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Abstract

Plant tip growth has been recognized as an actin-based cellular process requiring targeted exocytosis and
compensatory endocytosis to occur at the growth cone. However, the identity of subcellular compartments involved in
polarized membrane trafficking pathways remains enigmatic in plants. Here we characterize endosomal compartments
in tip-growing root hair cells. We demonstrate their presence at the growing tip and differential distribution upon
cessation of tip growth. We also show that both the presence of endosomes as well as their rapid movements within the
tip region depends on an intact actin cytoskeleton and involves actin polymerization. In conclusion, actin-propelled
endosomal motility is tightly linked to the polar tip growth of root hairs.
© 2005 Elsevier GmbH. All rights reserved.
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Introduction

In eukaryotic cells, endosomes are defined as pleio-

e ) tropic tubulo-vesicular compartments which accumulate
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uptake, cellular defence responses, and the termination
of signaling pathways through internalization and
down-regulation of activated receptor-ligand complexes.
More recent evidence reveals that endosomes are
involved in signaling, transcytosis and synaptic cell-to-
cell communication (Sorkin and von Zastrow, 2002).
Thus, endocytic compartments are highly dynamic
and this activity is clearly linked with many im-
portant functions within eukaryotic cells (Gruenberg,
2001; Sorkin and von Zastrow, 2002; Zerial and
McBride, 2001).

In both yeast and mammals, endosomes recruit
FYVE-domain proteins due to high levels of PI(3)P
when the FYVE sequence acts as a PI(3)P-binding
module (Gillooly et al., 2000; Jensen et al., 2001). This
is mediated via specific recruitment of PI3Ks, support-
ing local production of PI(3)P to these membranes
by regulatory GTPases, such as Ypt5lp and Rab$5
(Gruenberg, 2001; Zerial and McBride, 2001). While
both FYVE-domain proteins as well as endosomally
localized Rab GTPases are conserved in plants, it is
not known, whether these two sets of proteins are
localized to the same compartment as demonstrated
in other systems. More recently, the importance of
cytoskeletal elements in endosomal sorting and traffick-
ing events has been highlighted. In several important
instances, both sorting and trafficking of proteins has
been shown to be dependent upon the ability of
endosomes to associate with and move along cytoske-
letal elements (Gruenberg, 2001; Zerial and McBride,
2001). The current view, established largely from
animal models, suggests that long-range intracellular
movements of endocytic compartments are accom-
plished along microtubules, whereas the actin cytoske-
leton is responsible for short-distance movements
(Goode et al., 2000).

Important roles for endocytosis during polarized root
hair expansion, which is restricted to the tips of these
cells, have been postulated based on electron micros-
copic observations that plasma membrane-associated
clathrin-coated vesicles are preferentially enriched at the
tips of root hairs (reviewed by Hepler et al., 2001). This
apical zone, also known as a ‘clear zone’, is devoid of
any larger organelles and contains only vesicles
embedded in meshworks of F-actin (Baluska et al.,
2000; gamaj et al., 2004a, b). The apical domain recruits
actin together with several actin-binding proteins such
as ADF and profilin (Baluska et al., 2000; Baluska and
Volkmann, 2002; Gilliland et al., 2002; Jiang et al., 1997,
Miller et al., 1999; Nishimura et al., 2003; Ringli et al.,
2002; Vantard and Blanchoin, 2002). Moreover, the tip
growth of both root hairs and pollen tubes requires
continuous actin polymerization (Baluska et al., 2000;
Gibbon et al., 1999; Jiang et al., 1997; Miller et al., 1999;
Nishimura et al., 2003; Vantard and Blanchoin, 2002;
Vidali et al., 2001). Recently, the ‘clear zone’ in pollen

tubes was reported to accumulate large amounts of
endosomal membranes (Parton et al., 2001, 2003), as
revealed with the endocytic marker FM4-64 (Meckel
et al., 2004).

To address the possible role of endosomes in actin-
driven plant cell tip growth, we developed F-actin- and
endosome-specific stably transformed transgenic GFP
reporter lines of Arabidopsis thaliana and Medicago
truncatula for in vivo visualization of both actin and
endosomes. Here, we show that plant endosomes are
labeled by a double FYVE domain-GFP/DsRed fusion
construct (Gillooly et al.,, 2000), as well as with
the plant Rab GTPases Ara6 (Ueda et al., 2001) and
RabF2a fused to GFP or YFP. Importantly, small and
motile endosomes were observed in the organelle-
depleted and vesicle-enriched zone (‘clear zone’) of
growing root hairs. Moreover, vigorous endosomal
motility in this ‘clear zone’ typically does not follow
any sustained directions, is independent of cytoskeletal
tracks, but requires continuous actin polymerization.
Our data suggest a surprising new link between the
actin-driven polar tip growth of root hairs and the actin
polymerization-propelled motility of endosomes in
plants.

Materials and methods
Plasmid construction

The sequences of two FYVE domains from the mouse
Hrs protein were connected with the linker sequence
QGQGS and fused to the N-terminus of enhanced green
fluorescent protein (plasmid pEGFP-C3 from Clontech)
as described before (Gillooly et al., 2000). This gene
construct was cloned into the binary vector pBLTI221,
thereby putting its expression under the control of the
CaMYV 358 promotor. For DsRedT4 (Bevis and Glick,
2002) tagging the tandem FYVE domain was PCR-
amplified and cloned in frame with DsRedT4 within the
vector pRTL2 under the control of the CaMV 35S
promotor. The coding sequence for ARA6-GFP under
control of the Cauliflower mosaic virus 35S promoter
and nopaline synthase terminator (Ueda et al., 2001)
was excised with HindIII and EcoRI and was
inserted into the corresponding sites of pBI121
(Clontech). The resulting vector was introduced into
Agrobacterium tumefaciens strain C58C1. AtRabF2a
cDNA was amplified using the primers RabF2a
forward (5-CGGGATCCATGGCTACGTCTGGAA-
ACAAGA-3") and RabF2a reverse (5-GCTCTAGAC-
TAAGCACAACACGATGAACTC-3), and inserted
into a modified pCAMBIA expression vector with
eYFP at the N-terminus under the control of the 35S
CaMV promoter.
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Particle bombardment

Epidermal bulb scale cells of Allium cepa were
transiently transformed by bombardment with the Bio-
Rad Biolistic PDS-1000/He system (Bio-Rad Labora-
tories GmbH, Miinchen, Germany) according to
Hamilton et al. (1992) and as described by Timmers
et al. (2002).

Plant transformation

Transformed roots of M. truncatula cv. Jemalong
were obtained using Agrobacterium rhizogenes ARqual
according to the protocol of Boisson-Dernier et al.
(2001). About 3—6 weeks later, plants with transformed
roots were put individually into square 12-cm plastic
dishes (Greiner Labortechnik, Kremsmiinster, Austria)
on Fahraeus medium containing 1% agar. 4. thaliana
plants (ecotype Columbia) were transformed using the
A. tumefaciens-mediated floral dip method. Cultivation
of Arabidopsis plants was performed on half MS
enriched with vitamins, 1% sucrose and 0.4% phytagel.

Microscopy

M. truncatula roots growing on agar were covered
with bioFolie 25 (Sartorius AG, Vivascience Support
Center, Gottingen, Germany) and observed with a
LEICA TCS 4D confocal microscope (Leica, Germany)
using a 63 x water-immersion objective. Four-day-old
A. thaliana seedlings were mounted in liquid half MS
medium containing 1% sucrose using a spacer of one
layer of parafilm between slide and coverslip, and
observed by confocal microscopy. Plants were adapted
to liquid medium overnight to allow application of
drugs.

For the observation of transgenic A. thaliana expres-
sing Ara6-GFP (Ueda et al., 2001), serial images were
obtained every 1um using a fluorescence microscope
(Olympus, Japan) equipped with 40 x oil-immersion
objectives and a confocal unit, CSU10 (Yokogawa
Electric Corporation, Japan). Images and movies were
digitally processed with Image-Pro Plus 4.1 (Media
Cybernetics, L.P.), Adobe Photoshop 4.0 (Adobe Corp.,
Mountain View, CA) and VideoMach 2.7.2.

Drug treatments and FM4-64 staining

Growing root apices were exposed to the following
drugs: 2,3-butanedione monoxime (10 mM), latrunculin
B (1 uM for A. thaliana and 10 uM for M. truncatula),
jasplakinolide (1puM/5uM), brefeldin A (10pM for
A. thaliana and 100 uM for M. truncatula), wortmannin
(10 uM), and oryzalin (1 pM). The drugs were diluted in
culture medium and directly added to the roots of

transgenic M. truncatula or A. thaliana. Regarding
FM4-64, stock solution (1 mg/ml) was prepared in
DMSO and used at 17.5uM for M. truncatula. Before
FM4-64 treatment, plants were incubated for 25 min at
6 °C to slow down endocytosis.

Results

A tandem FYVE construct recognizes plant
endosomes

In both yeast and mammals, the phosphoinositide
PI(3)P accumulates preferentially in endosomal mem-
branes (Gillooly et al., 2000), and binding of FYVE-
domain proteins to PI(3)P is sufficient to target
endosomal proteins to these subcellular compartments.
For A. thaliana it is known that the classical FYVE
domain binds specifically to PI(3)P in vitro (Jensen et
al., 2001). Therefore, we were interested to know if the
tandem FYVE domain would be sufficient for targeting
to endocytic compartments in plants. To this end, the
FYVE domain from the mouse Hrs protein was
tandemly fused (Gillooly et al., 2000) to the C-terminus
of GFP or DsRedT4, respectively. Particle bombard-
ment was employed to transiently express the fusion
proteins (GFP-FYVE; DsRed-FYVE) in onion epider-
mal bulb scale cells. Confocal imaging revealed fluores-
cently labeled motile organelles, which were positive also
for the endosome-specific plant Rab GTPases Ara6 and
RabF2a, when pDsRed-FYVE and Ara6-GFP or YFP-
RabF2a were transiently coexpressed. In the case of
Ara6 and FYVE, the merged images showed a co-
localization between the two fusion proteins in small
and punctate, motile organelles (Fig. 1, yellow arrow-
heads in ¢), but not in larger static organelles, which
were binding the GFP-FYVE reporter exclusively
(Fig. 1c, red arrowheads). Coexpression of pDsRed-
FYVE and pYFP-RabF2a also showed complete co-
localization within small motile organelles (Fig. 1d—f;
see also Movie 1; all 24 movies are part of the
supplementary material).

Previously, Ara6-labeled compartments have been
shown to accumulate newly endocytosed FM4-64 (Ueda
et al., 2001). To determine, whether FYVE-labeled
compartments have endosomal identity, we performed
double labeling by treating the stably transformed
M. truncatula expressing GFP-FYVE with the red fluo-
rescent styryl dye FM4-64. This endocytic tracer binds
to the plasma membrane and becomes rapidly incorpo-
rated into the cell through bulk-flow endocytosis (Ueda
et al., 2001). Upon the exposure of root hairs to FM4-64
for Smin, a fluorescent signal was observed on all
FYVE-Iabeled endosomes (Fig. 1g—i; Movie 2). The
GFP-FYVE-labeled endosomes were located in the
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DsRed-FYVE

Arab-GFP

eYFP-F2a

GFP-FYVE

Fig. 1. Transient co-expression of endosomal markers Ara6-
GFP (a) with DsRed-FYVE (b) in onion epidermal bulb scale
cells. Simultaneous two-channel confocal imaging revealed
that these two fusion proteins co-localize in several smaller
compartments while a few larger FY VE-labeled compartments
are not positive for Ara6 (c). Transient co-expression of eYFP-
RabF2a (d) and DsRed-FYVE (e) in epidermal bulb scale cells
showed a complete co-localization of both markers (f). To
confirm the endosomal nature of the FYVE-labeled compart-
ments, we applied endocytic tracer FM4-64 on transgenic M.
truncatula roots expressing the double GFP-FYVE construct.
After 5min of exposure to FM4-64, FY VE-labeled endosomes
(g) were enriched also with FM4-64 (h), as evidenced also by
the two-channel image (i). Yellow arrowheads indicate co-
localization between Ara6 and FYVE (a—c), as well as between
FM4-64 and FYVE (i). Bars = 10 um.

vesicle-rich tip region of root hairs and co-localized with
FM4-64-labeled endosomes (Fig. 1g). Taken together,
the fluorescently labeled FYVE reporter co-localizes
with the plant endocytic Rab GTPases Ara6 and
RabF2a on endosomes which accumulate the reliable
endocytic tracer FM4-64 (for plant cells see Meckel
et al., 2004).

Motile endosomes are present in all root cells

After having identified the GFP-FYVE-labeled plant
endosomes in M. truncatula root hair cells, we analyzed
the pattern of their distribution in other root cells. In
stably transformed M. truncatula roots, GFP-FYVE
was detected on highly motile endosomes in all root
cells. GFP-FYVE-labeled endosomes were especially
abundant in root cap and meristem cells (Fig. 2a and b).
In the small meristem cells, the GFP-FYVE-labeled
endosomes appeared evenly distributed throughout the
cytoplasm and excluded from the nuclei (Fig. 2b, stars).

Fig. 2. In stably transformed roots of M. truncatula, FYVE-
labeled endosomes were abundant in all cells. The most
prominent early endosomes were scored in secretory cells of
the root cap (a) while they were less abundant in dividing
cortical cells of the root meristem localizing preferentially
around centrally positioned nuclei marked with stars (b). In
stably transformed roots of A. thaliana (c,d), FYVE-labeled
endosomes were abundant in all cells, closely resembling the
situation in the much larger roots of M. truncatula. Some cells
are outlined using white lines, positions of some nuclei are
indicated with stars. Bars: a—¢ = 50 um; d = 25 um.

GFP-FYVE was localized to endosomes that moved
without any preference for a specific subcellular loca-
tion. In A. thaliana roots, we found nearly the same
distribution of FYVE-tagged endosomes (Fig. 2¢c and d).

Abundant and highly motile endosomes are present
at sites of actin-driven polar growth

Both atrichoblasts (non-hair cells) and trichoblasts
(hair cells) of M. truncatula exhibited a uniform
distribution of GFP-FYVE-labeled endosomes through-
out the length of the cell (Fig. 3a), but in the trichoblasts
FYVE-Iabeled endosomes became enriched at the out-
growing bulges (Fig. 3a and b). At a later stage, when
hairs had already emerged and were actively growing,
GFP-FYVE endosomes were extraordinarily motile and
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Fig. 3. During root hair formation in M. truncatula, FYVE-
labeled early endosomes were present at the bulging site (a, b;
arrowhead in (a)). In tip-growing root hairs, abundant and
very motile small endosomes were present within the growing
hair tip (c). Cessation of tip growth was associated with
randomization of endosomes at the hair tip and with their
enlargement (d, arrow). Non-growing mature root hairs
showed only a few enlarged endosomes (arrows) outside the
root hair tip (e). (d) and (e) are projections of serial confocal
images. Bars = 20 pm.

they were present along the root hairs including the
vesicle-rich and organelle-depleted tip zone of root hairs
(Fig. 3c). When root hair growth ceased, GFP-FYVE
accumulated on larger structures and small endosomes
were never detected at the root hair tip (Fig. 3d).
Occasionally, fully grown root hairs showed only a few
large endosomal aggregates without any preferential
localization (Fig. 3e; Movies 3 and 4).

To confirm that this pattern is not restricted to legume
roots, we examined the distribution of GFP-FYVE

compartments in stably transformed A. thaliana. Simi-
larly like in Medicago, Arabidopsis root hairs showed
small FYVE-labeled endosomes within outgrowing
bulges (not shown) and these accumulated abundantly
within the first 30um of growing root hair apices
(Fig. 4a; Movie 5). Growing hairs exhibited abundant
endosomes from the tip up to 30 um downward the root
hair shank, but retracted from the tips in mature hairs,
once growth had ceased (Fig. 4b). However, unlike the
situation in Medicago, FYVE-labeled endosomes did
not form enlarged structures in mature root hairs of
Arabidopsis. Rather, endosomes became just a little bit

Fig. 4. In FYVE-labeled A4. thaliana root hairs, very motile
small endosomes were present at the growing hair tip (a). Root
hairs with slowing growth showed endosomes at the tip, and
slightly enlarged endosomes were distributed throughout the
hair in which a prominent vacuole (v) protruded towards the
hair tip (b). Similar distributions were scored also for Ara6-
labeled endosomes in growing (c) and growth-ceasing root
hairs (d). The same pattern of endosome localization in
growing (e) and growth-terminated root hairs (f) was also
observed with the eYFP-RabF2a marker. Star in (b) indicates
the position of the nucleus. Bars = 25 um.
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larger and spread throughout the entire root hair
(Fig. 4b).

Next, we wanted to determine if the endosomal Rab
GTPases, Ara6 and RabF2a, are also present at the tips
of growing root hair cells. In cells of stably transformed
A. thaliana seedlings expressing Ara6-GFP or YFP-
RabF2a, both these Rab GTPase reporters labeled
membrane compartments that distributed along the root
hairs including the growing tips. We scored distribution
patterns for Ara6-labeled endosomes similar to those
described above for the tandem GFP-FYVE construct,
in both rapidly growing hairs (Fig. 4c) and hairs with
ceased tip growth (Fig. 4d). Furthermore, the growing
and growth-terminated root hairs of eYFP-RabF2a-
transformed A. thaliana seedlings showed the same
distribution pattern of endosomes as that shown for the
transgenic FYVE and Ara6 seedlings (Fig. 4e and f;
Movies 6 and 7).

Motile F-actin patches in root hair tips

Both the tip localization as well as the highly dynamic
motility of the GFP-FYVE- and YFP-RabF2a-labeled
endosomes suggested a role of the actin cytoskeleton in
the subcellular distribution of these endosomal com-
partments within growing root hair cells. Because an
intact actin cytoskeleton is also required for expansion
of root hair cells (Baluska et al., 2000; Baluska and
Volkmann, 2002; Gilliland et al., 2002; Jiang et al., 1997;
Miller et al., 1999; Ringli et al., 2002; Samaj et al., 2002;
Vantard and Blanchoin, 2002), we wanted to understand
the potential link between actin-based motility and
subcellular distribution of the GFP-FYVE- and Ara6/
YFP-RabF2a-labeled endosomes and cell expansion in
root hair cells. Interestingly, this motility did not appear
to be completely random, based on the observed
presence of these compartments at the tips of root
hairs. In vivo analysis of root hairs, transformed with
the GFP-FABD2 construct visualizing F-actin (actin-
binding domain 2 of fimbrin, Voigt et al., 2005),
revealed mobile F-actin patches (Fig. 5a and c). The
rate of tip growth and cell morphology did not show any
obvious differences to wild-type root hairs (data not
shown).

The F-actin patches resembled closely the above-
described endosomes with respect to speed, locations
and directions of movements. Generally, in the tips
of growing root hairs of M. truncatula as well as of
A. thaliana, we could detect actin patches and very
dynamic short actin filaments (Fig. 5a and c). However,
non-growing root hairs showed prominent actin bun-
dles, which protruded up to the extreme tip (Fig. 5b
and d), while enlarged actin patches were still present
but less motile (Movies 8 and 9).

Fig. 5. Root hairs of M. truncatula (a, b) and A. thaliana (c, d)
transformed with GFP-FABD?2 show the characteristic actin
pattern. In growing root hairs the very tip is almost free of
actin bundles, but some actin-patches are visible (a, c). In
growth-terminated root hairs larger actin bundles are running
throughout the very tip (b, d). A normal situation for F-actin
in a growing root hair tip is shown in (e). After 12min
treatment with 1 uM jasplakinolide, the first larger paracrystal-
line-like F-actin bundles appeared at the tip (f). After 40 min
(g), respectively 80min (h) even larger paracrystalline-like
structures of bundled F-actin were tightly associated with the
very tips of jasplakinolide-treated root hairs. Bars:
a—d =20 um; e-h = 10 um.

Treatment of root hairs with 1 puM jasplakinolide
resulted in the formation of thick actin structures
composed of presumably aberrantly bundled F-actin,
which were formed at or near the root hair tip
(Fig. 5e—h). In movies, it is obvious that these structures
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Fig. 6. Time-lapse imaging (a—f) revealed that individual endosomes in root hair tips of M. truncatula follow different patterns of
motilities. Some were rather stationary (see endosomes marked with capital letters A, B, C, D), what we denoted ‘resting phase’.
Other endosomes were moving slowly (endosomes marked with numbers 2, 3, 4) or rapidly (number 1). Bar = 10 pm.

are polarly organized and move towards the hair tip.
Finally, they stopped their movements completely and
associated tightly with the very tips of jasplakinolide-
treated root hairs (Movies 10 and 11).

Actin polymerization propels endosomes

The observation that F-actin patches were present at
the tips of root hairs and displayed similar motility
characteristics as endosomes labeled with GFP-FYVE
and Ara6/RabF2a reporter constructs suggested that
perhaps the dynamics of these compartments was
intimately linked to the actin cytoskeleton. To identify
the driving forces behind the motility of these plant
endosomes, we performed time-lapse confocal imaging
of root hair tips. A single focal plane in the middle of the
tip was monitored for 70s. Our observations revealed
that the motile behavior of endosomes was highly
variable (Fig. 6). In some rare cases endosomes were
nearly stationary, displaying restricted motility of only a
few micrometers forwards and backwards (Fig. 6f, red).
Alternatively, stationary compartments suddenly ini-
tiated movements and dashed away at high speed. Other
GFP-FYVE-labeled endosomes displayed slow and
directional movements (Fig. 6f and 2), while yet
others showed sustained, rapid motility (Fig. 6f and I;
Movie 3).

In order to ascertain which cytoskeletal elements and
processes underlay these endosomal movements, effects
of several drugs on endosomal motility were tested. In
the untreated root hair tips, the majority of endosomes
changed their position within 14-28s (Fig. 7a-—c).
Measurements and subsequent statistical analysis of
the movements revealed an average speed of 0.54 um/s

Table 1. Speed and rest times of the GFP-FYVE-labeled
endosomes in M. truncatula root hair tips

Speed range  Average rest  Time spent
(um/s) time (s) stationary
(%)
Control 0.09-17.77 14 26-39
(n = 100)
BDM 0.11-18.92 0-1* 0-10%*
(n=54)
LatB (n = 48) 0-1.04* 2.5-4.35 55-67*

Significant differences between treated and control root hairs are
indicated by asterisks.

For the control 100 endosomes out of 11 root hairs, for the BDM
treatment 54 endosomes out of three root hairs and for LatB treatment
48 endosomes out of three root hairs were measured.

(0.21 um/s SE) for the GFP-FYVE-labeled endosomes
(Table 1). During the time of observation, they spent up
to 40% of this period as stationary organelles, the
duration of resting time was in the range of 1-4s.
Upon application of 10 mM 2,3-butanedione monox-
ime (BDM), a general myosin ATPase inhibitor (Samaj
et al., 2000), GFP-FYVE-labeled endosomes continued
to display subcellular movements within the ‘clear zone’,
even if we extended the treatment for up to 1h (Fig.
7d—f; Movie 12). Nevertheless, the characteristics of
endosome motility were altered in the presence of BDM
(Table 1). In particular, the resting times changed
dramatically, as the BDM-treated FYVE-labeled endo-
somes spent less than 10% of the observed time in a
stationary phase as compared to 40% in control
conditions. Application of latrunculin B (LatB), an
efficient F-actin-depolymerizing agent (for plant cells,
see Gibbon et al., 1999; Baluska et al., 2001), resulted in
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control 0 sec control 14 sec control 28 sec

LatB 28 sec

Fig. 7. Rapid motilities of tip-localized endosomes scored in
the untreated root hairs of M. truncatula (a—c) were not
affected by the inhibition of myosin motor-based activities
with 2,3-butanedione monoxime (d-f) but were almost
instantly inhibited by the exposure to latrunculin B which
rapidly depolymerizes F-actin (g—i). See also Table 1.
Bars = 10 pm.

almost instant inhibition of all endosomal movements
(Fig. 7g—i; Movies 13-16). Treatment with the micro-
tubule-depolymerizing drug, oryzalin, had no discern-
ible effect on endosomal motility (Movie 17).

Brefeldin A, wortmannin, and jasplakinolide affect
motility and morphology of endosomes

To test if endosomal movements were influenced by
inhibitors of membrane trafficking through endomem-
brane compartments, we applied brefeldin A (BFA) and
wortmannin to root hairs of M. truncatula. The effect of
BFA was traceable after 10 min (Fig. 8a) in the form of
an enlargement of FYVE-labeled endosomes which
concomitantly slowed down their motility. After
60min of exposure to 100uM BFA, we scored

wort 10 min wort 30 min

20 min

jaspla 60 min jaspla

jaspla , 30.min

Fig. 8. Brefeldin A inhibited motilities and caused enlargement
(arrows) and aggregation of FY VE-labeled early endosomes in
root hairs of M. truncatula (a—c). Similar, but less dramatic
effects (arrowheads) were induced also with wortmannin which
inhibits PI(3)P production in plants (d—f). Jasplakinolide
(1 uM) inhibited the motility of the FYVE-labeled endosomes
in root hairs of Arabidopsis after 30 min (g), whilst after 60 min
of exposure first larger aggregates (arrowhead) became visible
(h). After 20min of 5puM jasplakinolide treatment the same
effects but in a more dramatic way were scored, the motility
was greatly decreased and the endosomes were enlarged
(i, arrowheads). Bars = 10 um.

significant inhibition of endosomal motility and the size
of endosomes enlarged dramatically (Fig. 8b). Two
hours of BFA treatment resulted in large agglomerates
of aggregated endosomes (Fig. 8c, arrows), known as
the ‘BFA compartments’ in plant cells, with a greatly
reduced motility. Exposure of hairs to 10 uM wortman-
nin produced similar, although less prominent, effects
on FYVE-labeled endosomes (Fig. 8d—f; Movies 18-21
for BFA and Movie 22 and 23 for wortmannin).

After scoring the dramatic changes of the actin
cytoskeleton upon jasplakinolide treatment, we also
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tested A. thaliana root hairs expressing GFP-FY VE with
1 and 5 puM jasplakinolide (Fig. 8g—i). Our data revealed
that FYVE-labeled endosomes considerably enlarged in
hairs treated with jasplakinolide, suggesting that dy-
namic F-actin is essential also for their morphology.
With increasing time of exposure and concentration of
jasplakinolide, endosomes slowed down their move-
ments (Movie 24).

Discussion

Using stably transformed seedlings of A. thaliana and
M. truncatula as well as in vivo microscopy, we describe
the specific localization of the PI(3)P reporter, GFP-
FYVE, to dynamic and motile endosomal compart-
ments. Their identity was confirmed in vivo using the
reliable endocytic tracer FM4-64 (for plant cells, see
Meckel et al., 2004) as well as GFP/YFP constructs of
the endosome-specific plant Rab GTPases, Ara6 and
RabF2a. Furthermore, we characterize actin-dependent
motility of these plant endosomes in root hairs of M.
truncatula and A. thaliana. Our observations highlight
both conserved and unique aspects of plant endosomes
with regard to mechanisms controlling membrane
trafficking and subcellular dynamics. Based on the well
documented and highly conserved PI(3)P-binding capac-
ity of the FYVE domain (Gillooly et al., 2000; Jensen
et al., 2001), we assume that plant endosomes identified
here are enriched with PI(3)P. This is in agreement with
the situation in yeast and mammalian cells. However, in
contrast to animal and fungal endosomes, the motility of
which is driven by dyneins and kinesins and accom-
plished along microtubules (Nielsen et al., 1999; Wedlich-
Séldner et al., 2000, 2002), the subcellular motility of
plant endosomes at tips of root hairs relies fully upon
polymerization and dynamics of actin (this study).

In yeast and animals, endosomal membranes accu-
mulate PI(3)P (Gillooly et al., 2000) due to the specific
recruitment of PI-3K by the endosome-localized Rab
GTPases Vps21 and Rab5 (for review see Zerial and
McBride, 2001). It has previously been shown that in
transiently transformed A. thaliana protoplasts, over-
expression of a FYVE domain-containing fragment of
the mammalian EEA1 protein resulted in its targeting to
subcellular membranes thought to partially overlap with
a late endosome-like compartment (Kim et al., 2001;
Sohn et al, 2003). Rab GTPases with significant
similarity to yeast and mammalian endosomal Rab
GTPases were observed on subcellular compartments
that accumulate the endocytic tracer, FM4-64 (Ueda
et al.,, 2001). However, two important questions
remained unanswered from these earlier investigations.
First, it was left unclear, whether the FYVE domain-
containing fragment of EEA1 was sufficient for the

subcellular targeting to plant membranes because
removal of the Rab5-binding region of this fragment
resulted in a cytosolic localization (Kim et al., 2001;
Sohn et al., 2003). Second, while the EEA1 FYVE
domain localized on membranes might be consistent
with a suggested endosomal-like prevacuolar compart-
ment, it was not clear if this was a result of over-
expression and whether these compartments were the
same as those that could be labeled with internalized
FM4-64 and the endosomal Rab GTPase Ara6 (Ueda
et al., 2001). In fact, when we strongly overexpressed the
FYVE construct in onion cells we always detected its
artificial association with bigger structures similar to
prevacuolar compartments and vacuoles (not shown).
Here, we show recruitment of the new tandem FYVE
reporter from mouse Hrs protein to endosomes, which
accumulate endosomal marker FM 4-64 (Meckel et al.,
2004). Unlike the EEA1 carboxy-terminal domain, this
construct does not contain a Rab GTPase-binding
domain. Therefore, the sole targeting determinant is
based on the PI(3)P-binding specificity of the double
FYVE domains. We further demonstrate the endosomal
identity of these compartments by labeling with GFP
reporters of two plant endosomal Rab GTPases, both
being highly similar to mammalian Rab5 and yeast
Vps21p. This raises the possibility that the recruitment
of PI(3)K and subsequent accumulation of PI(3)P on
endosomal membranes is a conserved feature not only in
animals and yeast but also in plants.

Trichoblasts accomplish a developmentally unique
signal-mediated switch in cell polarity, when they
initiate a new bulging growth domain which rapidly
transforms into a long tubular protrusion known as root
hair (Baluska et al., 2000, 2001; Baluska and Volkmann,
2002; Gilliland et al., 2002; Jiang et al., 1997; Miller
et al., 1999; Ringli et al., 2002; gamaj et al., 2002, 2004a).
We show here that motile endosomes are present at
outgrowing bulges and within the apices of growing root
hairs that extend via highly polar tip growth. It is known
that bulging domains of hair-forming trichoblasts
organize dense meshworks of the actin cytoskeleton via
recruitment of actin, profilin, ADF, ROPs (Baluska et
al., 2000; Jiang et al., 1997; Jones et al., 2002), and
mitogen-activated protein kinases (Samaj et al., 2002).
Motile endosomes might participate in the recruitment
of molecular components essential for the local assembly
of the actin cytoskeleton, which drives the polarized tip
growth of root hairs (Baluska et al., 2000; Gilliland et al.,
2002; Jiang et al., 1997; Miller et al., 1999; Nishimura et
al., 2003; Ringli et al., 2002; éamaj et al., 2002, 2004a, b;
Vantard and Blanchoin, 2002). This is the case in
budding yeast, where the endosomal protein Cdc50p
recruits the profilin-binding formin, Bnilp, to sites of
polarized growth (Misu et al., 2003).

Myosins do not seem to be directly involved in driving
motility of endosomes at growing tips because BDM has
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no inhibitory effect on endosomal movements in this
subcellular domain. Similarly microtubules, which are
the favored long-range motility tracks in mammalian
systems (Goode et al., 2000), are not essential for the
motility of plant endosomes because depolymerization
of microtubules did not inhibit rapid motility of FYVE/
Ara6/RabF2a-based endosomes, as it also does not
inhibit tip growth per se (Baluska et al., 2000; Miller
et al., 1999). The only cytoskeletal drug, which almost
instantly blocked the motility of endosomes, both at the
tip and in the shank, was latrunculin B. Importantly,
plant endosomes are particularly dynamic within the
very tips of root hairs lacking prominent cytoskeletal
tracks (Baluska et al., 2000; Ketelaar et al., 2004; Miller
et al., 1999; Voigt et al., 2005). On the basis of these
findings, we tentatively propose that endosomes move
by actin comet tails (Taunton, 2001; Plastino and Sykes,
2005) in root hair tips. Comet tail movement requires
profilin, ADF, and Arp2/3 in animal cells. It is therefore
important to note that both ADF and profilin were
localized to root hair tips (Jiang et al., 1997; Baluska
et al., 2000) whereas the Arabidopsis genome contains
genes of the Arp2/3 complex (Deeks and Hussey, 2003;
McKinney et al., 2002) and mutants of the Arp2/3
complex show aberrant root hair phenotypes (Mathur
et al.,, 2003a,b). Furthermore, Arp3-like protein is
reported to be enriched at tips of early root hairs as
well as in association with multivesicular endosomes
(Van Gestel et al., 2003).

Spatially controlled, and signal-mediated actin poly-
merization is crucial for maintaining motilities and
shapes of animal cells (Goode et al., 2000). Walled plant
cells are non-motile and believed to expand just by the
force of turgor pressure. But recent advances in the
studies of pollen tubes and root hairs, two tip-growing
plant cell types, surprisingly indicated that actin
polymerization-driven expansion of the cell periphery
might be at the heart of this highly polarized growth of
walled plant cells (Baluska et al., 2000, 2001, 2002;
Baluska and Volkmann, 2002; Gibbon et al., 1999;
Gilliland et al., 2002; Jiang et al., 1997; Ketelaar et al.,
2004; Miller et al., 1999; Nishimura et al., 2003; Ringli
et al., 2002; Samaj et al., 2002, 2004a, b; Vantard and
Blanchoin, 2002; Vidali et al., 2001; Voigt et al., 2005).
Intriguingly, plant tip growth requires dynamic actin
polymerization that is unrelated to cytoplasmic stream-
ing (Gibbon et al., 1999; Vidali et al., 2001). Whereas
most of these data were obtained using the highly potent
F-actin drug latrunculin B, recent studies presented
convincing genetic evidence in favor of actin polymer-
ization-driven cell expansion in root hairs (Gilliland
et al., 2002; Nishimura et al., 2003; Ringli et al., 2002).
Here, we report that actin-dependent tip growth is
tightly linked to the actin-driven movements of plant
endosomes. A similar scenario is plausible also for tip-
growing pollen tubes (Parton et al., 2001, 2003).

Invagination of the plasma membrane and endosomal
motility during early endocytosis is well known to be
dependent on actin polymerization (Engqvist-Goldstein
et al., 2004; Kaksonen et al., 2003). In budding yeast,
endocytic vesicles which have pinched off the plasma
membrane use dynamic actin comet tails for rapid
transport deeper into the cytoplasm, when endocytic
complexes serve as nucleation sites for burst-like actin
polymerization (Engqvist-Goldstein et al., 2004). These
events are known to be abundant especially at sites of
polar growth in yeast cells which, in some respects,
resembles tip growth of plant cells (Pelham and Chang,
2001; Pruyne and Bretscher, 2000; Smith et al., 2001).
Intriguingly, yeast actin patches are propelled by actin
polymerization (Carlsson et al., 2002; Pelham and
Chang, 2001; Smith et al.,, 2001). Recent live-cell
imaging of budding yeast cells revealed that actin
patches co-localize with endosomes both at the plasma
membrane as well as along F-actin cables during their
retrograde transport (Huckaba et al., 2004).

In both plants and yeast, polar expansion occurs in
cells that are constrained by robust cell walls. Mecha-
nistically, it would make sense when secretory cargo as
well as endocytic traffic are recruited from and delivered
into zones of high actin polymerization. As the delivery
of newly synthesized cell wall components via exocytosis
would also result in localized surplus of membrane
material, concomitant active endocytosis would also be
predicted within these zones of high actin dynamics. But
how can local actin polymerization drive expansion of
walled plant cells? This problem could be perhaps
solved, if one considers that actin-driven endosomes
participate in cell wall remodeling and turnover and
hence contribute to the plasticity of the wall. In fact,
root cells internalize particularly cross-linked cell wall
pectins (Baluska et al., 2002) which are the major cell
wall component of root hair tips. Moreover, root hairs
actively maintain thin and loosened cell walls at their
tips. A similar scenario is attractive also for the fungal
tip growth which is tightly linked with endocytosis
(Oberholzer et al., 2004), having endosomes accumu-
lated at sites of polar growth (Walther and Wendland,
2004; Wedlich-So6ldner et al., 2000). Moreover, endo-
somes and F-actin also accumulate at domains of cell
wall remodeling during cytokinetic cell separation
(Wedlich-Séldner et al., 2000, 2002). Last but not least,
actin-driven endosomes might eventually push against
the plasma membrane similarly like actin-driven micro-
bial pathogens (Goldberg, 2001) and lysosome-based
melanosomes (Scott et al.,, 2002), producing long
filopodia facilitating their cell-to-cell spreading.

Besides explaining actin-driven polarized growth in
walled cells, our present data could potentially also shed
fresh light on the elusive actin polymerization-driven
spots/foci at the actin-based protrusive surfaces of
animal and human cells (Kaksonen et al., 2000; Rochlin
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et al., 1999; Weiner et al., 1999) because these too, were
linked with endosomes (Kaksonen et al., 2000). In
conclusion, actin-propelled endosomes are inherently
linked with polarized growth of root hairs, and future
studies should reveal if this new link is relevant also to
other eukaryotic cells that show polarized growth.
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