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Endocytosis is essential for the maintenance of protein and lipid compositions in the plasma membrane and for the acquisition
of materials from the extracellular space. Clathrin-dependent and -independent endocytic processes are well established in
yeast and animals; however, endocytic pathways involved in cargo internalization and intracellular trafficking remain to be fully
elucidated for plants. Here, we used transgenic green fluorescent protein–flotillin1 (GFP-Flot1) Arabidopsis thaliana plants in
combination with confocal microscopy analysis and transmission electron microscopy immunogold labeling to study the spatial
and dynamic aspects of GFP-Flot1–positive vesicle formation. Vesicle size, as outlined by the gold particles, was ;100 nm,
which is larger than the 30-nm size of clathrin-coated vesicles. GFP-Flot1 also did not colocalize with clathrin light chain-
mOrange. Variable-angle total internal reflection fluorescence microscopy also revealed that the dynamic behavior of GFP-
Flot1–positive puncta was different from that of clathrin light chain-mOrange puncta. Furthermore, disruption of membrane
microdomains caused a significant alteration in the dynamics of Flot1-positive puncta. Analysis of artificial microRNA Flot1
transgenic Arabidopsis lines established that a reduction in Flot1 transcript levels gave rise to a reduction in shoot and root
meristem size plus retardation in seedling growth. Taken together, these findings support the hypothesis that, in plant cells,
Flot1 is involved in a clathrin-independent endocytic pathway and functions in seedling development.

INTRODUCTION

Endocytosis occurs at the cell surface and involves the formation of
membrane invaginations, followed by vesicle separation (pinching
off) from the plasma membrane. This process plays a central
role in the maintenance of the protein and lipid composition
within the plasma membrane; endocytosis also mediates in the
removal or recycling of materials from the apoplasm or extra-
cellular space (Conner and Schmid, 2003; Dhonukshe et al.,
2008; Tanaka et al., 2009; Chen et al., 2011).

During the past decade, cell biologists have focused a con-
siderable amount of effort toward elucidating the molecular
mechanisms underlying the process of endocytosis. Based on

these studies, several distinct pathways have been characterized,
including clathrin-mediated and clathrin-independent endocytosis
(Pelkmans and Helenius, 2003; Benmerah and Lamaze, 2007;
Dhonukshe et al., 2007). The latter pathway is a broad term used
to describe a number of endocytic pathways that internalize ex-
ternal cargos. Here, membrane rafts, specific plasma membrane
microdomains that facilitate protein recruitment in cellular traf-
ficking events, have also been shown to participate in clathrin-
independent endocytosis and signaling (Brown and London,
2000; Simons and Toomre, 2000; Simons and Gerl, 2010).
In mammalian cells, arguably the best characterized protein

in the microdomains is the integral membrane protein caveolin;
this protein is associated with specialized pit-forming regions
termed caveolae (Kurzchalia and Parton, 1999). Caveolae are
thought to play important roles in signaling, transendothelial
transport, and lipid regulation (Drab et al., 2001; Razani et al.,
2002a, 2002b). The reggie/flotillin family of proteins also repre-
sent common markers for microdomains in animal cells (Morrow
et al., 2002). In recent studies, flotillins were shown to induce
membrane curvature, an event necessary for the formation of
plasma membrane invaginations (Glebov et al., 2006; Frick et al.,
2007; Langhorst et al., 2008).
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Detergent-resistant membranes (DRMs) are thought to be the
biochemical counterpart of membrane rafts (Raffaele et al., 2009).
Even though the membrane raft hypothesis is still a matter of
debate, few researchers doubt the existence of large-scale lateral
membrane compartmentalization (Keinath et al., 2010). In the past
few years, numerous studies have demonstrated a close corre-
lation between the association of membrane components with
DRMs and their specific localization in membrane microdomains
in vivo (Raffaele et al., 2009; Mongrand et al., 2010; Carmona-
Salazar et al., 2011).

Although the concept of membrane microdomains and their
potential roles in cellular processes have been widely studied in
yeast and mammalian systems (Simons and Toomre, 2000; Garcia
et al., 2003; Parton, 2003; Falk et al., 2004; Lafont et al., 2004;
Salaün et al., 2004; Hansen et al., 2005 ; Lajoie and Nabi, 2010;
Lingwood and Simons, 2010; Simons and Gerl, 2010), current
knowledge on the composition and roles of such membrane mi-
crodomains remains sparse in plant cells (Bhat et al., 2005).

A number of studies have been performed on Arabidopsis thali-
ana (Borner et al., 2005), tobacco (Nicotiana tabacum; Mongrand
et al., 2004; Morel et al., 2006), Sinapis alba (Shahollari et al., 2004),
and Medicago truncatula (Lefebvre et al., 2007; Haney and Long,
2010). However, generally, these studies have focused on the
analysis of protein and lipid components within membrane micro-
domains, using a variety of biochemical and cytological tools.

Recent studies reported that misexpression of the membrane
raft protein remorin altered virus propagation (Borner et al., 2005;
Raffaele et al., 2009; Titapiwatanakun et al., 2009), and plant flotillins
appear to play a critical role in symbiotic bacterial infection in M.
truncatula (Haney and Long, 2010; Haney et al., 2011). Arabidopsis
flotillin1 (Flot1), a protein first identified in DRMs using subcellular
fractionation, two-dimensional electrophoresis, and mass spec-
trometry, is considered to be one such membrane microdomain
protein (Borner et al., 2005). Nevertheless, the underlying mecha-
nism and functional significance of this plant protein, in the overall
process of endocytosis, remains to be established.

In this study, we provide several lines of evidence that Arab-
idopsis Flot1 is localized to specific domains within both the
plasma membrane and intracellular compartments. Subcellular
localization experiments demonstrated that Flot1 and clathrin
light chain (CLC) are present in discrete and separate regions of
the cell. In addition, our analyses employing variable-angle total
internal reflection fluorescence microscopy (VA-TIRFM) revealed
that the dynamic behavior of green fluorescent protein (GFP)-
Flot1 puncta was different from that of CLC-mOrange puncta.
Furthermore, it was found that seedling development of Flot1
artificial microRNA (amiRNA) knockdown transgenic lines was
retarded. These findings support the hypothesis that, in plants,
Flot1 participates in a clathrin-independent endocytic pathway
and functions in seedling development.

RESULTS

Characterization of Transgenic Arabidopsis GFP-Flot1
Plant Lines

To investigate the functional roles of Flot1 in plants, we first
transformed wild-type Arabidopsis plants (ecotype Columbia-0)

with a construct encoding full-length Flot1 fused with GFP under
the control of its endogenous promoter. Since the fluorescence
signals after expression using this promoter were too weak to be
analyzed, we next employed the cauliflower mosaic virus 35S
promoter to express a fluorescently tagged construct for our
studies (see Supplemental Figure 1A online). Some 30 in-
dependent transgenic plant lines were generated, and plants
from T2 seeds were used for experimental analysis. Protein gel
blot assays were first performed on membrane fractions ex-
tracted from Arabidopsis seedlings to confirm GFP-Flot1 ex-
pression in these transgenic lines. As shown in Supplemental
Figure 1B online, no signal was detected with preimmune serum
for proteins extracted from either transgenic (lane 1) or wild-type
(lane 2) seedlings. By contrast, anti-GFP antibodies detected
a 78-kD band, the predicted molecular mass of the full-length
GFP-Flot1 fusion protein, in the membrane fraction from trans-
genic plants (lane 3). No such band was detected with wild-type
(control; lane 4) plants. Thus, the GFP-Flot1 fusion protein was
successfully expressed in Arabidopsis seedlings with the correct
molecular mass and membrane insertion.
An anti-Flot1 monoclonal antibody was next tested for

specificity using protein gel blot assays; here, a 51-kD band, the
expected size of Flot1, was detected in membrane fractions
prepared from both transgenic (lane 5) and wild-type (lane 6)
seedlings (see Supplemental Figure 1B online). Furthermore,
a major band at 78 kD was also detected by the anti-Flot1
monoclonal antibody in transgenic Arabidopsis seedlings ex-
pressing GFP-Flot1 (lane 5).
Specificity of the anti-Flot1 monoclonal antibody was further

tested by performing confocal immunofluorescence microscopy
on chemically fixed wild-type Arabidopsis seedlings. No signal
was detected when root cells were probed with preimmune
serum (see Supplemental Figures 1C and 1D online). By con-
trast, the anti-Flot1 monoclonal antibody labeling showed that
the protein was mostly localized at the plasma membrane of
root cells (see Supplemental Figures 1E and 1F online). Equiv-
alent experiments performed on root hair cells yielded similar
results (see Supplemental Figures 1G and 1H online). In addi-
tion, when compared on an equivalent protein basis, Flot1
showed a significant enrichment in the DRMs fraction (see
Supplemental Figures 2 and 3 online), indicating that Flot1 was
associated to membrane microdomains. Taken together, these
results indicated that the anti-Flot1 monoclonal antibody could
be used to examine the distribution of endogenous Flot1.

Subcellular Localization of GFP-Flot1 Fusion Protein and
Flot1 in Arabidopsis Root Cells

Subcellular localization of GFP-Flot1 was next examined in trans-
genic Arabidopsis root cells. As shown in Figure 1A, strong fluo-
rescent signal localized to the cell periphery was readily detected in
cells expressing GFP-Flot1 (Figure 1A, panels 1 and 2). However,
no signal was detected in wild-type Arabidopsis root cells (data not
shown). To determine whether these fluorescent signals were lo-
calized to the plasma membrane, cell wall, or periplasmic space,
transgenic Arabidopsis root hair and root epidermal cells were
plasmolyzed by treatment with 100 mM sorbitol. In such plasmo-
lyzed cells, strong fluorescent signal appeared to be retained in the

2106 The Plant Cell

http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1
http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.095695/DC1


plasma membrane (Figure 1A, panels 3 and 4). These results
suggested that GFP-Flot1 is not localized to the cell wall of root
cells.

The similar patterns of fluorescence observed in root cells of
wild-type (Figures 1E and 1G; anti-Flot1 monoclonal antibody-
based detection) and transgenic GFP-Flot1 Arabidopsis plants
suggested that GFP-Flot1 localization to the plasma membrane
was unlikely to be a result of overexpression (see Supplemental
Figure 4 online). Furthermore, our analysis of wild-type and
GFP-Flot1–expressing roots indicated no differences in ana-
tomical features (see Supplemental Figure 5 online).

To test whether the Flot1-containing dot structures could be
an endosomal compartment, the localization of GFP-Flot1 was
compared with that of the endosomal marker dye FM4-64. Cells
were stained with 5 mM FM4-64 on ice and then washed with cold
medium, after which they were returned to room temperature to

resume intracellular trafficking. After a 5- to 10-min FM4-64 in-
cubation, we observed that the GFP-Flot1–labeled compart-
ments were partially colocalized with dotted structures having
FM4-64 signal (Figure 1B). These results suggest that FM4-64 is
rapidly internalized into plant cells, at room temperature, and
is colocalized partially with Flot1-positive structures. We next
pretreated GFP-Flot1–expressing root cells with brefeldin A
to inhibit the secretory pathway. In response to this treatment,
brefeldin A–induced aggregates derived from GFP-Flot1–
labeled punctuate structures were found to be partially colo-
calized with internalized FM4-64 (see Supplemental Figure 6
online). Furthermore, we performed immunofluorescence stud-
ies using a trans-Golgi network marker (VHA-a1-GFP) (Dettmer
et al., 2006). The results showed that the signal for the anti-Flot1
antibody was partially colocalized with the VHA-a1-GFP signal
(see Supplemental Figure 7 online), revealing that a portion of

Figure 1. Subcellular Localization of GFP-Flot1 in Roots of Transgenic Arabidopsis Seedlings.

(A) Confocal images of GFP signal in root tissues expressing GFP-Flot1. Control: root hair (panel 1) and epidermal (panel 2) cells. Plasmolysis
experiment: roots treated with 100 mM sorbitol; root hair (panel 3) and epidermal (panel 4) cells. CW, cell wall; DIC, differential interference contrast
microscopy; PM, plasma membrane.
(B) Seedlings expressing GFP-Flot1 (green) were incubated for 5 to 10 min with 5 µM FM4-64 (red). The merged image shows partial colocalization.
Enlarged images of the boxed areas are presented in the right column. White arrows indicate examples of colocalizing punctate structures.
Bars = 20 mm in (A) and 10 mm in (B).
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the Flot1-labeled structures reflects an early endosomal com-
partment. These results suggest that internal GFP-Flot1–labeled
structures likely represent an endosomal compartment in Arab-
idopsis root cells.

Localization of Flot1 in wild-type Arabidopsis root cells was
further investigated by immunogold labeling experiments using
electron microscopy. Preimmune controls showed no gold label-
ing (Figure 2A), whereas the anti-Flot1 monoclonal antibody
clearly cross-reacted with protein localized to the plasma mem-
brane (Figure 2B), either in flat regions (Figure 2C) or invaginations
(Figure 2D). In addition, gold labeling was detected in the endo-
plasmic reticulummembranes (Figure 2E), in close proximity to the

Golgi apparatus (Figure 2E), and cytoplasmic vesicles (Figures 2B
and 2F). Based on these experiments, the size of the vesicles
outlined by the gold particles was estimated to be ;100 nm.
Furthermore, we found that Flot1 is clustered in particular domains
of the membrane (see Supplemental Figure 8A online). Statistical
analysis showed that 75% of the gold particles appeared in
a clustered pattern throughout the plasma membrane, whereas
25% showed a random distribution (see Supplemental Figure 8B
online). Taken together, these studies demonstrated that Flot1 is
localized to the plasma membrane and endosomal structures;
presumably, Flot1 is involved in the formation of membrane mi-
crodomains, membrane invaginations, and vesicle budding.

Figure 2. Immunolocalization Studies Performed on Wild-Type Arabidopsis Root Apices Establish That Flot1 Is Localized to the Plasma Membrane and
Endosomal Structures.

(A) Preimmune controls showed no gold labeling in the cells.
(B) Flot1 signal appeared to be clustered on regions of the plasma membrane (PM; arrows) and to cytoplasmic structures (arrowhead).
(C) Flot1 localized to flat regions of the plasma membrane (arrow).
(D) Flot1 was detected in association with invaginations of the plasma membrane (arrow).
(E) Flot1 localized to the endoplasmic reticulum (ER) membranes and was in close proximity to the Golgi apparatus (Ga).
(F) Flot1 present in the plasma membrane (arrow) and cytoplasmic vesicle (arrowhead).
Bars = 100 nm.
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Time-Course Experiments Reveal That Flot1 Is Associated
with Endocytic Vesicle Formation

To provide further insight into the role of Flot1 in endocytosis,
we next conducted time-course experiments in which we traced
the path of GFP-Flot1–positive vesicles in root cells. These
studies demonstrated that GFP dots move quickly from the
plasma membrane into the cytoplasm (Figures 3A and 3B; see
Supplemental Movie 1 online).

Morphological evidence of a role for Flot1 in endocytosis was
also obtained from additional electron microscopy studies. The
size distribution of vesicles was plotted in a histogram having
spaced bins (see Supplemental Figure 9 online). The data were
fitted using Gaussian methods, the position of the peak (noted
as Ĝ) being considered the characteristic size of vesicles. As
shown in Supplemental Figure 9A online, in wild-type plants, the
size of vesicles was distributed in two subpopulations with
Ĝ values of 43.6 6 1.4 nm and 104.0 6 3.0 nm (Figure 4A). By

Figure 3. Dynamics of GFP-Flot1–Labeled Compartments in Transgenic Arabidopsis Root Cells.

Confocal images were collected at the times indicated (seconds) from root cells expressing the GFP-Flot1 fusion protein.
(A) Low-magnification confocal image; inset shows the area imaged during the time course.
(B) Ten consecutive images taken at 12.8-s intervals. White arrows indicate an example of movement of a GFP-Flot1–labeled compartment from the PM
to the cytoplasm (see Supplemental Movie 1 online).
Bars = 10 mm.
[See online article for color version of this figure.]

Figure 4. Flot1 Participates in the Formation of Endocytic Vesicles.

(A) Transmission electron micrographs showing that there are two types of vesicles in wild-type root cells, one being smaller (black arrows) and the
other larger (white arrows) in size.
(B) Root cells overexpressing Flot1 have a significant increase in numbers of the large vesicles (white arrows).
(C) and (D) Plasma membrane (PM) invaginations observed in Arabidopsis root cells expressing GFP-Flot1. CW, cell wall.
(E) and (F) Sub–plasma membrane vesicles viewed in Arabidopsis root cells expressing GFP-Flot1.
(G) Clusters of putative endosomal vesicles that accumulated in Arabidopsis root cells expressing GFP-Flot1.
(H) Clusters of putative endosomal vesicles accumulated in the trans-Golgi network (TGN) of Arabidopsis root cells expressing GFP-Flot1.
Bars = 500 nm in (A) and (B), 100 nm in (C) to (E), and 200 nm in (F) to (H).
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contrast, root cells overexpressing Flot1 had a dramatic in-
crease in the number of larger vesicles with a Ĝ value of 98.5 6
3.1 nm (Figure 4B; see Supplemental Figure 9B online). Here, the
prominent features observed were plasma membrane in-
vaginations (Figures 4C and 4D), accumulation of vesicles in
close proximity to the plasma membrane (Figures 4E and 4F),

and clusters of vesicles deeper within the cell interior (Figure
4G). Furthermore, vesicles were also in association with the
trans-Golgi network (Figure 4H). In addition, the size of these
vesicles was similar to the dimensions of the vesicle configu-
ration outlined by the gold particles observed in our im-
munogold studies (Figure 2). Furthermore, a clear decrease in

Figure 5. In Vivo Confocal Fluorescence Analysis and Double Immunogold Electron Microscopy Studies Establish That Flot1 and CLC Are Not
Colocalized.

(A) Confocal images of root epidermal cells within transgenic Arabidopsis plants expressing CLC-mOrange and GFP-Flot1. Boxed regions examined
under higher magnification reveal only limited colocalization of the mOrange and GFP signals in the cortical cytoplasm (panel 1 to 3).
(B) to (E) Double immunogold labeling of Arabidopsis root epidermal cells performed using anti-Flot1 antibody (6-nm gold-conjugated secondary) and
anti-CLC (15-nm gold-conjugated secondary) antibodies.
(B) and (C) Boundaries between three adjacent cells showing a lack of colocalization between Flot1 (white arrowheads) and CLC (black arrowheads).
Inset in (C): small vesicular structure (inset: clathrin-coated vesicle) located within the cytoplasm. CW, cell wall.
(D) and (E) Regions covering two adjacent cells showing a lack of colocalization between Flot1 and CLC. Inset: Larger forming vesicular structure
(Flot1-positive vesicle) located just beneath the plasma membrane.
Bars = 10 mm in (A), 2 mm in panels 1 to 3, and 200 nm in (B) to (E).
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the number of larger vesicles was found in amiRNA root cells
(see Supplemental Figure 9C online). Collectively, these results
provide support for the hypothesis that Flot1 is associated with
the formation of large endocytotic vesicles in cells of Arabi-
dopsis roots.

Flot1 Does Not Colocalize with CLC

Transgenic Arabidopsis plants expressing both CLC-mOrange
and GFP-Flot1 were next employed to test whether Flot1
functions in clathrin-mediated endocytosis. Confocal studies
performed on root epidermal cells of these plants revealed that
there was only a small degree of overlap between Flot1- and

CLC-tagged signals (Figure 5A; see Supplemental Figure 10
online).
Double-labeling immunogold electron microscopy experiments

performed on Arabidopsis root cells, using anti-Flot1 (6-nm gold-
conjugated secondary) and anti-CLC (15-nm gold-conjugated
secondary) monoclonal antibodies, provided further support
that Flot1 and CLC are not colocalized either at the plasma
membrane or in the cytoplasm (Figures 5B to 5E). A typical small
cytoplasmic vesicular configuration (clathrin-coated vesicle, 15-nm
gold) is illustrated in Figure 5C, whereas a larger Flot1-positive
vesicle (6-nm gold) is shown in Figure 5E. These experiments
demonstrate that Flot1 and CLC are rarely colocalized in Arab-
idopsis root cells.

Figure 6. Flot1-Positive Puncta Are Dynamic and Appear to Bud into Living Root Epidermal Cells.

(A) Transgenic Arabidopsis root epidermal cell expressing GFP-Flot1 imaged by VA-TIRFM. Shown are green and red images from a time-lapse
sequence taken 10 s apart. The merged image was used to identify puncta that disappeared during this 10-s interval.
(B) Individual budding event of a GFP-Flot1–positive spot. Shown is a time series for the yellow boxed area marked in (A) (see Supplemental Movie 3
online).
(C) Fluorescence intensity profile for the tracked GFP-Flot1–positive spot documented in (B).
(D) MSD of the budding GFP-Flot1–positive spot plotted as a function of time. The resulting MSD-t curves (black squares) were fitted with restricted
diffusion modes.
Bars = 10 mm in (A) and 2 mm in (B).
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Flot1- and Clathrin-Positive Puncta Display Different
Dynamic Properties

VA-TIRFM or variable-angle epifluorescence microscopy allows for
imaging of the plant cell cortex with a high signal-to-noise ratio
(Konopka et al., 2008; Konopka and Bednarek, 2008a, 2008b). VA-
TIRFM was next employed to analyze the puncta dynamics asso-
ciated with GFP-Flot1. These studies were performed on cotyledon
leaf pavement cells, guard cells, hypocotyl and root epidermal cells,
and root hairs. In all cell types, GFP-Flot1 was prominently orga-
nized into punctuate structures (Figure 6A; see Supplemental Figure
11 online). The Flot1-positive punctate structures that formed at the
plasma membrane were highly dynamic (see Supplemental Movie 2
online); the fluorescence signal associated with these membrane
structures underwent gradual loss as individual structures budded
off from the plasma membrane and entered the cytoplasm (Figure
6B; see Supplemental Movie 3 online).

The budding event associated with individual Flot1-positive
punctate structures was characterized by a sharp decrease in
the fluorescence intensity profile (Figure 6C). This pattern dif-
fered greatly from those obtained on equivalent Flot1-positive
punctate structures present in chemically fixed cells (see
Supplemental Figure 12 online). Here, a slow and gradual de-
crease in fluorescence intensity was observed, reflecting pho-
tobleaching of the GFP signal. This difference in the time course
of fluorescence intensity loss indicates that the change in signal
illustrated in Figure 6C is not consistent with photobleaching.

Next, we calculated the diffusion coefficient for GFP-Flot1
puncta using a linear fit to the mean squared displacement (MSD)
versus time plots. The resulting MSD-t curve of the tracked
budding GFP-Flot1–positive structures was best fitted using
a restricted diffusion mode (Figure 6D), indicating that diffusion of
such structures was being confined within a limited area. Finally,
simultaneous monitoring of GFP-Flot1 and FM4-64 in root cells
(Figures 7A and 7B; see Supplemental Movie 4 online) again re-
vealed that, generally, these two signals were often colocalized.
To rule out the possibility that the colocalization was due to
random overlap of the highly dense foci in the root epidermal
cells, the red channel image from five different cells was rotated
180° with respect to the green channel, a statistical analysis with
a technique reported previously to show nonrandom colocaliza-
tion (Konopka et al., 2008). The average peak distance for the
original image (3.13 6 0.89 pixels; n = 290 from five cells) was
significantly different from that of the rotated images (7.09 6 1.98
pixels; n = 295 from five cells; P < 0. 0001), indicating that the
colocalization was statistically significant.

Plants expressing both GFP-Flot1 and CLC-mOrange were
also imaged using dual fluorescence color VA-TIRFM (Figures
8A and 8B; see Supplemental Movie 5 online). The behavior of
Flot1-containing structures was compared with that of clathrin-
coated pits. GFP-Flot1 puncta were more abundant than the
CLC-mOrange–labeled pits (Figure 8C), and they moved laterally
with higher velocities (Figure 8D). The motion characteristics of
both kinds of endocytotic puncta were also compared through
measurements of their diffusion coefficients. Interestingly, both
Flot1- and CLC-labeled puncta had average diffusion co-
efficients that were on the same order of magnitude; Ĝ values
for GFP-Flot1 and CLC-labeled puncta were 3.076 0.183 1022

mm2 s21 and 7.94 6 0.88 3 1022 mm2 s21, respectively (Figures
8E and 8F). Taken together, these data demonstrate that Flot1-
positive and clathrin-coated puncta can be differentiated based
on their dynamic characteristics.

Membrane Microdomains and Cytoskeleton Disruption Alter
Flot1-Positive Puncta Dynamics

The sterol-depleting agent methyl-b-cyclodextrin (mbCD) was
next employed to investigate the role of membrane micro-
domains on the dynamics of Flot1-positive puncta. A 30-min
exposure to 10 mM mbCD was found to cause an overall de-
crease in the GFP-Flot1 diffusion coefficient, with the Ĝ value
being greatly reduced from the control value of 3.07 6 0.18 3
1022 mm2 s21 to 3.88 6 0.26 3 1024 mm2 s21, which represents
a 100-fold reduction (Figure 9A). Thus, disruption of sterol-rich
membrane microdomains can cause a significant alteration in
the dynamics of Flot1-positive structures.

Figure 7. GFP-Flot1 and FM4-64 Puncta Are Often Colocalized at the
Plasma Membrane of the Root Epidermal Cells.

(A) VA-TIRFM image of a root epidermal cell expressing GFP-Flot1 treated
with FM4-64. White arrows indicate examples of colocalized puncta.
(B) Colocalization histogram of a plot for each pixel according to its red (x
axis) and green (y axis) intensity. These data were analyzed using Man-
ders coefficients.
Bars = 5 mm.
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We then investigated the effects of tyrphostin A23 (TyrA23),
a well-characterized inhibitor of endocytic cargo recruitment
into the clathrin-mediated pathway, both in vivo and in vitro
(Banbury et al., 2003; Konopka et al., 2008) on GFP-Flot1
movement. A 30-min treatment of roots with 50 mM TyrA23 did
not cause a significant change in the diffusion coefficient for

GFP-Flot1 puncta (Ĝ = 2.44 6 0.53 3 1022 mm2 s21) (Figure
9B). Taken together, these findings provide further support
for the hypothesis that the Flot1-positive endocytic process
functions independently of clathrin and requires the integrity
of sterol-rich membrane microdomains within the plasma
membrane.

Figure 8. Flot1-Positive Puncta Derived from the Plasma Membrane Can Be Differentiated from CLC-Positive Puncta by their Dynamic Characteristics.

(A) and (B) VA-TIRFM image of a root cell expressing GFP-Flot1 and CLC-mOrange.
(C) Number of GFP-Flot1 and CLC-mOrange labeled puncta observed in VA-TIRFM movies of transgenic double-labeled Arabidopsis root epidermal cells.
(D) Histogram of mean velocity of tracked GFP-Flot1 and CLC-mOrange–labeled puncta in VA-TIRFM movies of transgenic double-labeled Arabidopsis
root epidermal cells.
(E) and (F) Distribution of diffusion coefficients of tracked GFP-Flot1 and CLC-mOrange–labeled puncta in VA-TIRFM movies of transgenic double-
labeled Arabidopsis root epidermal cells.
Bars = 10 mm.
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The effects of mbCD and TyrA23 were also investigated in the
same cells coexpressing CLC-mOrange. When the roots were
pretreated with mbCD, the Ĝ value of CLC-mOrange underwent
a small decrease to 1.69 6 0.23 3 1022 mm2 s21 (Figure 9C).
However, when the roots were pretreated with TyrA23, the CLC-
mOrange Ĝ value decreased significantly to 1.26 6 0.19 3 1023

mm2 s21 (Figure 9D). These results indicated that the dynamics
of CLC-mOrange structures are less sensitive to disruption of
sterol-rich membrane microdomains.

The involvement of the cytoskeleton in Flot1-positive endo-
cytosis was also tested using two well-characterized agents.
When treated with 1 mM latrunculin B (Lat-B), a specific inhibitor
of actin polymerization, the trajectories of Flot1-positive puncta
were found to be confined to smaller regions, in comparison to

untreated control root cells. In addition, the Ĝ value of the GFP-
Flot1 structures decreased by sixfold to 4.74 6 0.48 3 1023

mm2 s21 (Figure 9E). Treatment with 10 mM oryzalin, an inhibitor
of microtubule polymerization, led to an even greater decrease
in the GFP-Flot1 diffusion coefficient, with the Ĝ value being
reduced 120-fold to 2.43 6 0.24 3 1024 mm2 s21 (Figure 9F).

Flot1 amiRNA Mutant Lines Display Retarded
Seedling Development

To obtain insight into the physiological role of Flot1, we sought
to obtain knockout T-DNA insertion lines through the SALK
collection. Unfortunately, seeds for presumptive knockouts (e.g.,
SALK-034821) were found to be wild-type (see Supplemental

Figure 9. Histograms Showing the Different Dynamic Character of GFP-Flot1 and CLC-mOrange Puncta.

(A) Distribution of diffusion coefficients for GFP-Flot1 puncta after a 30-min treatment with 10 mM mbCD (n = 193 spots analyzed).
(B) Distribution of diffusion coefficients for GFP-Flot1 puncta after a 30-min treatment with 50 µM TyrA23 (n = 203 spots analyzed).
(C) Histogram showing the distribution for diffusion coefficients of CLC-mOrange puncta after a 30-min treatment with 10 mMmbCD (n = 208 spots analyzed).
(D) Histogram showing the distribution for diffusion coefficients of CLC-mOrange puncta after a 30-min treatment with 50 µM TyrA23 (n = 218 spots
analyzed).
(E) Histogram showing the distribution of diffusion coefficients for GFP-Flot1 puncta after treatment with 1µM Lat-B (n = 163 spots analyzed).
(F) Histogram showing the distribution of diffusion coefficients for GFP-Flot1 puncta after treatment with10 µM Oryzalin (n = 122 spots analyzed).
[See online article for color version of this figure.]
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Figure 13A online). We next obtained mutant line GK-357G06
from the GABI-Kat library; this mutant has a T-DNA insertion in
the Flot1 promoter. After backcrossing, homozygous T-DNA lines
were identified by PCR of genomic DNA; however, RT-PCR using
Flot1-specific primers revealed that Flot1 transcript levels in these
mutants were elevated above those of wild-type plants (see
Supplemental Figure 13B online).

To resolve this situation, we developed amiRNA mutant lines
expressing a 35S:amiRNA Flot1 construct. Both RT-PCR and
real-time quantitative RT-PCR analysis of Flot1 showed that
mRNA levels for Flot1a/b were decreased to varying levels in
four amiRNA knockdown lines compared with wild-type plants
(Figure 10A). Seedling growth, as reflected by root and hypo-
cotyl lengths, was reduced in all four amiRNA knockdown lines
compared with wild-type plants (Figures 10B and 10C). A phe-
notypic analysis performed on amiRNA15-5, the line displaying
the most substantial effect on Flot1a/b mRNA levels, revealed
a delay in development throughout vegetative growth (Figures
10D to 10F). Confirmation that these phenotypic changes were
caused by a reduction in Flot1a/b mRNA levels was provided by

complementation experiments in which the wild-type phenotype
was restored in amiRNA15-5 plants expressing 35S:Flot1 (see
Supplemental Figure 14 and Supplemental Table 1 online).
These findings are consistent with the hypothesis that Flot1 is
required for optimal growth of Arabidopsis.
To investigate the basis for the observed stunted growth

phenotype of our amiRNA lines, we next examined the effects of
Flot1 mRNA reduction on cellular architecture within the shoot
apical meristem (SAM) and root meristem (RM). Median longi-
tudinal sections of the SAM from wild-type and amiRNA15-5
transgenic plants revealed that, compared with the wild-type
SAM, this knockdown line had a smaller SAM during seedling
development (Figures 11A to 11F). This difference was attrib-
utable to fewer meristematic cells within the SAM of the
knockdown lines; in other words, the wild-type SAM contained
16.8 6 0.7 cells across the L1 or epidermal layer, whereas this
number was reduced to 11.2 6 1.3 in amiRNA15-5 plants (mean
and SD, n = 5 plants). However, the overall structural organization
of the SAM was not altered in these Flot1 amiRNA knockdown
plant lines. A similar situation was observed between the RM of

Figure 10. RNA Interference–Mediated Knockdown of Flot1 Caused Growth Defects in Arabidopsis Seedlings.

(A) Flot1a/b transcript levels measured from seedlings expressing an amiRNA construct and control (wild-type [WT]) plant lines. Quantitative RT-PCR
assays were normalized to actin mRNA levels as an internal control; mean 6 SD (n = $10 seedlings per plant line).
(B) Seedling (6 d old) root and hypocotyl length measured on wild-type and amiRNA plant lines. Mean 6 SD (n = $30 seedlings per plant line).
(C) Comparative seedling growth characteristics between wild-type (left) and a homozygous amiRNA15-5 knockdown plant line (right); image taken 6
d after germination.
(D) and (E) Phenotypes of a wild-type seedling (D) and a homozygous amiRNA15-5 knockdown transgenic plant line (E); 23-d-old plants.
(F) Photograph of 7-week-old plants. Left, wild-type control plant; right, amiRNA15-5 transgenic plant.
Bars = 10 mm in (C) to (E) and 50 mm in (F).
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wild-type and amiRNA15-5 plants; here, the number of meri-
stematic cells in these knockdown miRNA RMs was ;67% of
that in wild-type RMs (Figure 12A).

To gain further insight into the basis for this retarded growth,
we also compared the uptake of filipin-sterol in wild-type and
amiRNA15-5 seedlings. As shown in Figures 12B and 12C, less
filipin-sterol labeled intracellular puncta were observed in the
amiRNA15-5 line compared with those in wild-type root cells,
indicating that the internalization of sterols was affected in the
Flot1 amiRNA knockdown plants. This finding is consistent with
the hypothesis that At-Flot1 is required for efficient endocytosis.
However, we cannot discount the possibility for general im-
pairment in membrane turnover in these amiRNA15-5 seedlings.

DISCUSSION

Flot1 Is Associated with Membrane Microdomains

In recent years, the structure, composition, and possible functions
of plant plasma membrane raft–like domains have been described
(Raffaele et al., 2009; Haney and Long, 2010; Lefebvre et al.,

2010). Some proteins involved in membrane trafficking and
signal transduction were reported to be associated with mem-
brane microdomains (Mongrand et al., 2010). A previous pro-
teomic study revealed a tendency for Flot1 to partition into
DRMs (Borner et al., 2005). However, whether this corresponds
to an enrichment in bona fide plasma membrane micro-
domains remained to be determined. In our study, we found Flot1
was almost exclusively present in DRMs by immunoblotting, in-
dicating that it was indeed a membrane microdomain–associated
protein. Moreover, immunogold studies showed that Flot1 was
clustered in particular domains of the membrane, further con-
firming the aforementioned conclusion. Based on these findings,
we conclude that Flot1 is closely related to membrane micro-
domains.

Flot1 Participates in Non-Clathrin-Mediated Endocytosis

Plants appear to have at least four endocytic pathways. Apart
from the well-studied clathrin-dependent endocytosis (Chen
et al., 2011), other entry pathways, including membrane raft–
mediated endocytosis, also operate in plant cells (Murphy et al.,
2005; Moscatelli et al., 2007; Bandmann and Homann, 2011).
Recent studies suggested that plant flotillins play a critical role in
symbiotic bacterial infection of M. truncatula (Haney and Long,
2010; Haney et al., 2011), and the recycling of PIN proteins may
depend on structural sterols and membrane rafts in Arabidopsis
(Grebe et al., 2003; Willemsen et al., 2003; Men et al., 2008).
Although these studies have begun to provide insights into the
role of endocytosis in plants, the molecular mechanisms un-
derlying these events remain to be elucidated. In this study, we
show that the membrane microdomain–associated protein Flot1
was localized to the plasma membrane and intracellular com-
partments. In addition, GFP-Flot1 was also found to colocalize
partially with FM4-64. Given that this FM4-64 dye is internalized,
via endocytosis from the plasma membrane, and is considered
to be a bona fide marker for the endocytic pathway in plant cells
(Emans et al., 2002; Chintagari et al., 2006), our findings offer
strong support for the hypothesis that Flot1 participates in an
endocytic pathway.
Immunogold labeling with anti-Flot1 antibody provided strong

confirmation of our confocal immunofluorescence findings, in
that gold particles were clearly localized to plasma membrane
invaginations and cytoplasmic vesicles in wild-type Arabidopsis
root cells. Interestingly, we found the size of the vesicle con-
figuration outlined by these gold particles to be on the order of
100 nm, which is different from the established 30-nm size of
clathrin-coated vesicles (Dhonukshe et al., 2007). These findings
suggest that the gold particle–labeled vesicles likely belong
to a new type of endocytic vesicles. In agreement with the
immunogold data, our transmission electron microscopy ob-
servations performed on high-pressure-frozen GFP-Flot1 root
cells led to the detection of all the morphological intermediates
for Flot1-positive vesicle formation at the plasma membrane,
from invagination to internalization. These results offer strong
support for the hypothesis that Flot1 is associated with the
formation of these large endocytotic vesicles. The lack of spatial
overlap between the fluorescent signals associated with GFP-
Flot1 and CLC-mOrange structures within transgenic root cells

Figure 11. RNA Interference–Mediated Knockdown of Flot1 Retards
SAM Development in Arabidopsis Seedlings.

Apices were fixed, embedded, and stained with toluidine blue. Longitu-
dinal sections were examined under a bright-field light microscope.
(A), (C), and (E) Median longitudinal sections of SAMs of 3-, 8-, and 10-
d-old wild-type Arabidopsis seedlings, respectively.
(B), (D), and (F) Median longitudinal sections of SAMs of 3-, 8-, and 10-
d-old transgenic amiRNA15-5 Arabidopsis seedlings, respectively.
Bars = 20 mm.
[See online article for color version of this figure.]
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provided further support for the notion that Flot1 is associated
with a separate endocytotic pathway in plants. Similarly, raft-
associated endocytosis, defined as the cholesterol-sensitive
and clathrin-independent internalization of cargoes from the
plasma membrane, is considered to be a new endocytic path-
way in mammalian cells (Glebov et al., 2006; Lajoie and Nabi,
2007; Simons and Gerl, 2010).

TIRFM or evanescent wave microscopy is a powerful imaging
technique to study biological processes occurring at the cell
membrane. This technique is particularly suitable for the in-
vestigation of endocytosis and exocytosis, owing to its capacity
to provide high signal-to-noise imaging of fluorescently labeled
puncta located near the cover slip (Simons and Gerl, 2010).
When the incident angle of the laser was adjusted, this tech-
nique can be successfully extended to the quantitative analysis
of membrane-associated events within intact plant cells (Wang
et al., 2006; Konopka et al., 2008; Konopka and Bednarek,
2008a, 2008b; Li et al., 2011; Wan et al., 2011). In our study, we
used VA-TIRFM to clearly document the budding into the cell of
GFP-Flot1 punctuate structures. Of equal importance, VA-
TIRFM imaging revealed that the dynamic behavior of these
Flot1-positive structures was different from that of CLC-positive
puncta. Finally, we could demonstrate that interference with
clathrin-dependent endocytosis by TyrA23 treatment did not
change the dynamics of the GFP-Flot1 puncta, further confirming
that Flot1 operates independently from clathrin-mediated endo-
cytosis. Taken together, these findings offer strong support for
the conclusion that Flot1 is involved in a different endocytic
pathway in Arabidopsis.

Membrane Microdomains and the Cytoskeleton Are
Required for Normal Flot1-Positive Puncta Dynamics

Membrane microdomains that are involved in many different
cellular functions and processes, such as signaling, protein
transport, cell adhesion, and movement, need to be connected
with the cytoskeleton (Grzybek et al., 2005). Proteomic studies
performed on membranes have shown that numerous cyto-
skeletal proteins coisolate with the DRM fraction (von Haller
et al., 2001; Nebl et al., 2002; Bini et al., 2003; MacLellan et al.,
2005; Yanagida et al., 2007; Yu et al., 2008). In contrast with the
situation in mammalian and yeast cells (Langhorst et al., 2007),
in which there is little evidence for microtubule involvement in
flotillins, we found that microtubules were required for efficient
GFP-Flot1 puncta dynamics. These findings are consistent with
an earlier report that microtubules were required for efficient
DRP1C and CLC dynamics (Konopka et al., 2008). Given the
connection between formin and microtubule plus-ends and the
link between formin and microfilaments (Cheung and Wu, 2004;
Basu and Chang, 2007), we suggest that alterations in micro-
tubule dynamics led directly to a redistribution of Flot1, which in
turn would regulate the velocity and positioning of Flot1-positive
puncta.

Role Played by Flot1 in Plant Growth

Endocytosis and vesicle recycling play crucial roles in plant
developmental processes, including polar growth of root hair
cells (Dhonukshe et al., 2006), cell-to-cell communication (Lewis
and Lazarowitz, 2010), establishment of root cell polarity, and

Figure 12. RM Size and Uptake of Filipin-Sterols Are Reduced in Transgenic amiRNA Arabidopsis Knockdown Plants.

(A) RMs of 3-d-old wild-type (left) and amiRNA15-5 (right) seedlings were fixed, embedded, and stained with toluidine blue. Longitudinal sections were
examined under a bright-field light microscope. Top black arrow indicates the transition zone between meristem and elongation differentiation zone;
bottom arrow marks the quiescent center of the RM.
(B) Filipin-sterol fluorescence detected in wild-type (WT) Arabidopsis root cells. Pseudocolor images show the fluorescence intensity of filipin (right).
(Color code bar indicates the relative intensities.)
(C) Filipin-sterol fluorescence detected in amiRNA Arabidopsis knockdown root cells. Pseudocolor images show the fluorescence intensity of filipin
(right). (Color code bar indicates the relative intensities.)
Bars = 20 mm.
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other auxin-dependent processes (Kleine-Vehn et al., 2008). As
these studies have focused mainly on clathrin-dependent en-
docytosis, little information is currently available on the role of
the non-clathrin-mediated pathway in seedling development. In
this study, we demonstrated that Flot1 amiRNA knockdown
lines exhibited retarded growth characteristics. This growth
phenotype may reflect a limitation on recycling of plasma
membrane proteins, which could then lead to a slowing of the
cell cycle; this could explain the reduction in SAM and RM size.
This model is consistent with an earlier report that root hair
elongation depends on the highly regulated process of vesicle
trafficking (Ovecka et al., 2010).

In summary, our study offers three novel findings: (1) Cellular
and physiological data establish that Flot1 does not follow the
prevailing endocytic pathway, as characterized by clathrin; (2)
VA-TIRFM analysis revealed that the dynamic behavior of the
Flot1-positive puncta differs from that of CLC-positive puncta;
and (3) seedling development in Flot1 amiRNA knockdown
transgenic lines is retarded. Taken together, our findings dem-
onstrate that Flot1 is involved in a membrane microdomain–
dependent, but clathrin-independent, endocytic pathway required
for optimal seedling development.

METHODS

Plant Materials and Growth Conditions

All experimentswere performed onArabidopsis thaliana ecotypeColumbia-0.
Seeds were surface-sterilized and stratified at 4°C for 2 d in the dark, and
seedlings were then grown on half-strength Murashige and Skoog (MS)
medium supplemented with 1% Suc. Plants were grown under long-day
(16 h light/8 h dark) conditions at a temperature of 20 to 22°C.

Plasmid Construction and Plant Transformation

The expression vector forGFP-Flot1was constructed as follows: The coding
sequence for Flot1 was PCR amplified (using primers 59-CGCGGATCC-
ATGTTCAAAGTTGCAAG-39 and 59-CCGGAATTCTTAGCTGCGAGTCA-
CTT-39) and subcloned as a BamHI-EcoRI fragment into a modified
pCAMBIA1200 vector. Wild-type Arabidopsis was transformed with the
GFP-Flot1 construct using the Agrobacterium tumefaciens–mediated floral
dip method (Clough and Bent, 1998). Transgenic plants were selected on
half-strengthMS solidmedium (1%agar) containing 50 µg/mL hygromycin.

Generation of Anti-Flot1 Antibodies

To generate polyclonal antibodies against Flot1, a full-length coding
sequence was inserted into the pET-28a (+) expression vector (Novagen).
After expression in Escherichia coli strain BL21, according to the man-
ufacturer’s protocol (NEB), recombinant protein containing a 6xHis tag
was purified using a nickel-nitrilotriacetic acid agarose column, according
to the manufacturer’s instructions (Qiagen). Affinity-purified recombinant
proteins were used to immunize rabbits. The polyclonal antiserum was
affinity purified and tested for specificity using recombinant protein.

To generate monoclonal antibodies against Flot1, the recombinant
proteins were used to immunize Balb/c mice (female, 4 to 6 weeks old)
subcutaneously four times at 10- to 14-d intervals. Mice spleens were
removed 3 d after the final immunization and cells isolated and fused with
Sp2/0 myeloma cells at a ratio of 1:2 Sp2/0 cell/10 spleen cells using
polyethylene glycol 1500. Fused cells were cultured in semisolid Iscove’s
Modified Dulbecco’s Medium containing 25% newborn calf serum, 2%

methyl cellulose, and 2% hypoxanthine-aminopterin-thymidine. Single
hybridoma colonies were collected, individually, after 7 d of incubation.
Appropriate amounts of supernatant generated from the hybridoma cell
culture were used to screen for immune affinity by ELISA. Positive hy-
bridomas were selected for further culture and titer determination.

Immunoblot Analysis

To determine protein levels in transgenic GFP-Flot1 plant lines, plasma
membrane proteins were extracted from wild-type and transgenic GFP-
Flot1 seedlings grown vertically on half-strength MS medium (1% agar).
Twenty-day-old seedlings were homogenized in buffer (330 mM Suc, 50
mM MOPS-KOH, pH 7.5, 5 mM EDTA, 0.2% casein hydrolysate, 0.6%
polyvinylpolypyrrolidone, 5 mM ascorbate, and 5 mM DTT). The ho-
mogenate was then filtered through a 200-mm nylon mesh and centri-
fuged at 10,000g for 15 min; the supernatant was saved and centrifuged
at 50,000g for 60min. The resultingmicrosomal pellet was resuspended in
resuspension buffer (330 mM Suc, 5 mM K-phosphate, pH 7.8, 0.1 mM
EDTA, and 1mMDTT [freshly added]). The resuspendedmembraneswere
added to a phase mixture to produce an aqueous polymer two-phase
system with a final composition of 6.1% (w/w) Dextran 500, 6.1% (w/w)
polyethylene glycol 3350, 5 mM K-phosphate, pH 7.8, and 3 mM KCl. The
final upper phases were diluted at least twofold with 330 mM Suc, 5 mM
K-phosphate, pH 7.8, and 0.1 mM EDTA, and plasma membranes were
pelleted by centrifugation at 100,000g for 1 h. PMs were further submitted
to Triton X-100 treatment (final concentration 1% [v/v]) at 4°C for 30 min.
Treated membranes were brought to a final concentration of 48% Suc
(w/w), overlaid with successive 3-mL steps of 40, 35, 30, 10, and 5% Suc
in TNE buffer (25 mM Tris-Cl, 150mMNaCl, and 5mMEDTA, pH 7.5), and
then centrifuged for 18 h at 230,000g in a TST41 rotor (Sorvall). DRMs
could be recovered below the 30 to 35% layers as an opaque band. This
fraction was washed in TNE buffer to remove residual sucrose.

Isolated plasma membrane proteins were then separated by SDS-PAGE
and analyzed by immunoblotting using our anti-Flot1 monoclonal antibody,
biotin-conjugatedanti-GFPantibody (Rockland Immunochemicals,Gilbertsville,
PA) and anti-PM H+-ATPase antibody (Agrisera). Immunolabeling was
performed according to (Konopka et al., 2008), with slight modifications.
Horseradish peroxidase (HRP)-conjugated anti-mouse secondary anti-
bodies (GE Healthcare) and HRP-conjugated streptavidin (Rockland Im-
munochemicals) were used to detect the primary antibodies, respectively.

Immunofluorescence and Confocal Microscopy

For indirect immunolocalization of Flot1 in wild-type or transgenic VHA-
a1-GFP (Dettmer et al., 2006) plants, 4-d-old seedlings that were grown
on half-strength MS medium (1% agar) were fixed in 4% (w/v) formal-
dehyde in PME (55mMPIPES-KOH, 2.5mMMgSO4, and 1mMEGTA, pH
6.9) for 1 h under vacuum. Fixed seedlings were washed in PME and then
in PBS, incubated in 1.5% (w/v) driselase for 40 min, and treated with
permeabilization buffer (1% Nonidet P-40 and 10% DMSO in PBS) for 60
min. The roots were then washed in PBS. For immunolabeling, the roots
were blocked with 2%BSA (w/v) in PBS for 1 h and probed with anti-Flot1
antibody inPBS+2%BSAovernight at 4°C.Rootswere thenwashed inPBS
and incubated with tetramethylrhodamine-5-isothiocyanate–conjugated
anti-mouse antibody (Sigma-Aldrich) in PBS + 2% BSA for 3 h. Afterward,
roots were washed with PBS and observed by confocal microscopy (CLSM
510; Carl Zeiss).

High-Pressure Freezing, Freeze Substitution, Immunogold Labeling,
and Electron Microscopy

Samples for transmission electron microscopy were prepared using high-
pressure freezing. Three to four root apices (2 to 3 mm long) were placed
in gold platelet carriers prefilled with 1-hexadecene and immediately
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frozen in a high-pressure freezing apparatus (HPM100; Bal-Tec). Freeze
substitution in acetone, fixation in osmium, and embedding in Spurr’s
resin were performed using a Leica EM AFS processor. Sections were
poststained with uranyl acetate and lead citrate and then examined in
a JEM-1230 (JEOL) operated at 80 keV.

Immunogold labeling was performed according to the procedure
previously described (Müller et al., 2010), with slight modifications. In
brief,Arabidopsis root tips were fixed using a high-pressure freeze fixation
device (HPM010; Bal-Tec), cryo-substituted at 280°C, and embedded in
Lowicryl HM20 (Polysciences). Ultrathin sections were blocked and
subsequently incubated in a moist chamber with primary antibodies
diluted 1:100 (anti-Flot1; polyclonal) or 1:150 (anti-CLC; monoclonal;
Sigma-Aldrich) overnight at 4°C. This step was followed by rinsing and
incubation with secondary antibodies conjugated to 15-nm (-labeling
CLC) and 6-nm (-labeling Flot1) gold particles. Secondary antibodies were
diluted 1:50 (Aurion) with PBS/BSA and incubated for 2 h at room tem-
perature. Sections were extensively washed, stained with uranyl acetate,
and examined with an LEO 912AB transmission electron microscope
(Zeiss). Controls were performed using preimmune serum.

VA-TIRFM Imaging

The 4-d-old vertically grown GFP-Flot1 seedlings were stained with FM4-
64 (Invitrogen, Molecular Probes; 2.5 mM) in half-strength MS medium
supplemented with 1% Suc for 5 min on ice, washed twice with cold
medium, and observed under VA-TIRFM. The data of GFP-Flot1 colocal-
ization with FM4-64 were analyzed using Manders coefficients (Manders
et al., 1993; Arimura et al., 2004).

Inhibitors, including mbCD, TyrA23, Lat-B, and oryzalin, were pur-
chased from Sigma-Aldrich. Vertically grown 4-d-old Arabidopsis seed-
lings were incubated in half-strength liquid MS medium containing 50 mM
TyrA23 or 10 mM MbCD for 30 min. For treatment with Lat-B or oryzalin,
seedlings were incubated in half-strength liquid MS medium containing
1 mM Lat-B or 10 mM oryzalin for 30 min, then observed under VA-TIRFM.

An objective-type variable-angle total internal reflection fluorescence
microscope, which was based on an inverted microscope (IX-71;
Olympus) with a total internal reflective fluorescence illuminator and
a3100 oil-immersion objective (Olympus; numerical aperture = 1.45), was
used for fluorescence imaging. The 473-nm/561-nm laser line from
a diode laser (Changchun New Industries Optoelectronics Technology)
was used to excite GFP andmOrange. Fluorescent signals were collected
by the objective and passed through two filters, a BA 510IF long-pass filter
(Chroma USA) and a HQ525/50 band-pass filter (Chroma), before being
directed using a back-illuminated electron-multiplying charge-coupled
device (EMCCD) camera (ANDOR iXon DV8897D-CS0-VP, Andor Tech-
nology) and high-quality filters (band-pass 525/45 and 609/54). We set the
gain of our EMCCD camera at 300 throughout all single-molecule imaging
experiments; the setting was in the linear dynamic range of the EMCCD
camera. Images were acquired with 100-ms exposure time and analyzed
with Image J software (NIH).

Cloning of 35S:amiRNA Flot1

The Flot1-directed amiRNA constructs were designed using aWeb-based
program (http://wmd2.weigelworld.org) (Schwab et al., 2006; Ossowski
et al., 2008). The pRS300 plasmid was used as a template to create the
amiRNA hairpin with an intron (Ossowski et al., 2008). Primer sequences
are listed in Supplemental Table 2 online. The final amiRNA PCR product
was digested at the KpnI and SpeI sites flanking the sequence encoding
the amiRNA hairpin. The resultant product was ligated into the PTCK309
vector using the KpnI and SpeI sites. Transformation of Arabidopsis was
conducted according to the floral dip method (Clough and Bent, 1998).
Transgenic plants were selected on half-strength MS medium containing
50 µg/mL hygromycin.

Real-Time Quantitative RT-PCR

Total RNA was extracted from seedlings using Trizol according to the
manufacturer’s protocol (Invitrogen). Reverse transcription was per-
formed using the First Strand cDNA Synthesis kit (Invitrogen) and an oligo
(dT) primer. For Flot1, we designed specific primers (see Supplemental
Table 3 online). PCRwas performed using the SYBRGreenMix (Takara) in
an optical 96-well plate with the ABI PRISM 7300 system (Applied Bio-
systems). In each reaction, 0.3 M primer and 10 ng of cDNA were used.
PCR for each of three biological replicates was performed in triplicate. The
initial denaturing time was 5 min, followed by 40 cycles of 95°C for 20 s,
54°C for 20 s, 72°C for 20 s, 84°C for 30 s, and 72°C for 10 min. A melting
curve was run after the PCR cycles.

Characterization of Growth Phenotype

Seeds were treated at 4°C for 2 d and then grown for 6 d before
measurements were taken of root and hypocotyl lengths. For adult plant
phenotypes, wild-type and Flot1 amiRNA plants were grown side-by-side
in a growth chamber. Mature plants (30 d old) were examined for the
growth phenotype and photographed. To investigate the cellular archi-
tecture of the SAM and RM, shoot and root tips were fixed with 2.5%
glutaraldehyde (w/v) in 0.1 M cacodylate buffer, pH 7.2, for 48 h at 4°C.
Samples were then rinsed in 0.1 M cacodylate buffer and dehydrated in
a graded ethanol series, infiltrated, and embedded using LR White resin
(Electron Microscopy Sciences). Resin blocks were polymerized for 24 h
at 60°C. Thick sections (1 mm) were cut using a Leica ultramicrotome.
Sections were stained with 1% toluidine blue in 1% borax, and images
were taken using a Zeiss Axioplan II compound microscope with an MRC
digital camera and Axiovision software (Carl Zeiss).

Detection of Filipin-Sterol Fluorescence in Arabidopsis Roots

The filipin-sterol labeling was performed according to the procedure pre-
viously described (Boutté et al., 2011) with slight modifications. Seedlings
were transferred to 4% paraformaldehyde, 150 mg/mL filipin III (Sigma-
Aldrich) (from a 10 mg/mL stock in DMSO) in microtubule-stabilizing buffer
(50 mM PIPES, 5 mM EGTA, and 5 mM MgSO4$7H2O, pH 7.0) for 1 h
under vacuum. Specimens were washed three times in microtubule-
stabilizing buffer and imaged with a multiphoton laser scanning micro-
scope (FV 1000 MPE; Olympus). Filipin was excited with a 715-nm laser,
and fluorescence was detected in an emission window at 460 to 500 nm.
Fluorescence signals were collected by a320 water immersion objective
(numerical aperture = 1.00). To compare sterol uptake levels in wild-type
and amiRNA root cells, imaging was performed in parallel using exactly
the same acquisition parameters for all samples. To create a pseudocolor
image that visualizes the fluorescence intensity of filipin-stained struc-
tures, the original images were transferred to index color format using
ImageJ software (NIH) with the Rainbow-LUT spectral setting.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis In-
formation Resource database under the following accession numbers:
Flot1 (At5g25250), CLC (At2g40060), and VHA-a1 (At2g28520).

Supplemental Data

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

Supplemental Figure 1. Characterization of Transgenic Arabidopsis
Seedlings Expressing GFP-Flot1.

Supplemental Figure 2. Flot1 Was Detected in the Detergent-Resistant
Membrane Fraction Isolated from a Plasma Membrane Preparation.
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Supplemental Figure 3. Flot1 Is Enriched in the Detergent-Resistant
Membrane Fraction.

Supplemental Figure 4. Localization of Flot1 Was Insensitive to Probe
Level in a Range of Transgenic Lines.

Supplemental Figure 5. Anatomical Characterization of Overexpres-
sion and Wild-Type Roots.

Supplemental Figure 6. Four-Day-Old Arabidopsis Seedlings Ex-
pressing GFP-Flot1 or CLC-GFP Were Treated with 30 mM BFA.

Supplemental Figure 7. Immunofluorescence Labeling with Anti-Flot1
Antibody in a Root Hair Cell Containing a TGN Marker (VHA-a1-GFP).

Supplemental Figure 8. Flot1 Is Localized in Plasma Membrane
Microdomains.

Supplemental Figure 9. Size Distribution Histogram of Vesicles in TEM
Images of Wild-Type, Flot1 Overexpression, and amiRNA Root Cells.

Supplemental Figure 10. Quantitative Assessment of the Number of
Colocalizing Flot1 and CLC Compartments.

Supplemental Figure 11. Flot1 Forms Punctuate Structures in
Epidermal Cells from Various Tissues.

Supplemental Figure 12. Fluorescence Intensity Profile for Photo-
bleaching of a GFP-Flot1 Positive Punctate Structure in a Chemically
Fixed Root Cell.

Supplemental Figure 13. Identification of the Putative flot1 Mutant by
PCR and RT-PCR.

Supplemental Figure 14. Phenotypes for the Wild Type, Transgenic
amiRNA15-5, and Transgenic amiRNA15-5 Expressing 35S:GFP-
rrFlot1 Plants.

Supplemental Table 1. PCR Primer Pairs Used for RNAi Resistant (rr)-
Flot1 Cloning.

Supplemental Table 2. Primers Used for Cloning 35S:amiRNA Flot1.

Supplemental Table 3. Primers Employed for qRT-PCR and RT-PCR
Analyses of Flot1 Expression.

Supplemental Movie 1. Time-Lapse Video of Living Root Cells
Expressing GFP-Flot1 Imaged by Laser Scanning Confocal Microscopy.

Supplemental Movie 2. Time-Lapse Video of an Expanding Root
Epidermal Cell Expressing GFP-Flot1 Imaged with VA-TIRFM.

Supplemental Movie 3. Apparent Budding of GFP-Flot1 Shown by
VA-TIRFM Imaging.

Supplemental Movie 4. Colocalization of GFP-Flot1 and FM4-64 in
Root Epidermal Cells Imaged Simultaneously with VA-TIRFM.

Supplemental Movie 5. Time-Lapse Images of an Expanding Root
Epidermal Cell Expressing CLC-mOrange and GFP-Flot1 Imaged with
Simultaneous Dual-Color VA-TIRFM.
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