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Abstract Microtubules are a fundamental component of plant cells, in which they achieve
many critical functions. In pollen tubes, however, their specific role remains unsolved and
ambiguous. Microtubules are extremely abundant in the pollen tube and are undoubtedly
important in critical processes like the transport of sperm cells. Recent advances have
also shown a dynamic interaction with pollen tube organelles and a low speed transloca-
tion suggesting that microtubules are not strictly essential in the cytoplasmic streaming
but rather in the regulation of such process. Here we focus on the organization of mi-
crotubules and on their putative role in the transport of pollen tube organelles. We will
discuss the model of functional cooperation between microtubules and actin filaments
and adapt it to the pollen tube system.

1
Introduction

Microtubules are a fundamental component of the cytoskeleton in all eu-
karyotic cells operating in the intracellular positioning and dynamics of
organelles and molecules. Microtubules are the main scaffold along which
chromosomes separate during cell division, representing the tracks for the
precise transport of organelles and vesicles and constituting the central part
of specialized structures like cilia and flagella. The organization of micro-
tubules in plant cells is rather different from the one typically found in an
animal cells, as four distinct arrays of microtubules are characteristically
present throughout the cell cycle (Goddard et al. 1994). Unlike somatic cells,
the pollen tube is a cell that continuously grows but does not divide. Con-
sequently, we can only distinguish the interphase microtubule array (Fig. 1),
which shares some parallelism but also exhibits a number of differences com-
pared with somatic cells. In pollen tubes, microtubules are organized as thick
bundles in the base region of the tube, which progressively shift into thin
bundles or likely into single microtubules in the subapical region (Del Casino
et al. 1993; Derksen et al. 1985; Lancelle et al. 1987; Pierson et al. 1986; Rau-
daskoski et al. 1987). Their presence in the apical domain is still questionable.
Detection of microtubules in the tube apex may be consequential to fixation
artifacts, but it may also reflect the dynamicity that characterizes the growth
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Fig.1 Microtubules in the pollen tube of tobacco. The electron micrograph after
freeze-fixation shows the organization of microtubules in the cortical region of tobacco
pollen tubes. Arrows indicate microtubules that are positioned parallel to each other
and according to the elongation axis of the cell. Bar: 200 nm. Courtesy of Fabrizio
Ciampolini/Claudio Milanesi

region. In addition, microtubules were reported to be present in the apex only
when the pollen tube changes the growth direction (Foissner et al. 2002), sug-
gesting a role in guidance and emphasizing a significant contribution under
in vivo conditions. Although microtubules are likely involved in many func-
tions during tube growth, this chapter will mainly focus on a specific aspect
of the pollen tube microtubules, namely their involvement in the transport of
organelles and vesicles.

2
The Structure of Microtubules in Pollen Tubes

2.1
Molecular Composition

Microtubules are composed of «- and S-tubulin subunits, two polypeptides
with nearly identical molecular weight and amino acid sequence (McKean
et al. 2001). Each subunit is represented by different isotypes, which are con-
sequence of the expression of different genes or of selective posttranslational
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modifications. The Arabidopsis genome contains several tubulin genes, at
least six different «-tubulin genes and nine S-tubulin genes (Kopczak et al.
1992; Snustad et al. 1992). Consequently, the molecular composition of micro-
tubules may differ according to specific tissues. For example, one «-tubulin
isotype of Arabidopsis is preferentially expressed in pollen (Carpenter et al.
1992). The same concept can be applied to g-tubulins. In carrot cells, at
least six B-tubulin isotypes can be discriminated by 2D-electrophoresis. The
isotype 4 appears in immature and mature stamens and becomes the pre-
dominant isotype in mature pollen. Other isotypes (81 and 83) are conversely
absent from pollen (Hussey et al. 1988). In rice, seven B-tubulin genes are
mainly expressed in leaves, while TUBS is preferentially expressed in anthers
and in mature pollen (Yoshikawa et al. 2003). The presence of one anther-
specific S-tubulin gene suggests its importance during anther and pollen
development or at some stage of pollen tube growth. The TUB9 (8-tubulin)
gene of Arabidopsis is equally expressed in floral tissues, with the highest lev-
els of expression observed in pollen, pollen tubes and ovules (Cheng et al.
2001). A characteristic a-tubulin gene is restricted to the male gametophyte
of sunflowers and few other species (Evrard et al. 2002). Pollen tubes are
also characterized by high levels of tubulin (and actin) transcripts, which
could be generated during pollen tube growth (Sorri et al. 1996). These re-
sults consequently suggest that the development and functioning of the male
gametophyte may require the presence of specific o- and g-tubulin genes and
proteins, although the differential expression does not always provide definite
functions.

Tubulin is also posttranslationally modified to achieve complete function-
ing. Both acetylated and tyrosinated forms of «-tubulin have been detected
in tobacco pollen tubes using specific antibodies. Tyrosinated «-tubulin was
found in the apical domain of pollen tubes and, following elongation, along
the base domain (Del Casino et al. 1993). In both cases, the staining pat-
tern was distinct from the classical filamentous organization, suggesting that
the tyrosinated form of «-tubulin does not distribute uniformly along mi-
crotubules. Tyrosinated a-tubulin may be used to mark specific domains of
the microtubule population. However, whether such domains correspond to
more or less stable microtubules is not determined. Acetylated «-tubulin was
detected in the generative cell at different developmental stages (in the kine-
tochore fibers, in the polar regions and in the phragmoplast) (Astrom 1992).
As the generative cell microtubules have been suggested to be more stable
that the vegetative microtubules, acetylated ¢-tubulin may correlate with and
consequently mark the arrays of more stable microtubules. The posttransla-
tional acetylation seems to concern with the most abundant isoform of pollen
tubulin, the o3, which is also considerably polyglutamylated. In addition, ty-
rosination of the tubulin isoform o6 seems to be pollen-specific (Wang et al.
2004). Tubulin from Malus domestica pollen is also modified by transglu-
taminases through the addition of polyamines (Del Duca et al. 1997). As
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the transglutaminase-catalyzed reactions can interfere with the binding of
molecular motors to cytoskeletal filaments (Kim et al. 1998), the posttrans-
lational addition of polyamines may be used to inactivate the cytoskeletal-
based transport of organelles in pollen.

All together, these evidences suggest that the assembly of microtubules
in pollen requires the expression of specific tubulin genes (in addition to
those ubiquitously expressed) as well as the posttranslational modifications of
both subunits. Why all these differentially-expressed genes and their relative
post-translational alterations are necessary and how those different isotypes
interact with other cell components is actually unknown. One simple hy-
pothesis is that the growth of pollen tubes proceeds through the assembly of
different microtubule subsets, such as those around the generative cell or at
the tube apex.

2.2
Sites of Origin

In plant cells, the exact places from which microtubules originate have al-
ways been a matter of discussion. The absence of centrioles (a specific marker
of microtubule-organizing centers in animal cells) never allowed researchers
to identify precisely where microtubules initiate in plant cells. In interphase
cells, microtubules are mainly cortical, suggesting that the plasma mem-
brane should be involved in the organization of microtubules. Clearer ev-
idence came from the discovery of y-tubulin (a critical component of the
microtubule-organizing complex) in plants and its association with mem-
branes (Bo et al. 1994; Drykova et al. 2003). The current model predicts
that plant microtubules are nucleated by distinct but flexible centrosome-
like structures located in different cell regions, such as the nuclear surface
and the plasma membrane (Chan et al. 2003). Unlikely somatic cells, pollen
tubes grow by local expansion at the tube apex and microtubules are arranged
along the growth axis. Furthermore, y-tubulin is found all along the micro-
tubules with no predominant distribution in specific cell regions (Palevitz
et al. 1994). Thus, in pollen tubes the putative microtubule-nucleation sites
may be uniformly distributed. On the contrary, another putative centroso-
mal protein (p77) seems to accumulate in the tube apex (Cai et al. 1996),
suggesting that the tip domain may be important in the assembly of new mi-
crotubules. When pollen tube microtubules are depolymerized by drug or
cold treatment, their recovery initiate at the cell periphery (Astrém et al.
1991; Heslop-Harrison and Heslop-Harrison 1988) but recovery from treat-
ment with calyculin A indicated no preferential sites for the newly growing
microtubules (Foissner et al. 2002). A hypothesis to explain these data is that
the tip domain of pollen tubes may function similarly to the nuclear surface
of somatic cells, which is considered the main plant microtubule-organizing
centre. As plant y-tubulin is distributed all along the microtubule length, it
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may be more directly involved in microtubule dynamics rather than in their
nucleation (Schmit 2002). Consequently, pollen tube microtubules could be
initially assembled as single short (and possibly highly dynamic) structures
in the tip domain by protein complexes containing p77; if the tube apex is
converted into a more stable domain during growth, microtubules could be
then stabilized and further elongated in the cell cortex through the incorpo-
ration of y-tubulin subunits. The stabilization of microtubules could involve
their assembly into bundles by putative microtubule-associated proteins and
their lateral binding to the cell membrane through microtubule-membrane
proteins, like p161 (Cai et al. 2005). The role of actin filaments and of the
cell wall in the stabilization of microtubules is unidentified. This model is
summarized in Fig. 2.

microtubule

I putative microtubule-bundling protein @ y-tubulin

' putative microtubule-membrane interacting protein

) putative microtubule-initiating complex containing p77

Fig.2 Sites of origin and the organization of microtubules in the pollen tube. Micro-
tubules may originate in the apical and subapical region of the pollen tube through
the activity of nucleating complexes containing the centrosome-like protein p77 and
y-tubulin. In this region, microtubules may be single, short and highly dynamic struc-
tures, a precondition for a cell region characterized by rapid changes in ion and molecule
composition. The stabilization of nascent microtubules may occur in the subapical re-
gion and be dependent on the activity of different molecular complexes containing
y-tubulin. Further stabilization and bundling of microtubules may be then generated
by microtubule-associated proteins that connect microtubules to the plasma membrane
(like p161) or to each other. Association of microtubules with actin filaments may occur
through the activity of proteins like p190 (Igarashi et al. 2000) but it is speculative and
simply based on the co-localization of the two cytoskeletal systems. How microtubules
may eventually influence the organization of actin filaments (and vice versa) is unknown.
Objects are not drawn to scale
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3
Proteins that Interact with Microtubules

3.1
Microtubule-associated Proteins

Microtubules achieve most of their functions using a set of specialized
proteins (microtubule-associated proteins, or MAPs), which change micro-
tubules from a static filament into a dynamic structure. MAPs are a wide class
of proteins that allow microtubules to control the rate of polymerization-
depolymerization and to interact with each other and with other cell struc-
tures. The research in the plant MAP field is relatively recent in comparison
with the animal counterpart. This is essentially due to the relatively low
abundance of MAPs in the plant cell and to the lack of a model cell like
neurons. Standard biochemical approaches have allowed the identification of
a small number of proteins that fit the criteria for MAPs (Sedbrook 2004)
but genetic and molecular studies have significantly extended the identifi-
cation of plant MAPs. For example, MORI is a microtubule organizing pro-
tein originally identified in Arabidopsis using temperature-sensitive mutants.
MORI is the plant version of an early family of MAPs that is essential for
the organization of cortical microtubules (Whittington et al. 2001). Another
example of genetically-characterized MAPs is the MAP65 family (Hussey
et al. 2002).

Evidences for MAPs in pollen tubes are even scarcer. Using a method based
on the taxol-dependent polymerization of endogenous microtubules, Tiezzi
et al. (1987) have initially identified pollen tube proteins that interact with
microtubules. Apart from this initial study, no further evidences have been
obtained despite the good qualities of pollen tubes as a model system; mi-
crotubules show different organization levels relating to the different stages
of pollen tube growth, as the distribution and structure of microtubules rad-
ically change during pollen hydration and germination (Tiwari and Polito
1990). All of these dynamic arrangements imply the presence of MAPs, which
could control the assembly and interaction of microtubules with other cell
components. Other structural evidences for the presence of MAPs are the
spatial association of microtubules with actin filaments (Lancelle and Hep-
ler 1991) and with the endoplasmic reticulum (Hepler et al. 1990). Recently,
two proteins with MAP-like properties have been identified in the pollen
tube of tobacco on the basis of the immunological cross-reactivity with an-
tibodies to plant MAPs (Cai et al. 2005). These proteins interact with both
animal and plant tubulin, can control the rate of tubulin assembly and lo-
calize both in the vegetative and generative cytoplasm. The most striking
feature of those proteins is their interaction with the plasma membrane,
which suggests their involvement in the association of microtubules with the
cell membrane. In this context, the physical association between microtubules
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and the plasma membrane would be a prerequisite for the correct modeling
and shaping of the pollen tube. Microtubules would provide the scaffold for
the cylindrical shape of the pollen tube, most likely in association with the cell
wall components.

The identification of MAPs and the characterization of their activity are
also important to understand how the assembly and dynamics of micro-
tubules are regulated. The phosphorylation of both or either tubulins and
microtubule-interacting proteins seems critical in the regulation of micro-
tubule organization (Foissner et al. 2002) and could occur through the alter-
ation of associated proteins like in other cell types (Gong et al. 2000).

3.2
Kinesin-like Proteins

Kinesins are microtubule-based motors that play different roles in cells and
are coded by a large gene family whose sequence homology is sometimes re-
stricted to small domains. The most important feature of kinesins is their
ability to interact with and move along microtubules using the energy of
ATP hydrolysis. The functions of kinesins are broad and include the trans-
port of organelles and the relocation of mRNAs (Hirokawa and Takemura
2004). Kinesins are grouped into distinct subfamilies that have been recently
reviewed and standardized on the basis of 14 family designations (Lawrence
et al. 2004). Screening of the entire Arabidopsis genome has revealed more
than sixty kinesin-like proteins (Lee and Liu 2004; Reddy and Day 2001) al-
though it is not clear whether some of these genes are pseudogenes. The
number is nevertheless huge if compared with the kinesin gene family in
other genomes. It is difficult to assign a function to plant kinesins simply
based on the specific subfamily to which they belong, but it is possible that
plant kinesins perform different tasks from their animal counterparts be-
longing to the same subfamilies. However, most of the plant kinesins are
expected to have a role in the assembly of the mitotic spindle and in the or-
ganization of the cortical microtubule array (Liu and Julie Lee 2001). Few
indications support a role for plant kinesins (and generally for microtubule
motors) in organelle transport and most of these evidences are indirect (Kr-
ishnakumar and Oppenheimer 1999; Sato et al. 2001; Van Gestel et al. 2002).
Remarkably, the pollen tube is likely the plant cell on which we have more in-
formation on the interaction between kinesin-like proteins and cell organelles
(Cai et al. 2001).

Kinesin-like proteins were first identified in the pollen tube of tobacco
using a monoclonal antibody raised against the heavy chain of bovine
brain kinesin (Tiezzi et al. 1992). The antibody allowed the identification
of a ~ 100 kD-polypeptide that binds to microtubules. Further biochemical
analysis revealed that the polypeptide has a microtubule-dependent ATPase
activity and a ATP-dependent microtubule-binding ability (Cai et al. 1993).
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The polypeptide was localized by immunofluorescence microscopy in the
apex and, more faintly, in the flanks of pollen tubes. The antibody also cross-
reacted with one polypeptide of similar molecular mass in hazel pollen (Liu
et al. 1994) that localized in association with Golgi vesicles. These preliminary
evidences indicated that pollen vesicles could have a microtubule-dependent
motor on their surface but did not provide support for the movement of vesi-
cles along microtubules. Remarkably, a comparable localization pattern was
found in the pollen tube of gymnosperms in which a different antibody to
kinesins stained the tube apex (Terasaka and Niitsu 1994).

The use of a different pan-kinesin peptide antibody revealed the presence
of kinesin-like proteins in the generative cell of tobacco and, partially, in the
vegetative cytoplasm (Liu and Palevitz 1996). This motor was supposed to
have a role in the formation of the sperm cells in tobacco.

A further step in our understanding of the role of kinesins in pollen
tubes was indirect. One Arabidopsis gene, ZWICHEL (ZWI), is critical in
the process of trichome morphogenesis and is a member of the kinesin
superfamily. Double mutants in the ZWI and SUZ genes (SUZ is an ex-
tragenic suppressor of zwi mutations) exhibited a male-sterile phenotype
because of defects in pollen tube germination and growth (Krishnaku-
mar and Oppenheimer 1999). These observations indicated a role for the
kinesin-like gene ZWI in pollen germination and pollen tube growth but
did not demonstrate that pollen tube organelles move along microtubules.
This came with the identification of 80 and 90 kD proteins called ATP-
MAPs which were identified based on their selective binding to microtubules
(Cai et al. 2000). In addition to be a microtubule-dependent ATPase, the
90-kD ATP-MAP is able to move microtubules on a glass surface, is rec-
ognized by a pan-kinesin antibody and localizes in the cortical region of
pollen tubes (but not in the apical domain) in association with membrane-
bounded organelles. The relatively low speed of microtubule gliding sug-
gested that the 90-kD kinesin-like protein is not involved in the fast trans-
port of pollen tube organelles. The relative distribution of these potential
microtubule motors in the pollen tube is illustrated in Fig.3. A second
critical evidence was the observation that isolated pollen tube organelles
move along microtubules (Romagnoli et al. 2003). The trafficking ability in-
volves different classes of organelles, from relatively low-density vesicles to
high-density mitochondrial fractions and is dependent on ATP but inde-
pendent on soluble factors. These data suggest that pollen tube organelles
have microtubule-dependent motors tightly associated with their surface.
Again, the motility speed was much lower than the cytoplasmic streaming
of pollen tubes. The organelle fraction showing the higher transport rate
contains a membrane protein of ~ 105kD that binds to microtubules in
a ATP-dependent manner and is also recognized by anti-kinesin antibod-
ies. This protein is consequently a likely candidate to move organelles in the
pollen tube.



Microtubules in the pollen tube 165

Fig.3 Distribution of microtubule-dependent motors in the pollen tube of tobacco. Im-
munolocalization of microtubules (A) and of two microtubule-dependent motors (B, C).
All images are from chemically-fixed materials. A Microtubules are organized as bundles
positioned along the elongation axis of the pollen tube. The base region of the pollen tube
contains thicker bundles (arrow), whereas the apical domain contains thin fibrillar elem-
ents or no microtubules at all (arrowhead). In the inset in A, the grayscale levels have been
changed to emphasize the faint (and possibly dynamic) microtubule cytoskeleton in the
apex (the presence of microtubules in the apical domain is still speculative). B The anti-
kinesin k71523 (Tiezzi et al. 1992) yields a faint but distinct staining pattern in the tube
apex, suggesting the presence of kinesin-like proteins in association with the secretory
vesicles. C The antibody MMR44 (Cai et al. 2000) stains punctuate structures in the pollen
tube with the exception of the apical domain, suggesting the association of different ki-
nesins with pollen tube organelles. Bars: 15 um. A is a courtesy of Cecilia Del Casino and
Cis a courtesy of Antonio Tiezzi and Elisa Ovidi

3.3
Dynein-like Proteins

The presence of dynein or dynein-like proteins in plants is still debated. The
last years have seen contradictory manuscripts on this topic. The analysis of
the Arabidopsis genome has shown that dynein-like sequences are missing
(Lawrence et al. 2001), suggesting that plants may have evolved a different or
alternative mechanism for the minus end-directed movement of organelles
along microtubules or that plants may simply not possess this type of trans-
port. Conversely, examination of the whole genome shotgun sequence for rice
indicated the presence of four dynein heavy chains (King 2002). This finding
may indicate that the absence of dynein sequences in the Arabidopsis genome
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is not a general trait and that plants may really use dynein-based mechan-
isms for the intracellular transport. Another interpretation for the missing
of dynein-like sequences in Arabidopsis may arise from the large number
of reported kinesin-like proteins; twenty-one genes coding for minus end-
directed kinesins have been found in the Arabidopsis genome (Lee and Liu
2004), suggesting that the mechanochemical work performed by dynein may
be as much efficiently done in plants by kinesins. Further data supporting
the existence of plant dyneins is the biochemical identification of dynein-like
polypeptides in tobacco pollen tubes (Moscatelli et al. 1995) and their ap-
parent association with pollen tubes organelles (Moscatelli et al. 1998). In
addition, a small fragment of a gene coding for the tobacco dynein heavy
chain was isolated from genomic DNA and from a ¢cDNA library of pollinated
styles (Scali et al. 2003). The fragment has a very high homology with the
Chlamydomonas dhcl gene for 1-alpha dynein heavy chain and contains the
first P-loop consensus motif, a region highly conserved in all dyneins.

4
One Choice or Two for Organelle Movement?

What can we learn from these few reports? The massive transport of or-
ganelles in plants (designated as “cytoplasmic streaming”) is supposed to
occur on actin filaments and to be dependent on myosins (Chapter VII). Re-
cent advances on the study of organelle transport in plant cells have made
use of modern technologies to dissect all the molecular components that take
part into the process. The movement of plant cell organelles along actin fil-
aments is now clearly established: the photorelocation of chloroplasts, the
positioning of mitochondria, the transport of peroxisomes and the movement
of Golgi bodies along networks of endoplasmic reticulum are all examples
of how plant cell organelles interact dynamically with the actin cytoskeleton
(Wada and Suetsugu 2004). In opposition, the role of microtubules and of
microtubule-dependent motors in plant organelle trafficking has always been
misleading. For example, the shaping and motility of the endoplasmic retic-
ulum in plants is known to be affected by cytochalasin D but is relatively
independent on microtubule-affecting drugs, such as colchicine or oryzalin
(Knebel et al. 1990). However, microtubules have a critical role in cell mor-
phogenesis and maintenance of cell polarity. Genetic and pharmacological
studies indicated that the role of actin filaments and microtubules is more
or less the same in tip-growing and diffuse-growing cells: while microtubules
appear to be important for establishing and maintaining the cell polarity,
actin filaments move the materials necessary for growth to particular sites. To
sum up, microtubules say how to organize a cell and where to transport mate-
rials whereas actin filaments do the transport (Mathur and Hulskamp 2002).
Examples of this putative function of microtubules are many. In rhizoids,
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microtubules have a central role in determining the cell polarity while the
actin cytoskeleton is responsible for the motile processes (Braun and Sievers
1994). In trichome morphogenesis, disruption of actin networks does not af-
fect the establishment of polarity, while the depolymerization of microtubules
inhibit cell polarization, causes trichome cells to swell and stops the focused
growth (Szymanski et al. 1999). The depolymerization of microtubules in root
hairs causes the loss of directionality of growth and the formation of many
autonomous growth points (Bibikova et al. 1999). In Medicago truncatula
root hairs, microtubules form a specific subset, called endoplasmic micro-
tubules, which is present all through the subapical cytoplasmic region but
progressively disappears during growth arrest, in full-grown root hairs and
after treatment with oryzalin (Sieberer et al. 2002). The characterization of
Arabidopsis mutants with growth defects in hypocotyls cells allowed the iden-
tification of a small protein (SPR1) that colocalizes with cortical microtubules
(Nakajima et al. 2004). This protein is highly expressed in tissues showing
rapid cell elongation, suggesting that plant-specific microtubule-associated
proteins are necessary for the anisotropic growth of elongating cells. In pollen
tubes of Picea abies, microtubules and actin microfilaments form a dense ma-
trix corresponding to the direction of cell elongation; depolymerization of
microtubules causes the pollen tube to stop elongation and to branch while
disturbance of actin filaments stops tube growth and blocks germination
(Anderhag et al. 2000). Consequently, microtubules are important in promot-
ing tip extension in conifer pollen tubes, likely by controlling the positioning
of organelles in the tip and by mediating the organization of actin filaments
(Justus et al. 2004).

The role of microtubules in the angiosperm pollen tube is more difficult
to decipher. The use of specific antagonists initially showed that microtubules
are not important for organelle transport (specifically, for the cytoplasmic
streaming) and for tube growth (Heslop-Harrison et al. 1988). However,
comparable studies with different microtubule antagonists revealed that mi-
crotubules might take part in different aspects of the pollen tube growth.
For examples, the in vivo growth (Joos et al. 1995), the cell polarity dur-
ing in vitro growth (Joos et al. 1994), the pulsatory growth (Geitmann et al.
1995) and the positioning of organelles (He et al. 1995) are all affected by
anti-microtubule drugs. The most dramatic effect of microtubule depolymer-
ization in the pollen tube concerns the motility of both generative cell and
vegetative nucleus. The application of oryzalin on tobacco pollen tubes sig-
nificantly reduces the motility rate of the male germ unit, suggesting that
microtubules have a critical though not complete role in this motor activity
(Astrom et al. 1995). In addition, the movement of the generative cell is unre-
lated to the synthesis of the callose plugs, which indicates that microtubules
may not take part in their production (Laitiainen et al. 2002). All of these data
suggest that microtubules take part into distinct processes and, consequently,
that they interact with several cellular compartments. The precise functions
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they have are nevertheless uncertain, and uncertain is how they interact
with each other and with other cell components and what proteins mediate
such interactions. For example, the finding that oryzalin treatment reduces
the motility rate of the generative cell may suggest that either microtubule-
dependent motors are present at the generative cell surface or the correct
organization of actin filaments around the generative cell is dependent on
the proper architecture of microtubules. Alternatively, microtubules may sim-
ply indicate to the generative cell where to move, leaving the motion force
to actin filaments. Consequently, a conclusion on the role of microtubules in
the pollen tube needs supplementary methodical investigations with different
techniques in addition to drug studies.

The relationships between microtubule-dependent motors and organelle
transport are more difficult to understand. The cytoplasmic streaming de-
pends essentially on actin filaments (Chapter VII) but the importance of the
coordination between the actin- and microtubule-based transports must be
emphasized. Although most reports state that organelle transport relies on
actin filaments, data on the presence of microtubule-dependent motors and
the results of in vitro motility assays (Romagnoli et al. 2003) suggest that
some kind of microtubule-based movement should take place in the pollen
tube. The challenge is now to make sense of this specific motility in the con-
text of the pollen tube growth. For this purpose, we can compare what is
already known in other cell types. Generally, the movement of cytoplasmic
organelles in eukaryotic cells is recognized to be based on both microtubules
and actin filaments and on their dependent motor proteins. This model is
called “functional cooperation” and is supported by several data from dif-
ferent cell types (Goode et al. 2000). Briefly, the model assumes that cell
organelles have motor proteins of different families associated with their
surface; furthermore, the model suggests that the correct transport and posi-
tioning of organelles is the result of two distinct processes that do not exclude
each other. The first process consists of the transport of organelles through-
out the cell and is dependent on the sequential activity of microtubule- and
actin-based motors. In nerve cells, for example, organelles are transported
along the axon using microtubules and kinesins while the final delivery in the
synapse is mediated by actin filaments and myosins (Brown et al. 2004). The
second process consists of the correct transport and positioning of organelles
in non-nerve cells and is dependent on the simultaneous activity of motors
from different families. As an example, the proper positioning of organelles
in melanophores is maintained by the steady activity of the motor forces
of kinesin, dynein and myosin (Lambert et al. 1999). Although nerve cells
and melanophores are distant from plant cells, a similar kind of cooperation
has been recently suggested to occur in characean internodal cells (Foissner
2004), in which the transport of mitochondria could occur along both mi-
crotubules and actin filaments according to the different pH of specific cell
regions.



Microtubules in the pollen tube 169

The extension of this model to the pollen tube may be hazardous. How-
ever, if we sum up all the data on motility and motors, we can develop
one model that takes into account the role of actin filaments, microtubules
and their dependent motors (kinesin and myosin). The model is schemat-
ically summarized in Fig. 4. In theory, it is possible to distinguish at least
two different regions of the pollen tube in which the functional cooperation
could efficiently occur: the base region and the apical region. In the base
region, transport of organelles occurs according to the standard scheme of
cytoplasmic streaming and is likely to be mostly dependent on actin fila-
ments and myosins. In this particular region, the slow motion mediated by
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Fig.4 Examples of functional cooperation between microtubule- and actin filament-
dependent motors in the pollen tube. Microtubules may cooperate in two ways with
actin filaments in promoting the correct positioning of organelles. In the first case,
microtubule- and actin filament-dependent motors (kinesins and myosins) are used
simultaneously A in order that the net movement of each organelle derives from the equi-
librium of both motors’ activity. The long grey arrows indicate that the organelle has
a preferential movement along actin filaments, whereas the short bidirectional arrows
indicate that microtubule-dependent motors may act as a regulator of the actin-based
movement. In the second case (B), motors are used sequentially to promote the correct
delivery or to maintain the position of vesicles in the tube apex. Arrows indicate the
same type of movement described previously. In order to complete the scheme, other pro-
teins have been drawn (e.g. the villin-like protein), which forms actin bundles, and some
microtubule-binding proteins. Objects are not drawn to scale
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microtubule-dependent motors could serve to regulate the trafficking of or-
ganelles. Consequently, motors from different families should work together
to ensure a correct transport of organelles. In the apical region, accumulation
of vesicles requires an intact (and dynamic) actin cytoskeleton, which serves
as tracks for the myosin-dependent movement of vesicles. In this context, the
role of microtubules and dependent motors may be consecutive or comple-
mentary to the one of actin filaments. Microtubules and kinesins may be used
in processes related to tip growth, like exocytosis, endocytosis, the focusing
of secretory vesicles (Bi et al. 1997), or the maintaining of specific proteins in
the apical plasma membrane. Alternatively, their role could be critical when
the pollen tube grows within the style and consequently undergoes regulation
by the pistil.

5
The Organization of Microtubules in Relation with Pollen Tube Growth

There are two aspects of the pollen tube physiology where the function of
microtubules is still elusive: cell shaping and cell signaling. The former is
known to depend on the organization of cortical microtubules, which in turn
influences the pattern of cellulose deposition and then how a cell expands
(Wasteneys 2004). The stability of cortical microtubules is a function of their
orientation, because divergent microtubules within the array depolymerize in
few minutes. The dynamics of microtubules in the cortex is likely dependent
on the activity of different proteins that regulate their stability, the forma-
tion of bundles, the interaction with other cell structures, the relative sliding
to each other and their interaction with the cellulose-synthase complex (Sed-
brook 2004). All these concepts are partially adaptable to the pollen tube. In
fact, pollen tube microtubules are aligned along the growth axis of the tube,
while they are usually disposed transversally to the expansion axis in somatic
cells. This divergent way to organize microtubules weakens the similarity of
their role between the pollen tube and somatic cells and thus questions if
microtubules control the shape of the pollen tube. Cell morphogenesis is a bi-
ological puzzle known to depend on two important events: the accumulation
of extracellular material and the mechanical deformation of the cell surface
(see Chapter IX).

The second critical aspect is cell signaling. The pollen tube is a cell that
constantly grows and changes its direction following the interactions with
other cells; however, we ignore how external signals influence the organiza-
tion of microtubules and if (or how) alterations in their structure may affect
the movement of organelles and the organization of the cell wall. The cascade
of intracellular signals following the interaction of the pollen tube surface
with extracellular hints has effects on many of the cellular activities in the
pollen tube. It is likely that the microtubule cytoskeleton of the pollen tube
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responds to this signaling cascade and organizes accordingly. MAPs are good
candidates to mediate such re-organization activity. In this context, proteins
analogous to phospholipase D are candidates to convert the extracellular sig-
nals into signals that microtubules can recognize (Chapter VI). Activation of
phospholipase D affects the organization of plant microtubules by releasing
them from the plasma membrane and by partial depolymerization (Dhonuk-
she et al. 2003). Hypothetically, during the in vivo growth of the pollen tube,
external signals (after conversion into intracellular messengers that control
the organization of microtubules) may regulate the transport rate of the gen-
erative cell and vegetative nucleus and the “concentration” of organelles in
specific domains of the pollen tube. A nicely and intriguing though specu-
lative hypothesis is that microtubules and actin filaments may regulate and
reorganize after receiving external information. The reorganization of the cy-
toskeleton may then influence the way organelles distribute in the pollen tube
cytoplasm and, in turn, influence the growth direction and the polarity of
the pollen tube. This hypothesis assumes that signaling molecules bind to mi-
crotubules and mediate the activity of different environmental triggers (such
as cold, osmotic stress and pathogens) (Wasteneys 2004). The consequence
of this theory is that actin filaments are the operative force that guides or-
ganelle movement in the pollen tube, while microtubules may appropriately
contribute to dispose organelles at their right place.
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