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During polarized growth of pollen tubes, endomembrane trafficking and actin polymerization are two critical processes that
establish membrane/wall homeostasis and maintain growth polarity. Fine-tuned interactions between these two processes are
therefore necessary but poorly understood. To better understand such cross talk in the model plant Arabidopsis (Arabidopsis
thaliana), we first established optimized concentrations of drugs that interfere with either endomembrane trafficking or the
actin cytoskeleton, then examined pollen tube growth using fluorescent protein markers that label transport vesicles,
endosomes, or the actin cytoskeleton. Both brefeldin A (BFA) and wortmannin disturbed the motility and structural integrity of
ARA7- but not ARA6-labeled endosomes, suggesting heterogeneity of the endosomal populations. Disrupting endomembrane
trafficking by BFA or wortmannin perturbed actin polymerization at the apical region but not in the longitudinal actin cables in
the shank. The interference of BFA /wortmannin with actin polymerization was progressive rather than rapid, suggesting an
indirect effect, possibly due to perturbed endomembrane trafficking of certain membrane-localized signaling proteins. Both the
actin depolymerization drug latrunculin B and the actin stabilization drug jasplakinolide rapidly disrupted transport of
secretory vesicles, but each drug caused distinct responses on different endosomal populations labeled by ARA6 or ARA7,
indicating that a dynamic actin cytoskeleton was critical for some steps in endomembrane trafficking. Our results provide

evidence of cross talk between endomembrane trafficking and the actin cytoskeleton in pollen tubes.

Pollen tubes of flowering plants are specialized cells
that deliver immotile sperm to the proximity of female
gametes for successful reproduction (Johnson and
Preuss, 2002). The growth of pollen tubes is both polar
and directional (Hepler et al., 2001); many cellular
activities contribute to such growth, the most impor-
tant being the dynamics of the actin cytoskeleton
system, targeted exocytosis, and endocytosis (Hepler
et al., 2001).
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Pollen tubes contain longitudinal actin cables along
the shank, which are important for providing struc-
tural support and acting as tracks for the movement of
large organelles (Staiger et al., 1994). The apical area of
pollen tubes instead contains dynamic filamentous
actin (F-actin), as shown by fluorescently labeled actin-
binding proteins (Kost et al., 1999; Fu et al., 2001; Chen
etal., 2002; Wilsen et al., 2006). The dynamics of F-actin
are critical for the polarized growth of pollen tubes.
Genetically manipulating the activities of the small
GTPases ROP (Kost et al., 1999; Fu et al., 2001; Cheung
et al., 2008) and Rab (de Graaf et al., 2005), or of actin-
binding proteins such as profilin and formin (Staiger
et al., 1994; Chen et al., 2002; Cheung and Wu, 2004),
disrupted F-actin dynamics and inhibited tube growth
and caused apical bulges. Application of drugs such as
latrunculin B (LatB) and jasplakinolide (Jas) showed
similar effects (Gibbon et al., 1999; Vidali et al., 2001;
Cardenas et al., 2005; Hormanseder et al., 2005, Chen
et al., 2007).

Targeted exocytosis delivers building materials for
cell membranes and cell walls and therefore is critical
for maintaining growth polarity and directionality of
growing pollen tubes (Hepler et al., 2001). Because
targeted exocytosis brings more membrane and wall
materials than needed to the apex of a pollen tube, an
active endocytic system exists to retrieve excess se-
creted materials. In addition to this nonselective bulk
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membrane retrieval, pollen tubes may have selective
and regulated endocytic trafficking pathways. For
example, experiments using charged gold particles
indicated the existence of two distinct endocytic path-
ways in tobacco (Nicotiana tabacum) pollen tubes
(Moscatelli et al., 2007), and other studies showed
that pollen tubes are able to take in materials from the
extracellular matrix (Lind et al., 1996; Goldraij et al.,
2006). The axis of targeted exocytosis correlated with
the direction of tube growth and it asymmetrically
changed toward the new apex during tube reorienta-
tion (Camacho and Malho, 2003; de Graaf et al., 2005).
Disruption of membrane trafficking altered growth
trajectories (de Graaf et al., 2005). Both suggest that
membrane trafficking is a critical part of polarity
maintenance and reorientation.

As two important cellular processes in pollen tube
growth, membrane trafficking and actin polymeriza-
tion are conceivably dependent on each other. For
example, several studies demonstrated that dynamic
actin polymerization was essential for membrane traf-
ficking (Hormanseder et al., 2005; Wang et al., 2005;
Chen et al., 2007; Lee et al., 2008), while others ex-
plored whether membrane trafficking affected actin
polymerization (de Graaf et al., 2005; Héormanseder
et al., 2005). These studies, however, were mostly done
with rapidly growing pollen tubes from tobacco or lily
(Lilium longiflorum). For the model plant Arabidopsis
(Arabidopsis thaliana), whose pollen tubes grow slower,
little is known in this regard. Given a robust protocol
for Arabidopsis pollen germination (Boavida and
McCormick, 2007), it is now possible to investigate
the interactions between these two cellular activities.

In this study, we analyzed the effects of drug treat-
ments on Arabidopsis pollen tubes expressing fluores-
cent protein probes for transport vesicles, endosomes, or
the actin cytoskeleton. We show that perturbing actin
dynamics by LatB or Jas treatments disrupted the
V-shaped distribution of transport vesicles, caused
aggregation, and finally dissipation of a subpopula-
tion of endosomes, indicating that actin dynamics are
critical at some steps of endomembrane trafficking. On
the other hand, disturbing endomembrane trafficking
with brefeldin A (BFA) or wortmannin abolished the
F-actin structure at the apical region without affecting
the longitudinal actin cables at the shank. These results
provide evidence that endomembrane trafficking and
actin dynamics interact at certain steps during polar-
ized growth of Arabidopsis pollen tubes.

RESULTS AND DISCUSSION

Optimization of Pharmacological Treatments on
Arabidopsis Pollen Tube Growth

Inhibitors perturb cellular processes and thereby are
useful for understanding their mechanisms. BFA is a
fungal toxin that interferes with the activity of Arf gua-
nine nucleotide exchange factors and thereby interferes
with endomembrane trafficking (Nebenfuhr et al., 2002).
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Wortmannin inhibits the activity of phosphatidylinositol
3-P kinase and therefore disturbs phosphatidylinositol
3-P production and possibly its distribution, which is
critical for endomembrane trafficking (van Leeuwen
et al., 2004). Wortmannin at high concentrations (above
30 um) also inhibited phosphatidylinositol-4-phosphate
(PI4P) and phosphatidylinositol-4,5-bisphosphate
[P1(4,5)P,] production by inhibiting type III P14 kinase
(Krinke et al., 2007). Because PI4P and PI(4,5)P, regu-
late both vesicle trafficking and the actin cytoskeleton
in animal cells (Balla and Balla, 2006), we were
concerned that wortmannin treatment might not be
specific. Therefore we used a concentration well below
30 uMm, to minimize interference with the actin cyto-
skeleton or with PI4P and PI(4,5)P, production. Stud-
ies with tobacco BY2 cells as well as with Arabidopsis
seedlings showed that wortmannin treatment below
30 uM did not obviously affect the PI4P level, as shown
by a fluorescent-tagged PI4P probe, PHg,pp, (Vermeer
etal., 2009). LatB depolymerizes the actin cytoskeleton
(Gibbon et al., 1999) while Jas stabilizes it (Cardenas
et al., 2005). Except for wortmannin, these other in-
hibitors have been used in pollen tubes of various
species such as pea (Pisum sativum), lily, and tobacco,
where they resulted in growth arrest and tube bulges
(Gibbon et al., 1999; Vidali et al., 2001; Cardenas et al.,
2005; de Graaf et al., 2005; Wang et al., 2005; Wilsen
et al., 2006; Chen et al., 2007, Lovy-Wheeler et al.,
2007). Because pollen tubes from different plant
species may have distinct sensitivities toward phar-
macological drugs, optimized concentrations for
Arabidopsis had to be determined. To examine the
dynamic changes of endomembrane trafficking as
well as actin polymerization, we used inhibitor con-
centrations that disturb these cellular activities with-
out causing cell death. At such concentrations, the
effects of inhibitor treatment, as assessed by reduc-
tions in growth rate and increases in tube width, could
be visualized over time.

We applied serial dilutions of different inhibitors
based on concentrations in previous reports (Gibbon
et al., 1999; Vidali et al., 2001; Cardenas et al., 2005; de
Graaf et al., 2005; Wang et al., 2005; Wilsen et al., 2006;
Chen et al.,, 2007; Lovy-Wheeler et al., 2007). Because
inhibitors were dissolved in dimethyl sulfoxide
(DMSO), we also confirmed that adding equivalent
volumes of DMSO to control tubes had no phenotypic
consequences over the time course of the experiments.
Inhibitors were added 4 h after pollen germination in
liquid germination medium (pollen germination me-
dium [PGM]). Several concentrations of BFA were
used: There was hardly any effect on tube growth
rate or width at 0.7 um or 1 um (Fig. 1C), however, at
1.4 uM inhibitory effects, i.e. reduced growth rate and
increased tube width, became obvious (Fig. 1C). Tube
width and growth rate were not more affected at
higher concentrations (i.e. 3 um), suggesting that there
is a threshold for inhibitory effects of BFA. Threshold
concentrations were also identified for LatB and Jas.
Treatment with LatB and Jas both resulted in tube
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Figure 1. Optimization of pharmacological treatments for Arabidopsis pollen tubes. Pollen tube width was measured, or vac-
uoles were noted. A representative image for each concentration is shown above the graph. A, LatB treatment. B, Jas treatment.
C, BFA treatment. D, Wortmannin treatment. Arrows indicate vacuoles. Scale bars = 50 um.

bulging and growth arrest at high concentrations (Fig.
1, A and B). LatB at 1 to 2 nm and Jas at 0.1 to 0.2 um
showed a steeply increasing effect on pollen tube
width (Fig. 1, A and B). The increased tube width
upon application of BFA, LatB, and Jas suggested that
these drugs compromised tube polarity. In contrast,
the most prominent phenotypic effect upon wort-
mannin treatment was increased vacuolation. After
treatment with 0.5 uM wortmannin, vacuoles were
observed 50 um from the apex (Fig. 1D). Concentra-
tions of 0.5 um, 0.8 uM, and 1 um caused increased
vacuolation and the vacuoles were closer to the apex
(Fig. 1D). Concentrations higher than 1 um (5 um and
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10 um were tested) did not show obvious differences
from 1 pm.

Based on these results, we chose 1.4 um BFA, 2 nm
LatB, 0.15 um Jas, and 0.8 uM wortmannin for subse-
quent experiments.

Generation of Stable Transgenic Arabidopsis Expressing
Pollen-Specific Fluorescent Protein Markers

To study the dynamics of endomembrane trafficking
and actin polymerization in Arabidopsis pollen tubes,
we generated constructs expressing yellow fluorescent
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protein (YFP)-fused markers. Arabidopsis RabA4b
was used as the marker for transport vesicles. RabA4b
is a Rab GTPase specifically localized at an inverted
cone-shaped area in the apical region of both tobacco
pollen tubes (Lee et al.,, 2008) and Arabidopsis root
hairs (Preuss et al., 2004). Two other Rab GTPases,
ARA6 and ARA7, were used as markers for endo-
somes, although neither has been used before in pollen
tubes. Although it is unequivocal that both ARA6 and
ARAY7 label endosomes, different groups differed as to
the type of endosomes they label, either early endo-
somes, later endosomes, or prevacuolar compartments
(Ueda et al., 2001, 2004; Tse et al., 2004).

We used YFP-fused mouse talin (YFP-mTalin) as the
marker for the actin cytoskeleton. Although studies
have shown that mTalin bundles actin and therefore
affects organization of the actin cytoskeleton (Ketelaar
et al., 2004; Wilsen et al., 2006), it has been used in
pollen tubes to demonstrate the dynamics of F-actin at
the apical clear zone (Kost et al., 1999; Fu et al., 2001).
We found that strong expression of mTalin indeed
bundled actin microfilaments and caused tubes to
bulge (data not shown). However, moderate expres-
sion of YFP-mTalin did not cause growth inhibition or
changes of tube morphology (Fig. 2).

We first tested these fluorescent markers in tobacco
pollen using particle bombardment. As expected, YFP-
RabA4b formed an inverted cone shape in the apical
cytoplasm and a longitudinal tail in the center of pollen
tubes (Supplemental Fig. S1A). This localization resem-
bled that of tobacco Rabll (de Graaf et al., 2005) and
thus indicates where transport vesicles are. ARA6 and
ARA?7 both labeled punctate, highly motile vesicular
structures (Supplemental Fig. S1, B and C) character-
istic of endosomes (Cheung and Wu, 2007). However,
ARAZ7-labeled endosomes were present not only in the
tube shank but also in the apical clear zone (Supple-
mental Fig. S1C), whereas ARA6-labeled endosomes
were excluded from the apical clear zone (Supplemen-
tal Fig. S1B). Such distinct localizations suggested that
ARA6 and ARA?7 label different populations of endo-
somes in pollen tubes. Recently two distinct endocytic
pathways were proposed to occur in pollen tubes, one
at the very apex and the other at the subapical region
(Zonia and Munnik, 2009). The distinct distribution of
ARA6- and ARA7-labeled endosomes may reflect
such a spatial separation of endocytic pathways. YFP-
mTalin (Supplemental Fig. S1D) labeled longitudinal or
slightly helical cables along the tube shank as well as an
F-actin collar/ring at the junction between the apical
and subapical region, as previously described (Kost
et al.,, 1999; Fu et al., 2001).

Having established the validity of these fluorescent
markers, we then generated stable transgenic Arabi-
dopsis plants in the gquartetl background. For each
construct we obtained more than 50 individual T1
lines and selected 10 lines having single T-DNA inser-
tions, based on the criterion that two of the four grains
in a given quartet showed fluorescence. Homozygous
T3 plants were used for subsequent analyses.
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Figure 2. Fluorescent probes for transport vesicles, endosomes, and the
actin cytoskeleton expressed in transgenic Arabidopsis pollen tubes. A,
A pollen tube expressing YFP-RabA4b. B, A pollen tube expressing
ARA6-YFP. C, A pollen tube expressing YFP-ARA7. D, A pollen tube
expressing YFP-mTalin. Arrows in B and C indicate the apical clear
zone, in which ARA6-labeled endosomes are excluded while ARA7-
labeled endosomes are present. Asterisk in D marks the apical F-actin
ring. Scale bar = 20 um. [See online article for color version of this
figure.]

The subcellular localization of RabA4b (Fig. 2A) and
mTalin (Fig. 2D) in Arabidopsis pollen tubes was the
same as in tobacco pollen tubes. The distinction be-
tween ARA6- and ARA7-labeled endosomes regard-
ing whether they were present in the clear zone was
less obvious but still distinguishable (Fig. 2, B and C).
In addition to endosome localization, ARA6 was
detected at the plasma membrane of pollen tubes
and on the invaginated vegetative cell plasma mem-
brane surrounding the sperm cells in transgenic lines
that had high expression levels (data not shown). This
plasma membrane localization of ARA6 may result
from its reported N-myristoylation and palmitoylation
(Ueda et al., 2001).

To verify that the expression of these fusion proteins
did not perturb tube growth and morphology, we
measured pollen tube width and growth rates during
in vitro pollen germination assays. There was no
significant difference between pollen tubes expressing
these fusion proteins and wild-type pollen tubes,
either in tube width or in growth rate (Supplemental
Fig. 52), indicating that the expression of these fusion
proteins did not disturb normal cellular activities in
pollen tubes.
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Disturbance of Transport Vesicles and Endosomes by
BFA and Wortmannin Treatment

In control pollen tubes, transport vesicles labeled by
RabA4b accumulated in an inverted cone-shaped re-
gion in the apical cytoplasm (Fig. 2A). The axis of such
inverted cones changed to a new growth direction
during tube reorientation (Fig. 3A; Supplemental
Movie S1), as did that of NtRabll (de Graaf et al.,,
2005), suggesting that the directional movement of
transport vesicles is part of the reorientation process
during tube growth. Often, longitudinal RabA4b label-
ing could be seen in the center of pollen tubes (Fig. 3A),
which may indicate the path of cytoplasmic streaming.

After 5 min incubation with BFA, pollen tubes
continued growth and RabA4b localization resembled
the pattern in control tubes (data not shown). At
around 20 min, tube growth slowed down, and this
was accompanied by increased fluorescence intensity
in the apical cytoplasm (Fig. 3B). BFA inhibits exocy-
tosis but may increase endocytosis (Wang et al., 2005),
which explains the increased signal intensity after a
short incubation with BFA. The fluorescence intensity
increase appeared to oscillate, although pollen tubes

Figure 3. Time-lapse images of transgenic pollen
tubes expressing YFP-RabA4b. A, Control. B, A
pollen tube treated with BFA. Arrow indicates the
RabA4b labeling below apex after BFA treatment,
which resembles so-called BIA. Serial images
were taken starting after 20 min incubation with
BFA. Therefore time point O s is after 20 min
treatment with BFA. C, A pollen tube treated with
wortmannin. Serial images were taken starting
after 60 min incubation with wortmannin. There-
fore time point O s is after 60 min treatment with
wortmannin. D, A representative pollen tube
treated with BFA for 60 min. E, A representative
pollen tube treated with wortmannin for 90 min.
For D and E, left section, transmitted light; right
section, YFP channel. Scale bars = 20 um. [See
online article for color version of this figure.]
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had almost stopped growth (Fig. 3B; Supplemental
Movie S2). The YFP accumulation zone was shifted
from the very apical region to the subapical area (Fig.
3B) and the YFP label formed aggregates resembling
the so-called BFA-induced aggregates (BIA) that were
previously described in tobacco pollen tubes (Parton
et al, 2001, 2003). Prolonged BFA treatment (60-
90 min) caused apical bulges and growth arrest, with
vacuoles invading the apical region and an absence of
the typical V-shaped RabA4b labeling (Fig. 3D). The
fluorescence was evenly distributed in the cytoplasm
(Fig. 3D), indicating that directional vesicle transport
had stopped.

Wortmannin did not affect the V-shaped localization
of RabA4b within the first 45 min of treatment (data
not shown), but after 60 min the RabA4b labeling
shifted backwards to the junction between the apical
and subapical region (Fig. 3C), and this was correlated
with slowed growth. RabA4b labeling was in distinct
motile patches in the apical and subapical area (Fig.
3C; Supplemental Movie S3). Unlike treatment with
BFA, wortmannin-treated tubes did not show an os-
cillating fluorescence pattern (Fig. 3C). Further incu-

.
270 s 540s | 630s | 720s
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270 s 630s| 720s

Plant Physiol. Vol. 152, 2010



bation resulted in vacuolation at the apical region and
caused redistribution of the RabA4b signal to the
cytoplasm (Fig. 3E).

To confirm these results, we also applied FM4-64, a
lipophilic dye that labels vesicles via endocytosis, to
RabA4b-labeled tubes treated with either BFA (Sup-
plemental Fig. S3) or wortmannin (Supplemental Fig.
54). BFA treatment increased FM4-64 uptake into
pollen tubes. Treatment with BFA disrupted the dis-
tribution pattern of both RabAd4b-labeled and FM4-
64-labeled transport vesicles and formed BIAs
(Supplemental Fig. S3). In contrast, although wortmannin
also disrupted the distribution pattern of transport
vesicles labeled by both RabA4b and FM4-64, pre-
treatment with wortmannin inhibited FM4-64 uptake
(Supplemental Fig. 54). The RabA4b signal overlapped
with the FM4-64 signal at the apical region but not at
the pollen tube shank (Supplemental Fig. S4).

ARAZ7-labeled endosomes were fast-moving punc-
tuate vesicles detected throughout pollen tubes and
including the apical clear zone (Fig. 2C). A 30 min
incubation with BFA caused aggregation of ARA7-
labeled endosomes (Fig. 4A), which were distinct from
the ring-shaped compartments that ARA7-labeled en-
dosomes formed upon BFA treatment or in protoplasts
prepared from the Arabidopsis gnom mutant (Geldner
et al., 2003). This may indicate a cell-specific endo-
somal response to BFA. ARA?7 labeling dissipated into
the cytoplasm after prolonged (60-90 min) BFA incu-
bation (Fig. 4A), when growth was arrested.

Incubation with wortmannin did not affect the lo-
calization pattern and motility of ARA7-labeled endo-
somes within the first 30 min (data not shown),
consistent with the normal tube morphology and

Figure 4. Endosomes respond differently to BFA and wortmannin. A,
Pollen tubes expressing YFP-ARA? treated with BFA. B, Pollen tubes
expressing YFP-ARA7 treated with wortmannin. C, Pollen tubes express-
ing YFP-ARAG treated with BFA. D, Pollen tubes expressing YFP-ARA6
treated with wortmannin. The images shown are representative, chosen
from more than 30 pollen tubes at each time point (30, 60, and 90 min).
Scale bars = 20 um. [See online article for color version of this figure.]
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growth rate. However, ARA7-labeled endosomes
started to form large aggregates after 45 min incuba-
tion with wortmannin (Supplemental Movie S4); 90
min incubation resulted in vacuolation at the apex and
growth arrest, when a few large aggregates were
labeled by ARA7 (Fig. 4B).

Surprisingly, ARA6-labeled endosomes showed re-
sponses distinct from those of ARA7-labeled endo-
somes, with both BFA and wortmannin treatments.
The ARAG6 signal was seen at punctate motile vesicles
in the cytoplasm (Fig. 2B; Supplemental Movie S5).
BFA treatment depleted ARA6 from the apical plasma
membrane (Fig. 4C), likely a result of inhibited exocy-
tosis, which is a well-documented effect of BFA treat-
ment (Nebenfuhr et al., 2002; Geldner, 2004). However,
ARAG6-labeled endosomes did not aggregate, even
after prolonged BFA treatment (Fig. 4C). ARAG6-
labeled endosomes penetrated the apical clear zone
upon BFA treatment (Fig. 4C; Supplemental Movie S5)
where they were usually excluded, indicating dis-
rupted cellular structures due to BFA treatment. ARA6-
labeled endosomes were less numerous after prolonged
BFA treatment (Fig. 4C). Previous studies in Arabi-
dopsis protoplasts were contradictory regarding the
sensitivity of ARA6-labeled endosomes to BFA (Grebe
et al.,, 2003; Ueda et al., 2004). That ARA6-labeled
endosomes were BFA insensitive was previously indi-
cated, in that they were not affected in the gnom
mutant, in which a BFA-sensitive Arf guanine nucle-
otide exchange factors is defective (Geldner et al.,
2003). Our data showed that in pollen tubes ARA6-
labeled endosomes are BFA insensitive.

Wortmannin treatment also did not affect the mor-
phology or motility of ARA6-labeled endosomes (Fig.
4D). Only when pollen tubes were incubated with
wortmannin for more than 60 min did ARA6-labeled
endosomes start to aggregate (Fig. 4D), although to a
much lesser extent than for ARA7-labeled aggregates
(Fig. 4B). In tubes treated with wortmannin for more
than 80 min, when tubes were highly vacuolated,
ARAG6 occasionally accumulated at ring-shaped com-
partments (Fig. 4D). That ARA7- and ARA6-labeled
endosomes showed different responses to BFA and
wortmannin suggests that they are distinct subpopu-
lations of endosomes.

Because both BFA and wortmannin treatments dis-
rupted the FM4-64 distribution pattern, we labeled
ARA7- or ARAé6-expressing tubes with FM4-64 to
verify the treatments with these two drugs. Indeed,
disturbance of the FM4-64-labeling pattern upon BFA
or wortmannin treatments correlated with the aggre-
gation of ARA7-labeled endosomes but not of ARA6-
labeled endosomes (Supplemental Figs. S5 and S6).
Furthermore, we generated transgenic plants coex-
pressing ARA6-CFP and YFP-ARA7 and treated these
transgenic pollen tubes with either BFA or wort-
mannin. As expected, ARA7- and ARA6-labeled en-
dosomes showed different responses to BFA and
wortmannin (Supplemental Fig. 57), strongly support-
ing the heterogeneity of endosomes in pollen tubes.
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The Effects of LatB and Jas Treatments on Transport
Vesicles and Endosomes in Arabidopsis Pollen Tubes

The effects of LatB treatment on the dynamics of the
actin cytoskeleton have been extensively studied with
pollen tubes of several plant species (Fu et al., 2001;
Vidali et al., 2001; Chen et al., 2002, 2007). We obtained
similar results with Arabidopsis pollen tubes. A 30
min incubation with LatB disrupted the apical F-actin
ring structure (Supplemental Fig. S8A), and after 60
min ectopic actin cables penetrated the apical region
(Supplemental Fig. S8B). Application of Jas disrupted
actin cables along the tube shank (Supplemental Fig.
S8C) within 10 min, and resulted in enrichment of
short, thick actin patches beneath the plasma mem-
brane (Supplemental Fig. S8D), as reported for lily
pollen tubes (Cardenas et al., 2005).

To find out how the dynamics of the actin cytoskel-
eton affected the dynamics of transport vesicles in
Arabidopsis pollen tubes, we applied LatB or Jas to
tubes expressing RabA4b-YFP. LatB treatment caused
rapid relocation of the inverted cone labeled by
RabA4b backward from the very apex, forming a
patch at the subapical region (Fig. 5A). Further incu-
bation with LatB caused dissipation of the RabA4b
signal, resulting in an even cytoplasmic distribution
and growth arrest (Supplemental Movie S6). These
results are consistent with the dissipation of the
RabA4b signal to the cytoplasm and with the cessation
of root hair growth seen upon treatment with 200 nm
LatB (Preuss et al.,, 2004). The RabA4b signal was
fragmented upon treatment with Jas (Fig. 5B). Because
Jas treatment caused fragmentation of actin cables at
the shank and aggregation of actin microfilaments at

B 18
270s|360 s 720 s
N -
450 s(540 s

Figure 5. Time-lapse images of transgenic pollen tubes expressing YFP-
RabA4b. A, A pollen tube treated with LatB for 15 min. Arrow indicates
RabA4b labeling below apex, which resembles the so-called BIA. B, A
pollen tube treated with Jas for 15 min. Asterisks indicate vacuoles. Scale
bar = 20 um. Serial images were taken starting after 15 min incubation
with LatB (A) or Jas (B). Therefore time point O s is after 15 min treatment
with the drugs. [See online article for color version of this figure.]

2206

the apical region (Supplemental Fig. S8, C and D), the
fragmented RabA4b signal upon Jas treatment indi-
cates that transport vesicles in pollen tubes require an
intact actin cytoskeleton for directional movement.
Further incubation with Jas redistributed the RabA4b
signal evenly in the cytoplasm (data not shown). These
results support the idea that a dynamic actin cytoskel-
eton is critical for the trafficking of transport vesicles.

Endosomes labeled by ARA6 or ARA7 showed
distinct responses to LatB and Jas. ARA7-labeled en-
dosomes started to form large aggregates after 10 min
incubation with LatB (data not shown), which were
more obvious after 30 min incubation (Fig. 6A). How-
ever, such aggregates were few, reduced in motility,
and persisted in tubes that had been treated with LatB
for 60 min, when growth was already arrested (Fig.
6A). Jas treatment had similar aggregation effects on
ARAZ7-labeled endosomes (Fig. 6B). However, pro-
longed (60 min) Jas treatment caused dissipation of
the ARA7 signal from these aggregates to an even
cytoplasmic distribution (Fig. 6B). In contrast, ARA6-
labeled endosomes were insensitive to both Jas and
LatB treatments and no obvious aggregation was seen
(Fig. 6, C and D), although they penetrated to the
apical region (Fig. 6, C and D) where they were
excluded in control tubes (Fig. 2B). These results
indicated that a dynamic actin cytoskeleton is critical
for certain steps during endocytic routes that affect a
subpopulation of endosomes.

The Effects of BFA and Wortmannin Treatments on the
Dynamics of Actin Cytoskeleton

In contrast to the regulation of endomembrane
trafficking by the actin cytoskeleton, few studies
have been done to explore whether and how endo-
membrane trafficking affects actin dynamics during
tube growth (de Graaf et al., 2005; Hérmanseder et al.,
2005). Expression of either a dominant negative or
constitutively active version of NtRabllb abolished
the apical actin ring structure without disrupting actin
cables in the shank (de Graaf et al., 2005), suggesting
that transport vesicles influence actin dynamics. In
addition, BFA treatment of lily pollen tubes caused
association of a so-called actin basket with BIA, on
which organelles move between the plasma mem-
brane and BIA (Hormanseder et al., 2005).

To find out how perturbing endomembrane traffick-
ing affected the actin cytoskeleton, we applied either
BFA or wortmannin to tubes expressing mTalin. Be-
cause we established the effects of BFA or wortmannin
on endomembrane trafficking, the dynamics of the
actin cytoskeleton after these drug treatments should
reflect its response to perturbed endomembrane traf-
ficking. Incubation with BFA for 5 min did not change
the actin cables in the shank or the F-actin ring at the
apex (data not shown). After 20 min, when BFA
treatment affected tube growth as expected (i.e. an
increased apical dome and a disrupted clear zone was
seen), the apical F-actin ring disappeared while actin
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Figure 6. Dynamic actin polymerization regulates ARA7- but not
ARAG6-labeled endosomes. A and B, Pollen tubes expressing YFP-
ARA7. C and D, Pollen tubes expressing YFP-ARA6. A and C, LatB
treatment for 30 min (top section) or 60 min (bottom section). B and D,
Jas treatment for 30 min (top section) and 60 min (bottom section). The
images shown are representative, chosen from more than 30 pollen
tubes at each time point (30 and 60 min). Scale bar = 20 um. [See
online article for color version of this figure.]

cables at the tube shank were still intact (Fig. 7A).
Tangled actin cables penetrated to the apical region
and surrounded small vacuoles in the apex (Fig. 7A).
However, these actin cable structures disappeared
after prolonged (60 min) incubation with BFA, when
a large vacuole occupied the apex and growth was
arrested (Fig. 7A).

The effect of wortmannin on the actin cytoskeleton
was slower, in that 45 min incubation did not change
either the F-actin ring at the apex or the actin cables in
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the shank (Fig. 7B). After 60 min, however, the actin
ring disappeared (Fig. 7B). Instead, a strong fluores-
cent labeling of tangled actin cable structures was
detected below the apex (Fig. 7B), similar to the
previously reported BIA-associated actin structures
(Hormanseder et al., 2005). Prolonged (90 min) treat-
ment with wortmannin caused tube vacuolation at the
apex and the actin cables penetrated the apex, sur-
rounded the vacuole, and were also tangled beneath
the apical plasma membrane (Fig. 7B). Both drugs
caused disappearance of the F-actin ring at the apex,
suggesting that this F-actin ring is sensitive to pertur-
bations of endomembrane trafficking.

Interdependency of Actin Dynamics and Endomembrane
Trafficking in Pollen Tubes

A dynamic actin cytoskeleton and regulated endo-
membrane trafficking are two critical cellular activities
leading to polarized growth of pollen tubes (Hepler
et al.,, 2001). We show here using pharmacological

Figure 7. Apical F-actin, but not actin cables in the shank, is sensitive
to disturbances of endomembrane trafficking. A, BFA treatment. B,
Wortmannin treatment. The images shown are representative, chosen
from more than 30 pollen tubes at each time point (for BFA: 20, 45, and
60 min; for wortmannin: 45, 60, and 90 min). Arrows indicate where
the F-actin ring would be in control tubes. Scale bar = 20 um. [See
online article for color version of this figure.]
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drugs that these two cellular activities are interdepen-
dent in Arabidopsis pollen tubes.

A dynamic actin cytoskeleton at the apex, as reflected
by the presence of the F-actin ring, was critical for the
directional movement of transport vesicles to the tip,
based on the effects of LatB and Jas on spatiotemporal
RabA4b distribution (Fig. 5). A dynamic actin cytoskel-
eton is essential for endomembrane trafficking involv-
ing ARA7-labeled endosomes but not ARA6-labeled
endosomes, in that ARA7- but not ARA6-labeled en-
dosomes quickly became immotile and aggregated in
the presence of LatB or Jas (Fig. 6). ARA7 most likely
labels an early endosome population (Ueda et al., 2004)
and/or vesicles immediately exiting the trans-Golgi
network, which were also considered early endosomes
(Samaj et al., 2006). Indeed, it was reported that early
endosomes, but not late endosomes or prevacuolar
compartments, are sensitive to BFA (Tse et al., 2004;
Ueda et al., 2004). Our results showing that ARA6-
labeled endosomes are insensitive to BFA and
wortmannin suggested that ARA6 localized at late
endosomes or prevacuolar compartments in pollen
tubes (Fig. 4; Supplemental Figs. S5 and S6). That
ARA6-labeled endosomes were excluded from the
apical clear zone (Fig. 2; Supplemental Fig. S1), where
ARA7-labeled endosomes were present, further suggests
that ARA7-labeled endosomes are early endosomes,
where membrane protein recycling and sorting occur.
We used double-labeling experiments to indicate the
heterogeneity of the endosome populations labeled by
ARAG6 or ARA7 (Supplemental Fig. S7). Because fluo-
rescence microscopy has limited resolution, ultrastruc-
tural studies should be used to confirm these findings.

On the other hand, disturbing endomembrane traf-
ficking by BFA or wortmannin disrupted the apical
F-actin ring at the apex without affecting actin cables
in the shank. Such an effect was delayed and pro-
gressive and therefore might have resulted from an
altered membrane presence of signaling proteins.
Plausible candidates for such signaling proteins are
ROP GTPases. ROP GTPases regulate dynamic actin
polymerization in pollen tubes (Fu et al., 2001), and
both in pollen tubes and in sporophytic cells they also
regulate membrane trafficking through actin dynam-
ics and/or their effectors (Lavy et al., 2007; Lee et al.,
2008). ROP-GTP is spatiotemporally restricted to the
apical plasma membrane (Wu et al., 2001) by the co-
ordinated function of a receptor kinase (PRK2a) and a
ROP guanine nucleotide exchange factor (Zhang and
McCormick, 2007), suggesting that ROP-mediated sig-
naling is a convergence point for actin dynamics and
endomembrane trafficking in pollen tubes.

MATERIALS AND METHODS

Generation of Stable Transgenic Protein Fusion
Marker Lines

The expression construct for mTalin (Zhang et al., 2009) was described
previously. RabA4b, ARA6, and ARA7 were PCR amplified from inflorescence
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cDNA and ligated into a pENTRY/D-TOPO vector to generate entry vectors
using the following primer pairs: for RabA4b (At4g39990), 5'CACCATG-
GCCGGAGGAGGC3" and 5STCAAGAAGAAGTACAACAAGTGCTG3'; for
ARA6 (At3g54840), 5’ CACCATGGGATGTGCTTCTTCTCTTCCA3' and
5'TGACGAAGGAGCAGGACGAGGTS3'; for ARA7 (At4g19640), 5'CACCA-
TGGCTGCAGCTGGAAACAAGA3' and 5'CTAAGCACAACAAGATGAG-
CTCACTGC3'. The entry vectors for RabA4b, ARA6, and ARA7 were
generated by TOPO ligation (Invitrogen) and verified by sequencing. The
YFP and CFP fusion expression constructs were generated by LR reactions
with previously described pollen-specific Gateway (Invitrogen) destination
vectors (Zhang and McCormick, 2007). The Arabidopsis (Arabidopsis thaliana)
quartet1-2 (qrt1) mutant in the Columbia-0 ecotype was used as wild type for
stable transformation by the floral-dipping method (Clough and Bent, 1998).
Transgenic plants were selected on Murashige and Skoog medium supple-
mented with 30 ug/mL Basta, then transferred to soil in a 4:1:1 mix of Fafard
4P:perlite:vermiculite under an 18-h light/6-h dark cycle at 21°C.

Transient Expression in Tobacco Pollen Tubes by
Particle Bombardment

Transient expression assays in tobacco (Nicotiana tabacum) pollen were as
described (Zhang and McCormick, 2007). Images were captured from 4 to 8 h
after germination.

Arabidopsis in Vitro Pollen Germination

Arabidopsis in vitro pollen germination was conducted at 22.5°C, as
described (Boavida and McCormick, 2007). Briefly, liquid PGM (0.01% boric
acid, 5 mm CaCl,, 5 mm KCl, 1 mm MgSO,) was always prepared fresh from
100X stock solutions using autoclaved MilliQ water (Millipore). Suc was
added to a final concentration of 10% and the pH was adjusted to 7.8 using
NaOH. For each liquid germination assay, 60 freshly opened flowers were
placed in liquid PGM and agitated briefly on a vortex mixer. After removing
flower parts with a forceps, the suspension was centrifuged at 2,000 rpm for
1 min to pellet pollen. Pollen grains were resuspended in 300 uL liquid PGM
and transferred, using a cut-off pipette tip, to small (12 X 45 mm) glass vials
for germination. Pollen tube width was measured at the widest region in the
apical or subapical region, using the measuring function of Axiovision
software. From 80 to 100 pollen tubes were measured to determine the
average tube width and a f test was performed to determine if the difference
was significant (P < 0.05, t test). The growth rate of pollen tubes was
calculated from an average of the distance that 20 tubes grew in 15 min.

Pharmacological Treatments

Stock solutions of inhibitors (Calbiochem) were prepared in DMSO at the
following concentrations: 357 um BFA, 330 uM wortmannin, 5 mm LatB, and
1 mm Jas. Dilutions in DMSO were prepared and added in liquid PGM. DMSO
was added to controls. For optimization of pharmacological treatments, pollen
was germinated in liquid PGM for 4 h before adding inhibitors. Aliquots
(50 uL) of germination medium with pollen were then distributed in indi-
vidual wells of a 96-well micropipette plate. Inhibitors were added to
individual wells, gently mixed, and then incubation was continued. To
determine the effects of inhibitor treatments on the actin cytoskeleton and
endomembrane trafficking, transgenic pollen expressing fluorescent protein
markers was used. Inhibitors were added at a final concentration of 1.4 um for
BFA, 0.8 uMm for wortmannin, 2 nm for LatB, or 0.15 um for Jas. All experiments
were repeated at least three times. A final concentration of 0.025 g/mL
glutaraldehyde (Sigma) was added after 2 h incubation to fix the cells, before
measuring pollen tube widths. FM4-64 (final concentration of 4 mm) was
added to PGM 5 min before imaging. Images and movies shown are repre-
sentative of approximately 30 pollen tubes observed for each experiment at
different time points after drug treatment.

Microscopy

An inverted Axiophot microscope (Zeiss) with either bright-field or
epifluorescence optics was used. Images were captured using a Spot digital
camera (Diagnostic Instruments), exported using AxioVision (Zeiss), and
processed using Adobe Photoshop 7.0 (Adobe). All movies were generated
using the 6D acquisition option, with 30 images taken at 30 s intervals.
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Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AB007766 for ARA6, AB038491 for ARA7Z,
and AY088624 for RabA4b.

Supplemental Data

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

Supplemental Figure S1. Fluorescent protein probes expressed in tobacco
pollen.

Supplemental Figure S2. Pollen tube morphology and growth rate in
pollen-expressing fluorescent probes.

Supplemental Figure S3. Effect of BFA on transport vesicles labeled by
YFP-RabA4b and FM4-64.

Supplemental Figure S4. Effect of wortmannin on transport vesicles
labeled by YFP-RabA4b and FM4-64.

Supplemental Figure S5. Effect of BFA on pollen tubes expressing ARA6-
YFP or YFP-ARA7 and labeled with FM4-64.

Supplemental Figure Sé6. Effect of wortmannin on pollen tubes expressing
ARAG6-YFP or YFP-ARA7 and labeled with FM4-64.

Supplemental Figure S7. Effects of BFA and wortmannin on pollen tubes
coexpressing ARA6-CFP and YFP-ARA7.

Supplemental Figure S8. Effects of actin-disrupting drugs on YFP-mTalin
labeling pattern.

Supplemental Movie S1. Transport vesicles labeled by YFP-RabA4b.

Supplemental Movie S2. Transport vesicles labeled by YFP-RabA4b in a
BFA-treated pollen tube.

Supplemental Movie S3. Transport vesicles labeled by YFP-RabA4b in a
wortmannin-treated pollen tube.

Supplemental Movie S4. ARA7-positive endosomes after wortmannin
treatment.

Supplemental Movie S5. ARA6-positive endosomes after BFA treatment.

Supplemental Movie S6. Transport vesicles labeled by YFP-RabA4b in a
LatB-treated pollen tube.
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Supplemental Figure 1. Fluorescent protein probes expressed in tobacco pollen.

(A) A pollen tube expressing Y FP-RabA4b that |abel s transport vesicles. Inset shows alongitudinal tail of
RabA4b labeling in atransformed pollen tube.

(B) A pollen tube expressing ARAG6-Y FP that |abels endosomes.

(C) A pollen tube expressing Y FP-ARAY7 that labels endosomes.

(D) A pollen tube expressing Y FP-mTalin that labels the actin cytoskeleton.

Left panels, YFP channel; right panels, transmitted light.

Scale bars = 20 um.

Supplemental Figure 2. Pollen tube morphology and growth rate were not affected in pollen expressing
fluorescent probes.

(A) Pollen tube width.

(B) Pollen tube growth rate.

Supplemental Figure 3. Effect of BFA treatment on transport vesicles labeled by Y FP-RabA4b and FM4-64.
Pollen tubes expressing Y FP-RabA4b treated with BFA at 15 min (A), 30 min (B) and 45 min (C). 5 min
before imaging, 4 mM FM4-64 in DM SO was added to the medium. Top images were taken with the Y FP
channel, middle images were taken with the RFP channel. Merged images are shown at the bottom. Scale
bar =20 um.

Supplemental Figure 4. Effect of Wortmannin treatment on transport vesicles labeled by Y FP-RabA4b and
FM4-64.

Pollen tubes expressing Y FP-RabA4b treated with Wortmannin at 30 min (A), 60 min (B) and 90 min (C).
5 min before imaging, 4 mM FM4-64 in DM SO was added to the medium. Top images were taken with the
Y FP channel, middle images were taken with the RFP channel. Merged images are shown at the bottom.
Scale bar =20 pm.

Supplemental Figure 5. Effect of BFA treatment on pollen tubes expressing either ARAG-Y FP (A) or Y FP-
ARA7 (B) and labeled with FM4-64. Top images were taken with the Y FP channel and bottom images
were taken with the RFP channel. Scale bar = 20 pm.

Supplemental Figure 6. Effect of Wortmannin treatment on pollen tubes expressing either ARAG-YFP (A)
or YFP-ARAY (B) and |abeled with FM4-64. Top images were taken with the Y FP channel and bottom
images were taken with the RFP channel. Scale bar = 20 pm.

Supplemental Figure 7. Effects of BFA and Wortmannin treatments on pollen tubes co-expressing ARA6-
CFP and YFP-ARAY. Top images were taken with the CFP channel; middle images with the Y FP channel.
Merged images are shown at the bottom. Scale bar = 20 um.

Supplemental Figure 8. The effects of actin disrupting drugs on the Y FP-mTalin labeling pattern.

(A) A pollen tube treated with LatB for 30 min. Arrow indicates where the F-actin ring would be localized
in non-treated tubes.

(B) A pollen tube treated with LatB for 60 min. Arrow indicates where the F-actin ring would be localized
in non-treated tubes.

(C) A pollen tube treated with Jas for 10 min. Note that a few actin cables remained intact (shown with
asterisk), while thick actin patches were aready formed.

(D) A tube treated with Jas for 40 min. No actin cables were visible, and instead, thick actin patches were
present throughout the tube.

Dotted lines show the contour of the apex of pollen tubes. Scale bar = 20 um.

Supplemental Movie 1. Transport vesicles labeled by Y FP-RabA4b in a growing control tube.
Supplemental Movie 2. Transport vesicles labeled by Y FP-RabA4b in a pollen tube treated with BFA for
30 min.

Supplemental Movie 3. Transport vesicles labeled by Y FP-RabA4b in a pollen tube treated with
Wortmannin for 30 min.

Supplemental Movie 4. ARA7-positive endosomes treated with Wortmannin for 60 min.



Supplemental Movie 5. ARA6-positive endosomes treated with BFA for 45 min.

Supplemental Movie 6. Transport vesicles labeled by Y FP-RabA4b in a pollen tube treated with LatB for
20 min.

All movies are 30 frames taken at 30 sec intervals and play at 5 frames/sec.
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