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Summary. The directional elongation of root hairs, “tip growth”, de-
pends on the coordinated and highly regulated trafficking of vesicles
which fill the tip cytoplasm and are active in secretion of cell wall mate-
rial. So far, little is known about the dynamics of endocytosis in living
root hairs. We analyzed the motile behaviour of vesicles in the apical re-
gion of living root hairs of Arabidopsis thaliana and of Triticum
aestivum by live cell microscopy. For direct observation of endocytosis
and of the fate of endocytic vesicles, we used the fluorescent endocytosis
marker dyes FM 1-43 and FM 4-64. Rapid endocytosis was detected
mainly in the tip, where it caused a bright fluorescence of the apical cy-
toplasm. The internalized membranes proceeded through highly dynamic
putative early endosomes in the clear zone to larger endosomal compart-
ments in the subapical region that are excluded from the clear zone. The
internalized cargo ended up in the dynamic vacuole by fusion of large
endosomal compartments with the tonoplast. Before export to these lytic
compartments, putative early endosomes remained in the apical zone,
where they most probably recycled to the plasma membrane and back
into the cytoplasm for more than 30 min. Endoplasmic reticulum was
not involved in trafficking pathways of endosomes. Actin cytoskeleton
was needed for the endocytosis itself, as well as for further membrane
trafficking. The actin-depolymerizing drug latrunculin B modified the
dynamic properties of vesicles and endosomes; they became immobi-
lized and aggregated in the tip. Treatment with brefeldin A inhibited
membrane trafficking and caused the disappearance of FM-containing
vesicles and putative early endosomes from the clear zone; labelled
structures accumulated in motile brefeldin A-induced compartments.
These large endocytic compartments redispersed upon removal of the
drug. Our results hence prove that endocytosis occurs in growing root
hairs. We show the localization of endocytosis in the tip and indicate
specific endomembrane compartments and their recycling.
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Introduction

Root hairs are highly polarized tubular extensions from the
root epidermis which elongate continuously by cell wall for-
mation occurring mainly at their tips. This requires a highly
polarized organization of the cytoplasm and its organelles,
similar to pollen tubes expanding from germinating pollen
grains (for a recent review, see Hepler et al. 2001 and refer-
ences therein). The dome-shaped apical region is the most
active in secretion of new cell wall; polysaccharides like
pectins, hemicellulose, polygalacturonic acid, and proteins
are delivered primarily from the Golgi apparatus (Mc Neil
et al. 1984, Sherrier and Van den Bosch 1994, Varner and Lin
1989). Hence, the cytoplasm is filled with large numbers of
vesicles which are visible by electron microscopy (Bonnet
and Newcomb 1966; Emons 1987; Galway et al. 1997, 1999;
Ridge 1988, 1995; for a recent review about the ultrastruc-
ture of root hairs, see Galway 2000) but are too small to be
seen by conventional light microscopy. The tip is therefore
also described as a “clear zone” similar to pollen tubes
(Lancelle and Hepler 1992).

Exocytosis of Golgi-derived vesicles at the tip brings
their content to the extracellular matrix. In addition, it in-
corporates new membrane into the plasma membrane in
order to increase its surface area and to add new proteins.
Secretion by exocytosis may occur either by complete fu-
sion of secretory vesicles with the plasma membrane,
thereby adding a new patch of membrane, or alternatively
secretory vesicles detach from the plasma membrane after
partial or full release of their contents (Thiel and Battey
1998). In rapidly growing polarized cells such as root
hairs, full fusion of secretory vesicles is expected to be the
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dominant form of exocytosis. Substances destined for the
cell surface are delivered directly to the plasma membrane
in Golgi-derived secretory vesicles and their content is re-
leased into the extracellular space by fusion with the
plasma membrane. This constitutive secretion, however,
so far could not be observed in root hairs and only rarely
was reported for pollen tubes (Derksen et al. 1995).

The delivery of new building material to the cell wall and
the supply of new membranes to the plasma membrane by
secretion is believed to maintain the growth at the tip (Thiel
and Battey 1998). However, modulation of the tip-localized
calcium gradient with caffeine (Lancelle etal. 1997) and
precipitation of arabinogalactan proteins with Yariv reagent
(Roy etal. 1998, 1999) in growing pollen tubes showed
new important aspects of tip growth. Both treatments in-
hibit elongation of pollen tubes, although secretion remains
unaffected. This latter finding indicates that secretion and
growth may be uncoupled from each other and that secre-
tion itself is not sufficient for tip growth. Calculation of the
production rates of secretory vesicles in tip-growing pollen
tubes indicates that more membrane is added to the plasma
membrane than is required for growth (Derksen et al. 1995,
Picton and Steer 1983, Steer 1988). Thus, excess mem-
brane is supposed to be retrieved by endocytosis (for recent
reviews, see Geldner 2004, Samaj etal. 2004a, Murphy
et al. 2005). Whereas exocytosis is believed to occur in the
tip of the apical dome, clathrin-coated vesicles form along
the flanks just below the tip of the rapidly growing pollen
tube of tobacco (Derksen etal. 1995) or throughout the
whole apex of slower pollen tubes of Arabidopsis thaliana
(Blackbourn and Jackson 1996).

In growing tips of root hairs, coated pits and coated vesi-
cles were detected in varying distributions and concentra-
tions depending on the age and growth rate of the cells
(Emons and Traas 1986; Galway etal. 1997, 1999; Ridge
1988; Wymer et al. 1997). In addition, endosomal compart-
ments of the further membrane-trafficking pathway like mul-
tivesicular bodies (MVBs) (Tse et al. 2004) and trans-Golgi
networks (Uemura et al. 2004) were observed (Galway 2000,
Low and Chandra 1994), thus indicating that endocytosis oc-
curs also in growing root hairs. Recent data show that highly
motile early endosomes are inherently linked to the tip
growth of root hairs (Voigt et al. 2005a). They are abundant
in the clear zone only during tip growth and their movement
is driven by actin polymerization (Voigt et al. 2005a). So far,
however, little is known about the dynamics of endocytosis
in living root hairs and about the motility and destination of
endosomal compartments.

The study of the dynamic behaviour of vesicles in living
cells is hindered by the size of the vesicles due to the resolu-
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tion limit of conventional light microscopes. Especially in
the clear zone, however, observation of their motility is a
prerequisite for the understanding of growth regulation
processes. Live cell imaging by ultraviolet and video-en-
hanced contrast microscopy allows the monitoring of exo-
and endocytic vesicles in the tip that so far were known
mainly from images of fixed cells by electron microscopy
(Lichtscheidl and Foissner 1996). We can visualize small
vesicles accumulated in the apical region, their dynamic be-
haviour, and their contacts with the apical plasma membrane
with the help of endocytosis markers like the broadly used
styryl dyes FM 1-46 and FM 4-64 (Betz et al. 1996, Parton
et al. 2001, Camacho and Malhé 2003).

Motility of the organelles including early endosomes in
the apex of root hairs is actin-dependent (Voigt et al.
2005a). In addition, a fine net of dynamic F-actin close to
the plasma membrane might contribute to endocytosis by
drawing coated vesicles away from the plasma membrane
(Samaj et al. 2004a). In pollen tubes, F-actin depolymeriza-
tion was shown to stop growth (Vidali etal. 2001, Parton
etal. 2001, Gibbon et al. 1999). Also in root cells, actin is
involved in trafficking of vesicles; it mediates endocytosis,
directs the vesicles into endosomal compartments, and
brings secretory vesicles back to the plasma membrane
(Geldner et al. 2001, Baluska et al. 2002). In this study, we
therefore inhibited the actin cytoskeleton by latrunculin B,
a substance well established to depolymerize actin fila-
ments and inhibit tip growth in both pollen tubes (Gibbon
et al. 1999) and root hairs (Baluska et al. 2000, 2001).

In order to examine a possible involvement of the endo-
plasmic reticulum (ER) in the fate of endocytosed mem-
branes in tip-growing root hairs, we analyzed the distribution
of ER by labelling with the membrane potential dye 3,3’'-di-
hexyloxacarbocyanine iodide (DiOCq) (Quader and Schnepf
1986, Lichtscheidl and Url 1990).

Membrane trafficking by exo- and endocytosis in plant
cells is also highly sensitive to any conditions interfering
with the functional assembly of vesicles and vesicular deliv-
ery within the cell. It has been shown that brefeldin A (BFA)
inhibits vesicle coat formation and thus prevents vesicle traf-
ficking (Robineau et al. 2000). In root cells, BFA inhibits re-
cycling of a putative auxin efflux carrier PIN1 and affects its
polar localization in the plasma membrane (Geldner et al.
2001, Baluska et al. 2002). In growing root hairs, we used
BFA in order to get a clearer image of the fate of endocytic
vesicles. Our results show active endocytosis at the tip of
growing root hairs and further trafficking of the endocytosed
membranes through different putative endosomal compart-
ments either back to the plasma membrane or towards the
tonoplast. Trafficking of endocytic markers from the tip to
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the tonoplast is actin-dependent and BFA-sensitive and does
not interact with ER.

Material and methods

Plant material and cultivation

We used growing roots of Triticum aestivum and of Arabidopsis thaliana for
the investigation of endocytosis. Seeds of Arabidopsis thaliana were surface
sterilized and placed on MS culture medium (Murashige and Skoog 1962)
containing vitamins and 1% sucrose that was solidified by 0.8% agar. The
pH was adjusted to 5.8. Seeds of Triticum aestivum were soaked in water at
4 °C for 24 h on filter paper and then germinated in petri dishes at 22-24 °C
under continuous light. 3- or 4-day-old seedlings were transferred to micro-
scopic slides that were modified into thin chambers by coverslips. Chambers
were filled with the same liquid medium but without agar (A. thaliana) or
with 10 mM phosphate buffer, pH 6.5 (. aestivum) and placed in sterile
glass cuvettes containing the medium at a level that reached the open lower
edge of the chambers. This allows free exchange of medium between cham-
bers and the cuvette. Seedlings were grown in vertical position under contin-
uous light for 12-24 h. During this period, the seedlings stabilized root
growth and proceeded in the formation of new root hairs.

Method of treatment and data acquisition

For analysis under the microscope, only seedlings with young root hairs
growing at an average growth rate were selected. The chamber was gent-
ly and slowly perfused with culture medium during 10 min under mi-
croscopic control to make sure that mechanical alteration of the roots
was avoided. After perfusion, uptake experiments were performed in the
microchambers directly on the microscope stage. The growth medium
was removed with a small strip of filter paper that was introduced be-
tween slide and coverslip, and slowly the new medium, i.e., the culture
medium containing the indicated concentrations of drugs, was applied to
the chamber with a micropipette at a loading speed of 10 wl/min.

Tracer dyes for endocytosis

The styryl dyes FM 1-43 (N-(3-triethylammoniumpropyl)-4-(4-[dibutyl-
amino]styryl)pyridinium dibromide) and FM 4-64 (N-(3-triethylammoni-
umpropyl)-4-(8-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide)
at the final concentration of 2 or 4 pM in culture medium were brought into
the chambers by perfusion loading for 5 min. Cells were either observed im-
mediately without washing of the dye, or, for pulse-labelling, the dyes were
removed after 5 min by plain culture medium. Cells were observed after
10 min washing. DiOC¢ was used for labelling of ER at a concentration
of 5 pg/ml in culture medium made from stock solution (100 mg/ml pre-
pared in dimethylsulfoxide). Root hairs were pulse treated with 4 pM
FM 4-64 for 5 min, then the dye was washed out with culture medium. After
10-30 min cultivation, the root hairs were labelled with DiOCy for 5 min,
washed with culture medium, and observed. Alternatively, both dyes were
applied simultaneously for 10 min and washed out before observation.

Inhibitors of tip growth

Latrunculin B, an inhibitor of actin microfilament polymerization, was
applied before, during, or after labelling with FM dyes at concentrations
of 0.1-1 uM prepared from a stock of 10 wM in water. BFA is supposed
to inhibit vesicle recycling. It was applied together with or before FM
dyes at a concentration range of 3.5-35 pM.

Microscopy

Seedlings were observed by live cell imaging in order to analyze the dy-
namic processes during tip growth, as was described in detail by Foissner
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etal. (1996) and by Lichtscheidl and Foissner (1996). Briefly, we used a
Univar microscope (Reichert-Leica, Vienna, Austria) equipped for bright-
field and differential interference contrast with a HBO 200 mercury lamp
and 40X and 100X plan apo objectives. Additional magnification of
X1.6 or X2.5 allowed for good visibility of the resolved structures on the
monitor screen.

The bright-field pictures were recorded on videotape (mini-DV, Sony
and JVC) by a high-resolution video camera (Hamamatsu, Hamamatsu
City, Japan), whereas for fluorescence microscopy, we used a low-light-
sensitive video camera (Hamamatsu and Photonic Science, Robertsbridge,
UK). Enhancement of contrast and gain was possible by the video cam-
eras. For additional information from the object, like the movement of or-
ganelles, we used a digital image processor with functions of image
addition and trace following (DVS-3000, Hamamatsu). Alternatively to
conventional fluorescence microscopy, we used a confocal laser scanning
microscope (ICS Leica Microsystems Heidelberg, Mannheim, Germany)
equipped with 40X and 63X oil immersion plan apo objectives.

Analysis of organelle motility

Trajectories of organelles were analyzed from videotapes (25 frames per
second) by the track following function of the video computer. Every
second, third, or fourth frame was displayed on the monitor screen thus
forming an integrated picture. Short displacements of single organelles
in various directions were levelled out, straight or curvilinear tracks re-
sulted in rows of organelle locations, and static organelles were dis-
played by strong signals in their positions.

Results

We studied growing root hairs of A. thaliana and of T.
aestivum by the noninvasive methods of video microscopy
and fluorescence microscopy (live cell imaging). Video
microscopy utilizes the maximum resolution of the light
microscope or even improves it by enhancing contrast
electronically by video camera and image processor. This
approach allows for the visualization and analysis of
subresolution details in living cells. Fluorescence mi-
croscopy, on the other hand, permits the study of endocy-
tosis and of membrane trafficking after specific labelling
of the plasma membrane.

Growing root hairs are tubular cells with a diameter of
9—11pm in A. thaliana and 11-14 pm in T. aestivum. Their
cytoplasm displays the typical polarized organization that
was described for tip-growing cells in general (Schnepf
1986, Sievers and Schnepf 1981), with organelles needed
for the formation of new cell wall accumulated in the tip.
We therefore concentrated in this study on the analysis of
dynamic processes occurring in the tip. It is differentiated
into an apical zone proper, i.e., the clear zone, and a subapi-
cal region. The apical zone is filled with structures of sizes
at the limit of the resolution of the conventional light micro-
scope (0.3 pm or smaller). From electron micrographs, they
are supposed to be secretory vesicles destined to export cell
wall constituents by exocytosis, and it is still a matter of de-
bate if during the process of cell wall formation, endocytic
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vesicles are also formed in order to internalize excess mem-
brane and cell wall material (Galway 2000, Baluska et al.
2002). From their form, we cannot infer whether these
structures are endosomes or secretory vesicles derived either
from the Golgi apparatus or from other endosomal compart-
ments, and as such we describe them with the general term
“vesicles”. The subapical region contains all other motile
organelles like Golgi stacks, mitochondria, and ER in addi-
tion to the different populations of vesicles. We visualized
these vesicles in living cells and analyzed their dynamics in
the apical dome and in the flanks, as well as their behaviour
at the plasma membrane.

Live cell imaging of growing root hairs

The tip of growing root hairs was filled with dynamic
vesicles that became visible as dark bodies of spherical,
oval, or elongated form. They appeared in different sizes;
small vesicles (up to 200 wm) essentially occupied the tip
proper, whereas few larger structures (up to 300 wm) oc-
curred mainly at the base of the tip and along the flanks
(Fig.1a). This structural organization was found not only
in A. thaliana but also in T. aestivum root hairs. However,
the length of the vesicle-filled clear zone was larger in 7.
aestivum root hairs.

In the tip, vesicles were in constant motion which appeared
in many cases chaotic and Brownian-like. In addition, how-
ever, we also observed vesicles that displayed a pattern of di-
rected trajectories of the type of saltatory movement; jumps of
individual vesicles were interrupted by changes of direction
and by short pauses. Vesicles also made close but short con-
tacts with the plasma membrane after which they moved back
into the clear zone. This was the most typical mode of contact
between the plasma membrane and the vesicles, whereas fu-
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sion and subsequent disappearance of vesicles at the plasma
membrane occurred only rarely and therefore was rather diffi-
cult to document (Fig. 1a).

In the subapical region, all other organelles occurred. This
part of the root hairs was regularly invaded by fingerlike pro-
jections of the vacuole which were in constant motion and
continuously changed their form (Fig. 1a). The large and less
dynamic vacuole filled the base of the root hair and restricted
the cytoplasm to a thin layer between tonoplast and cell wall.
Organelles moved here in straight lines parallel to the axis of
the tube. Their direction was towards the tip; large organelles
reversed in the subapex and returned towards the base in sev-
eral strands in the fashion of reverse fountain streaming.
Small vesicles, however, did not turn in the subapex but con-
stantly moved from the base of the root hair into the apex and
also back (data not shown).

When tip growth terminated, the polarization of the cy-
toplasm gradually disappeared. Large organelles invaded
the tip, and finally the tip was entered also by a large vac-
uole. It became surrounded by only a thin cytoplasmic
layer that contained the small and large organelles in even
distribution. They moved in a rotation-like streaming and
through cytoplasmic transvacuolar strands (Fig. 1b).

Rapid endocytosis visualized with FM dyes

Growing root hairs were labelled with FM 1-43 and FM 4-64,
today’s most widely used dyes for the plasma membrane re-
cycling. Both dyes gave similar results. However, FM 1-43
yielded sufficient fluorescence intensity at 4 uM, whereas
FM 4-64 needed longer time or higher concentrations for ob-
taining the same results. For proper observation of the fate of
endocytosed plasma membrane, roots were pulse labelled,
i.e., root hairs were incubated for 5 min and the dye was

Fig. 1a, b. Live cell microscopy of growing (a) and growth-terminating (b) root hairs of A. thaliana with electronic enhancement of the contrast. a
The apex of a growing root hair is differentiated into the clear zone filled with vesicles and the subapical region containing also other larger or-
ganelles and thin protrusions of the vacuole. b The apex of a root hair during termination of tip growth. The vesicle-rich zone disappeared and the

vacuole invaded into the tip. Bar: 5 pm
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washed out and substituted with the normal culture medium
for 10 min before first observations. The time course of mem-
brane trafficking is shown in Fig. 2.

Incubation resulted in strong staining of the plasma
membrane followed by a gradual increase of fluorescence
in the cytoplasm which derived from tiny fluorescent vesi-
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Fig. 2a—f. Pulse treatment of root hairs of
A. thaliana with 4 uM FM 1-43 for 5 min
followed by washing. a 1 min after washing.
b 20 min after washing. The plasma mem-
brane is prominently labelled, as well as the
clear zone and punctuate structures (the puta-
tive early endosomes) which move in the api-
cal and subapical region (arrowheads). ¢ 1h
after washing. Plasma membrane in the apex
was fainter and the marker dye was concen-
trated in larger, slowly moving, endosome-like
compartments (the putative late endosomes).
Note that the putative late endosomes were ex-
cluded from the clear zone. d 2 h after wash-
ing. Putative late endosomes were still labelled
but the dye was further transferred to the tono-
plast. The central vacuole protruded into the
subapical zone by dynamic fingerlike projec-
tions (arrows). e 4 h after washing. The la-
belling intensity of the tonoplast increased and
the number of FM-positive putative late endo-
somes declined. f 4 h and 30 min after wash-
ing. Staining of the putative late endosomes
disappeared, only the tonoplast had bright
fluorescence. Note the dynamic and polymor-
phic nature of the central vacuole. Bars: 5 pm

cles that apparently pinched off from the labelled plasma
membrane. It culminated in strong labelling of the clear
zone in a lens-shaped form of 8-12 wm length already
within 5 min. Staining of the clear zone persisted after
washout of the dye for more than 40 min. Labelled vesicles
populated the tip cytoplasm so densely that the whole apex
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appeared diffusely stained. Due to their constant motion, a
clear image was difficult to obtain (Fig. 2a, b). Already dur-
ing the washing step, the first fluorescence of putative early
endosomes appeared. They had a larger size (ca. 500 nm in
the fluorescence image) and accumulated mainly below the
tip in the subapical region but occasionally were traced also
within the tip. From here, they moved into the tube, where
they travelled together with the other organelles and also
came back to the tip (Fig.2a, b).

1h after washing, all labelled compartments had fused
into large endosome-like compartments that were rod-
shaped or oval and had a length of approximately 2 wm.
They were distributed evenly throughout the cytoplasm
with the exception of the apical region, which was still in-
tact and growing. They moved together with the other or-
ganelles. At the same time, the bright staining of the tip
decreased, only few vesicles at the limit of the resolution
of the confocal microscope remained visible (Fig. 2¢).

During the next 2 h, these compartments gradually dis-
appeared and at the same time the tonoplast became
stained so that the large vacuole and the fingerlike projec-
tions in the subapical region became obvious (Fig.2d).
Dynamic fingerlike projections reached the subapical re-
gion but not the clear zone, indicating an exclusion limit
not only for large organelles but also for the vacuole.
However, the dynamics and the penetration ability of the
apical part of the tonoplast clearly demonstrate the highly
motile and dynamic nature of the central vacuole in grow-
ing root hairs (Figs. la and 24, e, ).

Larger endosome-like compartments were often dis-
tributed in close proximity with the plasma membrane
in the cortical cytoplasm, but despite their closeness, fu-
sion never was observed (Fig. 2c, d). Furthermore, the la-
belling intensity of the plasma membrane never increased
during this time, indicating no fusion of large endosome-
like compartments with the plasma membrane. The dy-
namic tonoplast, on the other hand, gradually increased
in fluorescence and the number of large endosome-like
compartments decreased at the same time (Fig.2d). Fi-
nally, the large endosome-like compartments disappeared,
whereas the tonoplast became brightly stained (Fig. 2e, f).
Fluorescence derived most probably from the consump-
tion of endosome-like compartments into the tonoplast,
because we regularly observed docking of large endosome-
like compartments with the dynamic tonoplast and sub-
sequent fusion events. Immediately after fusion, this part
of the tonoplast glowed brightly, but the fluorescence
spread out quickly (Fig.3). In addition to the tonoplast,
many membranes inside the vacuole were also brightly
labelled (not shown). This indicates that membrane traf-
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ficking ends in the vacuole by fusion of the large endo-
some-like compartments with the tonoplast (Fig.2e, f).
Recycling of the labelled membranes from late endosome-
like compartments or from the tonoplast into secretory
vesicles within the clear zone or to the plasma membrane
could not be observed within observation times of up to
5h (Fig.2e, f).

Inhibition of rapid endocytosis and vesicular
trafficking by latrunculin B

In yeast and animal cells, actin filaments, myosins, and
other actin-binding proteins were shown to be essential
for multiple stages of clathrin-mediated endocytosis
(Osterweil et al. 2005, Toshima et al. 2005, Yarar et al.
2005). Similarly, plant endocytosis requires intact F-actin
(Baluska etal. 2002, Geldner etal. 2003, Grebe et al.
2003) and myosin VIII activities (Baluska et al. 2004). We
therefore inhibited actin filaments by latrunculin B at rela-
tively high concentrations ranging between 100 nM and
100 wM, which have immediate and clear effects on the
movement of organelles. Here we present results obtained
with the concentration of 100 nM latrunculin B.

Organelles in the subapical zone were the first to slow
down movements; within 2 min after application, they
only slightly vacillated in their positions. At the same
time, dynamic vacuolar elements penetrated into the tip,
became inflated, and stopped their movements. It was re-
markable that the tonoplast of these round apical vacuoles
became decorated by small stationary vesicles so that the
membranes looked like chains of pearls (Fig. 4).

Whereas the directional movement of the large or-
ganelles in the subapical zone and the tube shank was af-
fected almost immediately after latrunculin B treatment,
the small vesicles in the apical zone continued temporally
to move and to touch the plasma membrane, although they
gradually lost their directionality. Where they were in
close contact with the plasma membrane, they were static
(Fig.5). The movement finally ceased (Fig.5c-h), but as
long as it occurred, the apical zone still elongated slightly.

Uptake of FM 4-64 as well as distribution and motility of
endocytic compartments (Fig.6a) were changed by treat-
ment with latrunculin B. Vesicles accumulating FM 4-64
were still present in the clear zone, but with prolonged ac-
tion of latrunculin B they gradually stopped moving. Fi-
nally, they were immobilized and aggregated at the plasma
membrane, so that the apical plasma membrane became
lined with stationary vesicles (Fig. 6b). Putative endosomes
were rather enlarged and aggregated, and their movement
was also reduced. Labelling of the plasma membrane was
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considerably reduced after perfusion with latrunculin B, but
recovered after some time (Fig. 6¢).

ER not involved in rapid endocytosis

ER was visualized by fluorescence labelling of the cells
with DiOCg. It consisted of thin tubules and lamellae that
were interlaced and formed a relatively stable net in the cor-
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Fig. 3a—e. Fusion of putative late endosomes
with the tonoplast. a and b Fusion events in root
hairs of A. thaliana. Fluorescence of the puta-
tive late endosomes after docking was incor-
porated in localized portions of the tonoplast
(arrows). c—e Serial pictures from real-time
video microscopy show approaching, docking
(c), and fusion (d and e) of putative late endo-
somes with the tonoplast. Putative late endo-
somes are pointed out by arrows. Timing of the
serial pictures is indicated in seconds. Bar: a
and b, 2 pum; c—e, 5 um

tical cytoplasm of the root hair flanks between cell wall and
vacuole (data not shown). In the apical and subapical re-
gions, the ER net was very dense but motile. Dynamic ER
from the subapex invaded the clear zone temporarily in the
cortex, whereas the center was free of ER (Fig. 7). In addi-
tion, several roundish or elongated structures were stained.

Colabelling with FM 4-64 detected endocytic compart-
ments. Most of the putative endosomes occupied the
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Fig. 4a, b. Cytoarchitecture of the root hair of A. thaliana treated by 100 nM latrunculin B. a Control growing root hair. Nonvacuolated apex was
filled with dense cytoplasm. b Latrunculin B-induced gradual cessation of tip growth within 5 min and protrusion of the vacuole into the subapical
zone. Note the radical change of the vacuole form from dynamic and polymorphic (a) to round and static (b) with tonoplast decorated by small sta-

tionary vesicles (arrows). Bar: 10 pm

subapical, ER-rich zone (Fig. 7), and although ER profiles
were abundant in this part of the root hairs, they never
colocalized. ER and putative endosomes form two sepa-
rate compartments (Fig. 7).

Inhibition of vesicle trafficking but not rapid
endocytosis by brefeldin A

BFA is an effective inhibitor for vesicular trafficking. How-
ever, BFA does not interfere with endocytosis at the plasma
membrane level in plant cells; uptake of endocytic markers
continues unaffectedly or it can be even stimulated by BFA,
but further delivery to the vacuole is inhibited (Emans et al.
2002). In order to characterize the effect of BFA on the distri-
bution of early endocytic compartments in root hairs, we
applied this drug before or together with FM dye. Data pres-
ented here are representative for the treatment with 35 uM
BFA. BFA alone or in a mixture with FM dyes inhibited
growth of root hairs in a concentration-dependent manner
within minutes (data not shown). At the same time, BFA treat-
ment stimulated the formation of so-called BFA compart-
ments (Samaj et al. 20044) in the main tubular part of the root
hair; these are accumulations of FM-positive compartments
that form dense clusters of 6-9 pwm in diameter (Fig. 8a).

While growth of root hairs was arrested and BFA com-
partments appeared, at the same time the bright staining
of the apical zone decreased. Typical FM-containing vesi-
cles in the clear zone as well as putative early endosomes
disappeared until only the plasma membrane and those
large BFA compartments remained labelled (Fig. 9a).

Typically, 2 or 3 BFA compartments were present in most
growing root hairs. Although they were large, they were
compact enough to form distinct motile structures. In the
subapex their movement was less pronounced and they
adopted more or less constant positions, but in the vacuo-
lated part of the root hairs, BFA compartments travelled for
long distances via circulation streaming (Fig. 8a). Velocity
of the moving BFA compartments varied but was generally
comparable with the motility of larger organelles (e.g., plas-
tids) present in the cortical sheet of the cytoplasm of control
root hairs. Morphological characterization of BFA compart-
ments from optical sections revealed their nonuniform
arrangement; aggregated membranous organelles formed a
compact core that fanned out and became fenestrated to-
wards the periphery (Fig. 8b).

Effects of BFA were fully reversible upon removal of
the drug. This was observed partly also in root hairs treated
with a mixture of BFA and FM 1-43 for 30 min (Fig. 9a).
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Removal of BFA by washing out with the culture medium
caused gradual disintegration of the BFA compartments
within 10 min. Small individual spots and endosome-like
structures reappeared and they circulated again separately
through the whole cytoplasm (Fig. 9b—d). Growth of the
root hairs, however, was not resumed and neither was the
vesicle-rich apical clear zone reconstructed.
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Fig. 5a-h. Motility of the vesicles in root
hairs of A. thaliana treated by 100 nM latrun-
culin B. Tracking of the particle movement by
video microscopy. a and b Highly motile vesi-
cles in the clear zone of control root hair. ¢ and
d Reduced movement of some vesicles and
endosome-like compartments (arrows) 10 min
after latrunculin B treatment. e and f Direc-
tional movement was partly resumed in the
subapical zone 20 min after latrunculin B
treatment, but vesicles in the clear zone
(arrows) moved still only by Brownian move-
ment. g and h Oscillating vesicles (arrows) in
the clear zone 30 min after latrunculin B treat-
ment. Note the vesicles in contact with the
plasma membrane which were completely sta-
tic. Control (a and b), and latrunculin B treated
(c-h) root hairs shown in single frames from
the video sequence (a, c, e, and g) or as inte-
grated pictures of the whole video sequence
(b, d, f, and h). Bar: 5 um

Discussion

We studied endocytosis in growing root hairs of A. thaliana
and 7. aestivum by video and fluorescence microscopy. These
noninvasive methods visualized vesicles of subresolution size
in living cells and allowed to partly identify them by staining
with membrane-specific dyes. The fate of the endocytosed
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membrane could thus be explored and the dependence of en-  vesicles of Golgi origin for cell wall formation and by endo-
docytosis on the actin cytoskeleton was established. cytic vesicles regarded as vehicles for internalization of ex-

According to the conventional model of plant tip growth cess of membranous material. Very recently we showed,
(Hepler et al. 2001), the clear zone is populated by secretory —however, that membrane-trafficking processes in this clear
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zone are more complex; in addition to secretory and endo-
cytic vesicles, numerous putative early endosomes also move
into the clear zone (Voigt et al. 2005a and this study).

The study of vesicle movement showed that small vesicles

and putative early endosomes can move freely into and out
of the clear zone, whereas large endosome-like compart-
ments are excluded and restricted to the shaft. In the tip, vesi-
cles moved either in chaotic Brownian motion or in directed
trajectories and often reached out into the very periphery of
the cytoplasm towards the cell wall. We expect that the vesi-
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cles contacted the plasma membrane, but for practical rea-
sons this cannot be resolved in living cells. Sometimes, the
vesicles disappeared but more often they bounced back into
the cytoplasm and continued to travel there. Contact of vesi-
cles with the plasma membrane is expected and needed for
the secretion of the cell wall by exocytosis. Cell wall con-
stituents are exported, and at the same time new membrane is
incorporated into the plasma membrane in order to increase
the surface of the growing cell and to supply it with the nec-
essary components. We were astonished to observe, however,

Fig. 8. Motility and structure of BFA-induced compartments in root hairs of 7. aestivum (a) and A. thaliana (b). a Real-time video sequences of one
individual root hair treated with a mixture of 35 wM BFA and 4 pM FM 1-43 for 30 min showing motility of three BFA compartments. Directionality
and extent of the movement are shown by arrows. Timing of the serial pictures is indicated in seconds. b Spatial view on the structure of the BFA
compartment in a root hair treated by 35 wM BFA for 10 min followed by 4 uM FM 1-43. Positions of optical sections within the Z-stack series are
indicated in micrometers. Bar: a, 10 pm; b, I pum

Fig. 6 a—c. Endocytosis in root hairs of A. thaliana treated by 100 nM latrunculin B. a Uptake of FM 4-64 in a control root hair. Plasma membrane, vesi-
cles in the clear zone, and putative early endosomes (arrows) in the apex and subapical region were brightly stained. b Latrunculin B reduced the labelling
of the plasma membrane and induced an aggregation of FM-positive compartments. ¢ Aggregated vesicles and putative early endosomes were immobilized
at the plasma membrane. Control root hair loaded with 4 uM FM 4-64 for 15 min (a) was perfused with 100 nM latrunculin B for 10 min. Pictures were
taken 1 min (b) and 20 min (c¢) after latrunculin B perfusion. Bar: 5 pum

Fig. 7. Labelling of ER in root hairs of A. thaliana by DiOC¢. FM 4-64 accumulated in the clear zone and in putative early endosomes. They were
distributed within the apical and subapical region of the root hair (arrows). ER membranes arranged in dense and dynamic meshwork and roundish
structures were abundant in the basal portion of the clear zone and in subapex of the root hair. There was no colocalization of FM-positive putative
endosomes with the network of dense profiles of ER (merge). Bar: 5 pum
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Fig. 9a-d. BFA-induced agglomeration of vesicles and putative endosomes into large compartments was reversible upon removal of BFA.
a Root hair of 7. aestivum treated with a mixture of 35 uM BFA plus 4 uM FM 1-43 for 30 min. Two BFA-induced compartments were present (ar-
rowheads). b—d After washing, big BFA compartments (arrowheads) dissociated and small putative endosomes (arrows) were gradually recovered

within 7 (b), 10 (¢), and 15 min (d) after washing. Bar: 10 pm

that vesicles so frequently jumped back into the cytoplasm
after contact with the plasma membrane, thus suggesting a
“kiss-and-run” mode of exocytosis.

Rapid uptake of FM-labelled plasma membrane
at growing root hairs

For the investigation of endocytosis, we used the well-
known endocytic tracer dyes FM 1-43 and FM 4-64 (Bolte
et al. 2004), which proved to be useful for visualization of
plant endosomes (Ueda etal. 2001, Geldner etal. 2003,
Grebe et al. 2003, Voigt et al. 2005a). These dyes have weak
fluorescence in aqueous medium, but they shine brightly
when inserted into membranes (Betz et al. 1996). So far,
they were shown to be membrane impermeative with no
other uptake mechanism than endocytosis of membrane
vesicles throughout the eukaryotic superkingdom. In tip-
growing pollen tubes, they were reported to rapidly label
most vesicles of the clear zone (Parton et al. 2001, 2003;
Camacho and Malh6 2003). This phenomenon was con-
firmed also for root hairs (Voigt et al. 2005a, this study).
Labelling of the root hair plasma membrane with FM
dyes gave clear evidence of internalization of the plasma
membrane and further trafficking to specific endomem-
brane compartments. First staining appeared very rapidly
in the clear zone by endocytic vesicles. Together with this
strong signal that appeared rather diffuse, due to the size of

the tiny vesicles, brightly stained dotlike structures ap-
peared. These particles moved rapidly within the clear
zone and also in the subapical cytoplasmic regions. From
their pattern of motility, they closely resembled early en-
dosomes visualized with the GFP-FYVE construct (Voigt
et al. 2005a). Within 1 h, the endocytic pathway proceeded
further; larger endosome-like compartments of uniform
size were marked by both FM dyes. They were excluded
from the clear zone, indicating that they no longer partici-
pated in membrane recycling to the tip. It seems that these
latter structures belong to the late endocytic compartments,
possibly MVBs (Tse et al. 2004). Further progress of the
endocytic pathway resulted in staining of the largest endo-
cytic compartment, the tonoplast of the central vacuole,
and finally ended in bright condensed clumps.

The endocytic compartments and their distribution closely
resemble the pictures shown in yeast and animal cells (Vida
and Emr 1995, Murkherjee et al. 1999), as well as in plant
suspension cells (Emans et al. 2002, Kutsuna and Hasezawa
2002, Kutsuna et al. 2003). In tip-growing systems, staining
with FM 4-64 labelled the apical Spitzenkorper in filamen-
tous hyphae (Fischer-Parton etal. 2000, Hoffmann and
Mendgen 1998), which is a vesicle-rich structure comparable
to the clear zone (gamaj et al. 2004a). The clear zone of both
pollen tubes (Parton et al. 2001, 2003) and root hairs (Voigt
et al. 20054, this study) accumulates these endocytic tracers
within the first minutes of incubation. After prolonged expo-
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sures of plant cells, FM dyes accumulate at the tonoplast and
within the vacuolar lumen.

Ultrastructural analysis of the endocytic pathway with elec-
tron-dense markers in plant cells, mainly in isolated proto-
plasts, has suggested a primary role of clathrin-coated vesicles
(Joachim and Robinson 1984, Tanchak et al. 1984) that are
further processed by a partially coated reticulum (Pesacreta
and Lucas 1985) and through MVBs (Tanchak and Fowke
1987). In rapidly growing tobacco and lily pollen tubes,
clathrin-coated endocytic vesicles were observed in the elec-
tron microscope mainly at the base of the tip (Derksen et al.
1995, Lancelle and Hepler 1992), and clathrin was distributed
over the whole apex (Blackbourn and Jackson 1996). In tip-
growing root hairs, clathrin-coated pits and vesicles were dis-
tributed evenly over the whole surface of the apical dome
(Galway et al. 1997), indicating that endocytosis may occur
along the whole tip. This mode of internalization can be di-
rectly labelled and monitored by FM dyes.

Recycling vesicles abundant at the tip

Pulse labelling of the plasma membrane with FM dyes
gives evidence for recycling of endosomal structures be-
fore their final degradation. The growing tip is not just
populated by secretory and by endocytic vesicles, as is
generally accepted, but in addition endocytic vesicles fuse
to form putative early endosomes which are inherently
linked with the clear zone of growing root hairs (Voigt
etal. 2005a). Together, they accumulate in the tip for
more than 20 min after formation. Obviously, they shuttle
back to the plasma membrane several times, because fluo-
rescence is transferred to the newly formed plasma mem-
brane even when no dye is in the medium.

The secretory role of such “recycling” vesicles could
be performed by a “kiss-and-run” mode of secretion at the
plasma membrane (Thiel and Battey 1998); although it is
difficult to understand that the short contacts with the
membrane could be sufficient for the exchange of mem-
brane and for the transfer of the dye (Parton et al. 2001).

Nature of vesicles filling the clear zone:
brefeldin A provides the clue

The most dramatic response of the root hairs to BFA was
the formation of BFA-induced compartments (Satiat-
Jeunemaitre and Hawes 1993, Baluska etal. 2002,
Geldner etal. 2003), similar to growing pollen tubes
(Parton et al. 2001, 2003). It is accompanied by a stop of
tip growth and by a reduction of the clear zone and a dis-
appearance of the vesicle pool from the tip. These
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BFA-induced compartments consist of agglomerates of
vesicular structures of endosomal origin (Baluska et al.
2002, Geldner et al. 2003, Grebe et al. 2003, §amaj etal.
2004a, Voigt etal. 2005a). The formation of BFA com-
partments is usually interpreted as a result of the inhibi-
tion of secretion. However, recent studies revealed that
BFA affects also the actin cytoskeleton at tips of growing
root hairs (§amaj etal. 2002) and blocks secretion based
on putative recycling endosomes (Geldner et al. 2003).

BFA not only inhibited root hair tip growth (Samaj et al.
2002) but also affected the processes of site selection and root
hair initiation (Grebe et al. 2002). Thus, inhibition of root hair
initiation and tip growth might be mediated by BFA inhibition
of vesicle recycling from putative endosomes. One could,
therefore, propose that the aggregation of putative endosomes
and endocytic vesicles into the newly formed compartments
would be the most apparent reason for the depletion of vesi-
cles from the tip. In the presence of BFA, endocytic vesicles
receive the FM marker from the plasma membrane and then
transfer the dye into putative endosomes; however, both are
effectively trapped within the BFA-induced compartments.
New FM-positive endocytic vesicles are still generated and
directed to the BFA compartment because plant endocytosis
is not inhibited by BFA (Emans et al. 2002).

Endocytic pathway in root hairs does not cross ER

ER is abundant in the apical portion of emerging root hairs
(Baluska et al. 2000), and short ER profiles accumulate in
the apex and subapical zone of the root hairs as was detected
by electron microscopy (Galway et al. 2000, Ciamporova
et al. 2003). However, studies of endocytosis in plant cells
with FM dyes did not show an involvement of the ER in the
endocytic pathway (Robinson etal. 1998, Geldner et al.
2003). In root hairs of A. thaliana and of T. aestivum, the
subapical zone was very rich in ER; it protruded into the
basal part of the clear zone, where it was highly dynamic.
Formation of endocytic vesicles in the clear zone was inde-
pendent of ER. Vesicles and the fluorescent putative early
endosomes occupying the clear zone were clearly separated
from ER, and transfer of membrane-resident dye was never
observed between them. This indicates the structural and
functional independence of the two important organelles of
the endomembrane system.

Rapid endocytosis of plasma membrane needs
actin cytoskeleton

Motility of organelles and vesicles, as well as the stability of
the apical cytoplasm, are the most important functions of the
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cytoskeletal elements actin and myosin in tip-growing sys-
tems (for recent reviews, see Hepler et al. 2001; Vidali and
Hepler 2001; Samaj et al. 2004a—c). Growing root hairs pos-
sess a highly dynamic, unstable fine actin meshwork and
fine bundles of actin filaments in the apical and subapical re-
gion (Voigt et al. 2005b). Basal parts of growing root hairs
with active cytoplasmic streaming contain thicker actin fila-
ments (Baluska et al. 2000, De Ruiter et al. 2001, Esseling
et al. 2000, Ketelaar et al. 2003, §amaj et al. 2004a).

We probed the function of the actin cytoskeleton in tip-
growing root hairs through experiments interfering with the
kinetics of F-actin polymerization. Latrunculin B at the
rather low concentration of 100 nM interrupted the endo-
cytic pathway. It induced a gradual stop of tip growth and
elicited morphological changes as well as modifications of
the dynamic properties in the tip. Motility of organelles was
reduced and the complex pattern of the movement of vesi-
cles and small endosomes in the clear zone was lost. Slow-
ing down of the vesicles which were in contact with the
plasma membrane and tonoplast and long-time decoration
of these membranes by small vesicles indicate in addition
the involvement of dynamic and highly latrunculin-sensitive
F-actin in vesicle docking, vesicle fusion, and endocytic
vesicle formation. Moreover, transformation of dynamic
tubular vacuoles into a static round vacuole in the subapical
region indicates that the motility of the vacuole also depends
on F-actin. This corresponds well with observations from
root cells, where actin is involved in both the directing of
endocytic vesicles into endosomal compartments and the re-
cycling of vesicles back to the plasma membrane (Geldner
etal. 2001, Baluska et al. 2002). In tip-growing root hairs,
our recent data revealed an essential role of F-actin in driv-
ing the motility of endosomes in the clear zone (Voigt et al.
2005a). Depolymerization with cytochalasins or latrunculins
inhibits rapidly the hair tip growth (Baluska etal. 2000,
2001), and this effect is concentration dependent. Low con-
centrations of latrunculins target specifically the fine and dy-
namic F-actin meshworks in the apical and subapical region;
tip growth is arrested, but cytoplasmic streaming is unaf-
fected (Gibbon et al. 1999, Ketelaar et al. 2003).

All these observations indicate that the actin cytoskele-
ton is indispensable for vesicular trafficking needed for tip
growth, i.e., for targeted delivery and localized recycling
of vesicles. However, the mechanistic understanding of
the functions of the actin cytoskeleton in the organization
of the clear zone (Samaj et al. 2004a, b) and in driving tip
growth (Voigt et al. 2005a, b) requires further experimen-
tal studies. A promising approach for attaining new infor-
mation is live cell imaging of the actin cytoskeleton in
growing root hairs of transgenic A. thaliana lines express-
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ing GFP-tagged actin binding proteins (Sheahan et al.
2004, Wang et al. 2004, Voigt et al. 2005b).

Conclusions

Endocytosis of FM-labelled plasma membrane occurs in
root hairs during tip growth. Endocytic vesicles cohabit
the clear zone of the tip together with other kinds of vesi-
cles and endosome-like structures. Our results support the
existence of vesicles in the tip of growing root hairs,
which are probably responsible not only for uptake of the
FM dyes from the plasma membrane and direct delivery
of the dye to putative early endosomes but also for recy-
cling of the dye back to the plasma membrane. This mode
of action could indicate a “recycling” nature of vesicles in
the tip. Subsequent degradation via MVBs ends in the
vacuole but does not involve the ER.

Acknowledgments

We thank Gregor Eder for technical assistance. This work was supported
by the European Commission, Research Project of Human Potential Pro-
gramme TIPNET (HPRN-CT-2002-00265), and by grant nr. 2/5085/25
from the Grant Agency VEGA.

References

Baluska F, Salaj J, Mathur J, Braun M, Jasper F, éamaj J, Chua N-H,
Barlow PW, Volkmann D (2000) Root hair formation: F-actin-depen-
dent tip growth is initiated by local assembly of profilin-enriched F-
actin meshworks accumulated within outgrowing bulges. Dev Biol
227: 618-632

— Jasik J, Edelmann HG, Salajova T, Volkmann D (2001) Latrunculin B-
induced plant dwarfism: plant cell elongation is actin-dependent. Dev
Biol 231: 113-124

— Hlavacka A, §amaj J, Palme K, Robinson DG, Matoh T, McCurdy
DW, Menzel D, Volkmann D (2002) F-actin-dependent endocytosis of
cell wall pectins in meristematic root cells: insights from brefeldin A-
induced compartments. Plant Physiol 130: 422-431

- §amaj J, Hlavacka A, Kendrick-Jones J, Volkmann D (2004) Myosin
VIII and F-actin enriched plasmodesmata in maize root inner cortex
cells accomplish fluid-phase endocytosis via an actomyosin-depen-
dent process. J Exp Bot 55: 463473

Betz WJ, Mao F, Smith CB (1996) Imaging exocytosis and endocytosis.
Curr Opin Neurobiol 6: 365-371

Blackbourn HD, Jackson AP (1996) Plant clathrin heavy chain: sequence
analysis and restricted localisation in growing pollen tubes. J Cell Sci
109: 777-786

Bolte S, Talbot C, Boutte Y, Catrice C, Read ND, Satiat-Jeunemaitre B
(2004) FM-dyes as experimental probes for dissecting vesicle traffick-
ing in living plant cells. J Microsc 214: 159-173

Bonnett HT, Newcomb EH (1966) Coated vesicles and other cytoplasmic
components of growing root hairs of radish. Protoplasma 62: 59-75

Camacho L, Malhé R (2003) Endo/exocytosis in the pollen tube apex is
differentially regulated by Ca®>" and GTPases. ] Exp Bot 54: 83-92

Ciamporové M, Dekankova K, Hanackova Z, Peters P, Ovecka M,
Baluska F (2003) Structural aspects of bulge formation during root
hair initiation. Plant Soil 255: 1-7



M. Ovecka et al.: Endocytosis in root hairs

Derksen J, Rutten T, Lichtscheidl 1K, Dewin AHN, Pierson ES, Rongen
G (1995) Quantitative analysis of the distribution of organelles in to-
bacco pollen tubes: implications for exocytosis and endocytosis. Pro-
toplasma 188: 267-276

De Ruiter NCA, Esseling JJ, Emons AMC (2001) The roles of calcium
and the actin cytoskeleton in regulation of root hair tip growth by rhi-
zobial signal molecules. In: Geitmann A, Cresti M, Heath IB (eds)
Cell biology of plant and fungal tip growth. IOS Press, Amsterdam,
pp 55-67 (NATO science series, series I, vol 328)

Emans N, Zimmermann S, Fischer R (2002) Uptake of a fluorescent
marker in plant cells is sensitive to brefeldin A and wortmannin. Plant
Cell 14: 71-86

Emons AMC (1987) The cytoskeleton and secretory vesicles in root
hairs of Equisetum and Limnobium and cytoplasmic streaming in root
hairs of Equisetum. Ann Bot 60: 625-632

— Traas JA (1986) Coated pits and coated vesicles on the plasma mem-
brane of plant cells. Eur J Cell Biol 41: 57-64

Esseling JJ, de Ruijter NCA, Emons AMC (2000) The root hair actin cy-
toskeleton as backbone, highway, morphogenetic instrument and tar-
get for signalling. In: Ridge RW, Emons AMC (eds) Root hairs: cell
and molecular biology. Springer, Tokyo, pp 29-52

Fischer-Parton S, Parton RM, Hickey P, Dijksterhuis J, Atkinson HA,
Read ND (2000) Confocal microscopy of FM4-64 as a tool for
analysing endocytosis and vesicle trafficking in living fungal hyphae.
J Microsc 198: 246-259

Foissner I, Lichtscheidl IK, Wasteneys GO (1996) Actin-based vesicle
dynamics and exocytosis during wound wall formation in Characean
internodal cells. Cell Motil Cytoskeleton 35: 3548

Galway ME (2000) Root hair ultrastructure and tip growth. In: Ridge
RW, Emons AMC (eds) Root hairs: cell and molecular biology.
Springer, Tokyo, pp 1-17

— Heckman JW, Schiefelbein JW (1997) Growth and ultrastructure of
Arabidopsis root hairs: the rthd3 mutation alters vacuole enlargement
and tip growth. Planta 201: 209-218

— Lane DC, Schiefelbein JW (1999) Defective control of growth rate
and cell diameter in tip-growing root hairs of the rhd4 mutant of
Arabidopsis thaliana. Can J Bot 77: 494-507

Geldner N (2004) The plant endosomal system: its structure and role in
signal transduction and plant development. Planta 209: 547-560

— Friml J, Stierhof Y-D, Jiirgens G, Palme K (2001) Auxin transport in-
hibitors block PIN1 cycling and vesicle trafficking. Nature 413: 425-428

— Anders N, Wolters H, Keicher J, Kornberger W, Muller P, Delbarre A,
Ueda T, Nakano A, Jiirgens G (2003) The Arabidopsis GNOM ARF-
GEF mediates endosomal recycling, auxin transport, and auxin-depen-
dent plant growth. Cell 112: 219-230

Gibbon BC, Kovar DR, Staiger CJ (1999) Latrunculin B has different ef-
fects on pollen germination and tube growth. Plant Cell 11: 2349-2363

Grebe M, Friml J, Swarup R, Ljung K, Sandberg G, Terlou M, Palme K,
Bennett MJ, Scheres B (2002) Cell polarity signaling in Arabidopsis
involves a BFA-sensitive auxin influx pathway. Curr Biol 12: 329-334

— Xu J, Miibius W, Ueda T, Nakano A, Geuze HJ, Rook MB, Scheres B
(2003) Arabidopsis sterol endocytosis involves actin-mediated traf-
ficking via ARA6-positive early endosomes. Curr Biol 13: 1378-1387

Hepler PK, Vidali L, Cheung AY (2001) Polarized cell growth in plants.
Annu Rev Cell Dev Biol 17: 159-187

Hoffmann J, Mendgen K (1998) Endocytosis and membrane turnover in
the germ tube of Uromyces fabae. Fungal Genet Biol 24: 77-85

Joachim S, Robinson DG (1984) Endocytosis of cationic ferritin by bean
leaf protoplasts. Eur J Cell Biol 34: 212-216

Ketelaar T, de Ruijter NCA, Emons AMC (2003) Unstable F-actin speci-
fies the area and microtubule direction of cell expansion in Arabidopsis
root hairs. Plant Cell 15: 285-292

Kutsuna N, Hasezawa S (2002) Dynamic organization of vacuolar and
microtubule structures during cell cycle progression in synchronized
tobacco BY-2 cells. Plant Cell Physiol 43: 965-973

53

— Kumagai F, Sato MH, Hasezawa S (2003) Three-dimensional recon-
struction of tubular structure of vacuolar membrane throughout mito-
sis in living tobacco cells. Plant Cell Physiol 44: 1045-1054

Lancelle SA, Hepler PK (1992) Ultrastructure of freeze-substituted
pollen tubes of Lilium longiflorum. Protoplasma 167: 215-230

— Cresti M, Hepler PK (1997) Growth inhibition and recovery in freeze-
substituted Lilium longiflorum pollen tubes: structural effects of caf-
feine. Protoplasma 196: 21-33

Lichtscheidl IK, Foissner I (1996) Video microscopy of dynamic plant
cell organelles: principles of the technique and practical application.
J Microsc 181: 117-128

— Url WG (1990) Organization and dynamics of cortical endoplasmic
reticulum in inner epidermal cells of onion bulb scales. Protoplasma
157:203-215

Low PS, Chandra S (1994) Endocytosis in plants. Annu Rev Plant Physiol
Plant Mol Biol 45: 609-631

McNeil M, Darvill AG, Fry SC, Albersheim P (1984) Structure and func-
tion of the primary cell walls of plants. Annu Rev Biochem 53: 625-663

Mukherjee S, Soe TT, Maxfield FR (1999) Endocytotic sorting of lipid
analogues differing solely in the chemistry of their hydrophobic tails.
J Cell Biol 144: 1271-1284

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassay with tobacco tissue cultures. Physiol Plant 15: 473-497

Murphy AS, Bandyopadhyay A, Holstein SE, Peer WA (2005) Endocytic
cycling of PM proteins. Annu Rev Plant Biol 56: 221-251

Osterweil E, Wells DG, Mooseker MS (2005) A role for myosin VI in
postsynaptic structure and glutamate receptor endocytosis. J Cell Biol
168: 329-338

Parton RM, Fischer-Parton S, Watahiki MK, Trewawas AJ (2001) Dy-
namics of the apical vesicle accumulation and the rate of growth are
related in individual pollen tubes. J Cell Sci 114: 2685-2695

— — Trewavas AJ, Watahiki MK (2003) Pollen tubes exhibit regular peri-
odic membrane trafficking events in the absence of apical extension.
J Cell Sci 116: 2707-2719

Pesacreta TJ, Lucas WJ (1985) Presence of a partially coated reticulum and
a plasma membrane coat in angiosperms. Protoplasma 125: 173-184

Picton JM, Steer MW (1983) Evidence for the role of Ca®>* ions in tip
extension in pollen tubes. Protoplasma 115: 11-17

Quader H, Schnepf E (1986) Endoplasmic reticulum and cytoplasmic
streaming: fluorescence microscopical observations in adaxial epider-
mal cells of onion bulb scales. Protoplasma 131: 250-253

Ridge RW (1988) Freeze-substitution improves the ultrastructural
preservation of legume root hairs. Bot Mag Tokyo 101: 427441

— (1995) Micro-vesicles, pyriform vesicles and macro-vesicles associ-
ated with the plasma membrane in the root hairs of Vicia hirsuta after
freeze-substitution. J Plant Res 108: 362-368

Robineau S, Chabre M, Antonny B (2000) Binding site of brefeldin A at
the interface between small G protein ADP-ribosylation factor 1
(ARF1) and the nucleotide-exchange factor Sec7 domain. Proc Natl
Acad Sci USA 97: 9913-9918

Robinson DG, Hinz G, Holstein SE (1998) The molecular characteriza-
tion of transport vesicles. Plant Mol Biol 38: 49-76

Roy S, Jauh GY, Hepler PK, Lord EM (1998) Effect of Yariv phenylgly-
coside on cell wall assembly in the pollen tube. Planta 204: 450458

— Holdaway-Clarke TL, Hackett GR, Kunkel JG, Lord EM, Hepler PK
(1999) Uncoupling secretion and tip growth in lily pollen tubes: evi-
dence for the role of calcium in exocytosis. Plant J 19: 379-386

Satiat-Jeunemaitre B, Hawes C (1993) The distribution of secretory prod-
ucts in plant cells is affected by brefeldin A. Cell Biol Int 17: 183-193

Sheahan MB, Staiger CJ, Rose RJ, McCurdy DW (2004) A green fluo-
rescent protein fusion to actin-binding domain 2 of Arabidopsis fim-
brin highlights new features of a dynamic actin cytoskeleton in live
plant cells. Plant Physiol 136: 3968-3978

Sherrier DJ, Van den Bosch KA (1994) Secretion of cell wall polysac-
charides in Vicia root hairs. Plant J 5: 185-195



54

Schnepf E (1986) Cellular polarity. Annu Rev Plant Physiol 37: 23-47

Sievers A, Schnepf E (1981) Morphogenesis and polarity of tubular cells
with tip growth. In: Kiermayer O (ed) Cytomorphogenesis in plants.
Springer, Wien New York, pp 265-299 (Cell biology monographs, vol 8)

Steer MW (1988) Plasma membrane turnover in plant cells. J Exp Bot
39: 987-996

gamaj J, Ovecka M, Hlavacka A, Lecourieux F, Meskiene I, Lichtscheidl
I, Lenart P, Salaj J, Volkmann D, Biigre L, Baluska F, Hirt H (2002)
Involvement of the mitogen-activated protein kinase SIMK in regula-
tion of root hair tip-growth. EMBO J 21: 3296-3306

— Baluska F, Voigt B, Schlicht M, Volkmann D, Menzel D (2004a) Endo-
cytosis, actin cytoskeleton, and signaling. Plant Physiol 135: 1150-1161

— — Menzel D (2004b) New signalling molecules regulating root hair tip
growth. Trends Plant Sci 9: 217-220

— — Hirt H (2004c) From signal to cell polarity: mitogen-activated pro-
tein kinases as sensors and effectors of cytoskeleton dynamicity. J Exp
Bot 55: 189-198

Tanchak MA, Fowke LC (1987) The morphology of multivesicular bod-
ies in soybean protoplasts and their role in endocytosis. Protoplasma
138: 173-182

— Griffing LR, Mersey BG, Fowke LC (1984) Endocytosis of cationized
ferritin by coated vesicles of soybean protoplasts. Planta 162: 481-486

Thiel G, Battey N (1998) Exocytosis in plants. Plant Mol Biol 38: 111-125

Toshima J, Toshima JY, Martin AC, Drubin DG (2005) Phosphoregula-
tion of Arp2/3-dependent actin assembly during receptor-mediated en-
docytosis. Nat Cell Biol 7: 246-254

Tse YC, Mo B, Hillmer S, Zhao M, Lo SW, Robinson DG, Jiang L (2004)
Identification of multivesicular bodies as prevacuolar compartments in
Nicotiana tabacum BY-2 cells. Plant Cell 16: 672-693

M. Ovecka et al.: Endocytosis in root hairs

Ueda T, Yamaguchi M, Uchimiya H, Nakano A (2001) Ara6, a plant-
unique novel type Rab GTPase, functions in the endocytic pathway of
Arabidopsis thaliana. EMBO J 17: 47304741

Uemura T, Ueda T, Ohniwa RL, Nakano A, Takeyasu K, Sat MH (2004)
Systematic analysis of SNARE molecules in Arabidoposis: dissection
of the post-Golgi network in plant cells. Cell Struct Funct 29: 49-65

Varner JE, Lin LS (1989) Plant cell wall architecture. Cell 56: 231-239

Vida TA, Emr SD (1995) A new vital stain for visualizing vacuolar mem-
brane dynamics and endocytosis in yeast. J Cell Biol 128: 779-792

Vidali L, Hepler PK (2001) Actin and pollen tube growth. Protoplasma
215: 64-76

— McKenna ST, Hepler PK (2001) Actin polymerization is essential for
pollen tube growth. Mol Biol Cell 12: 2534-2545

Voigt B, Timmers A, éamaj J, Hlavacka A, Ueda T, Preuss M, Nielsen E,
Mathur J, Emans N, Stenmark H, Nakano A, Baluska F, Menzel D
(2005a) Actin-based motility of endosomes is linked to the polar tip
growth of root hairs. Eur J Cell Biol 84: 609-621

— — — Miiller J, Baluska F, Menzel D (2005b) GFP-FABD?2 fusion con-
struct allows in vivo visualization of the dynamic actin cytoskeleton in
all cells of Arabidopsis seedlings. Eur J Cell Biol 84: 595-608

Wang Y-S, Motes CM, Mohamalawari DR, Blancaflor EB (2004) Green
fluorescent protein fusions to Arabidopsis fimbrin 1 for spatio-temporal
imaging of F-actin dynamics in roots. Cell Motil Cytoskeleton 59: 79-93

Wymer CL, Bibikova TN, Gilroy S (1997) Cytoplasmic free calcium dis-
tributions during the development of root hairs of Arabidopsis thaliana.
Plant J 12: 427-439

Yarar D, Waterman-Storer CM, Schmid SL (2005) A dynamic actin cy-
toskeleton functions at multiple stages of clathrin-mediated endocyto-
sis. Mol Biol Cell 16: 964-975



