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The cytoskeleton in pollen tubes has been intensively studied,

because of its abundance and prominent roles and because

the pollen tube is an excellent experimental system for cell

biological studies. Pollen actin microfilaments (MFs) exist as

multiple distinct populations, each participating in a specific

cellular trafficking or organization process. Consequently, MFs

are essential for pollen tube growth and are tightly regulated in

response to various signals. Pollen microtubules (MTs) are non-

essential and less characterized, but recent studies have

implicated MTs in vesicle trafficking and cell wall construction

in pollen tubes. This review summarizes recent advances in

understanding the organization and regulation of both MFs and

MTs and discusses their roles in cellular trafficking and the

modulation of pollen-tube tip growth.
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Introduction
Flowering plants rely on pollen and pollen tubes for

sexual reproduction. It has long been known that the

cytoskeleton is important for pollen development, germi-

nation and tube growth. Reports about the existence of

the cytoskeleton in pollen and pollen tubes can be found

as early as from the 1970s [1,2], and since then pollen and

pollen tubes have provided an excellent system for the

study of the cytoskeleton due to the following features.

Firstly, pollen of some species can be easily collected in

large amounts, and dehydrated pollen can be stored

frozen for long periods without losing its activity. Sec-

ondly, pollen is highly enriched in cytoskeletal subunit

proteins and associated proteins and thus is handy for

isolation of these proteins for biochemical analyses.

Thirdly, the pollen tube can elongate rapidly in vitro by

tip growth and thus is an interesting biological system for

the study of cytoskeletal function and regulation. Fourthly,

pollen tubes can be cultured in vitro without losing their
www.sciencedirect.com 
identity and morphology, and thus is an ideal system for

chemical manipulation and observation of cytoskeletal

organization and dynamics. Lastly, lethal mutations asso-

ciated with pollen function can be maintained in hetero-

zygous plants, making the pollen tube a useful system for

genetic analysis of essential genes involved in the regula-

tion of the cytoskeleton and polar growth [2,3,4��].

For efficient elongation, the cytoplasm of pollen tubes is

organized into distinct but dynamic zonations including

the apical dome, the subapical region and the tubular

shank region. Various staining methods in fixed cells and

different live markers (especially the latest Lifeact-

mEGFP) [5] have revealed multiple forms of actin fila-

ments (MFs) in pollen tubes including longitudinal thick

MF bundles in the shank region, the subapical actin

fringe and the apical dynamic fine MFs (Figure 1)

[3,4��,6��,7]. A wealth of results from decades of studies

has demonstrated a crucial role of MFs in the spatiotem-

poral regulation of pollen-tube tip growth via their regu-

lation of the cytoplasmic zonation and streaming, and

endomembrane trafficking, to deliver materials for new

plasma membrane (PM) and cell wall to the restricted

growth site, respectively. During pollen-tube tip growth,

MF organization and dynamics are precisely controlled by

multiple signaling cascades and a large group of actin-

binding proteins (ABPs), to form various arrays that carry

out distinct functions in different regions of the pollen tube

[3,4��,6��,7]. Importantly, recent discoveries in regulation

of apical MF dynamics provide new insight in MF-based

regulatory mechanisms for pollen-tube tip growth.

Cortical microtubules (MTs) in pollen tubes consist of

two different forms: longitudinal thick bundles in the

distal shank and more dynamic apical/subapical frag-

ments (Figure 1). MTs are proposed to be a target for

self-incompatibility signaling [8], and are involved in the

movement of the generative cell and vegetative nucleus

in pollen tubes [9]. However, the role of MTs in pollen-

tube tip growth remains to be defined. In angiosperm

pollen tubes, disruption of MTs with oryzalin or colchi-

cine did not perturb pollen-tube growth rate, although the

directionality was compromised [9,10]. Nevertheless, re-

cent studies suggest that MTs are involved in exocytosis

and endocytosis, and the movement of organelles, sug-

gesting a potential role for MTs in the regulation of

pollen-tube tip growth [11,12�,13��].

The distribution and functions of MFs in pollen
tubes
Pharmacological and genetic studies combined with live

cell imaging have revealed multiple distinct populations
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Figure 1
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Distribution and regulation of cytoskeleton elements in the pollen tube. A summary diagram shows the spatial distribution of MTs and MFs in the

pollen tube. In the apical dome, less abundant but highly dynamic MFs exist. MFs are constantly generated from the PM, majorly nucleated by

apical-PM localized formin protein. MFs are arranged into an actin fringe at the subapical region. Several ABPs with Ca2+-dependent MF-severing

activity including villins, RIC1, MAP18 and MDP25 are involved in the regulation of MF construction and dynamics of apical MFs and the subapical

actin fringe. Long and thick MF bundles are aligned axially in the shank region, which are regulated by formin, fimbrin, ADF, villin and CROLIN

proteins to bundle, sever or crosslink MFs. Long and axially oriented thick MT bundles exist in the distal shank region of the pollen tube, and are

relatively more stable. In the apical and subapical as well as the proximal shank regions, MTs are present as short fragments and are more

dynamic. However, little is known about how the construction and the dynamics of these MT structures are regulated.
(forms) of MFs that carry out specific functions in pollen

tubes, respectively. Low concentrations of latrunculin

B, which did not affect the longitudinal actin cables,

inhibited pollen tube growth, suggesting an essential

role for a dynamic form of MFs that is distinct from the

prominent long and thick MF bundles aligned axially

in the shank [14,15]. Genetic studies of various ABPs

more clearly define the role for each MF form (Table 1).

A series of ABPs that regulate the construction of

longitudinal MF bundles have been characterized in-

cluding actin-nucleating factor AtFH3 [16], actin-

bundling proteins, LI-LIM1 [17], Arabidopsis FIM5

[18], VLN2 and VLN5 [19��,20], CROLIN1 [21] and

ADF7 that are important for the turnover of MFs in the

shank region [22�]. These studies suggest that the actin

cables provide the tracks for the movement of large

organelles and the cytoplasmic streaming during pollen-

tube tip growth.

The subapical actin fringe is proposed to participate in

vesicle trafficking in the apex as well as in control the

apical clear-zone formation and maintenance [3,5,23]. It

maintains its length and apical location to keep in step

with growth. Diminishing the subapical actin fringe in

pollen tubes caused meandering growth, indicating its

important role in growth direction [24], but exactly how
Current Opinion in Plant Biology 2015, 28:111–119 
the subapical fringe modulates the directionality of pollen

tube growth remains to be determined. It is reported that

highly dynamic MFs that are constantly generated from

the apical PM are required for the construction of the

subapical actin fringe [19��,24]. AtFH5 is suggested to

nucleate MFs at the apical PM for subapical MF structure

[24], whereas several actin-bundling proteins including

VLN2, VLN5, AtFIM5 and LI-FIM1 bundle apical PM-

initiated MFs and contribute to the formation of the

actin fringe or collar in the subapical region [19��,25].

Recent study reveals that two homologous microtubule-

associated proteins (MAPs) MAP18 and microtubule-

destabilizing protein25 (MDP25) are also important for

organization and dynamics of subapical MFs. Both

MAP18 and MDP25 exhibit calcium ion (Ca2+)-depen-

dent MF-severing activities. Abnormal expression of

MAP18 led to disorganization of MFs as well as aberrant

pollen-tube growth direction and morphologies. Interest-

ingly, both MAP18 and MDP25 localize to the PM of the

shank region but are absent from the apical PM in

growing pollen tubes. Although how the shank PM-lo-

calization is relevant to their function is still a mystery, it

is proposed that MAP18 and MDP25 are removed from

the PM by a high level of Ca2+ in the pollen tube tip, to

sever MFs in the cytosol and participate in the organiza-

tion and dynamics of subapical MFs [26�,27��].
www.sciencedirect.com
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Table 1

The roles of actin-binding proteins in actin organization and pollen-tube tip growth.

MF forms in pollen tubes ABPs Species Activities on actin

organization

Phenotypes induced by abnormal

expression

References

Axially

longitudinal MF

bundles in

the shank

Ll-LIM1 Lilium longiflorum MF bundling, stabilizes

MFs

Ll-LIM1 OX induced overstabilized

MF bundles, short and deformed

pollen tubes. Multiple tubes

protruded from one pollen grain

[17]

AtFH3 Arabidopsis thaliana Actin nucleation AtFH3 OX induced excessive MF

bundles that extended into the

pollen tube apex; AtFH3 RNAi

caused decrease of MFs level in

pollen grains, and led to short and

swollen pollen tubes

[16]

FIM5 Arabidopsis thaliana MF bundling, stabilizes

MFs

FIM5 LOF induced disorganized

MF bundles protruding into the

apex, and displayed inhibition of

pollen-tube growth

[18]

VLN2 VLN5 Arabidopsis thaliana MF bundling, stabilize

MFs

LOF of VLN2 and VLN5 decreased

the amount of MFs, induced

thinner and less organized MF

bundles. vln2 vln5 pollen tubes

became curled and wider

compared with the wild type

[19��,20]a

CROLIN1 Arabidopsis thaliana MF cross-linking,

stabilizes MFs

Both MFs in crolin1 pollen tubes

and pollen tube growth rate were

more sensitive to latrunculin B

[21]

ADF7 Arabidopsis thaliana MF depolymerizing and

severing, promotes

turnover of MF bundles

LOF led to decreases of the MF-

severing frequency and the

depolymerization rate in pollen

tubes. An increase of MF bundling

was found in adf7 pollen tubes.

LOF of ADF inhibited pollen tube

growth

[22�]a

Actin fringe in

the subapex

FH5 Arabidopsis thaliana

Nicotiana tabacum

MF nucleation and

assembly from the apical

and subapical PM

LOF diminished the subapical

actin structure, and resulted in

winding pollen tubes

[24]

VLN2 VLN5 Arabidopsis thaliana MF bundling and

severing

LOF led to irregular MF distribution

and less bundling of MFs in pollen

tubes, affected the formation of

actin fringe/collar

[19��]a

AtFIM5 Arabidopsis thaliana MF bundling, stabilizes

the actin fringe

The actin fringe was impaired in

fim5 pollen tubes, and the growth

rates of pollen tubes were

significantly slower compared with

the wild type

[25]

Ll-FIM1 Lilium longiflorum MF bundling, stabilizes

the actin fringe

Microinjection of Ll-FIM1

disrupted the actin fringe and

inhibited pollen-tube tip growth

[25]

MAP18 Arabidopsis thaliana MF severing The MF bundles increased in

subapical regions of LOF pollen

tubes, where as decreased in OX

pollen tubes. Both OX and LOF of

MAP18 led to defects in pollen-

tube growth direction

[27��]

MDP25 Arabidopsis thaliana MF severing LOF led to decreased MF-severing

frequency and a high density of

MFs in the subapex, resulted in

enhanced pollen-tube growth

[26�]a

Highly dynamic

fine MFs in the

extreme apex

VLN2 VLN5 Arabidopsis thaliana MF Severing, promote

the rapid turnover of MFs

Decrease in MF-severing

frequency was found in the apical

region of vln2 vln5 pollen tubes,

resulted in accumulation of MF at

the apex

[19��]a

www.sciencedirect.com Current Opinion in Plant Biology 2015, 28:111–119
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Table 1 (Continued )

MF forms in pollen tubes ABPs Species Activities on actin

organization

Phenotypes induced by abnormal

expression

References

FH5 Arabidopsis thaliana

Nicotiana tabacum

MF nucleation and

assembly from the apical

and subapical PM

LOF diminished the apical actin

structure

[24]

MAP18 Arabidopsis thaliana MF severing Fine MFs were rarely found in the

apex of LOF pollen tubes, whereas

excessive fine MFs were scattered

in the tip of OX pollen tubes

[27��]

RIC1 Arabidopsis thaliana MF severing and

capping, severs MFs at

the apical PM as well as

the cytosol

LOF led to increased amounts of

apical MF and decreased MF-

severing frequency in pollen

tubes, resulted in faster growth

rate compared with the wild type.

OX led to decreased apical MFs

and increased MF-severing

frequency, resulted in pollen-tube

growth inhibition

[31��]a

OX, overexpression; LOF, loss of function.
a Single-filament dynamics were quantitatively analyzed in these works, and more comprehensive summary can be found in [34��].
In the extreme apex of pollen tubes exist less abundant

but highly dynamic fine MFs [19��,28]. This form of MFs

is distinguished from the subapical actin fringe, and it is

the proper dynamics of these MFs that is crucial for tip

growth. The nucleation factor for these apical MFs has

yet to be identified, yet it is proposed that the nucleation

is probably mediated by formins but not Arp2/3 [19��,24].

VLN2 and VLN5 colocalize with MFs throughout the

pollen tube. In addition to their function in the organiza-

tion of longitudinal actin cables and subapical actin fringe,

they play an important role in the rapid turnover of apical

fine MFs via its Ca2+-dependent MF-severing activity in

the apical dome [19��]. In addition, MAP18 is also involved

in the regulation of apical MF dynamics [27��].

ROP signaling is well known to have a pivotal role in

regulating MF organization and dynamics of apical fine

MFs, and pollen-specific ROP1 plays a predominant role.

Active ROP1 promotes apical fine-MF formation through

its downstream effector ROP-interactive CRIB motif-

containing protein4 (RIC4). However, whether RIC4

directly acts on MFs or indirectly regulates MF assembly

through other ABPs remains unclear [29]. Additionally,

ROP1 activates RIC3 to promote the influx of Ca2+ in the

tip, which causes the disassembly of MFs. These two

pathways counteract each other to maintain the dynamics

of apical MFs and tip growth [29]. It is also suggested that

the RIC4-dependent MF assembly promotes the accu-

mulation of exocytotic vesicles at the pollen tube tip, and

RIC3-Ca2+-dependent MF disassembly would be re-

quired for vesicle docking and fusion [30]; however,

the underlying mechanisms remain to be explored. Most

recent evidence shows that another ROP effector RIC1

can directly interact with MFs and regulates apical MF

abundance and turn over by its Ca2+-dependent MF-

severing activity [31��]. RIC1 localizes to the apical

PM via its interaction with active ROP GTPases
Current Opinion in Plant Biology 2015, 28:111–119 
[31��,32], and is reported to sever the MFs both at the

apical PM and in the cytosol, and is proposed to be the

key factor that releases apical PM-nucleated MFs for

rapid turnover in the apex [19��,24,31��].

Additionally, a tomato (Solanum lycopersicum) ROP gua-

nine nucleotide exchange factor (GEF), KINASE PART-

NER PROTEIN (KPP), can interact with an actin-

bundling protein PLIM2a in a Ca2+-responsive manner,

and is proposed to regulate bundling of MF from tip PM

as well as the mode of extension of the leading edge of

pollen tubes. This provides another link between ROP

signaling and MFs for proper pollen-tube tip growth [33].

In some of above-mentioned current studies, advances

in live-cell imaging techniques have revealed remark-

ably dynamic features of individual MF. This quantita-

tive assessment of single-filament dynamics combined

with genetic tools provide powerful approaches to dis-

sect the contributions of individual ABPs in MF organi-

zation and turnover, and to elucidate the roles of distinct

MF structures in pollen-tube tip growth (Table 1)

[19��,22�,26�,31��,34��].

Pollen tube MTs
Early ultrastructural investigations in pollen and pollen

tubes reported the cortical MTs and the endoplasmic

MTs in the vegetative cell, and the gamete MTs in the

generative cell/sperm cell. There are pharmacological

analyses suggesting that MTs affect pollen-tube growth

direction but not growth rate [9,10]. Recently, using

immunofluorescence microscopy, long and axially orient-

ed thick MT bundles were found in the distal region of

the pollen tube, whereas randomly oriented short MT

fragments existed in the apical/subapical and proximal

shank regions in tobacco, poppy and Arabidopsis pollen

tubes [8,12�,27��,31��,35] (Figure 1). A similar pattern was
www.sciencedirect.com
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also revealed in living tobacco pollen tubes by transiently

expressing Arabidopsis plus-end tracking microtubule-

binding protein AtEB1 [36]. Close inspection also sug-

gests that cortical MTs in the distal region of pollen tubes

are relatively more stable than those central cytoplasm-

located MTs in the proximal region [36]. Low concentra-

tion of Noc, a MT disrupting drug, only affects short MTs

in the pollen tube tip and proximal shank, but not distal

MT bundles [12�], indicating distinct features and func-

tions of different subsets of MTs in pollen tubes.

However, how exactly these different MT arrays are

organized and regulated is poorly understood. Some

known MAPs were found in pollen tubes; however, many

of them, such as the above-mentioned MAP18, MDP25

and RIC1, are reported to affect MF dynamics rather than

regulating MTs [26�,27��,31��], although they were dem-

onstrated to regulate cortical MT organization and dy-

namics, and subsequently polarized cell growth in

vegetative tissues [37–39]. SB401 from Solanum berthaultii
can bind and bundle both MTs and MFs in vitro, but

colocalizes with cortical MT bundles in the shank of

pollen tubes and is suggested to account for MT bundling

[40]. It is proposed that the phosphorylation status of

SB401 switches the function of SB401 between MTs and

MFs [41]. However, how exactly SB401 and its phos-

phorylation regulate the MT organization and dynamics

in pollen tubes is still a mystery. Tobacco phospholipase

D (PLD) is also a MAP [42,43]. Blocking PLD activity by

1-butanol can inhibit pollen tube elongation, whereas

treatment with the MT-stabilizing drug taxol can partially

rescue the growth inhibition phenotype, suggesting the

functional association between PLD and MTs in the

regulation of pollen tube growth as well [43].

Kinesins are MT motor proteins, and kinesin-like pro-

teins are detected associated with endomembrane com-

partments and aligned along MTs in pollen tubes, and are

assumed to be involved in the final positioning of orga-

nelles after acto-myosin mediated long-range transporta-

tion [13��]. Recently, a kinesin-like calmodulin-binding

protein (KCBP) in conifer pollen was proposed to regulate

the organization of MTs as well as the functional interplay

between MTs and MFs for pollen tube elongation [44].

Obviously, more investigation is needed to better under-

stand the regulatory mechanism underlying the MT

organization and dynamics in pollen tubes. Development

of appropriate MT markers to visualize MT organization

and dynamics in live cells, as well as further characteriza-

tion of pollen-expressed MAPs and motor proteins will

help provide more information regarding the organization

and function of MTs in pollen tubes.

Possibly because the role of MTs in pollen-tube tip growth

(especially in angiosperm) has not been well defined,

the signaling pathways that target MT organization and
www.sciencedirect.com 
dynamics in pollen tubes are rarely reported, and worthy of

further investigation. Considering the roles of ROP signal-

ing in regulation of MTs in other cell types, it is plausible to

predict that a ROP-signaling pathway could be involved.

Cytoskeleton-based vesicle trafficking,
exocytosis and endocytosis in pollen tubes
During pollen-tube tip growth, exocytic vesicles are

accumulated in a V-shaped pattern at the tip by targeted

vesicle trafficking, and subsequently fuse with the apical

PM to increase the membrane surface, to deliver the cell

wall materials (mostly methoxy-esterified pectin) and the

regulatory molecules to the PM (e.g. REN1 RopGAP)

and the cell wall, such as pectin methyl esterase (PME)

[6��,11,23,45,46].

As shown in Figure 2, the intracellular transport of vesi-

cles and organelles in the shank of pollen tubes relies on

MF bundles and myosin motor proteins [11,47]. In the

subapical region, the actin fringe is speculated to be a

filter to discriminate large organelles and secretory vesi-

cles, either passively by the size of endomembrane com-

partments, or by actively focusing exocytic vesicles but

hindering large organelles [11,48]. The actin fringe is also

suggested to restrict or redirect the vesicle flow for the

regulation of the pollen-tube growth direction [49]. Re-

cently, an effector of ROP/RAC GTPase (RAC5 inter-

acting subapical pollen tube protein, RISAP) in tobacco

was found to directly bind myosin and MFs, and also

associates with the subapical trans-Golgi network (TGN).

The proper localization of this TGN compartment is

subapical MF-dependent, and is important for pollen-

tube tip growth [50��]. Evidence suggests that the apical

fine MFs are crucial for the accumulation of exocytic

vesicle in the apex as an inverted cone [30], but the

mechanism by which this form of actin modulates this

process is unknown.

Although the intracellular transport is mainly driven by

the acto-myosin system in angiosperm pollen tubes, MTs

have been demonstrated to control the delivery of orga-

nelles into the tip and influence tip growth in conifer

pollen tubes through coordination with MFs [44]. This

indicates that there are different mechanisms underlying

regulation of pollen tube growth in the plant kingdom.

Using fluorescent dyes or expressing green fluorescent

protein (GFP)-fused secretory vesicle markers, the exact

sites of exocytosis at the pollen tube apex have been

investigated. The accumulation of exocytic vesicles at the

pollen tube apex favors the model that exocytosis occurs

at the extreme apex. Study of the secretion of new cell

wall material also supports tip localization of exocytosis

[23,51�]. Fluorescence Recovery After Photobleaching

(FRAP) analysis of a GFP-labeled receptor-like kinase

(RLK), which localized to the apical PM, clearly demon-

strated the apical deposition of exocytic vesicles [30]. It is
Current Opinion in Plant Biology 2015, 28:111–119
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Figure 2
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Cytoskeleton-based vesicle trafficking in the pollen tube. The schematic diagram shows the cytoskeleton-based vesicle trafficking in the pollen

tube. Actin fringe and apical MFs contribute to the accumulation of secretory vesicles as a V-shaped inverted cone in the pollen tube tip. The

exocytosis in the subapical region is MF-dependent, whereas the exocytosis in the extreme apex is MT-dependent. Additionally, MFs are

important for the endocytosis in the shank region of pollen tubes, and MTs are required for PM internalization in the apex. MT polymerization is

proposed to facilitate the conveyance of internalized vesicles to degradation pathways. The cytoskeleton-based vesicle trafficking is important for

the construction of the pollen-tube cell wall.
also suggested that depolymerization of apical MFs

seemed to be necessary for vesicle docking and fusion

to the PM for exocytosis [30]. MF-mediated exocytosis is

proposed to be involved in the apical ROP1 activation for

sustained tip growth, through facilitating the recruitment

of upstream RLKs and ROP GEFs to the apical PM [6��].
Observation by staining of pollen tubes with styryl FM

dyes suggests another model of exocytosis at the shoulder

of the apex [52,53]. Because GFP-SYP124-labeled vesi-

cles were found along the shank PM in addition to the

inverted cone, it was also proposed that exocytosis might

occur along the shank region [54] (Figure 2). Both types of

exocytosis may exist for secretion of different proteins or

materials. Pharmacological analysis further indicated that

exocytosis in the subapical region was actin-dependent,

whereas exocytosis in the extreme apex was actin-inde-

pendent [51�,55].

Membrane material deposited to the PM much exceeds

that needed for pollen tube growth, and nearly 80% of the

secreted membrane is estimated to be retrieved by en-

docytosis during pollen tube growth [23]. Interestingly,

Moscatelli et al. found that positively charged nanogold

was internalized in the shank region, and the negatively

charged nanogold was endocytosed in the apical region,
Current Opinion in Plant Biology 2015, 28:111–119 
indicating that distinct endocytosis pathways exist in the

tobacco pollen tube [56]. Further study demonstrated

that endocytosis at the shank region requires MFs, but

apical endocytosis is MF-independent [53,55,56].

Recently, Idilli et al. reported that both the exocytosis and

endocytosis in the apex were affected by Noc (a MT-

depolymerizing agent) treatment. Low concentration of

Noc leads to depolymerization of short and randomly

oriented MTs in the tip and the treatment increases

the rate of apical exocytosis, but inhibits PM internaliza-

tion in the apex. They postulated that MT polymeriza-

tion facilitates PM invagination and subsequent

conveyance to degradation pathways in the pollen tube

tip [12�]. The Noc treatment also revealed a role of MTs

in the control of pollen tube diameter [12�], thus MT-

dependent exocytosis or endocytic recycling are hypoth-

esized to affect the secretion and function of PME and

PMEI (PME inhibitor), and subsequently modulate the

pectin deposition and de-esterification in the tip for

controlling pollen tube growth [13��,57,58]. Interestingly,

MTs have also been implicated in the internalization of

S-RNase involved in self-incompatibility in apple pollen

tubes [59]. Pharmacological analysis also supports a role

of MTs for deposition of callose in the plugs at the distal
www.sciencedirect.com
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part of the pollen tube, and for insertion of callose

synthase complex (CalS) in the distal PM [47,60]. Addi-

tionally, cellulose synthase complex (CSC) is reported to

partially align with MTs in pollen tubes [47]. Although

evidence for direct physical interaction between CSC and

MTs is lacking, MTs could position CSCs in specifically

defined PM domains through scaffold proteins connect-

ing CSCs, MTs and lipid rafts, similar to that in somatic

cells [61,62].

Coordination between MTs and actin
microfilaments
Although MFs and MTs often fulfill many functions

independently, the cooperation between MFs and

MTs in intracellular transport, directional cell expansion,

mitosis and cytokinesis have been described in yeast,

insect, animal and plant cells [63–65]. However, reports of

MFs and MTs interaction in pollen tubes are scarce.

Poulter et al. reported that the self-incompatibility in-

duced MFs disorganization, which triggered MT depo-

lymerization, leading to programmed cell death [8]. In

confifer pollen tubles, a kinesin-like calmodulin-binding

protein, PaKCBP, was proposed to influence the interplay

between MTs and MFs, and be involved in organelle

motility and pollen tube tip growth [44]. SB401 is a

pollen-specific MAP that co-localized with cortical MT

bundles in pollen tubes. Interestingly, SB401 has also

been shown to be able to bind and bundle MFs in vitro,

and there was in vitro evidence suggesting that MT

bundles and MF bundles might be connected by

SB401 [40]. In addition, several MAPs (such as RIC1,

MAP18 and MDP25) which regulate MT organization

and dynamics in vegetative tissues [37–39], exhibit MF-

binding activity as well as Ca2+-dependent MF-severing

activity in vitro, and modulate the dynamics of the apical

MFs in pollen tubes [26�,27��,31��]. These observations

suggest a potential coordination between MFs and MTs

during pollen-tube tip growth. It is plausible to predict

that these two distinct networks might structurally asso-

ciate and cooperate with each other by specific physically

interacting proteins, and/or functionally coordinate in

organelle movement and vesicle trafficking in pollen

tubes. This will be an interesting subject for future

research.

Conclusions
Improved visualization of MFs in combination with ge-

nomic and genetic approaches has rapidly expanded our

knowledge of the organization and dynamics of the MFs

in the pollen tube and of underlying regulatory mecha-

nisms involving various signaling pathways and a large

number of ABPs. However, these recent findings also

raise many interesting questions: how do distinct MF

structures function in the regulation of cytoplasm-stream-

ing and long-distance organelle/vesicle trafficking, zona-

tion of pollen tubes, in vesicle accumulation in the apex,

as well as in vesicle docking and fusion to the PM at the
www.sciencedirect.com 
growing tip? How do different ABPs integrate various

signaling pathways into a complex system to coordinate

the organization, reorganization, and dynamics of multi-

ple forms of MFs? How do dynamic MFs exert feedback

regulation to upstream signaling pathways?

The emerging roles of MTs in organelle/vesicle traffick-

ing, endocytosis and exocytosis, and cell wall construction

in pollen tubes prompted rethinking about the signifi-

cance of MTs in the regulation of tip growth, in interac-

tion between pollen tube and pistil, and in self-

incompatibility systems. This brings up new research

clues for pollen tube and related sexual reproduction

studies. There an urgent need to characterize the organi-

zation and dynamic features of MTs in pollen tubes, to

identify MAPs and their functions that regulate MT

structures in pollen tubes, and to discover signaling path-

ways that transmit signals to MTs. Additionally, both

MFs and MTs are required for endocytosis and exocytosis

in the pollen tube tip, indicating the importance of

coordination between MFs and MTs. Further elucidating

the interplay between the two cytoskeleton systems and

how their cross-talk regulates vesicle trafficking will bring

new insights into the regulation of pollen-tube tip growth.
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