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ences in the degree of surface expansion to create complex cell shapes.
An extreme case of allometric growth is realized in tip-growing 

cells where both surface expansion and delivery of new, primary 
cell wall material are confined to a very small cellular region. The 
result is a unidirectionally elongating, cylindrical cell that is capped 
by an approximately hemispherical apex—the growing region. The 
cell types that display tip growth—pollen tubes, root hairs and 
fungal hyphae—have the biological purpose to invade complex 
substrates—pistillar tissues, soil, or any digestible substance, respec-
tively. Confining surface expansion to a small apical region allows 
tip-growing cells to negotiate mechanically complex environments 
by making their growth more manoeuverable and reducing friction 
with the surrounding substrate. The intense and localized growth 
activity observed in tip-growing cells make them ideal systems for 
mechanical and structural analyses of cellular growth processes.

Cell Wall Deformation in Tip-Growing Cells

Early measurements of wall expansion in tip-growing cells have all 
supported the idea that the rate of wall expansion is maximal at the 
pole of the cell and declines gradually from this location towards the 
cylindrical portion of the cell.1-4 The first evidence that this expan-
sion pattern might not be universal was obtained for root hairs.5,6 
In these cells, the maximal strain rate occurs in an annular region 
centered at the pole (Fig. 1A). We have now obtained evidence 
that a similar wall expansion pattern is found in lily pollen tubes 
(unpublished data). Although structural analyses have failed to reveal 
any special cellular features that may help maintain this unusual 
expansion pattern, mechanical analyses do suggest that the apparent 
wall viscosity or stiffness is reduced in the annulus of high expansion 
rate.5,7 The reduced wall viscosity could be the result of increased 
activity of wall loosening agents such as expansins8,9 or reduced 
activity of pectin methylesterases (PME). An alternative explanation 
is that the annulus of high surface expansion is experiencing higher 
rates of secretion of uncross-linked wall material. This last possi-
bility has gained ground following a recent investigation of vesicle 
dynamics in the tip of pollen tubes.10

Addition of Cell Wall Material

Since surface expansion in tip-growing cells is confined to the 
apical dome, it is reasonable to assume that addition of new wall mate-
rial also occurs at this location. Fluorescent labelling experiments11-15 
as well as ultrastructural observations16,17 support this conclusion 
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In tip-growing plant cells such as pollen tubes and root hairs, 
surface expansion is confined to the cell apex. Vesicles containing 
pectic cell wall material are delivered to this apical region to 
provide the material necessarily to build the expanding cell wall. 
Quantification of wall expansion reveals that the surface expan-
sion rates are not highest at the pole but instead in an annular 
region around the pole. These findings raise the question of the 
precise localization of exocytosis events in these cells. Recently, we 
used spatio-temporal image correlation spectroscopy (STICS) in 
combination with high temporal resolution confocal imaging to 
characterize the intracellular movement of vesicles in growing pollen 
tubes. These observations, together with the analysis of FRAP 
(fluorescence recovery after photobleaching) experiments, indicate 
that exocytosis is likely to occur predominantly in the same annular 
region where wall expansion rates are greatest. Therefore, tip growth 
in plant cells does not seem to happen exactly at the tip.

Mechanics of Allometric Cell Growth

For plant cells to grow the wall surrounding the cell needs to be 
deformed mechanically, a process that is driven by the internal turgor 
pressure of the cell. In addition, cell wall material needs to be added to 
prevent thinning of the stretched wall and subsequent rupture. Most 
plant cells are characterized by diffuse growth where cell expansion 
implicates the deformation of the entire cell surface or large portions 
of it. In such cases, the mechanical anisotropy that oriented cellulose 
microfibrils confer to the cell surface plays a central role in controlling 
cell shape. On the other hand, allometric growth relies on local differ-
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Conclusions

The emerging picture for tip growth in pollen tubes is therefore 
the following: The maximum rate of cell wall deformation and 
 deposition of pectic wall material is located in an annular region 
around the pole of the cell. One might be tempted to conclude that 
the pole itself represents an almost inert cap of cell wall material that is 
pushed forward by axially elongating flanks. However, it is important 
to realize that both exocytotic activity and cell wall deformation are 
not absent at the pole, their levels are just lower than in the annular 
region. Therefore, the pole remains a very dynamic region, certainly 
if one considers that endocytotic vesicles seem to pinch off into the 
cytoplasm at higher rates there than in the surrounding area.
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although it has not been possible to map precisely the rates of wall 
deposition within this region. The unexpected finding that maximum 
surface expansion does not peak at the pole but in an annular region 
just below it raises the question of where exactly the addition of new 
wall material takes place. Mechanically, it is not absolutely necessary 
that the region of maximum exocytosis coincides with the region 
of maximum expansion (Fig. 1B). From the dense accumulation of 
vesicles in the shape of an inverted cone16,17 it was generally presumed 
that delivery of vesicle contents would occur at the pole. The small size 
of the vesicles (typically 150 nm in pollen tubes) made it difficult to 
track them quantitatively in the light or confocal microscope. Also, 
identifying the exact site of exocytosis in the apical region of the cell 
was impossible hitherto, even though studies using evanescent wave 
microscopy observed the dynamics of vesicles in the relatively slowly 
growing pollen tube of Picea meyeri.18 However, due to technical 
limitation in combination with cellular geometry, it is unlikely that in 
this study vesicles in the apical region were observed.

To quantify the movement rates and directions of vesicles in 
rapidly growing angiosperm pollen tubes, we therefore resorted to 
high temporal resolution confocal imaging in combination with 
computational analysis of cytoplasmic movements by spatio-temporal 
image correlation spectroscopy (STICS). Vesicles were labeled with 
the lipohilic styryl dye FM1-43 which belongs to a family of dyes that 
are known to be taken up by endocytosis and to enter the endosome 
and subsequently the exocytotic pathway.19-22 The resulting vector 
maps revealed that the source of vesicles streaming into the inverted 
cone is in a ring-shaped region at the periphery of the dome and 
that vesicles exit the cone in its tail (Fig. 1C). Computer modeling 
has shown that the geometry and activity of the actin cytoskeleton 
lead naturally to this type of vesicle circulation.23 A second remark-
able finding of the high temporal resolution confocal microscopical 
observations was that groups of vesicles seemed to detach from the 
rearwards streaming tail of the cone and to re-enter the forward traf-
fick in the periphery of the cell (Fig. 1C). This points to the existence 
of a circulatory delivery system that ensures an efficient target rate by 
repeated flow of vesicles through the apex.

In the context of cell wall mechanics, the most important finding 
of this study resulted from photobleaching (FRAP) experiments. We 
removed any excess dye in the culture medium and photobleached 
the entire apical region including vesicles and plasma membrane. 
During the subsequent recovery period any fluorescence appearing 
in the tip region was transported from the distal cytoplasmic region 
of the tube and thus represented the population of vesicles circulating 
through the apical region (and not newly endocytosed vesicles). To 
our surprise, newly delivered vesicles did not accumulate at the pole, 
which would have been expected if the peripheral influx of vesicles 
streamed together at this point. Instead, vesicles seemed to hover in 
an annular region around the pole before slowly filling the remainder 
of the inverted cone. Frequently, the cytoplasmic region immediately 
underlying the pole did not recover full fluorescence intensity after 
bleaching. The intense concentration of vesicles in this region as 
shown before bleaching and in transmission electron micrographs,17 
is therefore likely to be partly the result of endocytotic activity. This 
is corroborated by observations using two different endocytosis 
markers in a pulse-chase type of experiment15 which clearly showed 
that one region of major endocytotic activity in the growing pollen 
tube is the pole of the cell.

Figure 1. Drawing of the spatial distribution of mechanical features determin-
ing tip growth in plant cells. (A) Degree of deformation of the cell wall during 
its maturation. The thickness of the arrows indicates relative strain rates. (B) 
Position of the annular ring surrounding the pole of the tip growing cell. (C) 
Movement patterns of vesicles as observed with FM1-43 label.
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