab5
GTPases (Goh et al., 2007), which have been shown to be
crucial regulators of both endocytosis and intracellular traffick-
ing in plants (Kotzer et al., 2004; Ebine et al., 2011). The partial
loss-of-function allele of VPS9a, known as vps9a-2, leads to
diverse trafficking defects, such as defects in secretory as well
as endocytic delivery of proteins to the vacuoles (Ebine et al.,
2011; Inoue et al., 2013). The constitutive clathrin-independent
pathway is functional in epidermal cells of vps9a-2 plants, as
shown by the formation of FM4-64-containing BFA bodies
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following pretreatment with NAA (Figure 6A, middle). FM4-64
uptake in the epidermal cells of vps9a-2 plants was enhanced by
salinity, although to a smaller extent than in wild-type plants.
However, pretreatment with NAA abrogated all salt-induced
enhancement of FM4-64 uptake in epidermal cells of mutant
plants (Figure 6B). Moreover, salinity-induced accumulation of
FM4-64 in BFA bodies was not observed in internal cell layers of
vps9a-2 plants pretreated with NAA (Figure 6A, right), indicating
that the salt-induced bulk-flow pathway is not operative in this
mutant. Since the constitutive clathrin-independent pathway is
unperturbed in vps9a-2 plants, these findings suggest that VPS9a
is a component of the salinity-induced clathrin-independent
pathway but not the constitutive pathway.

We also observed a dramatic relocalization of VPS9a protein
upon salt stress. VPS9a-GFP driven by its native promoter is
present in the cytosol as well as intracellular endocytic com-
partments. However, in response to salt stress (100 mM NaCl,
45 min), we noted an almost 3-fold increase in the number of
punctate intracellular compartments labeled with VPS9a-GFP in
epidermal cells (Figures 6C and 6D). We found it difficult to
quantify such bodies in internal cells, owing to their very small

size. Moreover, we also found that at early time points after salt
stress (30 to 45 min), the PM region of some cells displayed
strong GFP fluorescence (Supplemental Figures 11B and 11D),
a pattern not commonly observed in control plants (Supplemental
Figures 11A and 11C). The enhanced membrane localization of
VPS9a-GFP under salt stress was also supported by cell frac-
tionation experiments, which revealed an enrichment of VPS9a-
GFP in the membrane phase under salt stress compared with
control conditions (Supplemental Figures 11E and 11F). Since
such altered localization and activity of Rab5-GEFs are known to
play a critical role in the activation of endocytic pathways in
response to signaling cascades (Tall et al., 2001), it is not un-
reasonable to assume that VPS9a is involved in mediating the
alteration of endocytosis in response to salt stress.

Expansion of Vacuolar Structures in Internal Layers
Parallels Endocytic Reprogramming in the Internal Layers of
the Root

In the meristematic region of control plants, only the epidermal
layer has a well-developed and extensive vacuolar structure,

Figure 4. Both Clathrin-Dependent and Sterol-Sensitive Clathrin-Independent Endocytosis Operate in Epidermal Cells.

(A) Uptake of FM4-64 (30-min pulse with 5 mM dye) in epidermal cells of control plants or plants pretreated with 10 mM NAA, 2 mM MbCD, or 10 mM
NAA + 2 mM MbCD. Bar = 10 mm.
(B) Quantification of FM4-64 uptake in control plants and inhibitor-treated plants. Bars indicate means 6 SE. Asterisks indicate P < 0.0001 (Student’s
t test between groups). These results are averages of two independent experiments with at least 200 cells quantified per group per experiment.
(C) and (D) Uptake of transmembrane protein LTI6b-GFP in control plants and plants in the presence of 10 mM NAA and 2 mM MbCD. Bars represent
means 6 SE. Asterisks indicate P < 0.0001 (Student’s t test). These results are based on two independent experiments with at least 200 cells analyzed
per group per experiment. Bar = 10 mm.
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Figure 5. Salt Stress Induces a Clathrin-Independent Endocytosis Pathway in Arabidopsis Root.
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with rather smaller vacuoles seen in the cortex (Hamaji et al.,
2009). Staining roots with LysoTracker Red, which stains acidic
compartments (Laxmi et al., 2008), recapitulated these earlier
findings (Figure 7A). No large vacuole-like bodies accumulated
stain in endodermis or stele, which have small, dispersed acidic
vesicles (Figure 7A, right). However, on treating the plants with
100 mM NaCl for 24 h, vacuolar structures in the cortex became
more extensive, consistent with previous reports (Hamaji et al.,
2009). In addition, large acidic compartments, reminiscent of
vacuoles, were seen in the endodermis and the stele (Figure 7B,
right). In the stele region, the vacuolar area increased almost
2.5-fold (from 22% of stele cells under control conditions
compared with 56% of the cellular area after 24 h of salt stress)
in response to salt (Figure 7E). We also observed the vacuolar
structures in the stele using the GFP-tagged form of the vacu-
olar SNARE SYP22 (Hamaji et al., 2009); salt stress for 24 h
caused a similar expansion of vacuolar structures marked with
SYP22-GFP in stele cells (Supplemental Figure 12) compared
with control plants, where the vacuoles in stele cells appear to
be organized in thin tubular structures (Viotti et al., 2013). In-
triguingly, in the vps9a-2 mutant, wherein induction of salt-induced
clathrin-independent endocytosis is inhibited, salinity-induced
development of vacuolar structures in the inner cell layers was
also not observed (Figures 7C to 7E). Thus, vacuolar struc-
tures that are uniformly induced across all cell layers under
salinity stress clearly correlate with the induction of a VPS9a-
regulated clathrin-independent endocytic mechanism in these
layers.

Finally, these processes are likely to be functionally important
for combating saline stress, since vps9a-2 plants are acutely
salt-sensitive compared with wild-type plants. Root growth un-
der 100 mM NaCl stress is severely curtailed in vps9a-2 plants
compared with wild-type plants (Figure 7H). Ten days of stress
with 100 mM NaCl is lethal for vps9a-2 plants, while the wild-
type plants stay viable under similar conditions (Figure 7F). In-
triguingly, severe drought stress (half-strength Murashige and
Skoog [MS] agar perfused with 400 mg/mL polyethylene glycol
[PEG] 6000) (Verslues et al., 2006) that hindered the growth of
wild-type plants to an almost similar extent to saline stress did
not kill the vps9a-2 plants. Although the growth of the vps9a-2
plants was severely affected by drought, the plants generated
true leaves, unlike salt-treated plants, which became bleached

and did not generate true leaves. Root growth of vps9a-2 plants
was much more affected by salt than by drought stress (Figure
7G versus Figure 7H). Thus, it would appear that the salt sen-
sitivity of vps9a-2 is a specific phenotype and does not result
from pleiotropic growth defects.

DISCUSSION

Vesicle trafficking involves a large number of precisely orches-
trated components that have been best characterized in studies
of clathrin-mediated endocytosis in animal cells (Taylor et al.,
2011). However, studies describing variations in endocytic
mechanisms across different cell types of mature functioning
organs are scarce, mainly because of the inaccessibility of
deeper tissue layers to optical microscopy. The Arabidopsis root
is a well-stratified organ composed of distinct cell layers that
are clearly demarcated in terms of position, shape, and de-
velopmental origin (Scheres et al., 2002). Gene expression
profiles in these different cell types differ and are differentially
perturbed under environmental stress (Birnbaum et al., 2003;
Dinneny et al., 2008). All layers of the small, transparent root are
amenable to light microscopy; thus, it provides an ideal system
for the study of endocytic mechanisms across different cell
layers of an intact, functioning tissue.
The only well-characterized endocytic pathway in plants is the

clathrin-dependent pathway, mostly due to the availability of
specific chemical inhibitors, NAA and Tyr-A23, and the geneti-
cally inducible HUB1, which acts as a dominant negative in-
hibitor of clathrin function (Dhonukshe et al., 2007; Kitakura
et al., 2011). Each of these perturbations effectively blocks the
uptake of all transmembrane proteins so far examined by us
(PIN2-GFP, LTI6b-GFP, and PIN1-GFP), confirming that these
proteins are taken up exclusively by a clathrin-dependent path-
way. We find that this pathway operates constitutively in all layers
of the root.
GPI-anchored proteins are endocytosed in animal cells by

a pathway that is independent of coat proteins, including cla-
thrin (Sabharanjak et al., 2002). We have generated a reporter for
this pathway by linking fluorescent protein tags to a conserved
plant-specific GPI anchorage sequence (Eisenhaber et al.,
2003). The intracellular distribution, as well as the trafficking
properties of the resulting reporters, are identical to those of the

Figure 5. (continued).

(A) and (B) FM4-64 uptake in epidermal cells of control and inhibitor-treated plants in the presence and absence of salt stress. FM4-64 uptake was
quantified after a 30-min pulse with 5 mM dye in control plants and plants pretreated with NAA, MbCD, and NAA + MbCD followed by cotreatment with
NaCl (30 min) in the case of salt-stressed plants. Error bars represent SE. Asterisks represent P < 0.0001 (Student’s t test between groups). These results
are cumulative of two independent experiments with at least 200 cells analyzed per group per experiment.
(C) and (D) Uptake and BFA-induced aggregation of GFP-GPI (C) and PIN2-GFP (D) in the presence of NAA (left) or NAA + NaCl (right).
(E) Uptake and BFA-induced clumping of LTI6b-GFP in the presence of Tyr-A23 (left) or Tyr-A23 + NaCl (right).
(F) FM4-64 uptake in HUB1-RFP (30-h induction)-expressing roots in the absence (left) and presence of NaCl (right).
(G) Filipin staining of Arabidopsis root. Left, autofluorescence; middle and right, control and salt-treated plants stained with filipin. The stele is marked
by the dashed boxes.
(H) Quantification of filipin fluorescence in the stele region of control and salt-treated plants. These results are cumulative of two independent ex-
periments with a total of 20 plants quantified per group. Asterisks represent P < 0.0001 (Student’s t test).
Insets are magnified versions of the boxed areas in (C) through (F). Bars = 10 mm.
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Figure 6. VPS9a Is Involved in Salt-Induced Bulk-Flow Endocytosis.

(A) Accumulation of FM4-64 in BFA bodies across layers of vps9a-2 root in control plants (left), with NAA pretreatment (middle), and with NAA + NaCl
pretreatment (right). Insets are magnified versions of the boxed areas.
(B) FM4-64 uptake (5 mM, 30-min pulse) in epidermal cells of control and NAA-treated vps9a-2 roots in the presence and absence of 100 mM NaCl.
Error bars represent SE. Asterisks represent P < 0.0001 (Student’s t test). These results are sums of data from two independent experiments with at least
200 cells analyzed per group per experiment.
(C) Salt-induced change in VPS9a-GFP localization. Control plants (top) or plants treated with 100 mM NaCl (bottom) were subsequently cotreated with
5 mM FM4-64 for 30 min. Salt treatment causes a substantial increase in the number of intracellular punctae labeled with VPS9a-GFP.
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endogenous and functional GPI-anchored protein SKU5
(Supplemental Figure 2) (Sedbrook et al., 2002). The endocytosis
of GFP-GPI parallels that of FM4-64-impregnated membrane in all
contexts that we have examined so far. Thus, our probe serves as
a genetically encoded reporter for GPI-anchored proteins in par-
ticular and lipids in general.

Endocytosis of GPI-anchored proteins and FM4-64 was
observed in all cell layers of the Arabidopsis root. Blocking
clathrin-mediated endocytosis by either NAA or HUB1 ex-
pression reduced the size of BFA bodies labeled with these
lipid probes without eliminating their formation in cells of the
epidermis and a few cells of the cortex very close to the root
tip. These latter cells are morphologically part of the cortex but
are close to the stem cell niche and do not express some
cortical markers expressed in older cells (Birnbaum et al.,
2003). It is conceivable that they are still in the process of
adopting a cortical identity. Nevertheless, these observations
indicate that FM4-64 and GFP-GPI are constitutively endocy-
tosed by both clathrin-dependent and -independent pathways
in the epidermis and very young cortical cells. By contrast, in
the inner cell layers, such as the endodermis and stele, clathrin
perturbation by multiple means (HUB1 expression and NAA)
abrogates the accumulation of BFA bodies for both the lipid
probes (GPI-anchored proteins and FM4-64), suggesting that
the endocytic uptake in the inner cell layers consists of only
a clathrin-dependent endocytic pathway.

BFA can indirectly affect the rate of endocytosis by causing
an agglomeration of TGN and by blocking recycling as well as
vacuolar trafficking depending upon the dosage (Kleine-Vehn
et al., 2008). Indeed, BFA induced an upregulation of fluid phase
endocytosis in animal cells (Kumari and Mayor, 2008), and an
upregulation of FM4-64 uptake in Picea meyeri pollen tubes is
documented (Wang et al., 2005). VAEM imaging, a technique
that has been employed extensively to study the dynamics and
internalization of membrane coat proteins as well as trans-
membrane cargo (Konopka et al., 2008; Konopka and Bednarek,
2008; Fujimoto et al., 2010; Li et al., 2011) in the epidermal cell
layer, provides a parallel and complementary validation of these
conclusions. VAEM imaging of root epidermal cells showed that
mCherry-GPI was concentrated in two kinds of foci that build up
at the cell surface. Around 60% of these colocalized with CLC-
GFP and appear to be sensitive to NAA treatment; NAA caused
a marked reduction in the number of mCherry-GPI foci that
colocalize with clathrin. The remaining foci, which contain only
mCherry-GPI, were sensitive to the removal of sterol, consistent
with the functioning of a sterol-dependent but clathrin-independent
endocytosis pathway in the epidermal cells.

Several reports of clathrin-independent endocytic pathways
taking up fluorescent nanobeads, glucose analogs, or gold
nanoparticles in plant cells have appeared (Onelli et al., 2008;

Bandmann et al., 2012). However, no detailed mechanistic in-
sight into such pathways has been presented. Moreover, these
studies have been performed on cultured cells grown in the
presence of high concentrations of auxins, which deviates from
the normal physiological context. A detailed study of a clathrin-
independent flotillin-mediated endocytic pathway in Arabidopsis
was published recently (Li et al., 2012). However, neither the
range of operation of the process nor the candidate cargo for
the pathway was explored in that study. While the uptake of
most GPI-anchored proteins is independent of flotillin in animal
cells (Langhorst et al., 2008), the cognate mechanism has yet to
be tested in plants and could be of interest for future studies.
Our data establish that all constitutive clathrin-independent
pathways are restricted to the epidermis and a few cells of the
cortex. This pathway handles membrane lipid and lipid-anchored
cargo, such as GPI-anchored proteins, but not transmembrane
proteins.
We find that the constitutive clathrin-independent pathway is

sensitive to sterol depletion by MbCD, as in animal cells
(Chadda et al., 2007), whereas the uptake of transmembrane
proteins and the recruitment of GPI-anchored proteins to
clathrin-coated pits are unaffected (Figures 4A and 4B;
Supplemental Figure 4C). The specific factors responsible for
restricting the operation of the clathrin-independent pathway to
the outer layers of the root are not currently known. However,
sterol-modifying enzymes that regulate endocytosis, like SMT3,
SMT2 (Carland et al., 2002), and CYCLOPROPYL ISOMERASE1
(Men et al., 2008), are preferentially expressed in outer cell layers
compared with the inner cell layers (Dinneny et al., 2008),
leading to the speculation that differences in PM lipid compo-
sition between cell layers may underlie this range restriction.
Enhanced filipin staining of PM sterols in the epidermal layers
compared with the inner cell layers provides some evidence for
this speculation. We observe that the enhanced rate of endo-
cytosis triggered by saline stress is not observed in smt2 smt3
mutant plants. Furthermore, it is reported that fenpropimorph-
treated wild-type plants show similar endocytic defects in re-
sponse to salinity (Li et al., 2011). These observations together
highlight the crucial role of membrane structural sterols in
mounting the endocytic response to salt stress. Interestingly,
the defective endocytic responses in the smt2 smt3 mutant and
fenpropimorph-treated wild-type plants are also accompanied
by acute salt sensitivity. However, due to the diverse and crucial
functions of structural sterols in cellular processes, other vital
functions might also be impaired, culminating in salt sensitivity.
Endocytic pathways are subject to regulation by various ex-

ternal stimuli. Endocytic uptake helps plants to fine-tune the
distribution of transporters and signaling molecules on the PM,
which in turn helps plants to cope with situations like high boron
or ammonium toxicity (Takano et al., 2005; Wang et al., 2013) or

Figure 6. (continued).

(D) Quantification of VPS9a-GFP intracellular punctae. The numbers of punctae at the midplane of the cells were counted by automatic particle
detection (see Methods). These results are cumulative of three independent experiments with a total of 798 cells counted for control and 762 cells
counted for salt treatment. Error bars represent SE. Asterisks represent P < 0.0001 (Student’s t test).
Bars = 10 mm.
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Figure 7. Salt-Induced Vacuole Development Is Impaired in the vps9a-2 Mutant.

(A) and (B) Visualization of vacuolar structures across different layers of wild-type Arabidopsis root by staining with LysoTracker Red in unstressed
plants (A) and plants stressed with 100 mM NaCl for 1 d (B).
(C) and (D) Visualization of vacuolar structures in vps9a-2 roots in unstressed plants (C) or plants treated with 100 mM NaCl for 1 d (D).
Dashed boxes in (A) through (D) mark the stele. Right columns are magnified images from the stele region. Arrows indicate vacuolar structures.
n, nucleus. Bars = 10 mm.
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gravitropic stimulation (Kleine-Vehn et al., 2008). Salinity is
a common abiotic stress to which plants mount a range of re-
sponses at the cellular and whole-plant levels. Salt stress is
known to cause a dramatic increase in endocytic uptake
(Leshem et al., 2007; Luu et al., 2012), resulting in the generation
of intravesicular reactive oxygen species that act as second
messengers in salt stress-elicited signaling pathways (Leshem
et al., 2007; Golani et al., 2013). Salt stress is reported to elicit
enhanced uptake and recycling of PM aquaporins in Arabidopsis
root epidermis (Li et al., 2011; Luu et al., 2012). Such enhanced
uptake is postulated to be partially due to the induction of
a sterol-sensitive (lipid raft-dependent) pathway, which is not
responsible for the uptake of aquaporins under control con-
ditions. In addition, the salt-induced upregulation of PIN2-GFP
uptake in epidermal cells in the presence of inhibitors that
abolish clathrin recruitment to the PM has been described
(Galvan-Ampudia et al., 2013). Our data support these previous
and contemporary findings. Of the constitutive pathways, the
clathrin-dependent pathway is mildly augmented under salt
stress (Figure 5B), whereas the constitutive clathrin-independent
pathway in epidermal cells does not appear to be affected by
NaCl stress. In addition, a sterol-sensitive clathrin-independent
pathway is induced across all layers of the root. Unlike the
constitutive clathrin-independent pathway(s) extant in epidermal
cells, the salt-induced mechanism is not restricted to lipids but
also takes up a variety of transmembrane proteins. We found
a marked increase in the sterol content of the PMs of internal
cells in response to salt stress. Cells in the stele normally have
very little filipin-staining material in their PM, as opposed to
epidermal cells, which stain brightly. Augmenting the sterol
content in the endodermis and stele could be a crucial requirement
for the induction of the sterol-sensitive bulk-flow endocytosis in
these cell layers. Salt thus induces a reprogramming of endocytic
pathways in the Arabidopsis root, blurring the sharp distinction
between the epidermis and internal layers, with all cell layers
exhibiting a uniform clathrin-independent pathway that takes up
transmembrane as well as lipid-anchored cargo.

The salt-induced bulk-flow pathway further differs from the
constitutively operating clathrin-independent pathway in that
only the former is critically dependent on the Rab-GEF VPS9a,
which is an activator of plant Rab-GTPases involved in endo-
cytosis, especially the conventional Rab5 analogs ARA7 and
RHA1 (Goh et al., 2007; Ebine et al., 2011). Whereas the com-
plete loss of function of this gene is lethal, the partial loss-of-
function allele vps9a-2 displays defects in endocytosis (Inoue

et al., 2013). While transcript levels of VPS9A are only moder-
ately upregulated by saline stress, transcript levels of the Rab-
GTPase genes regulated by VPS9a (ARA6, ARA7, and RHA1)
are greatly enhanced by salinity, especially in the inner layers of
the root such as the stele (Dinneny et al., 2008), suggesting
a possible role of these players in the endocytic response to
saline stress. The absence of the salt-induced bulk-flow path-
way in vps9a-2 plants supports this idea. We observed an en-
hanced vesicular as well as PM localization of VPS9a-GFP at
early time points after salt stress. Recent studies have shown
that the membrane localization and activity of Rab-GEFs are
crucial factors in regulating the localization and specificity of
downstream Rab-GTPases (Blümer et al., 2013; Cabrera and
Ungermann, 2013). Rab-GEFs are also subject to activation by
signaling cascades that regulate their membrane localization
and subsequent endocytosis events (Tall et al., 2001). The en-
hanced PM and vesicular localizations of VPS9a suggest a po-
tential molecular mechanism for the induction of salt-induced
endocytosis and vacuolar expansion. Among the downstream
targets of VPS9a, the plant-specific Rab5, ARA6, is palmitoy-
lated (Ebine et al., 2011), which is likely to increase its associ-
ation with regions of the membrane that have liquid-order-like
properties (Smotrys and Linder, 2004). In fact, ARA6 is localized
to PM domains that are well separated from clathrin foci and
presumably could be associated with such domains. More im-
portantly, salt stress strongly promotes the PM localization of
a GTP-locked version of ARA6 (Ebine et al., 2011), and it could
be a crucial target of the VPS9a-mediated salt-induced bulk-
flow endocytosis. However, these observations need to be fol-
lowed up with further experiments, and clearly, there must be
other targets of VPS9a, since the salt sensitivity of the ara6
mutant is much milder than that of vps9a-2.
In the meristematic region of the root, epidermal cells have

a large vacuole that occupies much of the cell, while the cortex
displays smaller vacuoles, and inner cell layers exhibit only
small, fragmented acidic compartments. This distinct morpho-
logical differentiation mirrors the epidermal/internal layer
schism. We speculate that there could be a correlation between
the generation of mature vacuoles and the operation of the
clathrin-independent endocytic pathways. Under control con-
ditions (normal salt), both the constitutive operation of clathrin-
independent endocytosis and the presence of well-developed
vacuoles are restricted to the epidermal layer. By contrast, under
saline stress, the induction of the VPS9a-sensitive clathrin-
independent endocytic process throughout the root correlates

Figure 7. (continued).

(E) Quantification of the cellular area occupied by the vacuole in wild-type and vps9a-2 plants under control conditions or after 1 d of stress with 100
mM NaCl. Bars represent weighted means of the percentage of cellular area occupied by vacuoles 6 SE. Asterisks indicate P < 0.0001 (Student’s t test).
Plotted data are sums of two independent experiments with at least 100 cells quantified per genotype per condition.
(F) Four-day-old wild-type and vps9a-2 plants were transferred to plates containing half-strength MS medium (top), half-strength MS medium perfused
with 400 mg/mL PEG 6000 (middle), or half-strength MS medium supplemented with 100 mM NaCl (bottom). After 10 d, salt-treated vps9a-2 plants start
to die, while the wild-type plants remain relatively unaffected. Bar = 1 cm.
(G) and (H) Percentage reduction of root growth in response to drought stress (400 mg/mL PEG 6000, 10 d) (G) and salt stress (100 mM, 10 d) (H) in
wild-type and vps9a-2 plants compared with plants grown under control conditions. The root growth of 24 plants was quantified for each genotype/
condition combination.
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with the development of large vacuolar structures in the inner
layers. Vacuolar Na+/H+ antiporters have been shown to play
a significant role in ameliorating saline stress by accumulating Na+

into the vacuole (Apse et al., 1999), thereby maintaining low cy-
tosolic Na+ (Anil et al., 2007). A large vacuolar volume is a pre-
requisite for such a role. Indeed, the loss of VPS9a function, which
results in the inability to form a vacuolar system in the inner layers,
also makes the plants extremely sensitive to saline stress. Apart
from roles in endocytic uptake, VPS9a plays a crucial role in in-
tracellular trafficking as well, such as protein transport to the
vacuole (Ebine et al., 2011). In plants, the effectors of endocytosis,
including the Rab5 GTPases (also known as RabF2 GTPases in
Arabidopsis), have closely intertwined roles in intracellular traf-
ficking as well as in endocytic uptake. For example, a mutant
version of ARA7 has been shown to lead to defects in endocy-
tosis (Robert et al., 2010) as well as in biosynthetic trafficking to
the vacuole (Kotzer et al., 2004). It is plausible, therefore, that the
endocytic defect manifested by the vps9a-2 mutant is an indirect
consequence of the defects in intracellular trafficking. Thus, both
of these processes could be equally important in mediating the
salt-response mechanisms regulated by VPS9a. Vacuolar traf-
ficking plays a crucial role in salinity tolerance, as evidenced by
multiple studies in which the alteration of expression levels of
vacuolar trafficking regulators confers salt tolerance or sensitivity
to plants (Mazel et al., 2004; Leshem et al., 2006; Kim and
Bassham, 2011). Causal links between salinity-induced endocytic
processes, vacuolar trafficking, and the formation of vacuolar
compartments call for further investigation, as does the intriguing
possibility that these processes may have survival value for plants
under saline stress. Regardless, these studies establish functional
roles for clathrin-independent endocytic pathways in metazoans
(Mayor et al., 2014).

METHODS

Construction of the GFP/mCherry-GPI Expression Cassette

A 75-nucleotide GPI anchor signal sequence from the Arabidopsis
thaliana gene COBRA (At5g60920) was PCR-amplified from Arabidopsis
genomic DNA using the following primers: forward primer 59-AAC-
GGTGGTTCCCG-39 and reverse primer 59-TTAGGCAGAGAAGAAG-39.
The resulting PCR product was cloned in the pBI121 binary plasmid (for
GFP-GPI) or ImpGWB502V (for mCherry-GPI). In the resulting cassette,
GFP/mCherry contains an N-terminal signal peptide derived from an Ara-
bidopsis vacuolar basic chitinase and a C-terminal 25-amino acid GPI-
anchoring signal sequence (Eisenhaber et al., 2003). The cassette was
expressed under the control of the cauliflower mosaic virus 35S promoter
and NOS terminator. Transgenic Arabidopsis plants and tobacco (Nicotiana
tabacum) BY-2 cells expressing the cassette were produced by Agro-
bacterium tumefaciens-mediated transfection.

Plant Materials and Growth Conditions

Arabidopsis seedlings and tobacco BY-2 cells were maintained as de-
scribed before (Dhonukshe et al., 2007; Onelli et al., 2008). The smt2 smt3
(Carland et al., 2010) and vps9a-2 (Goh et al., 2007) mutant plants and
Arabidopsis lines transformed with PIN2:PIN2-GFP (Xu and Scheres,
2005), 35S:LTI6b-GFP (Cutler et al., 2000), pINTAM>>RFP-HUB1 (Robert
et al., 2010), CLC2:CLC-GFP (Konopka et al., 2008), ARA6:ARA6-GFP
and ARA7:ARA7-GFP (Goh et al., 2007), SYP22:SYP22-GFP (Hamaji

et al., 2009), UBQ10:SYP32-RFP (Geldner et al., 2009), and SKU5:SKU5-
GFP/sku5 (Sedbrook et al., 2002) have been described before. Vps9a:
VPS9a-GFP/vps9a-1 and pin1:PIN1-GFP lines were gifts from Takashi
Ueda and Kalika Prasad, respectively.

Inhibitor Treatments of Plants

Four-day-old BY-2 cell suspensions or 4-d-old Arabidopsis seedlings
were incubated in liquid MS medium (half-strength MS for plants) con-
taining inhibitors or equal amounts of solvents (controls) as described in
previous reports. Inhibitors were diluted from a 10003 stock and were
used in the following final concentrations: BFA (Sigma-Aldrich; 50 mM;
Paciorek et al., 2005), NAA (Sigma-Aldrich; 10 mM; Robert et al., 2010),
Tyr-A23 (Sigma-Aldrich; 30 mM; Dhonukshe et al., 2007), 4-hydroxy ta-
moxifen (Sigma-Aldrich; 2 mM; Kitakura et al., 2011), and MbCD (Sigma-
Aldrich; 2mM; Li et al., 2011). The concentrations and incubation times for
inhibitors of clathrin-mediated endocytosis (NAA and Tyr-A23) were
determined by the necessity to maintain the viability of plants while
blocking the uptake of clathrin-dependent cargo completely. For ex-
ample, Tyr-A23was used at 30mMconcentration to keep the plants viable
over the 6-h incubation time for the vacuolar accumulation experiment.
The MbCD concentration was titrated such that PM labeling by FM4-64
was not affected. Where inhibitors were used along with BFA, a pre-
treatment of the inhibitor alone was given for 30 min at the indicated
concentrations followed by a 60-min cotreatment with inhibitor and BFA.
In salinity-related experiments, plants were pretreated with the indicated
inhibitors for 15 min following supplementation with 100 mM NaCl for 30
min and then further incubated for 60 min after the addition of 50 mMBFA.
For fenpropimorph treatment, seeds were germinated on half-strength
MS plates containing 20 or 50 mg/mL fenpromimorph (Sigma-Aldrich).
Three days after germination, plants were transferred to half-strength
MS plates containing the same concentration of fenpropimorph sup-
plemented with or without 100 mM NaCl and grown for the indicated
period.

PIN2 Immunostaining

Immunostaining of PIN2 was done as described before (Sauer et al., 2006)
with a 1:1000 dilution of chicken anti-PIN2 (Agrisera) and a 1:500 dilution
of Alexa-568-labeled goat anti-chicken (Jackson Immunoresearch) an-
tibodies.

Total Membrane Isolation and VPS9a-GFP Immunoblotting

To probe the enhanced membrane association of VPS9a-GFP under salt
stress, ;200 4-d-old VPS9a-GFP seedlings were treated with half-
strengthMSmedium containing 100mMNaCl for 30min (salt-stressed) or
only half-strength MS medium (control). Plants were then ground in
homogenization buffer (25 mM HEPES-KOH, pH 7.5, 100 mM KCl [or 100
mM NaCl for salt-stressed plants], 10 mM CaCl2, 10 mMMgCl2, protease
inhibitor cocktail [Sigma-Aldrich], and phosphatase inhibitor cocktail
[Sigma-Aldrich]) using quartz powder (Sigma-Aldrich). The homogenate
was centrifuged at 10,000g for 15 min, following which the supernatant
was further centrifuged at 100,000g for 1 h to obtain the total membrane
pool as pellet. After resuspension, the same amounts of protein from the
control and salt-stressed pellets were loaded onto an SDS-PAGE ap-
paratus and probed with anti-GFP (as a proxy for VPS9a-GFP) and anti-
PM ATPase (Agrisera; as a loading control) antibodies.

Confocal Microscopy

Arabidopsis roots and BY-2 cells were imaged with an Olympus FV1000
confocal microscope (603 oil-immersion objective; numerical aperture,
1.35). Both GFP and FM4-64 were excited using a 488-nm laser. The
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fluorescence emission spectra were separated with a 560LP dichroic
mirror. GFP fluorescence was collected in the range of 495 to 540 nm, and
that of FM4-64 was collected in the range of 570 to 650 nm. Alexa-568,
RFP, mCherry, and LysoTracker Red were imaged by a 543-nm laser, and
the emission fluorescence of Alexa-568, RFP, and LysoTracker Red was
collected in the range of 580 to 620 nm and that of mCherry in the range of
600 to 650 nm. Filipin was excited by a 405-nm laser, and fluorescence
emission was collected in the range of 420 to 490 nm. The colocalization
analysis and determination of Pearson’s coefficient were done using the
ImageJ intensity correlation analysis plugin (Li et al., 2004).

VAEM Imaging and Quantification of Foci

Arabidopsis plants dually transformed with CLC2:CLC-GFP and 35S:
mCherry-GPI were imaged with an inverted fluorescence microscope
(Nikon Eclipse TE2000-E and a CFI Apo TIRF 100 3 H/1.49 numerical
aperture objective) with the TIRF2 system (Nikon). GFP andmCherry were
excited with 488- and 561-nm lasers, respectively. The fluorescence
emission was separated with a 565LP dichroic mirror and collected
through either a 515/530BP (for GFP) or 580LP (for mCherry) filter in
a dual-view filter system (Photometrics) and an iXonEM EMCCD camera
(Andor). Each frame was exposed for 300 ms. For the quantification of
GFP and mCherry foci (Supplemental Figures 3 and 4), first frames of 10
separate movies from three independent repeats were exported as TIFF
files. Movies were selected not to contain intracellular punctate structures
that showed unidirectional streaming movement as well as to contain foci
whose area was above 100 mm2 to rule out larger TGNs (Konopka et al.,
2008). The green and red channel images were opened in Fiji software
(http://fiji.sc/Fiji) and background subtracted with a 20-pixel-diameter
rolling-ball filter. Individual foci were identified using theMOSAIC plugin of
Fiji/ImageJ (Sbalzarini and Koumoutsakos, 2005). Circular foci that were
three pixels in radius and with mean intensity in the upper 10th percentile
of the image intensity distribution were chosen for analysis. The coor-
dinates of the detected foci were recorded in the region of interest (ROI)
manager using a custom-written Fiji macro.

For counting the number of foci that contained both GFP andmCherry,
ROI information of all the foci in green and red channels was combined
separately using the OR function, and then these combined green and red
ROIs were overlaid using the AND function. The resulting ROIs represent
the common area covered by both green and red foci. These new ROIs
were loaded onto a new image of the same dimension. After space filling
and converting the image into a binary mask, the number of foci was
counted by the automatic particle detection tool provided within the Fiji
software package (theminimum size threshold for detecting a particle was
kept at three pixels, radius of a focus). Only green and only red foci were
counted by subtracting the number of these combined foci from the total
number of green and red foci for each frame. The average number of foci
per 100 mm2 was used to plot the graphs in Supplemental Figures 3E
and 4D.

FM4-64 Uptake Quantification and Statistical Analysis

For the quantification of FM4-64 uptake, plants were pulsed with 5 mM
FM4-64-X (Invitrogen) for 30 min in liquid half-strength MSmedium. In the
case of inhibitor treatments, plants were preincubated in the same me-
dium with the indicated concentrations of inhibitors for 30 min before the
FM4-64 pulse. In the case of salt stress experiments, plants were initially
incubated in half-strength MS medium with or without the inhibitors for
15min followed by supplementation with 100mMNaCl and incubation for
30min, prior to the addition of FM4-64. After the FMpulse, plants were fixed
with 2% paraformaldehyde and imaged. For the quantification of FM4-64
uptake, average pixel intensity of the intracellular side of a cell excluding the
PM and average pixel intensity of the PM were measured with ImageJ

software (http://rsb.info.nih.gov/ij/), and the ratio of intensities between the
intracellular area and the PM was calculated as a measure of dye uptake.
The experiments were repeated twice (unless mentioned otherwise) with at
least 200 cells quantified per treatment per experiment. Average fluores-
cence intensity (intracellular/PM) was calculated for each image, which is
considered as a single data point. For plotting the data, the weighted mean
(m) of such average intensities was calculated as described before (Varma
and Mayor, 1998) using the following formula:

m ¼
∑ 

�
nimi
s2
i

�

∑

�
ni
s2
i

� ð1Þ

where ni is the number of images quantified, mi is the mean, and si is the SD

of single data points (fluorescence intensity values of single images) in the
ith experiment.

The deviation of the mean between experiments (smean) was used to
plot the error bars calculated using the following formula:

smean ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑  ðm2miÞ2

N

s
ð2Þ

where N is the total number of experiments. Statistical significance was
measured using an unpaired, two-tailed Student’s t test. The quantifi-
cation and measurement of LTI6b-GFP uptake were done in similar way.

Size Estimation of BFA Bodies and Vacuoles

The average surface area (in square pixels) of GFP-GPI- or FM4-64-
containing BFA bodies in epidermal cells of Arabidopsis roots treated
either with BFA or NAA/BFA was measured using ImageJ software. The
plotted data are averages of three independent experiments with a min-
imum of 150 BFA bodies quantified per treatment per experiment.

For the measurement of vacuolar area in stele cells, the total surface
area of vacuolar structures in a cell (in square pixels) at the median plane
wasmeasured and divided by the surface area of the cell at that plane. The
data were plotted as a percentage of cellular area occupied by vacuoles.
Plotted data are sums of two independent experiments with at least 100
cells quantified per genotype per condition (control or 100 mM NaCl).
Weighted means and errors were calculated using Equations 1 and 2,
respectively. Statistical significance was measured using an unpaired,
two-tailed Student’s t test.

Quantification of the Number of VPS9a-GFP Intracellular Punctae

To quantify the number of intracellular punctate structures of VPS9a-GFP
in control plants and salt-stressed plants, individual frames of cells im-
aged in midplane were analyzed using Fiji software. Each image was
thresholded such that only punctate structures were visible. After con-
verting the images to binary masks, the number of punctate structures
was counted with an automatic particle detection tool. The minimum
diameter for detecting a body was four pixels.

Measurement of Root Growth Inhibition by Salinity and Drought

For measurement of the inhibition of root growth, 4-d-old wild-type and
vps9a-2 plants were transferred to solid half-strength MS medium, half-
strength MS medium infused with 400 mg/mL PEG 6000 (Fluka) for
drought stress, or half-strength MS medium with 100 mM NaCl for saline
stress and grown vertically. The initial root length (L) and, after 10 d of
growth, the increase in root length (DL) were measured for each plant. The
percentage of inhibition (I) in root growth in response to salt stress in wild-
type and vps9a-2 plants was calculated as follows:
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I ¼ �
12

�ðDL=LÞstress�ðDL=LÞControl�	 X 100 ð3Þ
where (DL/L) is the average value for a given condition (control or drought
or salt) and genotype. The SE of (DL/L) was used to plot the error bars.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: VPS9a (At3g19770), ARA7 (At4g19640), ARA6 (At3g54840), CLC
(At2g20760), COBRA (At5g60920), SKU5 (At4g12420), PIN2 (At5g57090),
PIN1 (At1g73590), LTI6b (At3g05890), SMT2 (At1g20330), SMT3 (At1g76090),
and SYP22 (AT5g46860).
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