
Chapter 7
Pollen Tip Growth: Control of Cellular
Morphogenesis Through Intracellular
Trafficking

Hana Rakusová and Anja Geitmann

Abstract The control of cellular growth in pollen tubes occurs through the fine-
tuning of intracellular transport and secretion processes. This does not only apply to
the basic genesis of the cylindrical cell through polar expansion but also to the pollen
tube’s specialized skills including its capacity to respond to directional guidance
cues and its ability to perform invasive growth. The control of these specialized
activities by intracellular trafficking occurs through the strategic deposition of cell
wall material and cell wall modifying agents that soften or stiffen the wall with
the aim to regulate the cell wall’s mechanical properties both in time and space.
Directional and invasive growth of the pollen tube is crucial for successful sperm
delivery and fertilization. The mechanisms underlying the regulation and logistics
of the endomembrane trafficking in the pollen tube therefore have a direct impact on
pollen tube elongation and male fertility. Here, we relate pollen tube morphogenesis
and its biological functionality to the intracellular processes that control cellular
growth behavior and allow the cell to respond to environmental cues.
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RIPs ROP-interacting partners
ROPs Rho family of GTPases
SNAREs Soluble NSF attachment protein receptors
SYP Syntaxin of plants
TGN Trans-Golgi network

7.1 Introduction

The fertilization success of the male gametophyte in plants relies on the speed with
which it outcompetes its competitors on the way to the finite number of receptive
ovules, its efficiency to find these ovules and deliver the sperm cells, and its capacity
to drill its way through or around any mechanical obstacles along its path. Pollen
tube elongation occurs in highly polar manner and requires the delivery of cell wall
and membrane material as well as enzymes and other agents to the growing tip.
This applies to the basic growth process that produces the characteristic cylindrical
morphology of the cell and becomes even more critically important when the pollen
tube has to accomplish specific tasks such as responding to a guidance cue or
navigating a mechanical obstacle. These specific tasks require a tight regulation
of the morphogenetic process, which in turn is controlled by the cellular machinery
delivering and assembling the cellular envelope (Kroeger et al. 2009; Bou Daher and
Geitmann 2011; Qin and Yang 2011). The present chapter explains how the pollen
tube forms a tube, how it accomplishes specific tasks, and how the intracellular
transport machinery regulates all of these processes.

7.2 Mechanics of Tubular Cellular Expansion

Pollen tubes have a cylindrical shape with a diameter of 5–20 �m, depending on the
plant species. Their length is indeterminate and can reach several centimeters. In
some species, the pollen tube can grow tens of centimeters long, although the living
portion of the cytoplasm is confined to the tip region of the cell. The rapid polar cell
growth requires structural and functional organelle compartmentalization and high
rates of cell wall assembly (Cheung and Wu 2007). An exquisitely orchestrated
intracellular transport mechanism ensures the delivery of the material necessary
for the construction of the expanding cellular envelope—cell wall polymers and
phospholipids. These materials are delivered to the growing tip in small vesicles
(Fig. 7.1). Larger organelles such as mitochondria and Golgi bodies are predom-
inantly segregated to the cytoplasm distal to the subapical region. The apex of
the rapidly elongating cell is roughly hemisphere shaped, and all growth activity
is confined to this region implying that the bulk of new soft cell wall material is
added here. The result of this polar mode of growth is a cell wall, the thickness of
which does not vary much around the cell (100–200 nm) but which shows a high
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Fig. 7.1 Spatial distribution of pollen tube cell wall components is regulated by vesicular
trafficking. Components of pollen tube envelope (plasma membrane and cell wall) are synthetized
in the ER and Golgi (A) and transported to the cell surface via vesicular trafficking. The vesicles
are transported preferentially along the actin filaments (B). Exocytosis is regulated by GTPases
such as Rab or ROP (C) and in some species takes place preferentially in the shoulder region
of the apex (D). CESA and CalS enzymes are incorporated in the plasma membrane and start to
synthetize cellulose and callose. At the same time, endocytosis of PMEI (PME inhibitor) (E) allows
activation of PME leading to pectin de-esterification and a stiffened cell wall (F). The endocytosis
process helps to regulate the proportion between the plasma membrane and cell wall component
secretion at the pollen tube apex (G)

degree of nonuniformity along the longitudinal axis concerning the distribution of
its components (Chebli et al. 2012). Mechanical modeling has predicted (Fayant
et al. 2010) and micro-indentation has confirmed that the mechanical properties of
the cell wall change along the length of the tube, although absolute values for cell
wall stiffness are elusive for the tip region (Bolduc et al. 2006; Zerzour et al. 2009;
Chebli et al. 2012; Vogler et al. 2013). The cell wall of the shank has been measured
to possess a Young’s modulus of 350 MPa, a value that resembles that of Teflon
(Sanati Nezhad et al. 2013b), and scanning electron microscopy has shown that
microfibrils are oriented at a helical shallow angle in this portion of the cell (Aouar
et al. 2010). The latter has been speculated to protect the tube from kinking when it
is bent, thus ensuring that sperm cell transport is not hampered.

The nonuniform distribution of cell wall components and the resulting polarity
of wall mechanical properties are a prerequisite for the successful formation of a
cylindrical tube (Fayant et al. 2010). Just as other plant cells, pollen tubes grow by
controlled yielding of the wall to the internal turgor pressure (Geitmann and Ortega
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2009; Guerriero et al. 2014). The spatial gradient in mechanical properties ensures
that the yielding occurs in one direction only. Since turgor is a scalar and pressure is
exerted equally in all directions, turgor-driven cell wall expansion at the very apex
of the pollen tube must exhibit spatial regulation in biomechanical properties of the
cell wall between the apex and the shank of the cell (Geitmann and Steer 2006).
Typical pressures in plant cells range between 0.1 and 1 MPa, which corresponds to
the pressure in a car or bicycle tire. The only absolute value for turgor in pollen tubes
was measured in lily (Benkert et al. 1997). Turgor is a hydraulic pressure maintained
by osmosis—the movement of water across a semipermeable membrane along a
concentration gradient (Hill et al. 2012). In addition to driving growth, turgor plays
a role as a hydroskeleton that maintains plant cell shape against external forces.
In the pollen tube, turgor is therefore not only necessary to drive growth; it is the
pressure that prevents the cell from collapsing under the lateral compression force
of the pistillar tissues (Sanati Nezhad et al. 2013a, Fig. 7.2). Finally, the hydrostatic
pressure is also thought to provide the force necessary for the invasive penetration of
the pistillar tissues (Sanati Nezhad and Geitmann 2013). The importance of turgor
as a driving force for pollen tube elongation is easily illustrated by exposure of
these cells to altered osmotic conditions (Liu and Hussey 2014), but this does not
mean that the growth rate is actually regulated by the turgor. Rather, it is thought
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Fig. 7.2 Pollen tube invasive growth within the flower tissue. The pollen tube cytoplasm is
compartmentalized—at the very tip, the softer cell wall yields to the turgor pressure (A), and
simultaneously, cell wall assembly occurs (B); in the shank of the pollen tube, the cell envelope is
stiffened in order to resist against compressive stress provided by the turgor (C). The two sperm
cells and the vegetative nucleus are transported along the cytoskeleton toward the tip region. Their
transport can occur even in bending tubes since the helical winding of the cellulose microfibrils
prevents kinking (D)
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that the mechanical properties of the cell wall and its assembly rates control the
velocity with which pollen tube growth occurs (Winship et al. 2011). Consistent
with this notion, it was shown experimentally (Benkert et al. 1997) and explained
by modeling (Kroeger et al. 2011) that the average growth rate is uncorrelated from
the turgor pressure.

The nonuniform distribution of mechanical properties required for polar growth
is generated by a precisely controlled distribution of the individual polymers
composing the pollen tube wall (Dardelle et al. 2010; Chebli et al. 2012). It has
been shown in lily (Roy et al. 1997), tobacco (Li et al. 1995; Ferguson et al. 1998),
and Arabidopsis thaliana (Lennon and Lord 2000; Dardelle et al. 2010; Chebli et al.
2012) that the pollen tube cell wall in the shank of the cell is composed of two layers:
a fibrillar outer layer and a weakly electron-dense inner wall. The former is rich in
pectins and can contain cellulose. Cellulose microfibrils can also be found in the
inner layer in certain species, but the main component is callose (Taylor and Hepler
1997). At the pollen tube tip, this inner layer is generally lacking (Roy et al. 1997;
Lennon and Lord 2000). The relative abundance of certain cell wall components in
the different regions of the cell is therefore one of the features that underlies the
spatial gradient in mechanical properties.

The different components of the pollen tube cell wall are synthesized and
assembled in different ways. Pectin and hemicellulose are synthesized at the Golgi
apparatus and secreted in their final forms. Cellulose microfibrils and callose
on the other hand are synthesized directly at the plasma membrane by synthase
complexes (Driouich et al. 2012). The deposition and enzymatic modification of all
components occurs at precisely defined locations relative to the pollen tube tip. The
latter is particularly important for pectins which are complex polymers including
homogalacturonan (HG). In most angiosperms, HG is present in highly methyl-
esterified form at the tip, whereas the shank of the cell displays acidic or weakly
methyl-esterified HG epitopes (Dardelle et al. 2010; Chebli et al. 2012). Given its
lower ability to cross-link, the methyl-esterified pectin in the apical cell region is
believed to provide sufficient plasticity to provide a strong but malleable surface
that permits rapid cell expansion (Cheung and Wu 2008) consistent with predictions
made through mechanical modeling (Fayant et al. 2010). Such spatial change in the
chemical configuration of a single type of cell wall polymer is therefore the second
important feature that contributes to the gradient in mechanical properties.

HG synthesis is carried out in the Golgi apparatus, and the polymers are secreted
via Golgi-derived vesicles (Driouich et al. 2012). Their deposition at the apical cell
wall occurs in a highly methyl-esterified form explaining the high concentration at
this location. As the apical wall matures and becomes part of the shank, the HG
is de-esterified, and because the molecules are now negatively charged, they attract
Ca2C ions that cross-link the polymers in a process called gelation (Micheli 2001;
Geitmann and Steer 2006). The de-esterification is accomplished by the enzyme
pectin methyl esterase (PME), which is co-secreted with the esterified pectins in the
same secretory vesicles (Bosch and Hepler 2005; Kim and Brandizzi 2014). PME
activity has to be tightly regulated in space and time to allow pollen tube growth
to proceed. Exogenous application of the enzyme or overexpression inhibits pollen
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tube growth, likely by causing the soft apical wall to stiffen prematurely (Bosch et
al. 2005).

To prevent PME from acting prematurely (in the secretory vesicles or at the
apical wall), its activity is regulated by inhibitors (pectin methyl esterase inhibitors,
PMEIs) which are co-secreted (Röckel et al. 2008). The inhibitor is present in the
apical wall only, leading to the speculation that it is internalized through endocytosis
in the shoulder of the tip coinciding with the location of beginning pectin maturation
and PME activity. Treatment of pollen tubes with exogenous PMEI results in an
abnormal germination and bursting of pollen tubes in A. thaliana confirming the
role of HG in the mechanical properties of the cell wall (Lehner et al. 2010; Mollet
et al. 2013; Leroux et al. 2015). PMEIs and their endocytosis are therefore thought
to play a crucial role enabling polar growth in pollen tubes through confining the
“soft spot” in the cell wall to the pollen tube apex (Zhang et al. 2010b; Palin and
Geitmann 2012).

The pollen tube also produces other pectin-modifying enzymes such as poly-
galacturonases (PGs) and pectate lyases. They cleave the HG backbone thus
affecting the rigidity of the cell wall (Micheli 2001). However, their main target
may not be the tube itself but the substrate through which it has to grow. PGs are
detected in the tip region of pollen tubes during papillar cell penetration (Dearnaley
and Daggard 2001) suggesting that PGs are probably involved in the loosening of
the stigma and transmitting tract cell walls to facilitate the penetration of the pollen
tube during pollination.

The stiffening of the cylindrical portion of the pollen tube cell wall is not only
accomplished by pectin cross-linking but also by the addition of polymers such as
cellulose and callose. Callose is a “-glucan with “-1,3-linkages and is produced,
for example, to temporarily block the flow in the phloem during dormancy (Sager
and Lee 2014) or as a defense mechanism against invading pathogens (Lee and Lu
2011; Voigt 2014). It is abundant in the pollen tube cell wall but absent from the
growing tip (Parre and Geitmann 2005; Derksen et al. 2011; Chebli et al. 2012).
Callose clearly has a stabilizing function since treatments with lyticase, a callose-
digesting enzyme, cause an increase in the cellular diameter, a reduction in cellular
stiffness, and an increase in the cellular viscoelasticity (Parre and Geitmann 2005;
Aouar et al. 2010). Callose is also employed to plug the active part of the pollen
tube cytoplasm from the distal region, thus enabling the cell to maintain a relative
constant cytoplasmic volume despite its continuous expansion (Geitmann and Steer
2006; Abercrombie et al. 2011).

Callose is synthesized at the plasma membrane by callose synthases (CalSs) (Fer-
guson et al. 1998) and activated in vitro by proteolysis and detergents (Brownfield
et al. 2007). Immunogold labeling indicated that CalSs localize in the ER, Golgi
bodies, and vesicles located adjacent to the plasma membrane in the distal pollen
tube region. CalSs are incorporated into the plasma membrane in the shank and
presumably sites of future callose plugs (Ferguson et al. 1998; Brownfield et al.
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2008). CalS in Nicotiana alata pollen tubes consists of a 220 kDa polypeptide,
which is likely to be delivered to the plasma membrane by exocytosis of Golgi
membranes (Brownfield et al. 2008). The delivery and accumulation of CalS in
the distal region depends on actin, while microtubules seem to be involved in the
distribution and maintenance of distal CalS (Cai et al. 2011). Thus, CalSs are
involved in cell wall modification in the pollen tube tip and formation of callose
plugs in the very distal part of the pollen tube (Cai et al. 2011).

Cellulose, a “-glucan with “-1,4-linkages, is a major component in most plant
cell walls. It is present in pollen tubes but in relatively low amounts (Schlüpmann et
al. 1994; Cai et al. 2011). Despite its low abundance, cellulose plays an important
role in stabilizing the pollen tube tip wall especially in the transition zone between
the tip and the shank (Geitmann 2010; Derksen et al. 2011) where it contributes
to the maturation of the wall and to its ability to resist the tensile stress generated
in the cell wall by the internal turgor pressure (Aouar et al. 2010). This is evident
from the fact that cellulase treatments as well as pharmacological or mutational
inhibition of cellulose crystal formation result in larger pollen tube diameters, tip
swelling, and eventually bursting (Anderson et al. 2002; Lazzaro et al. 2003; Aouar
et al. 2010; Derksen et al. 2011). Similar to other plant cells, pollen tubes are able
to compensate to a certain degree for a failure in the production of one cell wall
component by overproducing another. Partial cellulose digestion results in pollen
tubes with increased amounts of pectins, illustrating a certain flexibility in the
cellular construction process (Aouar et al. 2010). Most pollen tubes do not possess
much cellulose in the apical cell wall, but some do (Chebli et al. 2012; Hao et al.
2013). Whether or not there is a causal relationship between the relatively slow
growth rate in these species and the presence of cellulose in the apex has not been
investigated (Lazzaro et al. 2003).

Cellulose microfibrils are produced by transmembrane cellulose synthases A
(CESAs) deposited into the plasma membrane in a form of rosette terminal
complex (Doblin et al. 2002). Different CESA families are implicated in cellulose
biosynthesis in plants, depending on tissue and cell type (Doblin et al. 2002;
Persson et al. 2007; Chebli et al. 2012). In the pollen tube, cellulose synthases
are inserted into the plasma membrane in the apical flanks, and deposition of
cellulose begins immediately, if not already prior to insertion. In A. thaliana pollen
tubes, crystalline cellulose was found in the trans-Golgi network and in cytoplasmic
vesicles suggesting that the synthesis of cellulose microfibrils could be initiated
before the incorporation to the plasma membrane. This could potentially enable the
pollen tubes to optimize cell wall assembly to promote rapid elongation (Chebli et
al. 2012). Alternatively, the presence of crystalline cellulose in cytoplasmic vesicles
could be indicative of a progressive removal of this polymer from the shank of
the cell by endocytosis and a relocalization to the apex (Chebli et al. 2012). Both
explanations remain speculative.
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7.3 Generation of a Biochemical Gradient in the Pollen Tube
Cell Wall by Targeted Intracellular Transport

From the description of the growth mechanism, it becomes obvious that the genesis
of a perfectly cylindrical cell with a uniform diameter requires the insertion and
removal of polysaccharide building blocks, synthesizing and modifying enzymes, as
well as their inhibitors at precisely defined locations at the plasma membrane. This is
illustrated even better with a pollen tube that changes its growth direction in order to
steer toward or away from an attractant or repulsive agent, respectively. Such a reori-
entation requires the spatial redefinition of the subcellular region that yields to the
turgor pressure and grows. By consequence, the delivery of new cell wall building
material and regulatory agents has to be targeted toward newly defined surface areas
(Bou Daher and Geitmann 2011). Other substances that need to be synthesized and
delivered to the apex include digestive enzymes and signaling molecules that enable
the pollen tube to dissolve the apoplast of the pistillar tissue and to communicate
with the female partner. All of these delivery processes occur through intracellular
trafficking. Exocytosis and endocytosis of cell wall components and their regulated
enzymes both contribute to maintaining membrane and cell wall domains over time
in the elongating pollen tubes (Onelli and Moscatelli 2013). When this traffic is
altered experimentally, the spatial distribution in the mechanical properties of the
cell is affected, and as a consequence, cell shape changes from the cylindrical
default, either by swelling or tapering of the tube or even by rupture of the wall.
Such interference can, for example, result from manipulation of the transporting
machinery, the cytoskeleton (Ischebeck et al. 2011; Abenza et al. 2015). Despite the
need for a precisely tuned mechanical gradient (Fayant et al. 2010), there is some
plasticity built into the system, as is evident when moderately interfering with cell
wall assembly (Chebli et al. 2013a, b). Understanding how material is transported
and used for morphogenesis is therefore an important endeavor to understand how
plant cells are regulated in general.

Depending on the species, endocytosis occurs either in a single apical domain
(Guan et al. 2013) or two membrane domains—the extreme apex and the shank
region adjacent to the apex (Bove et al. 2008; Zonia and Munnik 2008; Moscatelli
and Idilli 2009; Zonia 2010; Onelli and Moscatelli 2013). These two domains seem
to be separated by a ring-shaped domain in the shoulder of the apex in which
exocytosis dominates (Geitmann and Dumais 2009). It is thought that vesicles
endocytosed at the tip region mix with vesicles that are delivered to the apex but fail
to exocytose in the inverted cone in which vesicle motion appears to be governed by
diffusion (Kroeger et al. 2009) and possibly convection. Secretory vesicles and all
other organelles in the pollen tube are moved actively by motor proteins in the shank
of the cell. The resulting drag forces move the surrounding cytosol and cause it to
move resulting in a fluid flow that transports dissolved substances over significant
distances in the “go with the flow” manner (Lord and Russell 2002). The overall
cytoplasmic streaming, or movement of cytosol and organelles, shows different
streaming patterns in angiosperm and gymnosperm pollen tubes. In angiosperms,
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organelles move forward on cortical arrays and backward on a centrally located
array resulting in a reverse fountain-like streaming pattern in the tip region (Bove et
al. 2008; Geitmann and Nebenführ 2015). In gymnosperm pollen tubes, the direction
of movement is reverse, where a fountain-like streaming pattern is governed by
forward movement along the central axis and backward movement in the periphery
of the cell (Lazzaro 1996). The opposite streaming pattern in angiosperm and
gymnosperm pollen tubes was suggested to be generated by an opposite polarity
of the actin filaments (Lenartowska and Michalska 2008; Kroeger et al. 2009).
Albeit in differently shaped aggregates, both directions of fountain streaming are
associated with an accumulation of vesicles in the apical region (Parton et al.
2001; Bove et al. 2008). The bigger organelles such as mitochondria and Golgi
compartments generally do not reach the apical cytoplasm but turn around in the
subapical region of the cell.

Whether they are delivered through the periphery or the central region of the
cytoplasm, the Golgi-derived secretory vesicles containing cell wall components
(Toyooka et al. 2009; Kang et al. 2011) have to reach the apical plasma membrane
and deliver their cargo (Young et al. 2008; Chebli et al. 2013b; Gendre et al. 2013).
It is interesting that the highest rate of cell wall assembly and expansion does not
necessarily occur at the extreme apex of the tip but in some species at least at
an annular region surrounding the apex (Geitmann and Dumais 2009; Zonia and
Munnik 2009). This mechanism could serve to provide a greater resilience against
factors that might disturb the steering mechanism. These exocytosis patterns point
at the necessity to understand how exactly vesicles are delivered to their target
region. Monitoring individual secretory vesicles in living cells is challenging since
their size is typically between 60 and 150 nm—below the diffraction limit of the
optical microscope. Direct observation and quantitative tracking are difficult, even
by TIRF microscopy, since in the pollen tube these vesicles move rapidly and
are very densely packed, and even if the pollen tube lies directly on a coverslip,
the key processes are located several micrometers away from the glass surface
(due to the curvature of the pollen tube apex). To circumvent these challenges,
vesicle dynamics in growing pollen tubes have been analyzed quantitatively using
fluorescence recovery after photobleaching (FRAP) and spatiotemporal image
correlation spectroscopy (STICS) (Bove et al. 2008; Zonia and Munnik 2008).
These data have informed theoretical modeling approaches that have been employed
to make predictions on the functioning of the transport mechanism (Kroeger et al.
2009). The modeling has been particularly useful to understand how vesicle motion
might be driven in cellular regions devoid of cytoskeletal arrays. The simulations
have shown that the motor-driven movement of vesicles in the shank of the tube and
the flanks of the apex is sufficient to explain the fountain and inverse fountain-
shaped motion patterns through the apex even if only diffusion is assumed in
apical cytoskeleton-free regions (Kroeger et al. 2009). Another conclusion from the
simulations is that the vesicle motion patterns are very stable even when the growth
rate changes. This is consistent with microscopic observations made in various
species.
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7.4 Cytoskeletal Control of Intracellular Trafficking

Motor-driven transport of organelles and vesicles is mediated by a cytoskeletal array
that consists of microtubules and actin filaments oriented predominantly parallel to
the long axis of the cylindrical cell (Geitmann and Emons 2000; Idilli et al. 2013).
Generally, as is typical for plant cells, microtubules play a less prominent role in
organelle transport processes (Gossot and Geitmann 2007; Cheung et al. 2008).
They are involved in the movement of the male germ unit (Miyake et al. 1995), but
drugs such as oryzalin and colchicine do not interfere with cytoplasmic streaming.
However, recently nocodazole, another inhibitor of tubulin polymerization, has been
demonstrated to impede plasma membrane internalization of the vesicles in the apex
of tobacco pollen tubes (Idilli et al. 2013), but more detailed analyses are wanted.
No doubt exists that actin plays a crucial role for transport processes in pollen tubes,
including the long-distance transport of secretory vesicles (Zhang et al. 2010a,
Moscatelli et al. 2012). Actin polymerization and depolymerization therefore need
to be tightly regulated to ensure accurate delivery of vesicles to the tip for exocytosis
(Cheung et al. 2008; Kroeger et al. 2009). This regulation is performed by numerous
actin-binding proteins covered in excellent reviews (Ren and Xiang 2007; Chen et
al. 2009; Staiger et al. 2010).

Vesicle trafficking does not only consist of long-distance transport but also com-
prises processes such as budding, sorting, navigating, and fusing. These processes
involve the molecular machineries necessary for specific interactions such as contact
of a vesicle with the plasma membrane. The effect of failure or deficiencies in any of
these processes are illustrated when analyzing pollen tubes of mutants affected at the
various steps in the vesicular trafficking pathway including cytoskeletal functioning
(Zhu et al. 2013), endocytosis (Kitakura et al. 2011), or secretion (Cole et al. 2005;
Silva et al. 2010; Richter et al. 2012; Doyle et al. 2015). In most of the cases, this
affects the assembly of the pollen tube cell wall and as a consequence results in
altered morphogenesis of the cell.

For both polar and diffuse plant cell growth, vesicle trafficking involves protein
complexes that catalyze vesicle formation (clathrin), transport (RABs/cytoskeleton),
tethering (exocysts), and docking and fusion (RABs/SNARE) (Sanderfoot and
Raikhel 1999). Vesicle trafficking and fusion in the pollen tube are known to be
regulated by small Arf or Rab GTPases (Saito and Ueda 2009; Szumlanski and
Nielsen 2009; Kato et al. 2010). RabA4d localizes in the tip-localized membrane
compartments in growing pollen tubes, and its function is important for polarized
membrane trafficking during tip growth. Mutations raba4d and rab11b inhibit
targeting of exocytotic and recycled vesicles to the pollen tube inverted cone region
and compromise the delivery of secretory vesicles; this results in defects in the cell
wall composition as well as pollen tube guidance, suggesting that Rab functions in
selective delivery of cargo to the pollen tube tip (de Graaf et al. 2005; Szumlanski
and Nielsen 2009).

The plant-specific Rho family of GTPases (ROPs) strictly localizes at the tip of
the pollen tube thus providing a spatial signal function at the intersection of polarity
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and vesicle trafficking (Lee and Yang 2008). ROP GTPases control polar growth by
regulating the actin cytoskeleton and Ca2C signaling in pollen tubes and root hairs
which in turn regulate vesicle transport and fusion (Molendijk et al. 2001; Chen
et al. 2003; Lee and Yang 2008; Jamin and Yang 2011). ROP1 also regulates the
temporal control of exocytosis as its concentration varies during oscillatory growth
(Hwang et al. 2005; Lee et al. 2008; Lee and Yang 2008). Brefeldin A, a drug
inhibiting the secretory pathway, reduces pollen germination and eliminates growth
and polar plasma membrane localization of ROPs and ROP-interacting partners
(RIPs) (Molendijk et al. 2001) by disrupting the secretory vesicles at the tip. All this
leads to significantly decreased content of pectin in the apical region (Wang et al.
2005; Richter et al. 2012). Other polarity markers are RIC3 and RIC4. The spatially
regulated presence and activity of signaling agents such as ROP1, RIC3, and RIC4
are believed to be involved in such spatial regulation of the vesicular secretion in the
pollen tube through regulation of actin dynamics (Gu et al. 2005; Lee et al. 2008).
An increase in Ca2C concentration suppresses ROP1 function and thus balances
the actin-RIC4 ROP1 apical activation (Yan et al. 2009), but the ROP1-Ca2C-RIC3
interaction is not clearly characterized.

Tethering and fusion of the vesicles is mediated by the exocyst complex (Hala
et al. 2008) and soluble NSF attachment protein receptors (SNAREs) (Sanderfoot
and Raikhel 1999). When the vesicle reaches its destination, vesicle (v)-SNAREs
interact with target (t)-SNAREs to mediate vesicle fusion (Saito and Ueda 2009).
Chemical inhibition of V-ATPase activity at the trans-Golgi network (TGN) by
concanamycin A leads to secretory defects and related growth phenotypes (Dettmer
et al. 2005, 2006; Brux et al. 2008; Viotti et al. 2010; Guo and McCubbin
2012) suggesting that the vesicular trafficking from TGN plays a central role
in polysaccharide secretion to the tip. Also Arabidopsis SYP124 and SYP125,
pollen-specific SNARE subfamilies of syntaxin-like proteins required for docking
and fusion of secretory vesicles, participate in vesicle trafficking between the
vacuole and the TGN, mediating exocytotic membrane fusion at the pollen tube
apex (Enami et al. 2009; Kato et al. 2010; Silva et al. 2010). Secretory vesicles
are exocytosed involving the exocyst complex (a multiprotein tethering factor)
important for secreting vesicles to get delivered to specific exocytosis sites (Cole
et al. 2005) suggesting that the exocyst is one of the major determinants of pollen
tube growth and, hence, of cell morphology (Cole et al. 2005; Hala et al. 2008).

The second messenger Ca2C is believed to be one of the central intracellular
modulators of vesicular trafficking and subsequently regulating tip growth in pollen
tubes (Qin and Yang 2011; Steinhorst and Kudla 2013). Both the cytoplasmic
Ca2C concentration and also the pH change significantly over short distances
within the apical and subapical region of the pollen tube cytoplasm (Chebli and
Geitmann 2007; Qin and Yang 2011). The concentration of cytosolic Ca2C is high
at the growing pollen tube tip and decreases rapidly in the subapical region. The
magnitude of this gradient oscillates with the same periodicity as pollen tube growth
(Pierson et al. 1996; Holdaway-Clarke et al. 1997; Messerli et al. 2000). Previous
observations suggest that the Ca2C gradient is essential for polarity of ROP1 and
that it regulates its tip growth polarity (Hwang et al. 2005, 2008). Tip-localized
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ROP1 GTPase effectors RIC3 and RIC4 are proposed to promote Ca2C influx
through the plasma membrane and thus to establish the Ca2C gradient (Gu et al.
2005) and regulate the actin dynamics at the tip by way of actin-binding protein
activity, which in turn might promote exocytosis (Gu et al. 2005; Lee et al. 2008;
Bou Daher and Geitmann 2011). Most importantly, when intracellular trafficking
is modulated by experimentally blocking the release of intracellular Ca2C, cell
wall structure is altered significantly as callose accumulates at the tip and the tip-
localized methyl-esterified HG is de-esterified (Chen et al. 2008). The roles of Ca2C
in the regulation of pollen tube growth are therefore multiple—through its regulation
on actin dynamics and hence secretion and through its action on the mechanical
properties of pectin.

Pollen tube assembly requires not only exocytotic but also endocytotic activities.
The latter are necessary for the controlled removal of agents (e.g., PMEI) but
also to recover excess membrane material. Because of their different geometry,
the cellular envelope—cell wall and plasma membrane—and the delivery vesicles
have a different ratio of the two materials (polysaccharides/phospholipids). As a
consequence, the relative amount of membrane material delivered to the outside is
too high and has to be endocytosed (Bove et al. 2008). Therefore, a tight correlation
between endocytosis and exocytosis during pollen tube growth is necessary, both
in time and in space (Moscatelli and Idilli 2009). The immediate reinternalization
of membrane material could potentially also be accomplished by “kiss-and-run”
endocytosis (Bove et al. 2008) similar to the endocytosis described in synapses as
a clathrin-independent internalization process (Alabi and Tsien 2013), but evidence
for this process in plant cells is still lacking.

7.5 Invasive Growth

The regulation of pollen tube growth dynamics through intracellular trafficking
becomes a particularly intriguing question if one considers that pollen tubes do not
usually grow in the uniform and artificial growth medium provided in a Petri dish but
within the complex, maze-like structure existing in the pistil (Lennon et al. 1998;
Lord and Russell 2002; Chapman and Goring 2010). This complex environment
requires the tube to have the abilities (1) to follow guidance cues by reorienting its
growth direction, (2) to navigate or penetrate mechanical obstacles, and, in some
species, (3) to adhere to the pistillar tissue. All three mechanisms can be linked to
intracellular trafficking. The adhesion mechanism is thought to enable the pollen
tubes to attach to the transmitting tissue lining the hollow style in certain species
(Zinkl et al. 1999; Park et al. 2000). Arabinogalactan proteins (Cheung and Wu
1999; Nguema-Ona et al. 2012), pectic polysaccharides, and stigma/stylar cysteine-
rich adhesin (Lord 2000) have been identified in this context, and all clearly require
a secretion mechanism to reach the cellular surface.
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Pollen tube reorientation and the calibration of the invasive force exerted by
the pollen tube are linked to intracellular trafficking since cell wall mechanics
is regulated through controlled secretion either in space (reorientation) or time
(invasion). To invade the pistillar tissue in solid styles, an advancing pollen tube
has to exert an invasive force that is higher than the resistance posed by the apoplast
of the invaded tissue. The invasive behavior of the pollen tube has been studied
using the TipChip, a microfluidic platform (Agudelo et al. 2013). This lab-on-a-
chip device allows the researcher to expose individual pollen tubes to precisely
calibrated mechanical obstacles with simultaneous high-resolution and fluorescence
imaging. When pollen tubes were presented with slit-shaped openings, they had to
exert a force that could be measured quantitatively (Sanati Nezhad et al. 2013a).
Intriguingly, pollen tubes maintained a constant growth speed despite increasing
mechanical resistance. The growth speed is likely modulated by all acting forces, the
internal turgor pressure and in the opposite direction, the cell wall and the external
mechanical obstacle. The stiffer the cell wall, the smaller the available force acting
against the obstacle. The fact that growth speed remains constant despite increasing
external resistance of the obstacle suggests, therefore, that, when required, the
growing tip can soften its wall so that the pressure acts directly against the obstacle
instead of being dissipated in the wall (Sanati Nezhad et al. 2013a).

The softening of the apical cell wall can also occur in repeated manner resulting
in an oscillatory growth pattern that has been hypothesized to be employed as a
sledge hammer (Geitmann 1999). Oscillatory pollen tube growth is generated by
periodic changes in the extensibility of the apical cell wall (McKenna et al. 2009;
Zerzour et al. 2009; Winship et al. 2010; Kroeger and Geitmann 2013). This in turn
is regulated by periodically changing rates of exocytosis which are subject to control
by a feedback mechanism that is hypothesized to involve mechanosensors located
in the apical plasma membrane (Kroeger et al. 2008).

A change in growth orientation required to either follow a chemical guidance
cue (Sprunck et al. 2012) or circumvent an obstacle (Gossot and Geitmann 2007)
has been shown to be preceded by a spatial reorientation of the secretory machinery
in the pollen tube (Bou Daher and Geitmann 2011). Both the fluorescent signals
for the apical vesicle cone and the dynamics of the actin cytoskeleton show
asymmetric distribution prior to a visible change in pollen tube shape symmetry
hence suggesting a causal relationship between these parameters. This behavior is
consistent with that of other walled cell types such as fission yeast (Abenza et al.
2015). The turning response can also be triggered by directly modulating the cell
wall mechanical properties. Local application of PME asymmetrically stiffens the
apical cell wall and thus causes the tube to turn away from the agent, to the side
where the wall remains soft (Sanati Nezhad et al. 2014).
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7.6 Conclusion and Perspective

Understanding the intracellular underpinnings of the invasive and directional growth
of pollen tubes requires analyzing how the massive amount of cell wall deposition
and assembly processes are coordinated to promote fast cell elongation. Tight
control of cell wall remodeling during the morphogenetic process ensures that the
mechanical properties of the cell wall are regulated in space and time. Cell wall
assembly and maturation are directly influenced by spatial control of vesicular
delivery of cell wall components and related enzymes. The functioning of the pollen
tube including its growth, its targeting, and its force generation is therefore all
connected through these intracellular membrane transport processes.

The research on pollen tubes is highly interdisciplinary because it combines cell
biology with quantitative and mechanistic modeling and draws upon novel tech-
nological developments such as microfluidics and high-resolution live-cell imaging
to address questions of global cell biological relevance. The challenge is now to
integrate the multitude of different types of molecular, biological, and mechanical
data to conceive a meaningful picture of pollen tube biological functioning.

References

Abenza JF, Couturier E, Dodgson J, Dickmann J, Chessel A, Dumais J, Salas RE (2015) Wall
mechanics and exocytosis define the shape of growth domains in fission yeast. Nat Commun
6:8400

Abercrombie JM, O’Meara BC, Moffatt AR, Williams JH (2011) Developmental evolution of
flowering plant pollen tube cell walls: callose synthase (CalS) gene expression patterns.
Evodevo 2:14

Agudelo CG, Sanati Nezhad A, Ghanbari M, Naghavi M, Packirisamy M, Geitmann A (2013)
TipChip: a modular, MEMS-based platform for experimentation and phenotyping of tip-
growing cells. Plant J 73:1057–1068

Alabi AA, Tsien RW (2013) Perspectives on kiss-and-run: role in exocytosis, endocytosis, and
neurotransmission. Annu Rev Physiol 75:393–422

Anderson JR, Barnes WS, Bedinger P (2002) 2,6-Dichlorobenzonitrile, a cellulose biosynthesis
inhibitor, affects morphology and structural integrity of petunia and lily pollen tubes. J Plant
Physiol 159:61–67

Aouar L, Chebli Y, Geitmann A (2010) Morphogenesis of complex plant cell shapes: the
mechanical role of crystalline cellulose in growing pollen tubes. Sex Plant Reprod 23:15–27

Benkert R, Obermeyer G, Bentrup FW (1997) The turgor pressure of growing lily pollen tubes.
Protoplasma 198:1–8

Bolduc JE, Lewis LJ, Aubin CE, Geitmann A (2006) Finite-element analysis of geometrical factors
in micro-indentation of pollen tubes. Biomech Model Mechanobiol 5:227–236

Bosch M, Hepler PK (2005) Pectin methylesterases and pectin dynamics in pollen tubes. Plant Cell
17:3219–3226

Bosch M, Cheung AY, Hepler PK (2005) Pectin methylesterase, a regulator of pollen tube growth.
Plant Physiol 138:1334–1346

Bou Daher F, Geitmann A (2011) Actin is involved in pollen tube tropism through redefining the
spatial targeting of secretory vesicles. Traffic 12:1537–1551



7 Pollen Tip Growth: Control of Cellular Morphogenesis Through. . . 143

Bove J, Vaillancourt B, Kroeger J, Hepler PK, Wiseman PW, Geitmann A (2008) Magnitude and
direction of vesicle dynamics in growing pollen tubes using spatiotemporal image correlation
spectroscopy and fluorescence recovery after photobleaching. Plant Physiol 147:1646–1658

Brownfield L, Ford K, Doblin MS, Newbigin E, Read S, Bacic A (2007) Proteomic and
biochemical evidence links the callose synthase in Nicotiana alata pollen tubes to the product
of the NaGSL1 gene. Plant J 52:147–156

Brownfield L, Wilson S, Newbigin E, Bacic A, Read S (2008) Molecular control of the glucan
synthase-like protein NaGSL1 and callose synthesis during growth of Nicotiana alata pollen
tubes. Biochem J 414:43–52

Brux A, Liu TY, Krebs M, Stierhof YD, Lohmann JU, Miersch O, Wasternack C, Schumacher
K (2008) Reduced V-ATPase activity in the trans-Golgi network causes oxylipin-dependent
hypocotyl growth inhibition in Arabidopsis. Plant Cell 20:1088–1100

Cai G, Faleri C, Del Casino C, Emons AMC, Cresti M (2011) Distribution of callose synthase,
cellulose synthase, and sucrose synthase in tobacco pollen tube is controlled in dissimilar ways
by actin filaments and microtubules. Plant Physiol 155:1169–1190

Chapman LA, Goring DR (2010) Pollen-pistil interactions regulating successful fertilization in the
Brassicaceae. J Exp Bot 61:1987–1999

Chebli YG, Geitmann A (2007) Mechanical principles governing pollen tube growth. Funct Plant
Sci Biotechnol 1:232–245

Chebli Y, Kaneda M, Zerzour R, Geitmann A (2012) The cell wall of the Arabidopsis pollen
tube–spatial distribution, recycling, and network formation of polysaccharides. Plant Physiol
160:1940–1955

Chebli Y, Pujol L, Shojaeifard A, Brouwer I, van Loon JJ, Geitmann A (2013a) Cell wall assembly
and intracellular trafficking in plant cells are directly affected by changes in the magnitude of
gravitational acceleration. PLoS One 8:e58246

Chebli Y, Kroeger J, Geitmann A (2013b) Transport logistics in pollen tubes. Mol Plant 6:1037–
1052

Chen CY, Cheung AY, Wu HM (2003) Actin-depolymerizing factor mediates Rac/Rop GTPase-
regulated pollen tube growth. Plant Cell 15:237–249

Chen KM, Wu GL, Wang YH, Tian CT, Samaj J, Baluska F, Lin JX (2008) The block of
intracellular calcium release affects the pollen tube development of Picea wilsonii by changing
the deposition of cell wall components. Protoplasma 233:39–49

Chen N, Qu X, Wu Y, Huang S (2009) Regulation of actin dynamics in pollen tubes: control of
actin polymer level. J Integr Plant Biol 51:740–750

Cheung AY, Wu HM (1999) Arabinogalactan proteins in plant sexual reproduction. Protoplasma
208:87–98

Cheung AY, Wu HM (2007) Structural and functional compartmentalization in pollen tubes. J Exp
Bot 58:75–82

Cheung AY, Wu HM (2008) Structural and signaling networks for the polar cell growth machinery
in pollen tubes. Annu Rev Plant Biol 59:547–572

Cheung AY, Duan QH, Costa SS, de Graaf BH, Di Stilio VS, Feijo J, Wu HM (2008) The dynamic
pollen tube cytoskeleton: live cell studies using actin-binding and microtubule-binding reporter
proteins. Mol Plant 1:686–702

Cole RA, Synek L, Zarsky V, Fowler JE (2005) SEC8, a subunit of the putative Arabidopsis exocyst
complex, facilitates pollen germination and competitive pollen tube growth. Plant Physiol
138:2005–2018

Dardelle F, Lehner A, Ramdani Y, Bardor M, Lerouge P, Driouich A, Mollet JC (2010)
Biochemical and immunocytological characterizations of Arabidopsis pollen tube cell wall.
Plant Physiol 153:1563–1576

Dearnaley JDW, Daggard GA (2001) Expression of a polygalacturonase enzyme in germinating
pollen of Brassica napus. Sex Plant Reprod 13:265–271

Derksen J, Janssen GJ, Wolters-Arts M, Lichtscheidl I, Adlassnig W, Ovecka M, Doris F, Steer M
(2011) Wall architecture with high porosity is established at the tip and maintained in growing
pollen tubes of Nicotiana tabacum. Plant J 68:495–506



144 H. Rakusová and A. Geitmann

Dettmer J, Schubert D, Calvo-Weimar O, Stierhof YD, Schmidt R, Schumacher K (2005) Essential
role of the V-ATPase in male gametophyte development. Plant J 41:117–124

Dettmer J, Hong-Hermesdorf A, Stierhof YD, Schumacher K (2006) Vacuolar HC-ATPase activity
is required for endocytic and secretory trafficking in Arabidopsis. Plant Cell 18:715–730

Doblin MS, Kurek I, Jacob-Wilk D, Delmer DP (2002) Cellulose biosynthesis in plants: from genes
to rosettes. Plant Cell Physiol 43:1407–1420

Doyle SM, Haeger A, Vain T, Rigal A, Viotti C, Langowska M, Ma Q, Friml J, Raikhel NV, Hicks
GR, Robert S (2015) An early secretory pathway mediated by GNOM-LIKE 1 and GNOM is
essential for basal polarity establishment in Arabidopsis thaliana. Proc Natl Acad Sci U S A
112:806–815

Driouich A, Follet-Gueye ML, Bernard S, Kousar S, Chevalier L, Vicre-Gibouin M, Lerouxel O
(2012) Golgi-mediated synthesis and secretion of matrix polysaccharides of the primary cell
wall of higher plants. Front Plant Sci 3:79. doi:10.3389/fpls.2012.00079

Enami K, Ichikawa M, Uemura T, Kutsuna N, Hasezawa S, Nakagawa T, Nakano A, Sato MH
(2009) Differential expression control and polarized distribution of plasma membrane-resident
SYP1 SNAREs in Arabidopsis thaliana. Plant Cell Physiol 50:280–289

Fayant P, Girlanda O, Chebli Y, Aubin CE, Villemure I, Geitmann A (2010) Finite element model
of polar growth in pollen tubes. Plant Cell 22:2579–2593

Ferguson C, Teeri TT, Siika-aho M, Read SM, Bacic A (1998) Location of cellulose and callose in
pollen tubes and grains of Nicotiana tabacum. Planta 206:452–460

Geitmann A (1999) The rheological properties of the pollen tube cell wall. In: Sexual plant
reproduction and biotechnological applications. Springer, pp 283–302

Geitmann A (2010) How to shape a cylinder: pollen tube as a model system for the generation of
complex cellular geometry. Sex Plant Reprod 23:63–71

Geitmann A, Dumais J (2009) Not-so-tip-growth. Plant Signal Behav 4:136–138
Geitmann A, Emons AM (2000) The cytoskeleton in plant and fungal cell tip growth. J Microsc

198:218–245
Geitmann A, Nebenführ A (2015) Navigating the plant cell: intracellular transport logistics in the

green kingdom. Mol Biol Cell 26:3373–3378
Geitmann A, Ortega JK (2009) Mechanics and modeling of plant cell growth. Trends Plant Sci

14:467–478
Geitmann A, Steer MW (2006) The architecture and properties of the pollen tube cell wall. The

pollen tube: a cellular and molecular perspective. Plant Cell Monogr 3:177–200
Gendre D, McFarlane HE, Johnson E, Mouille G, Sjodin A, Oh J, Levesque-Tremblay G, Watanabe

Y, Samuels L, Bhalerao RP (2013) Trans-Golgi network localized ECHIDNA/Ypt interacting
protein complex is required for the secretion of cell wall polysaccharides in Arabidopsis. Plant
Cell 25:2633–2646

Gossot O, Geitmann A (2007) Pollen tube growth: coping with mechanical obstacles involves the
cytoskeleton. Planta 226:405–416

de Graaf BH, Cheung AY, Andreyeva T, Levasseur K, Kieliszewski M, Wu HM (2005) Rab11
GTPase-regulated membrane trafficking is crucial for tip-focused pollen tube growth in
tobacco. Plant Cell 17:2564–2579

Gu Y, Fu Y, Dowd P, Li S, Vernoud V, Gilroy S, Yang Z (2005) A Rho family GTPase controls
actin dynamics and tip growth via two counteracting downstream pathways in pollen tubes. J
Cell Biol 169:127–138

Guan Y, Guo J, Yang Z (2013) Signaling in pollen tube growth: crosstalk, feedback, and missing
links. Mol Plant 6:1053–1064

Guerriero G, Hausman JF, Cai G (2014) No stress! Relax! Mechanisms governing growth and
shape in plant cells. Int J Mol Sci 15:5094–5114

Guo F, McCubbin AG (2012) The pollen-specific R-SNARE/longin PiVAMP726 mediates fusion
of endo- and exocytic compartments in pollen tube tip growth. J Exp Bot 63:3083–3095

Hala M, Cole R, Synek L, Drdova E, Pecenkova T, Nordheim A, Lamkemeyer T, Madlung J,
Hochholdinger F, Fowler JE, Žárský V (2008) An exocyst complex functions in plant cell
growth in Arabidopsis and tobacco. Plant Cell 20:1330–1345

http://dx.doi.org/10.3389/fpls.2012.00079


7 Pollen Tip Growth: Control of Cellular Morphogenesis Through. . . 145

Hao H, Chen T, Fan L, Li R, Wang X (2013) 2, 6-Dichlorobenzonitrile causes multiple effects
on pollen tube growth beyond altering cellulose synthesis in Pinus bungeana Zucc. PLoS One
8:e76660

Hill AE, Shachar-Hill B, Skepper JN, Powell J, Shachar-Hill Y (2012) An osmotic model of the
growing pollen tube. PLoS One 7:e36585

Holdaway-Clarke TL, Feijo JA, Hackett GR, Kunkel JG, Hepler PK (1997) Pollen tube growth and
the intracellular cytosolic calcium gradient oscillate in phase while extracellular calcium influx
is delayed. Plant Cell 9:1999–2010

Hwang JU, Gu Y, Lee YJ, Yang Z (2005) Oscillatory ROP GTPase activation leads the oscillatory
polarized growth of pollen tubes. Mol Biol Cell 16:5385–5399

Hwang JU, Vernoud V, Szumlanski A, Nielsen E, Yang Z (2008) A tip-localized RhoGAP controls
cell polarity by globally inhibiting Rho GTPase at the cell apex. Curr Biol 18:1907–1916

Idilli AI, Morandini P, Onelli E, Rodighiero S, Caccianiga M, Moscatelli A (2013) Microtubule
depolymerization affects endocytosis and exocytosis in the tip and influences endosome
movement in tobacco pollen tubes. Mol Plant 6:1109–1130

Ischebeck T, Stenzel I, Hempel F, Jin X, Mosblech A, Heilmann I (2011) Phosphatidylinositol-
4,5-bisphosphate influences Nt-Rac5-mediated cell expansion in pollen tubes of Nicotiana
tabacum. Plant J 65:453–468

Jamin A, Yang Z (2011) Interactions between calcium and ROP signaling regulate pollen tube tip
growth. In: Sheng L (ed) Coding and decoding of calcium signals in plants. Springer, Berlin,
pp 25–39

Kang BH, Nielsen E, Preuss ML, Mastronarde D, Staehelin LA (2011) Electron tomography of
RabA4b- and PI-4Kbeta1-labeled trans Golgi network compartments in Arabidopsis. Traffic
12:313–329

Kato N, He H, Steger AP (2010) A systems model of vesicle trafficking in Arabidopsis pollen
tubes. Plant Physiol 152:590–601

Kim SJ, Brandizzi F (2014) The plant secretory pathway: an essential factory for building the plant
cell wall. Plant Cell Physiol 55:687–693

Kitakura S, Vanneste S, Robert S, Lofke C, Teichmann T, Tanaka H, Friml J (2011) Clathrin
mediates endocytosis and polar distribution of PIN auxin transporters in Arabidopsis. Plant
Cell 23:1920–1931

Kroeger JH, Geitmann A (2013) Pollen tubes with more viscous cell walls oscillate at lower
frequencies. MMNP 8:25–34

Kroeger JH, Geitmann A, Grant M (2008) Model for calcium dependent oscillatory growth in
pollen tubes. J Theor Biol 253:363–374

Kroeger JH, Daher FB, Grant M, Geitmann A (2009) Microfilament orientation constrains vesicle
flow and spatial distribution in growing pollen tubes. Biophys J 97:1822–1831

Kroeger JH, Zerzour R, Geitmann A (2011) Regulator or driving force? The role of turgor pressure
in oscillatory plant cell growth. PLoS One 6:e18549

Lazzaro MD (1996) The actin microfilament network within elongating pollen tubes of the
gymnosperm Picea abies (Norway spruce). Protoplasma 194:186–194

Lazzaro MD, Donohue JM, Soodavar FM (2003) Disruption of cellulose synthesis by isoxaben
causes tip swelling and disorganizes cortical microtubules in elongating conifer pollen tubes.
Protoplasma 220:201–207

Lee JY, Lu H (2011) Plasmodesmata: the battleground against intruders. Trends Plant Sci 16:201–
210

Lee YJ, Yang Z (2008) Tip growth: signaling in the apical dome. Curr Opin Plant Biol 11:662–671
Lee YJ, Szumlanski A, Nielsen E, Yang Z (2008) Rho-GTPase-dependent filamentous actin

dynamics coordinate vesicle targeting and exocytosis during tip growth. J Cell Biol 181:1155–
1168

Lehner A, Dardelle F, Soret-Morvan O, Lerouge P, Driouich A, Mollet JC (2010) Pectins in the
cell wall of Arabidopsis thaliana pollen tube and pistil. Plant Signal Behav 5:1282–1285

Lenartowska M, Michalska A (2008) Actin filament organization and polarity in pollen tubes
revealed by myosin II subfragment 1 decoration. Planta 228:891–896



146 H. Rakusová and A. Geitmann

Lennon KA, Lord EM (2000) In vivo pollen tube cell of Arabidopsis thaliana I. Tube cell
cytoplasm and wall. Protoplasma 214:45–56

Lennon KA, Roy S, Hepler PK, Lord EM (1998) The structure of the transmitting tissue of
Arabidopsis thaliana (L.) and the path of pollen tube growth. Sex Plant Reprod 11:49–59

Leroux C, Bouton S, Kiefer-Meyer MC, Fabrice TN, Mareck A, Guenin S, Fournet F, Ringli C, Pel-
loux J, Driouich A, Lerouge P, Lehner A, Mollet JC (2015) PECTIN METHYLESTERASE48
is involved in Arabidopsis pollen grain germination. Plant Physiol 167:367–380

Li YQ, Faleri C, Geitmann A, Zhang HQ, Cresti M (1995) Immunogold localization of ara-
binogalactan proteins, unesterified and esterified pectins in pollen grains and pollen tubes of
Nicotiana tabacum L. Protoplasma 189:26–36

Liu J, Hussey PJ (2014) Dissecting the regulation of pollen tube growth by modeling the interplay
of hydrodynamics, cell wall and ion dynamics. Front Plant Sci 5:392

Lord E (2000) Adhesion and cell movement during pollination: cherchez la femme. Trends Plant
Sci 5:368–373

Lord EM, Russell SD (2002) The mechanisms of pollination and fertilization in plants. Annu Rev
Cell Dev Biol 18:81–105

McKenna ST, Kunkel JG, Bosch M, Rounds CM, Vidali L, Winship LJ, Hepler PK (2009)
Exocytosis precedes and predicts the increase in growth in oscillating pollen tubes. Plant Cell
21:3026–3040

Messerli MA, Creton R, Jaffe LF, Robinson KR (2000) Periodic increases in elongation rate
precede increases in cytosolic Ca2C during pollen tube growth. Dev Biol 222:84–98

Micheli F (2001) Pectin methylesterases: cell wall enzymes with important roles in plant
physiology. Trends Plant Sci 6:414–419

Miyake T, Kuroiwa H, Kuroiwa T (1995) Differential mechanisms of movement between a
generative cell and a vegetative nucleus in pollen tubes of Nicotiana tabacum as revealed by
additions of colchicine and nonanoic acid. Sex Plant Reprod 8:228–230

Molendijk AJ, Bischoff F, Rajendrakumar CS, Friml J, Braun M, Gilroy S, Palme K (2001)
Arabidopsis thaliana Rop GTPases are localized to tips of root hairs and control polar growth.
EMBO J 20:2779–2788

Mollet JC, Leroux C, Dardelle F, Lehner A (2013) Cell wall composition, biosynthesis and
remodeling during pollen tube growth. Plants (Basel) 2:107–147

Moscatelli A, Idilli AI (2009) Pollen tube growth: a delicate equilibrium between secretory and
endocytic pathways. J Integr Plant Biol 51:727–739

Moscatelli A, Idilli AI, Rodighiero S, Caccianiga M (2012) Inhibition of actin polymerisation by
low concentration Latrunculin B affects endocytosis and alters exocytosis in shank and tip of
tobacco pollen tubes. Plant Biol 14:770–782

Nguema-Ona E, Coimbra S, Vicre-Gibouin M, Mollet JC, Driouich A (2012) Arabinogalactan
proteins in root and pollen-tube cells: distribution and functional aspects. Ann Bot 110:383–
404

Onelli E, Moscatelli A (2013) Endocytic pathways and recycling in growing pollen tubes. Plants
2:211–229

Palin R, Geitmann A (2012) The role of pectin in plant morphogenesis. Biosystems 109:397–402
Park SY, Jauh GY, Mollet JC, Eckard KJ, Nothnagel EA, Walling LL, Lord EM (2000) A lipid

transfer-like protein is necessary for lily pollen tube adhesion to an in vitro stylar matrix. Plant
Cell 12:151–164

Parre E, Geitmann A (2005) More than a leak sealant. The mechanical properties of callose in
pollen tubes. Plant Physiol 137:274–286

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

Persson S, Paredez A, Carroll A, Palsdottir H, Doblin M, Poindexter P, Khitrov N, Auer M,
Somerville CR (2007) Genetic evidence for three unique components in primary cell-wall
cellulose synthase complexes in Arabidopsis. Proc Natl Acad Sci USA 104:15566–15571



7 Pollen Tip Growth: Control of Cellular Morphogenesis Through. . . 147

Pierson ES, Miller DD, Callaham DA, van Aken J, Hackett G, Hepler PK (1996) Tip-localized
calcium entry fluctuates during pollen tube growth. Dev Biol 174:160–173

Qin Y, Yang Z (2011) Rapid tip growth: insights from pollen tubes. Semin Cell Dev Biol 22:816–
824

Ren H, Xiang Y (2007) The function of actin-binding proteins in pollen tube growth. Protoplasma
230:171–182

Richter S, Muller LM, Stierhof YD, Mayer U, Takada N, Kost B, Vieten A, Geldner N, Koncz C,
Jurgens G (2012) Polarized cell growth in Arabidopsis requires endosomal recycling mediated
by GBF1-related ARF exchange factors. Nat Cell Biol 14:80–86

Röckel N, Wolf S, Kost B, Rausch T, Greiner S (2008) Elaborate spatial patterning of cell-wall
PME and PMEI at the pollen tube tip involves PMEI endocytosis, and reflects the distribution
of esterified and de-esterified pectins. Plant J 53:133–143

Roy S, Eckard KJ, Lancelle S, Hepler PK, Lord EM (1997) High-pressure freezing improves the
ultrastructural preservation of in vivo grown lily pollen tubes. Protoplasma 200:87–98

Sager R, Lee JY (2014) Plasmodesmata in integrated cell signalling: insights from development
and environmental signals and stresses. J Exp Bot 65:6337–6358

Saito C, Ueda T (2009) Functions of RAB and SNARE proteins in plant life. Int Rev Cell Mol Biol
274:183–233

Sanati Nezhad A, Geitmann A (2013) The cellular mechanics of an invasive lifestyle. J Exp Bot
64:4709–4728

Sanati Nezhad A, Naghavi M, Packirisamy M, Bhat R, Geitmann A (2013a) Quantification of
cellular penetrative forces using lab-on-a-chip technology and finite element modeling. Proc
Natl Acad Sci USA 110:8093–8098

Sanati Nezhad A, Naghavi M, Packirisamy M, Bhat R, Geitmann A (2013b) Quantification of
the Young’s modulus of the primary plant cell wall using Bending-Lab-On-Chip (BLOC). Lab
Chip 13:2599–2608

Sanati Nezhad A, Packirisamy M, Geitmann A (2014) Dynamic, high precision targeting of growth
modulating agents is able to trigger pollen tube growth reorientation. Plant J 80:185–195

Sanderfoot AA, Raikhel NV (1999) The specificity of vesicle trafficking: coat proteins and
SNAREs. Plant Cell 11:629–642

Schlüpmann H, Bacic A, Read SM (1994) Uridine diphosphate glucose metabolism and callose
synthesis in cultured pollen tubes of Nicotiana alata Link et Otto. Plant Physiol 105:659–670

Silva PA, Ul-Rehman R, Rato C, Di Sansebastiano GP, Malho R (2010) Asymmetric localization
of Arabidopsis SYP124 syntaxin at the pollen tube apical and sub-apical zones is involved in
tip growth. BMC Plant Biol 10:179

Sprunck S, Rademacher S, Vogler F, Gheyselinck J, Grossniklaus U, Dresselhaus T (2012) Egg
cell-secreted EC1 triggers sperm cell activation during double fertilization. Science 338:1093–
1097

Staiger CJ, Poulter NS, Henty JL, Franklin-Tong VE, Blanchoin L (2010) Regulation of actin
dynamics by actin-binding proteins in pollen. J Exp Bot 61:1969–1986

Steinhorst L, Kudla J (2013) Calcium - a central regulator of pollen germination and tube growth.
Biochim Biophys Acta 1833:1573–1581

Szumlanski AL, Nielsen E (2009) The Rab GTPase RabA4d regulates pollen tube tip growth in
Arabidopsis thaliana. Plant Cell 21:526–544

Taylor LP, Hepler PK (1997) Pollen germination and tube growth. Annu Rev Plant Physiol Plant
Mol Biol 48:461–491

Toyooka K, Goto Y, Asatsuma S, Koizumi M, Mitsui T, Matsuoka K (2009) A mobile secretory
vesicle cluster involved in mass transport from the Golgi to the plant cell exterior. Plant Cell
21:1212–1229

Viotti C, Bubeck J, Stierhof YD, Krebs M, Langhans M, van den Berg W, van Dongen W, Richter S,
Geldner N, Takano J, Jurgens G, de Vries SC, Robinson DG, Schumacher K (2010) Endocytic
and secretory traffic in Arabidopsis merge in the trans-Golgi network/early endosome, an
independent and highly dynamic organelle. Plant Cell 22:1344–1357



148 H. Rakusová and A. Geitmann

Vogler H, Draeger C, Weber A, Felekis D, Eichenberger C, Routier-Kierzkowska AL, Boisson-
Dernier A, Ringli C, Nelson BJ, Smith RS, Grossniklaus U (2013) The pollen tube: a soft shell
with a hard core. Plant J 73:617–627

Voigt CA (2014) Callose-mediated resistance to pathogenic intruders in plant defense-related
papillae. Front Plant Sci 5:168. doi:10.3389/fpls.2014.00168

Wang Q, Kong L, Hao H, Wang X, Lin J, Samaj J, Baluska F (2005) Effects of brefeldin A on
pollen germination and tube growth. Antagonistic effects on endocytosis and secretion. Plant
Physiol 139:1692–1703

Winship LJ, Obermeyer G, Geitmann A, Hepler PK (2010) Under pressure, cell walls set the pace.
Trends Plant Sci 15:363–369

Winship LJ, Obermeyer G, Geitmann A, Hepler PK (2011) Pollen tubes and the physical world.
Trends Plant Sci 16:353–355

Yan A, Xu G, Yang ZB (2009) Calcium participates in feedback regulation of the oscillating ROP1
Rho GTPase in pollen tubes. Proc Natl Acad Sci USA 106:22002–22007

Young RE, McFarlane HE, Hahn MG, Western TL, Haughn GW, Samuels AL (2008) Analysis
of the Golgi apparatus in Arabidopsis seed coat cells during polarized secretion of pectin-rich
mucilage. Plant Cell 20:1623–1638

Zerzour R, Kroeger J, Geitmann A (2009) Polar growth in pollen tubes is associated with spatially
confined dynamic changes in cell mechanical properties. Dev Biol 334:437–446

Zhang Y, He J, Lee D, McCormick S (2010a) Interdependence of endomembrane trafficking and
actin dynamics during polarized growth of Arabidopsis pollen tubes. Plant Physiol 152:2200–
2210

Zhang GY, Feng J, Wu J, Wang XW (2010b) BoPMEI1, a pollen-specific pectin methylesterase
inhibitor, has an essential role in pollen tube growth. Planta 231:1323–1334

Zhu L, Zhang Y, Kang E, Xu Q, Wang M, Rui Y, Liu B, Yuan M, Fu Y (2013) MAP18 regulates
the direction of pollen tube growth in Arabidopsis by modulating F-actin organization. Plant
Cell 25:851–867

Zinkl GM, Zwiebel BI, Grier DG, Preuss D (1999) Pollen-stigma adhesion in Arabidopsis: a
species-specific interaction mediated by lipophilic molecules in the pollen exine. Development
126:5431–5440

Zonia L (2010) Spatial and temporal integration of signalling networks regulating pollen tube
growth. J Exp Bot 61:1939–1957

Zonia L, Munnik T (2008) Vesicle trafficking dynamics and visualization of zones of exocytosis
and endocytosis in tobacco pollen tubes. J Exp Bot 59:861–873

Zonia L, Munnik T (2009) Uncovering hidden treasures in pollen tube growth mechanics. Trends
Plant Sci 14:318–327

http://dx.doi.org/10.3389/fpls.2014.00168

	7 Pollen Tip Growth: Control of Cellular Morphogenesis Through Intracellular Trafficking 
	Abbreviations
	7.1 Introduction
	7.2 Mechanics of Tubular Cellular Expansion
	7.3 Generation of a Biochemical Gradient in the Pollen Tube Cell Wall by Targeted Intracellular Transport
	7.4 Cytoskeletal Control of Intracellular Trafficking
	7.5 Invasive Growth
	7.6 Conclusion and Perspective
	References


