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Abstract The pollen tube wall differs in both structure and function from walls of vege-
tative plant cells. Cellulose represents only a small portion of the cell wall polymers, so
an organized microfibrillar system has not been identified yet. The initial wall, formed
by secretion at the growing tip, is mostly composed of methyl esterified pectins. During
cell wall maturation, concomitant with its translocation from apex to shank, these are
demethylated by pectin methylesterase to yield carboxyl groups which have the potential
to bind calcium ions, adding mechanical strength to the gel. Callose synthase activity is
established close to the growing tip, and builds a callose layer beneath the fibrous pec-
tic layer. The mature wall also contains proteins, arabinogalactan proteins and pollen
extensin-like proteins. The mature wall is a cylinder that resists turgor expansion, but is
stronger at the base than the tip due to the presence of the callose layer and the gelation
of pectin polymers in the shank. Permeability of the wall is essential, to allow passage
of both ions and sporophytic proteins that determine compatibility in many species. In-
flux of calcium ions affects the tip cytoplasm, especially the cytoskeleton, and oscillatory
changes in these fluxes are involved in the “pulsatile” mode of growth. This process
deposits extra wall material during the “slow” growth phase, which generates rings of
increased density in the walls that can be readily seen with appropriate antibodies.

1
Introduction

The cell wall has multiple functions in pollen tube growth: physical control of
cell shape, protection of the generative cell against mechanical damage, resist-
ance against the turgor pressure and adhesion to the transmitting tissue. All
of this makes the pollen tube cell wall a key feature in the process of fertiliza-
tion. It is, therefore, not surprising that genes encoding for proteins related to
cell wall biosynthesis and regulation are highly expressed in pollen (Becker
et al. 2003; Honys and Twell 2003). While the volume of the cytoplasm does
not change significantly during pollen tube elongation, the amount of total
cell wall in the growing tube increases steadily. Therefore, the supply of cell
wall precursors needs to be uninterrupted and rapid. To support this high
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level of carbohydrate synthesis pollen tubes use both stored reserves which
can include sucrose, starch, phytic acid and lipids, depending on the species
(Jackson et al. 1982; Nakamura et al. 1980), and external sources of sugar.

2
Composition of the Pollen Tube Cell Wall

2.1
Cell Wall Polysaccharides

The cell wall of angiosperm pollen tubes has been studied extensively (Geit-
mann 1999; Taylor and Hepler 1997). The highly anisotropic growth be-
haviour of these cells is reflected in the non-uniform distribution of cell wall
components. In the axial direction at least two regions have been identified,
the approximately hemispherical growing tip and the cylindrical shank. In
the radial direction, depending on the region, one or several cell wall layers
can generally be distinguished. If a parallel is drawn with somatic cells, the
wall laid down at the tip can be defined as the primary wall, while that formed
in mature parts as secondary wall, because that part of the wall has stopped
expanding. The temporal sequence of events in somatic cells is, therefore,
transformed into a spatial pattern of features in the pollen tube. It is inter-
esting to note that in isolated pollen tube protoplasts the sequence of cell
wall deposition events seems to be reversed compared to the original cell.
In pollen tubes pectins are laid down first, followed by callose deposition,
whereas in isolated pollen tube protoplasts of olive the first cell wall poly-
mer that reappears is callose, while label for pectins is only observed hours
later (Majewska-Sawka et al. 2002). Instead of forming separate layers both
cell wall components are intermixed in this case.

The tip region of angiosperm pollen tubes is generally characterized by
a single wall layer (Lancelle and Hepler 1992). It is known to be mainly com-
posed of newly synthesized pectins (Geitmann et al. 1995). This pectic layer
can continue along the entire length of the pollen tube and forms the outer
layer of the cell wall in the pollen tube shank, where a secondary wall layer is
generally formed adjacent to the plasma membrane, or it can be gradually re-
placed by this secondary wall as seems to be the case in Arabidopsis thaliana
(Derksen et al. 2002). From the outside, this wall has a porous appearance.
The thickness of this primary wall is generally around 100 to 300 nm and in
the transmission electron microscope (TEM) it appears distinctly fibrillar.

Pectins are galacturonate-rich, acidic polysaccharides, abundant in an-
giosperm pollen tubes. In the pollen tube tip region of angiosperms,
pectins have a higher degree of methylesterification than in distal regions as
shown with fluorescence label using monoclonal antibodies JIM5 and JIM7
(Figs. 1, 2) (Geitmann et al. 1995; Li et al. 1994). This de-esterification is
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Fig. 1 Immunofluorescence label of Solanum chacoense pollen tube for pectins with
low degree of methyl-esterification using monoclonal antibody JIM5. Label intensity is
stronger at the shank of the tube than at the apex (located at the left). Bar = 10 µm. (Mi-
crograph taken by Elodie Parre)

Fig. 2 Immunofluorescence label of Solanum chacoense pollen tube for pectins with high
degree of methyl-esterification using monoclonal antibody JIM7. Label intensity is higher
at the apex (located at the left). Bar = 10 µm. (Figure reproduced with permission from
Parre and Geitmann 2005b)

caused by the activity of pectin methyl esterases secreted at the apex (Li et al.
2002). A distribution of methyl-esterified pectins similar to the one in an-
giosperms was observed in gymnosperm pollen tubes (Derksen et al. 1999a).
In Pinus, no acidic pectin was found in the pollen tube except for the site
where the inner intine of the pollen grain stretches over the pollen tube. Fluc-
tuations in the growth rate cause the density of pectins to change along the
longitudinal axis of the tube resulting in the appearance of more or less regu-
larly spaced rings (Fig. 3). It should be noted that these fluctuations in pectin
density are not accompanied by overall changes in cell wall thickness (Geit-
mann et al. 1995; Pierson et al. 1995), but after EDTA extraction periodic
alternations of material with different material properties are revealed in the
scanning electron microscope (Derksen, personal communication).

The “secondary” wall layer appears less electron dense and more homo-
geneous than the fibrillar outer layer (in TEM) even though stratification has
been observed in certain cases (Kroh and Knuiman 1982). This inner layer
consists mostly of callose as evidenced in the light microscope by staining
with decolorized aniline blue. This stain shows that the polymer starts around
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Fig. 3 Immunofluorescence label of Nicotiana tabacum pollen tube for pectins with low
degree of methyl-esterification using monoclonal antibody JIM5. Label intensity shows
regular fluctuations along the longitudinal axis of the pollen tube. The spatial frequency
of the fluctuations corresponds to that of the growth oscillations. Bar = 10 µm. (Figure
kindly provided by Mauro Cresti)

30 µm from the tip in Nicotiana tabacum (Ferguson et al. 1998). In Papaver
rhoeas (Geitmann and Parre 2004) and Arabidopsis thaliana (Derksen et al.
2002), the first deposition of callose was observed closer to the tip which
might be related to the lower growth rate in these species as discussed be-
low. In petunia it was shown that the thickness of the callose lining increases
gradually towards the base (Herrero and Dickinson 1981) whereas in poppy
the level of label density did not change distal of 120 µm from the tip (Geit-
mann and Parre 2004). The use of monoclonal antibodies in TEM showed that
callose is confined to the translucent inner layer of the cell wall (Geitmann
et al. 1995; Meikle et al. 1991). Under certain circumstances the callose layer
can thicken considerably. This is the case, for example, in self-incompatible
pollen tubes that have stopped growing (Geitmann et al. 1995). In Nicotiana
pollen tubes callose is a (1,3)-β-D-glucan with a few (1,6)-β-linked glycosyl
branches (Rae et al. 1985). Unlike cellulose, callose is not organised as crys-
talline microfibrils, and is often described as amorphous. In addition to the
inner wall layer, callose is also the main component of the callosic plugs that
are formed at regular intervals in older tubes. These allow the living cyto-
plasm of the cell to be concentrated at the tip and separated from distal pollen
tube regions that eventually degenerate. In Pinus pollen tubes no translucent
inner wall layer is visible at the TEM level and no callose plugs are present
(Derksen et al. 1999a).

In angiosperm pollen tubes, cellulose is present in exceptionally low
amounts. Schlüpmann et al. (1994) calculated that in Nicotiana alata pollen
tubes that had grown for at least 4 h, the cellulose content was only 10%,
whereas 81% of the neutral polysaccharides was callose. The description of
the subcellular localization of cellulose varies depending on the method used
and species investigated. While many authors suggested that it is located in
the outer layer because of the fibrillar appearance in the TEM of the latter
(Shivanna and Johri 1985), immunolabel revealed cellulose to colocalise with
callose (Fig. 4) (Ferguson et al. 1998). In grasses, on the other hand, it has



The Architecture and Properties of the Pollen Tube Cell Wall 181

Fig. 4 Transmission electron micrograph of a longitudinal section in an older portion of
a Nicotiana tabacum pollen tube. Black dots represent double gold-label with both cel-
lobiohydrolase (CBHI) (20-nm gold) for cellulose and anti-(1,3)-β-D-glucan monoclonal
antibody (30-nm gold) for callose. The colocalisation of label indicates that cellulose is
located in the callosic inner wall layer of the pollen tube. (Figure reproduced with per-
mission from Ferguson et al. 1998)

Fig. 5 Transmission electron micrograph of longitudinal sections of Nicotiana tabacum
pollen tube plugs. a, b Labelled with CBHI for cellulose. Cellulose is associated with the
periphery of the plug. Bars = 1 µm (a), 0.2 µm (b)
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been reported that cellulose forms a third layer between callose and pectins
(Heslop-Harrison 1987). In Nicotiana, cellulose was also found to be asso-
ciated with the periphery of the callosic plugs (Figs. 5, 6) (Ferguson et al.
1998).

Unlike callose, cellulose is a crystalline component of the cell wall and
therefore the orientation of microfibrils is potentially important for cell wall
architecture. In Petunia pollen tubes, the direction of cellulose microfibrils
seems to be random at the tip of the tube whereas in the shank they show
a preferential angle of between + 45◦ and – 45◦ (Derksen et al. 1999; Sassen
1964) thus causing the appearance of birefringence. Sassen (1964) remarked
also that on the inside of the wall close to the tip, cellulose microfibrils might

Fig. 6 Transmission electron micrograph of longitudinal sections of Nicotiana tabacum
pollen tube plugs. a, b Labelled with anti-(1,3)-β-D-glucan monoclonal antibody for cal-
lose. Callose represents the main component forming the plug. (Figures reproduced with
permission from Ferguson et al. 1998). Bars = 1 µm (a), 0.3 µm (b)
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actually be oriented in transverse direction and suggested that this is the
direction in which they were laid down. In angiosperm pollen, the tip is gen-
erally not or only weakly labelled for cellulose (Derksen et al. 1999; Ferguson
et al. 1998), whereas in Pinus pollen tubes the amount of cellulose in the
apex is relatively high (Derksen et al. 1999), which could be either a result or
a cause of the low growth rate in these cells.

Taken together, the architecture of the pollen tube cell wall shows features
typical of plant cells, such as primary and secondary layers. On the other
hand it is rather unusual as it contains an unusually high percentage of callose
compared to other plant cells. However, Steer and Steer (1989) pointed out
that these data need to be interpreted with caution since almost all quantita-
tive analyses were carried out in in vitro growing tubes. Plant cells are known
to be able to switch between the production of cellulose and callose, for ex-
ample upon wounding. It may be that the pollen tube surrounded by artificial
liquid medium reacts by synthesizing a less permeable, callosic wall struc-
ture to maintain a particular environment. A first indication that this might
be the case is the fact that pollen tubes grown in medium stiffened by agarose
show lower quantities of callose than those grown in liquid medium (Parre
and Geitmann 2005a). Further support comes from the comparison between
in vitro and in vivo grown pollen tubes of Arabidopsis which indicates that the
growth environment affects the cell wall. In this species the outer, fibrillar cell
wall layer is absent from the basal parts of in vitro grown pollen tubes (Derk-
sen et al. 2002), whereas it is present in the in vivo situation (Lennon and Lord
2000). Quantitative chemical and thorough histological analyses that compare
in vitro and in vivo grown pollen tubes still remain to be done, however.

2.2
Polymer Networks

The physical properties of a cell wall are to a large degree determined by the
capacity of its polymers to form networks. In pollen tubes at least two po-
tential network formations are likely to be of importance: pectin gels formed
through Ca2+ crosslinks and the cellulose-xyloglucan network.

The (partial) de-esterification of pectin increases its susceptibility to being
crosslinked via Ca2+-bridges, which is a gelation process (Carpita and Gibeaut
1993; Jarvis 1984). This ability has made pectins a widely used gelling agent.
The gelation process increases the rigidity modulus of the pectin and thus the
degree of esterification presumably influences the resistance of a pectic cell wall
against mechanical stress. Given the large amounts of pectins present in the
pollen tube cell wall and the non-uniform distribution of the degree of methyl-
esterification, the gelling ability of this polymer is likely to be of importance for
cellular mechanics and the regulation of the growth process.

While cellulose microfibrils have considerable tensile resistance parallel to
their longitudinal axis, a stable three-dimensional network requires the inter-



184 A. Geitmann · M. Steer

action with hemicelluloses, in particular, xyloglucans, which form the link-
ages between the individual microfibrils (McCann and Roberts 1991; Whitney
et al. 1995). In most plant cell types, extension growth under turgor pressure
occurs by modulating this interaction of xyloglucan with cellulose microfib-
rils (Carpita and Gibeaut 1993). Knowledge about the presence of xyloglucans
in pollen tubes is scarce, however. Polysaccharide linkage analyses of iso-
lated pollen tube walls indicated that no significant amounts of xyloglucan are
present in Nicotiana (Schlüpmann et al. 1994). On the other hand, immuno-
label using CCRCM1, which recognizes a fucose-containing epitope found
principally in xyloglucans marks the cell wall of pollen tubes of Arabidopsis
mur1 mutant (Freshour et al. 2003). Our own preliminary data show that the
same antibody labels the pollen tube wall of other species (Aouar and Geit-
mann, unpublished data). While Freshour et al. found label primarily in the
distal region of the tube, our data indicate the presence of CCRC-M1 label also
in the apex. Further studies to exclude the possibility of non-specific cross-
reaction of the antibody and to determine the role of xyloglucans for pollen
tube cell wall architecture are presently underway.

2.3
Cell Wall Proteins

Pollen tube cell walls contain a considerable amount of protein. One group are
the arabinogalactan proteins (AGPs), a class of high-molecular weight glyco-
proteins present in the majority of plants. They contain over 90% (w/w) car-
bohydrate and can be membrane-bound, wall-associated, or soluble (Noth-
nagel 1997) but their precise function is still largely unknown. Depending on
the specificity of the antibody and on the plant species used, different loca-
tions of AGPs have been observed in pollen tubes. As a result, several possible
functions have been suggested. Li et al. (1992) observed AGP label in the
shank of Nicotiana tabacum pollen tubes, associated within the callose layer.
While the localization of AGPs within this inner layer is a matter of debate
(Taylor and Hepler 1997), label in the pollen tube shank was also found in
Nicotiana alata (Ferguson et al. 1999) and Lilium longiflorum. Only in the
latter was label also observed in the pollen tube tip (Jauh and Lord 1996).
AGPs and other hydroxyproline-rich glycoproteins have also been identified
in the extracellular matrix of the stigmatic papillae and stylar transmitting
tract cells. Therefore various functions for this group of proteins in the fer-
tilization process such as pollen tube-pistil adhesion, pollen tube nutrition,
pollen tube guidance and recognition have been proposed (Cheung and Wu
1999; Jauh and Lord 1996; Sommer-Knudsen et al. 1997; Wu et al. 2001).

As is the case for angiosperms, gymnosperm pollen tubes appear to be
rich in cell wall AGPs (Mogami et al. 1999). In some species they were even
purported to represent the main cell wall component, as pectins and callose
were said to occur in much lower amounts. These statements are based on
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the comparison of fluorescence intensity after label with different antibodies,
however, and need to be corroborated by more data (Mogami et al. 1999).

AGPs have also been suggested to be implicated directly in the tip growth
process of pollen tubes, since (β-D-Glc)3 Yariv agent, which binds to AGPs,
significantly reduced pollen tube growth and led to abnormal expansion of
the tube tip in some but not all species (Jauh and Lord 1996; Lord et al.
1996). In Lilium the agent seemed to destabilize the normal intercalation of
new cell wall subunits, while exocytosis still occurs (Roy et al. 1998). This
disrupts wall assembly at the tip, leading to segregation of homogalacturo-
nans from a mixed callose/AGP component. Other studies using the JIM13
antibody to localize AGPs showed that the lily results do not apply to all
species (Mollet et al. 2002). Further work with the Yariv reagent showed
that affected tubes could regenerate new tips, that were strongly labelled
by JIM13, leaving a labelled collar at the site of new tip emergence (Mollet
et al. 2002).

The family of hydroxyproline-rich proteins that is best characterized are
the Pex (Pollen extensin-like) proteins. They are specifically expressed in
pollen grains and pollen tubes and have been characterized in maize and
tomato pollen; homologs have been identified in other species. They are gly-
coproteins with a C-terminal extensin-like domain and an N-terminal globu-
lar domain that contains a leucine-rich repeat (LRRs) region adjacent to a hy-
pervariable, possibly species-specific region (Bedinger et al. 2001; Rubinstein
et al. 1995; Stratford et al. 2001). Pex proteins are very tightly associated with
the pollen tube wall and are localized in the inner callosic sheath. The role of
these proteins is still unclear. They have been suggested to have a structural
function, but the LRR motif indicates that they might also be responsible for
ligand binding and thus possibly for pollen-pistil recognition.

In addition to proteins that have a direct or indirect structural function,
the pollen tube cell wall also interfaces with integral plasma membrane pro-
teins that transduce signals from the extracellular to the intracellular space.
Very few of these proteins have been characterized so far. Among them are
pollen-specific receptor kinases which are likely to be involved in perceiving
extracellular cues during pollen tube growth as they seem to span the entire
cell wall (Kim et al. 2002; Muschietti et al. 1998). Other receptor kinases are
involved in self-incompatibility (de Graaf et al., this volume).

Another family of proteins that is likely to be of importance for pollen
tube growth are the wall associated kinases (WAKs). WAKs have a cytoplas-
mic serine/threonine protein kinase domain, span the plasma membrane and
extend a domain into the cell wall (He et al. 1999). Similar to some AGPs,
they physically link the plasma membrane to the carbohydrate matrix as they
are covalently linked to pectin. Contrary to AGPs they are, however, able to
directly signal cellular events through their kinase domain (Kohorn 2001).
Their potential involvement in pollen tube growth is therefore rather likely,
but needs to be shown experimentally.
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3
Cell Wall Synthesis

3.1
Synthesis of Pollen Tube Walls

Information on the synthesis of somatic cell walls (Fry 2004) may not be im-
mediately transferable to the study of pollen tube wall synthesis. The two wall
layers found in pollen tubes (Sect. 2 above) are made by two different wall-
synthesising systems. These are the integral membrane protein complexes on
the plasma membrane and the endoplasmic reticulum and Golgi enzyme sys-
tems, whose products are packaged into secretory vesicles for transport to the
tube tip and side walls.

The rate of cell wall synthesis is not closely correlated with the rate of tube
extension. Hence faster growing tubes have thinner walls than slower grow-
ing counterparts (Steer and Picton 1984). Tubes transferred from favourable
to less favourable conditions immediately form thicker walls at their tips
(VanAelst and VanWent 1992) and switching between these two growth con-
ditions results in a series of thickenings or rings in the tube wall (Li et al.
1996).

3.2
Cell Wall Components Delivered by Secretion

Synthesis of non-cellulosic wall polymers in somatic cells has been partly
characterized, with the identification of end products, repeating units and the
tranferase enzymes involved in assembly (Fry 2004). In pollen tubes the situ-
ation is much less clear. Xyloglucans, a major component of somatic cell walls,
appear to be absent, or only present in small amounts (see Sect. 2 above)
which is consistent with the low level of cellulose present. The extensive in-
vestigations into wall synthesis by the Golgi of somatic cells have not been
replicated in pollen tubes. Microscopy reveals a high level of Golgi bodies
in the cytoplasm of vegetative cells during pollen grain formation. These are
either activated before pollen release (in trinucleates), forming a significant
store of secretory vesicles in the pollen grains, or their activation is delayed
until germination, so that initial tube growth rates are slow (lily and some
other binucleates).

Transport of vesicles from the Golgi bodies to the tip is dependent on the
actin microfilament network (Yokota and Shimmen, this volume). Vesicles fuse
with the plasma membrane at the tip regardless of the rate of tip extension. Inhi-
bition of this process leads to the accumulation of vesicles behind the tip, and at
a rate which verified the estimates for the formation of vesicles (Picton and Steer
1981, 1985). Dissociation of vesicle fusion rates from tip growth rates can be
demonstrated by transferring in vitro grown pollen tubes from optimal to sub-
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optimal media, leading to a reduction in growth rate (Picton and Steer 1983;
Roy et al. 1999). No accumulation of vesicles in the tip region is observed and
these slower growing tubes have thicker walls at the tip than their faster growing
counterparts, so wall thickness is an inverse correlate of vesicle delivery rates
and tip mechanism extension rates (Steer and Picton 1984). Under sub-optimal
growth conditions, vesicles deliver more membrane to the tip than is required
for tube extension (Picton and Steer 1983) so the reasonable assumption has
been made that endocytotic mechanisms retrieve the excess membrane (for
detailed review see Malhó et al. 2005).

The main pectin components secreted by vesicles at the tip are methylester-
ified pectins (Geitmann et al. 1995; Li et al. 1994; Li et al. 1996). After their
release at the tube tip, they are attacked by methyl esterases, which replace the
neutral methyl groups with acidic carboxyl groups. These ionize to form neg-
atively charged groups which readily bind divalent calcium ions that bridge
adjacent pectin molecules together stabilizing the new wall (Holdaway-Clarke
et al. 1997). The progression of de-esterification from the tip is easily demon-
strated using JIM antibodies (Li et al. 1994). JIM7 labels the tip region and
Golgi vesicles, indicating the presence of esterified pectin, whereas JIM5 la-
bels the outer layer of the tube wall, not the tip, indicating de-esterified
pectin. This sequence probably differs little from that occurring in somatic
cells.

3.3
Cell Wall Components Synthesized by Plasmalemma-localized Enzymes

Pollen tubes have integral plasma membrane protein complexes that syn-
thesise callose and possibly cellulose. Callose is synthesised in a number of
somatic tissues, mainly around phloem sieve tube plates. In wounded cells it
is proposed that cellulose synthases switch to callose synthesis in response to
a loss of cell turgor and/or a depolarization of the plasma membrane. A sur-
prising result of the characterization of the callose synthase enzyme from
tobacco pollen cultured in vitro was that it is very different from that found in
somatic plant tissues (Schlüpmann et al. 1993); it lacks a requirement for cal-
cium ions, but is activated by a mild digestion with trypsin. The pollen tube
callose synthase is located in the plasma membrane (Turner et al. 1998), but
appears to originate from inactive precursors in the cytoplasm (Li et al. 1999)
that are first incorporated into the plasma membrane and then activated. Cal-
lose synthase activity is first detectable 30 µm behind the tip (Ferguson et al.
1999) but the reason for this delay is not clear. A possible explanation is that
it takes time to install and activate the enzyme. Typically in vitro pollen tubes
extend at about 5 to 30 µm per minute, so only a few minutes elapse between
insertion and activation. Interestingly, not all the synthase is activated on in-
corporation into the plasma membrane, since it is always possible to increase
the level of callose synthase activity of plasma membrane isolates by incubat-
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ing them with trypsin (Li et al. 1999). This latent enzyme has been postulated
to be activated later at sites of callose plug formation (Li et al. 1999).

A callose synthase gene, NaGsl1, is expressed abundantly in pollen tubes
of Nicotiana alata (Doblin et al. 2001). This gene is not expressed in other
tissues, and so it is probably providing transcripts for the unique callose
synthase found in these tubes. Levels of NaGsl1 transcripts were high in ma-
ture pollen, suggesting that pollen grains are released with the appropriate
transcripts for wall formation in place before germination. Transcript levels
remained high during tube growth (Doblin et al. 2001).

There are claims that cellulose synthesis in pollen tubes occurs earlier than
callose synthesis, as cellulose can be detected 5–15 µm behind the tip (Fergu-
son et al. 1999). However there is still some doubt about the presence of true
β-1,4 cellulose fibrils in pollen walls. Earlier claims that cellulose synthesizing
rosettes are visible in freeze etched preparations of pollen tubes have yet to be
verified (Reiss et al. 1985). Cellulose specific antibodies do label tubes down
to the tip, though there are problems of antibody specificity and of producing
a section in the median longitudinal plane of a tube that cast doubt on such
claims. Applying 2,6-dichlorobenzonitrile, an inhibitor of cellulose synthesis,
to in vitro growing pollen tubes of Lilium and Petunia led to the disruption of
tube growth with distorted and bulbous tubes being formed, and some tubes
burst (Anderson et al. 2002). This was interpreted as evidence that cellulose
is required for normal growth. Similar results were seen when conifer pollen
was grown in the presence of isoxaben, another inhibitor of cellulose synthesis
(Lazzaro et al. 2003).

Genetic approaches to the study of cellulose synthesis have been intro-
duced in vegetative plant cell studies (Richmond 2000). These show that one
set of CesA genes is turned on for synthesising primary walls and a differ-
ent set for secondary walls (Taylor et al. 2003). Analysis of the expression of
cellulose synthase genes in pollen tubes of Nicotiana alata has revealed that
a cellulose-synthase-like gene, NaCslD1, is expressed abundantly in pollen
tubes, but not in other tissues, except roots, where it could be involved in
root hair formation, and in moss rhizoids (Doblin et al. 2001). The true cellu-
lose synthesis gene, NaCesA, found in somatic cells, could not be detected in
the pollen tube cDNA library. Although no definitive evidence exists for the
function of Csl genes, Doblin et al. (2001) conclude that the NaCslD1 gene is
responsible for cellulose synthesis in these pollen tubes.

Growth of the pollen tube wall could conceivably involve modification of
components after their insertion into the wall structure, as in somatic cell
wall growth. β-glucanases capable of degrading both 1,3- and 1,4-linked poly-
mers have been isolated from in vitro grown lily pollen (Kotake et al. 2000).
Their relevance to tube growth was tested by growing tubes in the presence of
glucanase inhibitors which do affect somatic cell growth. These inhibitors re-
versibly suppressed tube growth, with increases in tube diameter (Kotake et al.
2000). Renewed growth, as so often happens in pollen tubes, occurred laterally
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to the inhibited apex. One of these glucanases is highly specific for pollen grains
and tubes, but another was found in all the lily tissues tested (Takeda et al. 2004).
It was proposed that glucanase-mediated hydrolysis of callose and a 1, 3 : 1, 4-β
glucan is involved in the regulation of tube elongation.

4
Cell Wall as Ion Storing and Transit Compartment

The structure of the cell wall has a profound effect on its chemical and permea-
bility properties, both of which will impinge on the physiology of the enclosed
protoplast. Calcium ions have been known to affect growth of in vitro pollen
tubes (Malhó, this volume and Hepler et al., this volume). As discussed above,
esterase activity leads to generation of pectic carboxylic acids that bind calcium
ions (Carpita and Gibeaut 1993). At the endogenous levels of apoplastic pH
and calcium ions in pistil tissues, or in growth media, these acidic sites become
saturated with calcium soon after they are formed. The calculated demand for
calcium entry into this growing wall was suggested to match the observed flux
rate of calcium into the tube tips (Holdaway-Clarke et al. 1997).

Wall permeability is thought to be largely controlled by callose. The pio-
neering work of Jaffe on ionic currents around pollen tubes defined the sites
and fluxes of ions and protons (Jaffe et al. 1975), and this has been extended
by a number of other authors (see Hepler et al., this volume and Sze et al.,
this volume). Cations such as protons, calcium and potassium enter at the
tip which is free of callose, and is covered by neutral esterified pectins. The
conclusion from these studies is that mature pollen tube walls are relatively
impermeable to ions when compared to the apical wall.

The positioning of calcium ion influx on the apical dome determines the
direction of tube growth (Malhó and Trewavas 1996), and tubes respond to
changes in the direction of the external calcium gradient by bending towards
the ion source. This suggests that the callose sheath might contribute to re-
stricting calcium ion entry to the tip region where the signal can be detected
and growth direction altered through a shift in the point of secretion.

5
Cell Wall as Architectural Component – Mechanical Properties

In general, the process of plant cell growth is driven by the controlled yielding
of the existing cell wall under an applied pressure, while simultaneously new
cell wall material is inserted. While the mechanism of tip growth is often con-
sidered fundamentally different from that of diffuse growth, this difference is
perhaps quantitative rather than qualitative. Similarly to diffuse growth, tur-
gor is believed to be the primary motive force behind tip growth even though
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growth rates cannot directly be correlated with the amount of turgor present
(Benkert et al. 1997). This, however, does not contradict the notion of turgor
as main propulsive force since internal pressure might simply be a necessary
conditio sine qua non whereas other features determine the rate of elongation.
Among these might be an adjustable yield threshold and strain hardening
capacity of the apical cell wall, and – at least providing an upper limit for
elongation rate – the rate of insertion of new cell wall material.

Green (1969) and others have proposed that tip localized expansion must be
caused by tip to base changes in the physical properties of the wall since the tur-
gor force is non-vectorial. In other words, the cell wall in the shank of the tube
needs to be more resistant to tensile stress than the apical cell wall to assure
that the latter yields first. However, a slight difference in stress resistance is not
sufficient; for geometrical reasons this difference actually has to be bigger than
a factor 2. The physical laws for thin-walled pressure vessels state that in a cylin-
drical structure the tensile wall stress in circumferential direction is twice as
high as the tensile stress in longitudinal direction (Fig. 7). The tensile stress
in the wall of the very apex of this cylindrical structure is identical to the one
present in longitudinal direction in the shank. Given a uniform, isotropic wall,
a cylindrical pressure vessel should, therefore, balloon to become spherical or
burst producing a longitudinal slit in the shank if pressure rises above a certain
threshold. This is obviously not the case in pollen tubes even though they are
highly pressurized. Therefore, in order for the cell wall at the tip region to yield
first, it needs to start yielding at a pressure that is lower than half the pressure

Fig. 7 Distribution of tensile stress in the wall of a thin-walled cylindrical pressure ves-
sel. The stress around the wall must have a net resultant to balance the internal pressure
across the cross-section. In the spherical apex and along the longitudinal direction in the
shank of the cylinder this means: σ · t · 2πr = p ·πr2 with σ – stress, t – thickness of the
wall, r – radius of the cylinder or sphere, p – internal pressure. From this equation fol-
lows that σ = pr/2t, which applies to both σL – the longitudinal stress in the cylindrical
part of the vessel and σS – the stress in the spherical apex. For the stress in circumfer-
ential direction in the cylinder the following equation applies: 2 ·σ · t ·dl = p ·2 · r ·dl with
dl – length of the cylinder. Therefore the stress in the wall in circumferential (hoop) di-
rection is σH = pr/t. Consequently, the stress in hoop direction in the cylinder is twice as
high as the stress in the apex: σH = 2 ·σS
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necessary to produce the shank located ballooning or bursting. This requires
a considerable difference in the yield threshold between the two regions. While
the physical necessity for this gradient is compelling, experimental evidence
for its presence was produced only recently. Micro-indentation demonstrated
that the local cellular stiffness in growing pollen tubes is considerably lower
at the apex compared to the shank of the tube (Fig. 8) (Geitmann and Parre
2004). Several cell wall components might be responsible for the creation of
this gradient since they are either deposited in non-uniform manner or show
a non-uniform distribution in their chemical configuration. The most promi-
nent structure that is absent at the tip, but present in the shank is callose.
Micro-indentation of pollen tubes in the presence of a callose digesting enzyme
revealed that in the shank, callose contributes to resistance of the tubes against
compression forces. The same enzyme induced an increase in cellular diam-
eter thus suggesting that this cell wall component is also involved in the tensile
resistance of the cell wall against circumferential stress caused by the turgor
pressure (Parre and Geitmann 2005a).

Cellulose seems to be of lower importance in the physical cell wall prop-
erties determining tip growth. While microfibrils seem to be confined to the
shank in some species (Ferguson et al. 1998), they are present in the apex
in others, particularly in gymnosperm pollen tubes (Derksen et al. 1999;
Lazzaro et al. 2003). No clear picture has emerged, especially since know-
ledge about the orientation of microfibrils in pollen tubes is scarce. An early
study had indicated that microfibril orientation is perpendicular to the long
axis (O’Kelley and Carr 1954), which would allow them to contribute to the

Fig. 8 Graph plotting stiffness versus distance from the apex of a typical growing Papaver
rhoeas pollen tube. Measurements were done with the micro-indenter. In the apical 20 µm
a steep increase of stiffness can be noted whereas no significant variations occur in the
distal area. (Figure reproduced with permission from Geitmann and Parre 2004)
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cell wall’s resistance against tensile stress caused by turgor pressure. Sassen
(1964), on the other hand, reports helicoidal orientation of microfibrils in the
shank which would theoretically allow for expansion, albeit limited, of the
cylindrical part of the tube in both radial or longitudinal direction.

The cellulose synthesis inhibitor, 2,6-dichlorobenzonitrile, caused tube
distortion or rupture in petunia and lily pollen, accompanied by a change in
cell wall organization (Anderson et al. 2002), suggesting that cellulose is re-
quired for normal tube growth. In the Petunia pollen tubes rupture occurred
at a distance of 17 µm from the tip thus indicating that neither the very tip of
the pollen tube nor the distal part of the shank depend (solely) on reinforce-
ment by cellulose in this species. The subapical region lacks a significant layer
of callose and has a pectic layer that is prone to bursting.

Picea abies pollen tubes, on the other hand, which are rich in cellulose
at the apex showed swelling upon application of isoxaben, an inhibitor of
cellulose synthesis (Lazzaro et al. 2003). While this was partly attributed to
a disorganization of microtubules through communication across the plasma
membrane between cortical microtubules and cellulose microfibrils, it also
indicates that in this species, cellulose contributes to the mechanical stability
of the pollen tube tip.

The pectin layer has also an important role in the mechanical properties of
the wall. Apex-located pectins are almost always of the methyl-esterified type
whereas the shank pectins are acidic or scarcely esterified. This is an essential
feature as de-esterification allows pectins to become gelated in the presence of
calcium ions. This gelation process considerable increases the Young’s modulus
of this matrix component (Jarvis 1984), thus potentially increasing resistance
against tensile stress. The first indication that this principle holds true for in
vitro pollen tube cell walls has been demonstrated only recently by micro-
indentation. Parre and Geitmann (2005b) demonstrated that de-esterification
of the apical cell wall using pectin methyl esterase considerably increases the
local stiffness of the cell in this region, presumably by increasing cross-linking
by calcium, and is able to prevent pollen tube elongation (Bosch et al. 2005;
Parre and Geitmann 2005b). A delicate control over the gradient of esterifica-
tion is thus essential to prevent mechanical instabilities. Regions further back
from the apex are stabilized by other cell wall components (most likely callose)
as demonstrated by the partial digestion of pollen tube pectin which causes
the swelling of only the apical 30 µm of the tube (Parre, Geitmann, unpub-
lished). However, the cylindrical region between the apex and the 30 µm mark
seems highly dependent on the presence of pectin and the resistance against
circumferential tension stress provided by the increasing pectin gelation in
this region. The importance of the pollen’s own pectin methylesterase for this
process was demonstrated by the characterization of VANGUARD1, a pectin
methylesterase expressed in Arabidopsis pollen tubes. Functional interruption
of the gene in vdg1 mutants causes pollen tubes to be very unstable and show
a high frequency of bursting (Jiang et al. 2005). This is consistent with results
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of the expression of a flax pectin methylesterase antisense sequence in Nico-
tiana tabacum, which reduced pollen germination, even though effects on cell
wall stability were unfortunately not provided (Lacoux et al. 2003). Obviously,
demethylation by itself is not enough to ensure a change of physical properties
of the pectin polymers. Calcium ions actually have to be present to allow their
gelation. Experiments in which the calcium content of the surrounding medium
was lowered revealed that the pollen tube lost its ability to resist tension and
burst. Interestingly, these bursting events occurred close to but not at the very
apex, indicating that this flanking region is indeed a critical one, the stability of
which depends on the process of de-methylesterification and calcium gelation
(Shen and Geitmann, unpublished).

The cell wall at the apex has to cope with a highly sensible equilibrium
since it has to yield to the pressure but not burst. Changes in the osmotic
pressure of the surrounding medium lead to bursting, if lowered, or failure
of elongation, if raised. In addition, new cell wall material, delivered con-
tinuously by vesicles, has to amalgamate with the existing cell wall that is
simultaneously being deformed. Failure of vesicle fusion in flavonol-deficient
Petunia leads to bursting of pollen tubes (Derksen et al. 1999). Delicately bal-
anced forces, therefore, govern this highly dynamic apical growth process.
These are largely unknown and warrant further research.

Another poorly understood topic is how the growing pollen tube is able to
exert penetrating forces. Invasion of the transmitting tissue is most certainly
facilitated by the secretion of cell wall digesting enzymes or expansins caus-
ing a separation of transmitting tract cells (Cosgrove 1997; Heslop-Harrison
1977; Hiscock et al. 1994). Nevertheless, it is reasonable to presume that the
pollen tube still has to exert some penetrating force to pave its way to the
ovary. The increased external mechanical resistance provided by the trans-
mitting tissue might contribute to the equilibrium between pollen tube cell
wall and turgor, but it is unknown, whether turgor in in vivo growing pollen
tubes is higher than in their counterparts in vitro, or whether perhaps the
yielding threshold of the cell wall is altered to allow the turgor to act against
mechanical obstacles. A first indication is provided by the fact that pollen
tubes grown in agarose – an artificial mechanical obstacle – show reduced la-
bel for callose compared to liquid grown pollen tubes (Parre and Geitmann
2005a). However, studies comparing the in vivo with the in vitro situation –
both concerning cell wall composition and growth behaviour will be needed
to answer these questions.

6
Adhesion and Interaction with the Transmitting Tissue

In addition to being a mechanical structure, the pollen tube cell wall forms
the interface between the cell and its surroundings. This interface represents
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a very intimate contact between two different organisms – the male gameto-
phyte and the female sporophyte. Signals that are exchanged between these
two organisms need to pass through the cell wall to reach the respective re-
ceptor on the plasma membrane or in the cytoplasm. The cell wall, therefore,
is an important arena for complex interactions such as those occurring dur-
ing self-incompatibility reactions (de Graaf et al., this volume).

To allow the passage of signalling and other molecules, the cell wall needs
to have a certain porosity. The permeability of Gladiolus pollen tubes grown
in vitro was restricted to globular molecules with a molecular weight from 15
to 25 kDa (Hoggart and Clarke 1984), whereas Nicotiana tubes had a cut off
at about 10 kDa (O’Driscoll et al. 1993). Analyses done on the class III pistil-
specific extensin-like proteins (PELPIII) in Solanaceae, on the other hand,
have shown that these glycoproteins are translocated into the callosic wall of
the pollen tube albeit having a molecular weight of 110–140 kDa, thus sug-
gesting that the cell wall has a rather high degree of permeability (de Graaf
et al. 2004). Whereas the outer pectic layer is rather permeable, it remains
to be confirmed if the callosic layer has some controlling function regarding
penetration of molecules.

The interaction between pollen tube and style has also important mechan-
ical aspects. In solid-styled species the tubes are likely to be guided by the
longitudinal configuration of the cells composing the transmitting tissue. In-
tercellular growth parallel to the longitudinal axis of the style is thus the
mechanically easiest path. During this stylar phase of growth, pollen tubes
might perhaps not even need any chemical cues before they reach the ovary,
where guidance becomes a more complex problem. In hollow styles on the
other hand, pollen tube growth is less confined spatially and probably needs
additional cues. In lily, a hollow styled species, adhesion of pollen tubes to the
transmitting tract epidermis has been shown to be based on a pectic polysac-
charide and a stigma/stylar cysteine rich adhesin (SCA) present in the stylar
exudate. Together these two molecules are bound to the surface of the trans-
mitting tract cells and cause adhesion of the pollen tubes to this surface and
to one another (Lord 2003). The receptor in the pollen tube is however un-
known (Johnson and Lord, this volume).

7
Generative and Sperm Cell Walls

The male gametophyte is formed by the first pollen grain mitosis. The di-
vision is asymmetric and the small generative cell so formed migrates into
the cytoplasm of the vegetative cell, separated from it by the plasma mem-
branes of each cell and the thin layer of pectic wall material (Raghavan 1997).
In some species, a temporary callose wall is deposited in this thin pectic layer
soon after the pollen grain mitosis. This has been confirmed by aniline blue
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and resorcinol blue staining (see references in Raghavan 1997). This is rem-
iniscent of the callose walls seen at pollen mother cell meiosis, and may be
a further protection against infection of the germ line by viruses.

The existence of plasmodesmata in the generative cell wall is disputed (Cresti
et al. 1987; Tiwari 1994) but thin sections of chemically-fixed material do show
occasional contacts between the plasma membranes of the vegetative and gen-
erative cells. To call these plasmodesmata would require the demonstration
of endoplasmic reticulum continuity between the two cells via a desmotubule
within the tube of plasma membrane. To date no such images have been pub-
lished. In contrast transfer cell-like wall ingrowths have been recorded. These
are indicators of apoplastic transfer of nutrients to the inner cell (Tiwari 1994).
In some pollen grains the generative cell is deeply lobed, which possibly serves
the same purpose (Noguchi and Ueda 1990; Southworth et al. 1994).

While AGPs were shown to be present in both membranes surrounding the
generative cell (Mogami et al. 1999; Southworth and Kwiatkowski 1996), there
is no information on the molecular structure of the carbohydrates in this
generative cell wall, and certainly no mechanically strong macromolecular
organization is required, as the generative cell exists in isotonic equilibrium
with the cytoplasm of the vegetative cell. In binucleate pollen grains, the gen-
erative cell must assume a spindle shape so that it can progress into and down
the pollen tube before mitosis to form the sperm cells. This change in shape is
achieved by the formation of longitudinal bundles of microtubules (Burgess
1970). Such a change is unique in higher plants, where cell shaping is usu-
ally driven by osmotic turgor pressure inflating a mechanically asymmetric
cell wall. In generative cells it is the internal cytoskeleton that exerts shape
control, as in many animal cells (Cai and Cresti, this volume).

Generative cell mitosis yields two sperm cells that lie in the same cavity
within the vegetative cell. These sperm cells have even more tenuous cell walls
than the generative cell. Their walls, and more specifically the outer faces of
their plasma membranes, are of great importance. This is because the sperm
cells are not identical, in fact only one is a true sperm cell able to initiate fer-
tilization and zygote formation. In some species the sperm are dimorphic,
so the true sperm cell can be identified morphologically. It is assumed that
there must be some subtle differentiation in isomorphic sperm cells, so that
one will recognize the egg cell plasma membrane and the other the central
cell plasma membrane. Intensive research has been directed to identifying the
recognition molecules involved. Antibodies have been raised against purified
fractions of sperm cell plasma membranes. The glycoproteins detected differ
from those found on control somatic cells and contain mannosyl and glucosyl
residues (Xu and Tsao 1997). Furthermore, the lectin binding sites of genera-
tive cells are reorganized and modified during formation of the sperm cells
(Fang and Sun 2005), possibly in preparation for fertilization events. How-
ever, it has not been possible to distinguish between the two sperm cells using
these methods.
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