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ABSTRACT

Polarized tip growth is a fundamental cellular process in many eukaryotes. In this study, we examined the

dynamic restructuring of the actin cytoskeleton and its relationship to vesicle transport during pollen tip

growth in Arabidopsis. We found that actin filaments originating from the apical membrane form a special-

ized structure consisting of longitudinally aligned actin bundles at the cortex and inner cytoplasmic fila-

ments with a distinct distribution. Using actin-based pharmacological treatments and genetic mutants in

combination with FRAP (fluorescence recovery after photobleaching) technology to visualize the transport

of vesicles within the growth domain of pollen tubes, we demonstrated that cortical actin filaments facili-

tate tip-ward vesicle transport. We also discovered that the inner apical actin filaments prevent backward

movement of vesicles, thus ensuring that sufficient vesicles accumulate at the pollen tube tip to support the

rapid growth of the pollen tube. The combinatorial effect of cortical and internal apical actin filaments

perfectly explains the generation of the inverted ‘‘V’’ cone-shaped vesicle distribution pattern at the pollen

tube tip. When pollen tubes turn, apical actin filaments at the facing side undergo depolymerization and

repolymerization to reorient the apical actin structure toward the new growth direction. This actin restruc-

turing precedes vesicle accumulation and changes in tube morphology. Thus, our study provides new

insights into the functional relationship between actin dynamics and vesicle transport during rapid and

directional pollen tube growth.
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INTRODUCTION

Tip growth is an extreme form of polarized cell growth that occurs

exclusively from a single site (Franklin-Tong, 1999; Hepler et al.,

2001; Cole and Fowler, 2006; Yang, 2008; Qin and Yang, 2011;

Guan et al., 2013; Rounds and Bezanilla, 2013). It is important

for morphogenetic and developmental processes in different

eukaryotic organisms, including sexual reproduction in higher

plants, nervous system development in mammals, and

development and pathogenesis in fungi. To achieve this type of

growth, tip-growing cells must direct the transport of vesicles

to the apical region to maintain a distinct apical growth domain.

Revealing how tip-growing cells generate and maintain this
930 Molecular Plant 10, 930–947, July 2017 ª The Author 2017.
domain is central to understanding the cellular mechanism of

tip growth.

Pollen tubes in particular exhibit a prominent apical zone that is

full of vesicles (Lancelle and Hepler, 1992). In living pollen tubes

from many different species, the transport vesicles assume a

distribution pattern with an inverted ‘‘V’’ cone shape (de Graaf

et al., 2005; Lee et al., 2008; Kroeger et al., 2009; Zhang et al.,

2010b; Qu et al., 2013; Stephan et al., 2014; Chang and Huang,
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2015; Li et al., 2017). The vesicles carry materials necessary for

membrane expansion and cell-wall synthesis and consequently

are vital for pollen tube growth. Under the light microscope,

the apical zone exhibits a more uniform texture than the rest

of the cell body and has been defined as the ‘‘clear zone’’

(Lovy-Wheeler et al., 2007; Hepler and Winship, 2015). The

presence of the clear zone has been described as an indicator

of healthy and vigorous pollen tubes (Lovy-Wheeler et al.,

2007). However, it remains an open question how the clear

zone is generated and maintained during directional pollen tube

growth (Hepler and Winship, 2015).

Underlying the generation of the clear zone, or in other words the

unique zonation of the cytoplasm (Cheung and Wu, 2007), is the

distinct organization of the actin cytoskeleton within different

regions of the pollen tube (Ren and Xiang, 2007; Cheung and

Wu, 2008; Chen et al., 2009; Staiger et al., 2010; Fu, 2015; Qu

et al., 2015). Within the shank region, actin filaments are mainly

arrayed into actin cables that are aligned with the long axis of

the pollen tube (Cheung et al., 2008). Those longitudinally

aligned actin cables are excluded from the tip of growing pollen

tubes that are demonstrated to mediate cytoplasmic streaming

(Gu et al., 2005; Ye et al., 2009; Wu et al., 2010). Within the

subapical region, a prominent actin structure that is made up of

short actin bundles is consistently captured but exhibits

different appearances within pollen tubes from different

species. Different names have therefore been given to them,

such as actin fringe (Lovy-Wheeler et al., 2005; Dong et al.,

2012), actin ring or collar (Kost et al., 1998; Gibbon et al., 1999;

Fu et al., 2001), actin mesh (Geitmann et al., 2000; Chen et al.,

2002), and actin funnel or basket (Vidali et al., 2001;

Hormanseder et al., 2005). The difference in the morphology of

the reported subapical actin structures could be due to

different labeling approaches, since apical actin filaments turn

over very quickly (Gibbon et al., 1999; Fu et al., 2001; Vidali

et al., 2001) and are hard to preserve and visualize. It is

possible that the reported morphological differences could be,

to some extent, due to a true variation in the overall

organization of actin filaments in different species. Certainly, it

is also possible that those reported subapical actin structures

represent a continuum of related structures each existing part

of the time during pollen tube growth as proposed by Cheung

et al. (2008). For this reason, Cheung et al. argued that it might

be conceptually too confining to apply any single morphological

descriptive to describe the subapical actin structure in growing

pollen tubes and proposed the name ‘‘subapical actin

structure’’ to describe actin structures at the subapex of pollen

tubes (Cheung et al., 2008). In addition to the subapical F-actin,

Yang’s group provided evidence showing the presence of a

dynamic form of tip-localized F-actin in living tobacco pollen

tubes, which is regulated by ROP signaling via two counteracting

downstream pathways in pollen tubes (Fu et al., 2001; Gu et al.,

2005). Nonetheless, actin filaments at the subapex and apex

are extremely relevant to generation of the clear zone (Kroeger

et al., 2009; Cheung et al., 2010; Hepler and Winship, 2015),

since they are closely associated with each other in space

(Lovy-Wheeler et al., 2005). In particular, a previous study in

Arabidopsis showed that membrane-localized FH5 (formin ho-

mology5) mediates assembly of the subapical actin structure to

facilitate vesicular trafficking within the apical dome (Cheung

et al., 2010). In addition, a study by Yang’s group suggested
that ROP1-dependent apical actin promotes vesicle accumula-

tion in the apex (Lee et al., 2008). However, how exactly actin

filaments regulate tip-directed transport and accumulation of

vesicles remains to be explored. In this regard, careful documen-

tation of the exact organization and dynamics of actin filaments

within the growth domain during tube elongation, and compari-

son of pollen tubes from different species, may provide clues to

help us answer this question.

There has been considerable debate about how the actin cyto-

skeleton might be involved in vesicle trafficking within the growth

domain of pollen tubes, and in particular there has been a long-

term debate about whether exocytotic vesicles arrive at the

very tip or subapically in the pollen tube. Several hypotheses

have been proposed regarding the function of subapical actin

structures in the regulation of vesicle trafficking in pollen tubes

(Geitmann and Emons, 2000). One hypothesis argues that the

cortical fringe acts as a track for myosin motors to allow the

transport of vesicles to precise sites in the apex of the pollen

tube (Lovy-Wheeler et al., 2005); the other hypothesis argues

that the subapical actin structure acts as a filter to create the

apical vesicular zone (Kost et al., 1998; Cheung et al., 2008). In

addition, it was also found that the apical actin filaments border

the vesicle zone, and the subapical actin fringe structure was

therefore assumed to constrain the apical vesicle zone (Kroeger

et al., 2009). To examine the validity of these hypotheses,

it is necessary to combine simultaneous visualization of actin

dynamics and vesicles during pollen tube growth with actin-

based genetic manipulations and pharmacological treatments,

which we have done here using FRAP (fluorescence recovery

after photobleaching) technology to visualize the transport of

vesicles within the growth domain of wild-type (WT) pollen tubes

or pollen tubes with altered actin cytoskeleton.

Here, we provide a unified view of the overall morphology and dy-

namics of apical actin filaments within pollen tubes, and further

show that the differential organization of apical actin filaments

in space might have a distinct function in the regulation of vesicle

trafficking. Our results suggest that the development and elabo-

ration of apical actin structure may represent an evolutionarily

conserved strategy to ensure the rapidity of pollen tube growth

for pollination and fertilization in flowering plants. These findings

substantially advance our understanding of the actin-based cell

regulatory mechanism underlying rapid and polarized pollen

tube growth.
RESULTS

A Population of Apical Actin Filaments Is Associated
with and Required for Normal Pollen Tube Growth

To decipher the relationship between apical actin filaments and

pollen tube growth in Arabidopsis, we used time-lapse spinning

disk confocal microscopy of live pollen tubes in which

actin filaments were labeled with Lifeact-eGFP. We found that a

population of apical actin filaments is continuously generated

from the apical membrane, and generation of these filaments is

tightly linked with pollen tube growth (Figure 1A–1C). We also

noticed that when WT pollen tube growth was spontaneously

delayed in a naturally growing pollen tube, the apical actin

structure disappeared (Figure 1D–1F). We extended this result
Molecular Plant 10, 930–947, July 2017 ª The Author 2017. 931
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by showing that treatment with a low dose of latrunculin B

(LatB), which specifically depolymerized apical actin filaments

(Supplemental Figure 1A), caused pollen tube growth inhibition

(Figure 1G–1I). In addition, we found that growth inhibition

in a naturally growing pollen tube was accompanied by

disorganization of apical actin filaments (Figure 1J–1L). These

results provide good evidence that apical actin polymerization

and organization are required for normal pollen tube growth. To

describe the overall organization of apical actin filaments, we

examined longitudinal and transverse sections of growing

pollen tubes, and found that the filaments are relatively dense

at the cortex but are relatively sparse in the inner region of the

pollen tube (Figure 1M and 1N). Specifically, some apical actin

filaments are aligned longitudinally at the cortex; other apical

actin filaments, however, extend into the inner region of the

cytoplasm (Figure 1M and 1N; Supplemental Movie 1). Further

observations showed that apical actin filaments are mainly

generated from the apical membrane (Supplemental Figure 2A;

Qu et al., 2013; Zhang et al., 2016a). These filaments frequently

undergo bundling events (Supplemental Figure 2B and 2C),

and the bundling level of actin filaments at the cortex is

comparatively high (Supplemental Figure 2D). Based on these

observations, a simplified schematic model was drawn to

describe the overall organization of apical actin filaments

(Figure 1O). Thus, we provide strong evidence that generation

of the properly organized apical actin filaments is tightly linked

with pollen tube growth.
Apical Actin Filaments Regulate Tip-Directed
Accumulation of Vesicles and Generation of the Clear
Zone

We next investigated how apical actin filaments may regulate the

accumulation of apical vesicles and generation of the clear zone.

Initially, we found that Arabidopsis pollen tubes contain a smooth

region corresponding to the clear zone, and this zone is main-

tained during pollen tube growth (Figure 2A). Formation of the

clear zone occurs with and precedes tube regrowth (Figure 2B),

and it starts to disappear after the cessation of pollen tube

growth in naturally growing pollen tubes (Figure 2C). We found

that this zone is indeed full of transport vesicles in Arabidopsis

pollen tubes (Figure 2D), and apical accumulation of vesicles

coincides with formation of the clear zone (Figure 2E). We then

showed that apical actin filaments are tightly associated with

the clear zone (Figure 2F), and a properly organized apical actin

structure is required for formation of the clear zone (Figure 2G).

Next, we showed that the highly concentrated vesicles at the

tip are surrounded by apical actin filaments, and the region

occupied by the vesicles gradually became narrower as the

distance from the tip increases (Figure 2H and 2I; Supplemental

Movie 2). This finding suggests that vesicles are spatially

restricted by apical actin filaments.

The regulatory role of actin in apical vesicle accumulation was

demonstrated by showing that 3 nMLatB treatment caused dissi-

pation of the vesicles from the pollen tube tip (Figure 2J). Given

that apical actin polymerization is assumed to be mainly

controlled by formins (Cheung et al., 2010; Liu et al., 2015; Li

et al., 2017), the importance of apical actin filaments in

regulating apical vesicle accumulation was also examined by

treatment with SMIFH2 (small molecular inhibitor of formin
932 Molecular Plant 10, 930–947, July 2017 ª The Author 2017.
homology two domains) (Rizvi et al., 2009). SMIFH2 treatment

inhibited pollen tube growth and apical actin polymerization in

a dose-dependent manner (Supplemental Figure 1B). We

found that dissipation of vesicles from the pollen tube tip

occurred concurrently with the SMIFH2-mediated inhibition of

apical actin polymerization (Figure 2K). In line with this finding,

prf4 prf5 mutant pollen tubes, which are defective in apical

actin polymerization and formation of apical actin structures

(Figure 2L–2N; Liu et al., 2015), exhibited defects in the apical

accumulation of vesicles (Figure 2O and 2P). In addition, we

found that apical vesicle accumulation was impaired when

apical actin filaments became disorganized in WT and vln2 vln5

pollen tubes that periodically exhibit abnormal accumulation of

apical actin filaments (Supplemental Figure 3; Qu et al., 2013).

Taken together, these results demonstrate that a properly

organized apical actin structure is required for apical vesicle

accumulation in pollen tubes.
Apical Actin Filaments at the Cortex Drive Tip-Directed
Vesicle Transport Presumably by Providing Molecular
Tracks for Myosin Motors

To determine exactly how actin filaments regulate apical vesicle

accumulation, we used time-lapse microscopy and found that

reformation of a bright apical actin structure precedes apical

vesicle accumulation in a WT pollen tube (Figure 3A and 3B).

We confirmed this by showing that apical vesicle accumulation

followed soon after recovery of the apical actin structure in

LatB-treated pollen tubes (Figure 3C and 3D). Given that it was

hypothesized that membrane-originated apical actin filaments

are nucleated by formins, which are barbed end actin polymer-

ases (Cheung et al., 2010; Qu et al., 2013), apical actin

filaments may cooperate with barbed end-directed myosin XIs

(Lee and Liu, 2004) to drive tip-ward vesicle movement. To test

this notion, we treated pollen tubes with 2,3-butanedionemonox-

ime (BDM), which was originally shown to antagonize the ATPase

activity of myosin II and inhibit the activity of plant myosin in vitro

(Tominaga et al., 2000; Funaki et al., 2004) and the cytoplasmic

streaming and organelle movement in living plant cells

(Nebenfuhr et al., 1999; Holweg et al., 2003; Higaki et al., 2006).

We found that BDM induced the dissipation of vesicles from

the apical region of the tube (Figure 3E). This implicates that the

activity of myosin is required for apical accumulation of vesicles.

Myosin motors selectively interact with actin tracks that have

different degrees of bundling or are decorated with different actin

bundling proteins (Nagy et al., 2008; Brawley and Rock, 2009).

We therefore investigated tip-directed vesicle transport in

Arabidopsis strains with altered filament binding status due to

mutations in genes encoding actin-binding proteins. Indeed, we

found that fim5 mutant pollen tubes, which have disorganized

apical actin filaments (Supplemental Figure 4A; Zhang et al.,

2016a, 2016b), exhibited defects in apical vesicle accumulation

(Supplemental Figure 4B and 4C). To determine whether

cortical or internal or both types of apical actin filament are vital

for tip-directed vesicle transport, we performed FRAP in pollen

tubes expressing Lat52::YFP-RabA4b. We found that the

fluorescence recovered first at the cortex within the tip region

(Figure 3F; Supplemental Movie 3), suggesting that vesicles

were transported to the tip along apical actin filaments at the

cortex. Thus, the results showed that cortical apical actin



Figure 1. Apical Actin Filaments Are Associatedwith andRequired for Pollen TubeGrowth andAreArranged into aDistinct Structure.
(A) Time-lapse images of actin filaments, labeled by Lifeact-eGFP, in a growing wild-type (WT) pollen tube.

(B) Kymograph analysis of images shown in (A). The left panel indicates the region covered by the kymograph analysis and the right panel shows a plot of

the velocity of pollen tube growth and the amount of apical F-actin versus time.

(C) z series optical sections of the pollen tube at 48 s derived from the time-lapse analysis shown in (A).

(D) Time-lapse images of actin filaments in another growing WT pollen tube.

(E) Kymograph analysis of apical actin filaments during pollen tube growth. The colored band corresponds to that above the image in (D). Blue and yellow

colored stages indicate periods of normal growth and delayed growth, respectively.

(legend continued on next page)
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filaments drive tip-ward vesicle transport, presumably by

providing tracks for myosin motors (Figure 3G).
Internal Apical Actin Filaments May Act as a Physical
Barrier to Block the Backward Movement of Vesicles

Vesicles are transported along the cortex and released so that

they accumulate at the extreme apical region centered at

the polar axis. This implies that formation of an inverted ‘‘V’’

cone-shaped vesicle distribution pattern occurs during the back-

ward movement of vesicles. In support of this, a previous study

showed that uptake of FM4-64 results in a distinct staining

pattern in the apical region, which corresponds spatially to the

cone-shaped apical vesicle accumulation pattern (Parton et al.,

2001). To further demonstrate this, we performed FRAP

experiments on pollen tubes expressing Lat52::YFP-RabA4b

with the tip kept unbleached. The results showed that vesicles

indeed recovered in an inverted ‘‘V’’ cone-shaped distribution

pattern (Figure 4A and 4B; Supplemental Movie 4). Given that

vesicles are surrounded by apical actin filaments (Figure 2H;

Supplemental Movie 2), it is very likely that the apical actin

filaments may spatially restrict the vesicles. Considering that

some apical actin filaments extend into the inner region of the

cytoplasm, they might play an active role in regulating the

backward movement of vesicles.

To understand how internal apical actin filaments regulate the

backward movement of vesicles, we sought to model their distri-

bution pattern. The theoretical shape of a pollen tube in the

medial section was initially drawn (Figure 4C), and the location

of each internal apical actin filament was determined from three

parameters as described in Figure 4D. Based on the

assumption that actin filaments originate equally from all parts

of the apical membrane, and taking into account the two

parameters in Figure 4C, the filament length distribution

(Figure 4E), and the average filament angles (Figure 4F), we

generated an initial overall apical filament distribution

(Supplemental Figure 5A). Given that apical actin filaments have

differential lifetimes at different locations (Supplemental

Figure 5B), a refined model of apical actin filament distribution

was generated after taking this into account (Figure 4G). The

modeling result showed that actin filaments are relatively short

and sparse at the tip, which might allow the released vesicles

to accumulate there. In addition, the model allows us to

speculate that internal apical actin filaments likely act as a
(F) z series images of actin filaments at 100 s derived from the time-lapse ser

(G) Time-series projection images of actin filaments in a pollen tube in the pre

(H) Kymograph analysis of apical actin filaments in the pollen tube shown in (

(I) z series images of actin filaments at 184 s derived from the time-lapse ima

(J) Time-lapse image of actin filaments in a growing WT pollen tube.

(K) Kymograph analysis of actin filaments in the pollen tube shown in (J).

(L) z series images of apical actin filaments at 80 s derived from the time-series

indicated by the green arrow in the plot in (K). Yellow brackets indicate brigh

accumulation of actin filaments at the extreme apex in (J) and (L). Bars, 5 mm

(M and N) Longitudinal sections (M) and transverse sections (N) of a WT pollen

projection images. The orange lines indicate the edge of the pollen tube. The r

regions, respectively. The blue arrowheads indicate actin filaments in the sha

spatial organization of apical actin filaments.

(O) Schematic organization of apical actin filaments in the pollen tube. The av

determined by kymograph analysis (inset image in the right panel the distan

average length (mean ± SD) of the actin fringe is 3.77 ± 0.65 mm, n = 21.
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physical barrier to block the backward movement of vesicles,

and consequently the vesicle-occupied region narrows down

gradually from the tip to the base.

To test this hypothesis, we initially performed an FRAP experi-

ment similar to the one described above except that we added

3 nM LatB to abolish the internal apical actin filaments

(Figure 4H). The recovered vesicles became more diffuse in the

apical region (Figure 4I). We extended this result by showing

that, after inhibition of apical actin polymerization by treatment

with SMIFH2 (Figure 4J), vesicles cannot recover to the regular

inverted ‘‘V’’ cone-shaped distribution (Figure 4K; Supplemental

Movie 5). A similar finding was obtained in prf4 prf5 mutant

pollen tubes (Figure 4L and 4M). In addition, we found that

within fim5 pollen tubes, which have disorganized internal

apical actin filaments (Figure 4N), vesicles cannot recover their

cone-shaped distribution (Figure 4O). These data demonstrate

that the presence and proper organization of internal apical

actin filaments are required for their role in regulating backward

movement of vesicles. These internal filaments presumably act

as a physical barrier to shape the apical vesicle distribution

pattern (Figure 4P).
Apical Actin Filaments Prevent the Invasion of Large
Organelles into the Pollen Tube Tip

To uncover how apical actin filaments prevent apical invasion of

large organelles, we used YFP-ARA7 as the marker, because en-

dosomesdecoratedwith this fusionproteinwerepreviously shown

to be excluded from the pollen tube tip (Zhang et al., 2010b). By

tracking individual YFP-ARA7-positive endosomes, we found

that these vesicleswere excluded from the regionoccupiedbyapi-

cal actin filaments (Figure 5A). YFP-ARA7-positive endosomes

moved toward the tip, but then reversed their direction of travel

when they reached the base of the region occupied by apical actin

filaments (Figure 5B and 5C). The requirement for apical actin

filaments to prevent the invasion of large organelles was

demonstrated by showing that 3 nM LatB treatment induced

apical invasion of YFP-ARA7-decorated endosomes (Figure 5D).

We extended this result by showing that inhibition of apical actin

polymerization with SMIFH2 treatment caused gradual apical

invasion of YFP-ARA7-decorated endosomes (Figure 5E). A

similar finding was obtained in prf4 prf5 mutant pollen tubes

(Figure 5F and 5G). In addition, we found that YFP-ARA7-

decorated endosomes invaded into the tip of vln2 vln5 and fim5
ies shown in (D) and indicated by the green arrow in (E).

sence of 3 nM LatB.

G).

ges shown in (G) and indicated by the green arrow in (H).

images shown in (J). The growth rate of the pollen tube at this time point is

t apical actin filaments in (A), (D), (G), and (J). Yellow arrows indicate the

.

tube, showing the actin filaments. The left panels in (M) and (N) show the

ed and yellow arrowheads indicate actin filaments at the cortex and inner

nk region. See the three-dimensional Supplemental Movie 1 showing the

erage length and distance of the actin fringe from the pollen tube tip was

ce between red arrows represents the length of apical actin fringe). The
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pollen tubes, which have disorganized apical actin filaments

(Figure 5H–5K). This suggests that proper organization of apical

actin filaments is also required for their role in excluding large

organelles. We used statistical analysis to compare the distance

from the tip of the pollen tube at which YFP-ARA7-decorated ves-

icles reversed their direction of travel in different strains. The dis-

tance is significantly reduced inprf4 prf5, vln2 vln5, and fim5pollen

tubes compared withWT pollen tubes (Figure 5L). Taken together,

these results provide good evidence that apical actin filaments

prevent the apical invasion of large vesicles.

Reorientation of Apical Actin Structure Is an Early Event
During the Turning of Pollen Tubes

To determine how apical actin filaments are involved in the

turning of pollen tubes, we used time-lapse microscopy and

found that during the turning process, the whole apical actin

structure reorients, and this reorientation precedes changes

in tube morphology (Figure 6A). During the reorientation of

the apical actin structure toward the new tube growth

direction, apical actin filaments on the side of the tip facing

the new growth direction underwent a process of initial

depolymerization and subsequent repolymerization (Figure 6A

and 6B). Specifically, after elimination of the old apical actin

filaments, new actin filaments were generated from the apical

membrane and then underwent bundling to form actin bundles

at the cortex (Figure 6C and 6D). However, actin filaments on

the opposite side of the turning pollen tube underwent an

increase in the extent of bundling (Figure 6E and 6F). This

could be due to an upregulation of actin polymerization, or
Figure 2. The Apical Actin Structure Is Required for Apical Vesicle A
(A) Visualization and quantification of a smooth region corresponding to the cle

zone. The average distance of the base of the clear zone from the tip was c

kymograph analysis (lower left panel) of 15 pollen tubes.

(B and C) Visualization and quantification of the clear zone during tube regro

lines in the left panels indicate the regrowth and growth inhibition stage, respe

images in the middle panels were taken: 100 s and 312 s in (B) and 54 s, 170 s,

the clear zone from the tip and the pollen tube growth rate versus time. Yello

(D) Dual visualization of the clear zone and RabA4b-positive transport vesicle

(E) Time-lapse images of dual visualization of vesicles and the clear zone in a

(F) Dual visualization of actin filaments and the clear zone in a pollen tube.

(G) Time-lapse images of dual visualization of actin filaments and the clear zo

Images at different time points from left to right in (E) and (G) show naturally gro

inhibition, regrowth, and normal growth, respectively.

(H) Dual visualization of actin filaments and RabA4b-positive vesicles in a

respectively. The right panel shows transverse sections of the merged imag

relationship between actin filaments and RabA4b-positive vesicles.

(I) Statistics and schematic model of apical vesicle distribution and its associat

average length of theapical actin structuremeasured early in Figure 1O. The oran

enclosedwithin the black dashed line indicates the tail region of the inverted ‘‘V’’

(J) Visualization and quantification of vesicles in the absence and presence of 3

t-test.

(K)Simultaneous visualization of actin filaments and vesicles in the presence of

and vesicles, respectively.

(L) z series images of actin filaments in a prf4 prf5 pollen tube. Red arrowhea

region, respectively.

(M) Time-lapse images of actin filaments in a prf4 prf5 pollen tube. Yellow br

(N) Kymograph analysis of apical actin filaments in a prf4 prf5 pollen tube. The

measured and is indicated in the image.

(O) Visualization and quantification of vesicles in WT and prf4 prf5 pollen tube

quantification of the relative amount of vesicles, based onmeasuring the fluore

(P) Simple schematic distribution of apical actin filaments and vesicles in WT

Bars, 5 mm in all images.
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an increase in filament bundling, or both. We next found

that reorientation of the apical actin structure preceded the

accumulation of apical vesicles in the region of the tip closest

to the new growth direction (Figure 6G–6J; Supplemental Movie

6). This demonstrates that the apical actin structure reorients to

direct vesicle transport toward the new growth direction to

finally allow successful tube turning.

DISCUSSION

Our understanding of how actins perform their functions during

pollen tube growth and turning has been hindered by the fact

that we still lack a unified view regarding the overall organization

and dynamics of actin filaments within the pollen tube growing

domain. Here, we demonstrate that apical actin filaments are

organized into a structure that is distinct from the shank-

oriented longitudinal actin cables. The spatial distribution of api-

cal actin filaments is well suited to the function of tip-directed

vesicle trafficking that supports rapid pollen tube growth. This

study greatly enhances our knowledge of the mechanism of

action of actin in regulating polarized pollen tube growth and

provides a significant advance toward understanding the cellular

basis of rapid polarized pollen tube growth.

Shank-Oriented Longitudinal Actin Cables and Apical
Actin Structure Represent TwoMajor Actin Structures in
Pollen Tubes

It is generally accepted that actin filaments are packed into actin

cables that align to the long axis of the pollen tube within the
ccumulation and Generation of the Clear Zone in Pollen Tubes.
ar zone in Arabidopsis pollen tubes. The yellow brackets indicate the clear

alculated as 3.05 ± 0.69 mm (mean ± SD) based on measurements from

wth (B) and growth inhibition (C) in naturally growing pollen tubes. Yellow

ctively. Red lines in the left panels show the times at which the pollen tube

and 420 s in (C). The right panels show plots of the distance of the base of

w brackets in the middle panels indicate the clear zone.

s.

pollen tube.

ne in a pollen tube.

wing pollen tubes at the stages of normal growth, growth reduction, growth

pollen tube. Actin and vesicles are pseudocolored magenta and green,

e. See the three-dimensional Supplemental Movie 2 showing the spatial

ion with actin filaments. The number (3.77 mm) shown in the left panel is the

ge region contains densesmall vesiclesbut fewer actin filaments; the region

cone, which contains vesicles that are surroundedby apical actin filaments.

nM LatB. The values represent mean ± SE, n = 50, **P < 0.01 by Student’s

100 mMSMIFH2. Yellow and green brackets indicate apical actin filaments

ds and yellow arrowheads indicate actin filaments at the cortex and inner

ackets indicate apical actin filaments.

average distance of the base of the apical actin structure from the tip was

s. The left panel shows images of the vesicles, and the right panel shows

scence at different distances from the tip. Red line, WT; blue line, prf4 prf5.

and prf4 prf5 pollen tubes.



Figure 3. Apical Actin Filaments at theCortexDrive Tip-directed Transport of Vesicles, Presumably by ProvidingMolecular Tracks for
Myosin Motors.
(A and C) Time-lapse images of dual visualization of actin filaments and RabA4b-positive vesicles in the absence of LatB (A) or after treatment with

LatB (3 nM) (C) in pollen tubes. Red, blue, and orange arrowheads indicate the accumulation, disappearance, and recovery, respectively, of apical actin

filaments and YFP-RabA4b.

(B and D) Kymograph analysis of both actin filaments and vesicles in the images shown in (A) and (C), respectively. Warm and cold colors indicate high

and low fluorescence intensity, respectively. The lower panel shows enlarged kymograph images of the pollen tube tip in the top panels. The red box

indicates the period in which no obvious apical vesicle accumulation occurred while actin filaments accumulated. The blue box indicates the period of

actin filament repolymerization, which was followed by apical vesicle accumulation. The yellow box indicates the period during which vesicles start to

accumulate. White dots indicate the elongating ends of actin filaments and the edge of the region of vesicle accumulation.

(E) Visualization and quantification of RabA4b-positive vesicles in the pollen tube in the absence or presence of 10 mM BDM. Red boxes indicate the

regions for quantification. The right panel shows quantification of the relative amount of vesicles, based on fluorescence intensity measurement from 50

pollen tubes. Values represent mean ± SE, **P < 0.01 by Student’s t-test.

(F) Time-lapse images of RabA4b-positive vesicles before and after photobleaching in the pollen tube. The yellow box indicates the photobleached

region. Yellow arrows indicate the recovery sites of vesicles. See Supplemental Movie 3 for the entire series.

(G) Schematic model of tip-directed vesicle transport along apical actin filaments at the cortex. Red arrows indicate the direction of vesicle transport.

Bars, 5 mm in all images.

The Apical Actin Structure in Pollen Tubes Molecular Plant
shank region to mediate cytoplasmic streaming. By comparison,

the existing published data provide rather disparate reports of

the organization of the F-actin cytoskeleton within the growth

domain of the pollen tube. Nonetheless, previous observations

of the actin cytoskeleton in both fixed and living pollen tubes
from a variety of species allow a consensus view to be reached

that actin filaments are arrayed into at least three distinct struc-

tures (Kost et al., 1998; Gibbon et al., 1999; Geitmann et al.,

2000; Fu et al., 2001; Lovy-Wheeler et al., 2005; Cheung et al.,

2008; Vidali et al., 2009; Wu et al., 2010; Zhang et al., 2010a;
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Dong et al., 2012; Su et al., 2012; Qu et al., 2013; Zhu et al., 2013;

Qin et al., 2014; Zhou et al., 2015; Li et al., 2017). We found

that apical actin filaments mainly originate from the apical

membrane and extend for about 4 mm into the cytoplasm to

form a structure that is distinct from the shank-oriented longitudi-

nal actin bundles inArabidopsis pollen tubes (Figure 1). Given that

these apical actin filaments are assumed to have the same origin,

we think it is better to view them as a whole, and we have defined

themhere as the ‘‘apical actin structure.’’ Therefore, based on our

observations, actin filaments are arranged into two major distinct

structures in the pollen tube: the shank-oriented longitudinal actin

cables and the apical actin structure. Importantly, we found that

apical actin filaments are spatially distinct, some actin filaments

are aligned longitudinally at the cortex (Figure 1M and 1N), and

these correspond to the previously described actin fringe

structure (Lovy-Wheeler et al., 2005; Vidali et al., 2009; Dong

et al., 2012; Rounds et al., 2014). We believe that the apical

actin structure revealed by decoration with Lifeact-eGFP in living

pollen tubes represents the real situation, since decoration of

actin filaments with the native FIM5-eGFP reveals a similar apical

structure (Zhang et al., 2016a). Interestingly, we found that apical

actin filaments are arranged into a similar structure and assume a

similar spatial relationship with the clear zone in lily and tobacco

pollen tubes (Supplemental Figure 6). This suggests that

formation of a unique apical actin structure is a common design

principle for all pollen tubes, regardless of species. Given that

apical actin polymerization and subsequent organization

positively correlate with pollen tube growth, an important

question that remains to be answered in the future is how the

generation and maintenance of the apical actin structure are
Figure 4. Internal Apical Actin Filaments Shape Apical Vesicle Distri
(A) Actin filaments in a WT pollen tube.

(B) Images of RabA4b-positive vesicles before and after photobleaching. See

(C)Description of the theoretical shape of the pollen tube. Themiddle longitudi

curved top and the cylindrical bottom of the pollen tube were defined as X an

defined asO. A line parallel to the growth axis starting fromOwas drawn and de

to f were drawn at 15-degree intervals starting from O. The lengths of the lines

confocal fluorescence microscopy, n = 30. Based on the average length of ea

(D) Sketch of the measurement of the length and distribution angles of apical a

actin filament images revealed by decoration with Lifeact-eGFP were used for

0, and a line (red) parallel to the growth axis of the pollen tubewas drawn. Each

0 (x), as well as the angle formed between the actin filament and the red line (q).

combination of parameters x, y, and q can precisely position an actin filament.

by apical actin filaments.

(E) Distribution of the length of actin filaments (colored blue in D). n > 500. Th

(F) Statistical analysis of the angles formed between apical actin filaments an

(G) Schematic diagram showing the distribution of apical actin filaments after c

within different regions was normalized based on the measurement of filamen

(H) Actin filaments in the middle section in the presence of 3 nM LatB.

(I) Time-series images of YFP-RabA4b before and after photobleaching in the

(J) Actin filaments in the middle section in the presence of 100 mM SMIFH2.

(K) Time-series images of YFP-RabA4b before and after photobleaching in th

series.

(L) Actin filaments in a prf4 prf5 pollen tube.

(M) Time-series images of YFP-RabA4b before and after photobleaching in a

(N) Actin filaments in a fim5 pollen tube.

(O) Time-series images of YFP-RabA4b before and after photobleaching in a fim

(M), and (O) shows amodel of the vesicle recovery pattern and the right panel i

filaments. In (B), (I), (K), (M), and (O), yellow boxes indicate the photobleache

backward movement of vesicles. Yellow arrows in (A), (H), (J), and (L) indicat

(P)Schematicmodel of the backwardmovement of vesicles from the tip. Red a

internal apical actin filaments.
precisely regulated during rapid and directional pollen tube

growth. It also remains to be addressed how the apical actin

structure coordinates with the shank-oriented longitudinal actin

cables to drive various intracellular trafficking events within the

pollen tube.
Apical Actin Structure Is Well Suited to Tip-Directed
Vesicle Transport and Accumulation for Supporting
Sustainable Pollen Tube Growth and Turning

To support rapid and sustainable pollen tube growth, thematerials

necessary for cell-wall synthesis and membrane expansion need

to be delivered to the expanding point of pollen tubes for the

exocytosis. However, there has been a long-time debate in the

pollen tube field regarding whether exocytic vesicles arrive to

the very tip or subapically. Our FRAP analysis showed that tip-

ward moving fluorescent vesicles reappear first within the tip re-

gion (Figure 3F), which suggests that exocytosis occurs at the

extreme apex of the pollen tube. In line with this, we previously

found that membrane-originated actin filaments at the extreme

apex move laterally with the membrane flow during pollen tube

growth (Qu et al., 2013). Our study is therefore consistent with

the classical view that exocytosis occurs at the extreme apex of

pollen tubes (Steer and Steer, 1989; Derksen et al., 1995). In

support of this notion, it was shown that exocytosized protein

markers, such asAtPRK1-GFP andNtPPME1-GFP,were incorpo-

rated into the membrane at the extreme tip of pollen tubes (Bosch

et al., 2005; Lee et al., 2008; Wang et al., 2013; Luo et al., 2016). In

further support of this notion, it was shown that the exocyst SEC3a

subunit accumulates at or close to the tip plasma membrane that
bution Presumably by Acting as a Physical Barrier.

Supplemental Movie 4 for the entire series.

nal section of the pollen tube is presented. The junction points between the

d X0, respectively, and the central point of the line connecting X to X0 was

fined as line a, and the line connecting O to Xwas defined as line g. Lines b

a to g were measured from pollen tube images collected by laser scanning

ch line, the outer contour of the pollen tube was drawn.

ctin filaments in the inner region of pollen tubes. Single optical sections of

themeasurements. The extreme tip of the pollen tube was defined as point

actin filament was characterized by its length (y) and its distance from point

Given that the shape of pollen tubes is determined as described in (C), the

The curved dashed black arrow indicates the apical dome that is occupied

e pink triangle indicates the region occupied by apical actin filaments.

d the tube growth axis. n > 500, bars indicate SD.

orrection for the variation in filament lifetime. The number of actin filaments

t lifetime in Supplemental Figure 5B.

presence of 3 nM LatB.

e presence of 100 mM SMIFH2. See Supplemental Movie 5 for the entire

prf4 prf5 pollen tube. Bar, 5 mm in (M) for (A–H).

5 pollen tube. Bar, 5 mm in (O) for (N) and (O). The right panel in (B), (I), (K),

n (A), (H), (J), (L), and (N) shows the simple schematic organization of actin

d regions, and yellow dots indicate the edge of the shape formed by the

e apical actin filaments.

rrows indicate the direction of vesiclemovement after being blocked by the
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Figure 5. The Apical Actin Structure Prevents the Invasion of ARA7-Decorated Endosomes into the Tip.
(A) Visualization and quantification of actin filaments and ARA7-positive endosomes. The right panel shows quantification of the distance of the top edge

of the region containing ARA7-positive endosomes from the tip. In total, 594 endosomes were measured in 17 pollen tubes.

(B) Time-lapse images of actin filaments and ARA7-positive endosomes in a WT pollen tube. Red and yellow arrowheads indicate the tracked vesicles,

and white arrows indicates the point at which the movement of the vesicle reverses.

(C) Quantification of the position at which ARA7-positive endosomes reverse their direction of movement in a WT pollen tube. In total, 260 motile en-

dosomes were tracked in 43 pollen tubes.

(D) The distribution of ARA7-positive endosomes in the presence and absence of 3 nM LatB. The right panel shows the distribution of ARA7-labeled

endosomes, as in the right panel of (A). A total of 390 endosomes were measured in 21 pollen tubes.

(E) The effect of SMIFH2 treatment (100 mM) on actin filaments (upper panel) and ARA7-positive endosomes (lower panel). Yellow brackets indicate apical

actin filaments, and green arrowheads indicate endosomes that invade into the tip.

(F) Time-series images of ARA7-positive endosomes in a prf4 prf5 pollen tube. Yellow and red arrowheads indicate the tracked vesicles.

(legend continued on next page)
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marks the direction of pollen tube elongation (Bloch et al., 2016).

Our findings also support the classical view on the generation

of the reverse fountain pattern of cytoplasmic streaming in

angiosperm pollen tubes (de Win et al., 1999; Lovy-Wheeler

et al., 2007; Bove et al., 2008; Ye et al., 2009; Wu et al., 2010). In

this model, large organelles move tip-ward along the cortex and

reverse their direction at the subapical region, before moving

backward in the middle region of the pollen tube. Apical actin fila-

ments are assumed to act as a physical barrier that prevents the

apical invasion of large organelles. Indeed, we found that the pres-

ence of correctly organized actin filaments is required to prevent

apical invasion of large organelles (Figure 5).

Our observations suggest that cortical and internal apical actin fil-

aments perform distinct functions in terms of the regulation of

vesicle trafficking (Figures 3 and 4). Their combinatorial effect on

vesicle trafficking is expected to lead to tip-directed vesicle trans-

port and generation of the inverted ‘‘V’’ cone-shaped vesicle dis-

tribution (Figure 7A), which guarantees the delivery of materials

necessary for pollen tube growth to the tip. Packaging of cortical

apical actin filaments into linear bundles with uniform polarity, in

which their barbed ends are assumed to be anchored on the

apical membrane (Cheung et al., 2010; Liu et al., 2015), allow

them to serve as tracks for the barbed end-directed myosin XIs

(Lee and Liu, 2004). Consistent with our findings, a previous

report showed that actin polymerization is necessary for the

accumulation of secretory vesicles in the apical inverted cone

(Lee et al., 2008). In addition, we demonstrate that actin

filaments do exist within the core of the cytoplasm at the

subapex and assume fine distribution supported by our

measurement and modeling results (Figure 4C–4G). This differs

from the notion that the subapical core of cytoplasm is devoid of

actin filaments (Lovy-Wheeler et al., 2005), but it is consistent

with the observations of actin filaments within the subapical

region revealed by different actin markers in living pollen tubes

(Cheung et al., 2008). Furthermore, our study demonstrates that

internal apical actin filaments are involved in regulating the

backward movement of vesicles, presumably by acting as a

physical barrier. In support of our findings, a previous study

showed that overexpression of RIC3, which depolymerizes

apical actin filaments, leads to the even distribution of vesicles in

the cytoplasm rather than the inverted cone distribution (Lee

et al., 2008). The inhibitory effect of internal apical actin filaments

on backward movement of vesicles may allow the tip-released

vesicles to stay there for a while, thus permitting subsequent

vesicle docking and fusion events. Our finding that cortical and

internal apical actin filaments perform distinct functions in driving

the transport and apical accumulation of vesicles is different
(G) Quantification of the position at which ARA7-positive endosomes reverse

tracked in 18 pollen tubes.

(H) Time-series images of a vln2 vln5 pollen tube harboring Lifeact-mCherry a

endosomes that were tracked, and the white arrow indicates the position at w

(I) Quantification of the location at which ARA7-positive endosomes reverse

tracked in 24 pollen tubes.

(J) Time-series images of a fim5 pollen tube harboring ARA7-positive endoso

(K)Quantification of the location at which ARA7-positive endosomes reverse d

in 23 pollen tubes.

(L) Statistical comparison of the distance from the tip of the pollen tube at wh

genotypes. The average distance (mean ± SD) is 4.64 ± 1.26 mm, 2.19 ± 0.89 m

pollen tubes, respectively. **P < 0.01 by Student’s t-test, n > 160.
from the viewpoint that actin filaments within the growth domain

act as the filter to allow apical invasion of small vesicles but pre-

vent the entrance of large organelles into the apical region in the

pollen tube (Kost et al., 1998; Cheung et al., 2008).

The active vesicle transport function of apical actin filaments was

even more evident during the turning of pollen tubes. During

turning, the whole apical actin structure reorients and guides

the movement of vesicles toward the new tube growth direction

(Figure 6). The reorientation of the apical actin structure

toward the new tube growth direction is even more obvious in

rbohH mutant pollen tubes, which undergo frequent turning

(Supplemental Figure 7). Specifically, we found that apical actin

filaments at the facing side undergo rapid depolymerization and

repolymerization during tube turning, while polymerization and/

or filament bundling is maintained or even upregulated at the

opposite side (Figure 6). Actin filaments at the opposite side

may take on the role of tip-directed vesicle transport, while apical

actin filaments depolymerize on the facing side. Consequently,

the dynamic reorganization of the apical actin structure allows

the targeted delivery of vesicles to the new growth direction to

guarantee successful turning (Figure 7B).

Thus, our observations suggest that the apical actin structure is

well suited to the control of vesicle trafficking during rapid and

directional pollen tube growth. Given that the elongation of tip-

growing plant cells (e.g., root hairs, moss protonematal cells,

and fungi hyphae) must be accompanied by the secretion of

materials necessary for cell-wall synthesis and membrane

expansion, our findings may have general implications for under-

standing the regulatory role of actin during tip growth. Determina-

tion of the unique characteristics of the organization and dy-

namics of the apical actin structure in different tip-growing

cellular systems may allow us to understand how the apical actin

structure functions within specific cellular contexts. Such com-

parisons will definitely facilitate the progress of investigations

into the regulatory mechanisms underlying tip growth.
Arabidopsis Pollen Tube Serves as an Excellent Cellular
System for Live-Cell Imaging

The pollen tube is an excellent cellular system for studying tip

growth because it is easy to culture in vitro and, importantly,

most of the features associated with pollen tubes grown

in vivo are also observed in vitro. Historically, pollen tubes

from tobacco and lily were used routinely because these spe-

cies have large, easily germinated pollen grains, and it is there-

fore relatively easy to collect large amounts of pollen suitable
direction in prf4 prf5 pollen tubes. A total of 263 motile endosomes were

nd YFP-ARA7. Red, yellow, and blue arrowheads indicate three individual

hich the vesicles reverse their direction of travel.

direction in vln2 vln5 pollen tubes. In total, 226 motile endosomes were

mes. Red arrowheads indicate a tracked individual vesicle.

irection in fim5 pollen tubes. A total of 171motile endosomeswere tracked

ich ARA-7-positive endosomes reverse their direction of travel in different

m, 2.25 ± 1.31 mm, and 2.26 ± 1.11 mm in WT, prf4 prf5, vln2 vln5, and fim5
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Figure 7. Schematic Depiction of the Relationship between Apical Actin Filaments and Vesicle Trafficking during Pollen TubeGrowth
and Turning.
Within a normal growing pollen tube (A), vesicles are transported directly to the tip along apical actin filaments at the cortex and released at the apical

region centered at the polar axis. Internal apical actin filaments regulate the backward movement of vesicles from the tip, presumably by acting as a

physical barrier. Meanwhile, apical actin filaments prevent the apical invasion of large organelles. During the turning of the pollen tube (B), apical actin

filaments reorient toward the new tube growth direction. At the very beginning, most of the apical actin filaments depolymerize at the facing side but

increase their bundling at the dorsal side (a). Subsequently, actin filaments will polymerize from the apical membrane at the facing side to facilitate the

transport of vesicles toward the newly established expansion point of the pollen tube (b).Meanwhile, thick actin bundles at the dorsal side depolymerize to

reorient the whole apical actin structure toward the new growth direction (c). The newly established apical actin structure will continuously transport

materials toward the expanding domain of the pollen tube to ensure successful turning (d). Blue and red arrows indicate the direction ofmovement of large

organelles and small vesicles, respectively. The orange dashed line indicates the new tube growth direction.

The Apical Actin Structure in Pollen Tubes Molecular Plant
for microscopic observation. This study, along with several

previous studies (Qu et al., 2013; Zhu et al., 2013; Qin et al.,

2014; Liu et al., 2015; Zhou et al., 2015; Zhang et al., 2016a),

has established the Arabidopsis pollen tube as an excellent

system for live-cell imaging of the dynamics of actin filaments

using spinning disk confocal microscopy. A major advantage of

using Arabidopsis is that we can exploit the powerful functional

genetics and genomic approaches that are available in this

species. In this study, we showed that the overall organization,

dynamics, and vesicle transport-based functions of apical

actin filaments are conserved in pollen tubes from different
Figure 6. Re-establishment of the Apical Actin Structure Precedes M
(A) Time-lapse images of actin filaments during the turning of a pollen tube. G

cortical apical actin filaments. In the lower panel, each image was created by

represent the new growth that has occurred between the two adjacent time p

(B)Quantification of the fluorescence intensity of actin filaments along the yello

were made at three different time points (10 s, 60 s, 100 s). The fluorescence

(C) Time-lapse images of actin filaments in the medial section of a pollen tube

actin filaments. Actin filaments marked by light purple, light blue, and light g

marked by dark purple, dark blue, and dark green dots, respectively. Filament

blue, and green arrowheads, respectively.

(D) Schematic depiction of actin filament dynamics in the inner region of the

(E) Time-lapse images of actin filaments at the cortical region of a pollen tu

filaments. Yellow, green, red, and blue arrowheads indicate filament bundling

(F) Schematic depiction of actin filament dynamics at the cortex of the pollen

(G) Simultaneous visualization of actin filaments (pink) and RabA4b-positive v

filaments. The images in the small panels at the bottom were created by m

represent the new growth that has occurred between two adjacent time points.

for the entire series.

(H) Schematic model of the dynamics of actin filaments and vesicles during t

(I) z slices of the pollen tube shown in (G) at 0 s.

(J) z slices of the pollen tube shown in (G) at 18 s. Apical actin filaments reor

whereas no overt changes in tube morphology are detected. Red arrows in (I
species, which suggests that the information gained from

Arabidopsis regarding polarized cell growth can be applied to

pollen tubes from other species. With the development of

various live-cell imaging markers and advanced live-cell imag-

ing technologies, such as spinning disk confocal microscopy,

Arabidopsis pollen tubes would grow in popularity as a model

for in-depth dissection of the cellular mechanisms underlying

polarized cell growth.

In summary, we present new data with improved resolution and

combining observations of the organization and dynamics of
orphological Change in a Turning Pollen Tube.
reen circles indicate the tube growth direction; red arrowheads indicate

merging two neighboring images from the upper panel. The green regions

oints. Red arrowheads indicate the pollen tube growth direction.

w lines in (A) that are perpendicular to the tube growth axis. Measurements

peaks are indicated by red arrowheads.

during the turning process. Yellow circles indicate the newly polymerized

reen dots undergo bundling to form the bundled actin filaments that are

bundling, depolymerization, and severing events are indicated by yellow,

pollen tube during turning.

be during turning. Yellow circles indicated the newly polymerized actin

, severing, elongation, and depolymerization events, respectively.

tube during turning.

esicles during tube turning. Red arrowheads indicate cortical apical actin

erging two neighboring images from the time series. The green regions

Red arrows indicate the tube growth direction. See Supplemental Movie 6

he turning of the pollen tube.

ient to guide the movement of vesicles toward the new growth direction,

) and (J) indicate cortical apical actin filaments. Bars, 5 mm.
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actin filament with vesicle transport within the growth domain of

pollen tubes. This provides a more detailed and unified view

regarding the overall organization and dynamics of apical actin fil-

aments in pollen tubes. We demonstrate that the apical actin

structure is well suited for the task of tip-directed transport and

apical accumulation of vesicles that guarantees the rapidity of

pollen tube growth.

METHODS

Pharmacological Treatments

Several inhibitors, including LatB, SMIFH2, and BDM, were used in this

study to treat pollen tubes. These inhibitors were dissolved in DMSO to

make stock solutions and were then added to liquid pollen germination

medium (GM: 1 mM CaCl2, 1 mM MgSO4, 1 mM Ca(NO3)2, 0.01%

H3BO3, 18% [w/v] sucrose, pH 7.0). Liquid GM containing the same con-

centration of DMSO was used as the control.

In Vitro Arabidopsis Pollen Germination

In vitro Arabidopsis pollen germination was performed as described pre-

viously (Ye et al., 2009; Zheng et al., 2013). Briefly, pollen derived from

newly opened flowers was placed on GM (1 mM CaCl2, 1 mM Ca(NO3)2,

1 mM MgSO4, 0.01% [w/v] H3BO3, and 18% [w/v] sucrose solidified

with 0.5% [w/v] agar, pH 7.0) and was cultured at 28�C under moist

conditions.

Visualization of Actin Filaments, Endosomes, and Transport
Vesicles in Living Pollen Tubes

The probes Lifeact-eGFP, YFP-RabA4b, and YFP-ARA7 were used to

decorate actin filaments, transport vesicles, and endosomes, respec-

tively, in Arabidopsis pollen tubes as described previously (Zhang et al.,

2010b; Qu et al., 2013). These probes were introduced into mutants,

including fim5-1 (named as fim5 in this paper) (Wu et al., 2010), prf4 prf5

(Liu et al., 2015), and vln2-1 vln5-2 (named as vln2 vln5 in this paper)

(Qu et al., 2013) by crossing the mutants with WT plants expressing

these probes under the control of Lat52. Lifeact-eGFP was introduced

into rbohH (Kaya et al., 2014) with the same strategy. To perform

simultaneous visualization of actin filaments and endosomes or

transport vesicles, Lifeact-mCherry was used as the probe to label actin

filaments and was introduced into the mutant plants along with YFP-

RabA4b or YFP-ARA7 by genetic crossing. F3 homozygous plants were

used for the subsequent analysis. The segregating WT sibling plants

harboring these probes were used as WT controls. To visualize the

dynamics of actin filaments, endosomes, and transport vesicles in Arabi-

dopsis pollen tubes, Arabidopsis pollen tubes were observed under a

spinning disk confocal microscope equipped with a 3100 oil objective

(1.4 numerical aperture). z stack time-series images were collected at

2 s intervals with the z step set at 0.5 mm with a Photometric Cascade

II:512 EMCCD camera driven by Andor iQ2 software. The excitation wave-

length was set at 488 nm, and the emission wavelength was set at 505–

545 nm. To perform dual visualization of actin filaments and endosomes

or transport vesicles in Arabidopsis pollen tubes, Lifeact-mCherry-

decorated actin filaments were excited under a 563 nm argon laser, and

YFP-RabA4b/YFP-ARA7-labeled vesicles were excited by a 488 nm

argon laser. The images were subsequently processed and analyzed

with ImageJ software (http://rsbweb.nih.gov/ij/; version 1.48g).

To determine the effect of LatB on the apical actin structure and the distri-

bution of endosomes and transport vesicles, Arabidopsis pollen tubes ex-

pressing Lat52::Lifeact-eGFP, Lat52::YFP-ARA7, or Lat52::YFP-RabA4b

were treated with 3 nM LatB. z stack time-series images were collected

immediately after the application of LatB at 2 s intervals with the z step

size set at 0.5 mm. To quantify the effect of LatB on the distribution of

transport vesicles, the fluorescence pixel intensity of YFP-RabA4b was

determined by measuring the gray value within the apical region with the
944 Molecular Plant 10, 930–947, July 2017 ª The Author 2017.
distance of its base about 5 mm away from the tip. At least 30 pollen tubes

were measured. The distribution of YFP-ARA7-labeled endosomes was

analyzed by measuring the coordinates of all YFP-ARA7-positive vesicles

within 0–10 mm from the pollen tube tip, and 390 vesicles were finally

selected. To observe the effect of BDM treatment on the distribution of

RabA4b-positive transport vesicles, images were captured immediately

after treatment with 10 mM BDM. Similarly, to assess the effect of BDM,

we measured the gray values within a region with its base at a distance

of about 5 mm from the pollen tube tip.

Visualization and Quantification of the Apical Actin Structure
during Pollen Tube Growth

To simultaneously quantify the pollen tube growth rate and the fluores-

cence intensity of apical actin filaments, a kymograph was produced as

previously described with slight modification (Liu et al., 2015). First, a

3-mm-wide line along the growth axis of the pollen tube was drawn, and

the gray values along the line were measured using the ImageJ plugin

StackProfileData (http://rsb.info.nih.gov/ij/macros/StackProfileData.txt).

The text file was input into ImageJ to produce the kymograph. A

threshold was set subsequently to distinguish the edge of the pollen

tube, and the kymograph was converted to a mask. The background

gray values were set to zero by multiplying the original images with the

mask. Subsequent analyses were conducted on these modified

kymographs. The real-time growth rate is measured by counting the

movement of the position of the first non-zero gray value pixel. The real-

time fluorescence intensity of apical actin filaments is measured by aver-

aging the fluorescence intensity within the 5 mm region distal from the first

non-zero gray value pixel. To visualize the change in fluorescence, the

background pixel was cleared in Excel so that the tip of the pollen tube

can be arranged in the same row. In order to enhance the contrast, the

pseudo-color ‘‘Fire’’ was set by ImageJ.

Fluorescence Recovery after Photobleaching Assay

The FRAP assay was employed to assess the turnover rate of RabA4b-

positive vesicles in Arabidopsis pollen tubes as described previously

(Chang and Huang, 2015). To perform this experiment, two scan images

were made as the pre-bleach contrast, and then a selected region about

10 mm away from the tip was bleached with the 458- and 488-nm laser

lines at 100% transmission for 15 s. Time-lapse images were collected

at 2 s intervals after photobleaching. Meanwhile, time-lapse images

were collected from the unbleached region under the same image acqui-

sition conditions and used to correct the bleaching effect during normal

image collection. The average fluorescence pixel intensity of a region

0–5 mm from the tip was measured and plotted versus the elapsed time.

Curve fitting was performed by ImageJ software with the following

equation:

y = a 3 (1-exp(�b 3 x)) + c

where y is the fluorescence intensity, x is time, and a, b, c are the param-

eters of the curve.

Transient Gene Expression in Tobacco and Lily Pollen Tubes

To visualize the arrangement and dynamics of actin filaments in tobacco

and lily pollen tubes, microparticle bombardment was employed accord-

ing to previously published papers (Twell et al., 1989; Zhang et al., 2016b).

The expression of Lifeact-eGFP in tobacco and lily pollen tubes was under

the control of the promoters of Lat52 and Zm13, respectively (Hamilton

et al., 1992). To generate the pdGN-Lat52::Lifeact-eGFP-nos expression

construct, a fragment containing Lat52, Lifeact-eGFP, and NOS

terminator was amplified with primer pair Lat52For/NOSRev (see

Supplemental Table 1) using the plasmid pCambia 1301-Lat52::Lifeact-

eGFP-nos (Qu et al., 2013) as the template, and the PCR products were

moved into the pdGN vector (Lee et al., 2005) after digestion with SmaI/

KpnI to yield the final construct. To generate the pdGN-Zm13::Lifeact-

eGFP-nos expression construct, the Zm13 promoter was initially

amplified with the primer pair Zm13For/Zm13Rev (see Supplemental

http://rsbweb.nih.gov/ij/
http://rsb.info.nih.gov/ij/macros/StackProfileData.txt
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Table 1) using maize genomic DNA as the template. To replace Lat52with

Zm13, Zm13 was digested with SmaI/SalI then moved into pdGN-

Lat52::Lifeact-eGFP-nos, which was cut with the same enzymes to

generate pdGN-Zm13::Lifeact-eGFP-nos. Tobacco or lily pollen grains

on a nitrocellulose membrane were bombarded three times by a PSD-

1000/He particle delivery system (Bio-Rad), and 2.5 mg of plasmid DNA

were used each time. The bombarded pollen grains were germinated in

GM and imaged with an Olympus BX61 microscope equipped with an

Andor Revolution XDh spinning disk confocal system fitted with a 3100

oil objective (1.4 numerical aperture). The excitation wavelength was

488 nm, and the emission wavelength was 505–545 nm.
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