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Abstract
Significant controversy still swirls around the regulation of extension by tip-growing cells,
particularly during stable, oscillatory growth of pollen tubes. One explanation proposes that turgor
pressure is both the controlling and driving force. We refute this hypothesis on theoretical and
evidentiary grounds. Direct measurement of intracellular pressure reveals constant turgor even as
growth rates change. Measured ion fluxes, notably potassium, are insufficient to account for the
requisite osmotic changes. Water movement, and hence pressure gradients, occur throughout the
cell, unrestricted to local domains. Increases in hydrostatic pressure alone would force water out
of the cell rather than cause increased growth. We have recently demonstrated concomitant
changes in the apical cell wall that account fully for observed changes in growth rate.

What controls pollen tube growth rate?
Pollen tube growth is a critical process in the life cycle of higher plants, connecting male
and female gametophytes with a suitable path for sperm nucleus migration from pollen grain
to micropyle (Box 1). Widely studied as a model for tip growth by plant cells [1-4], pollen
tubes in vitro typically display regular oscillations in growth rate, varying by as much as 6-
fold over periods of 20–50 s [5,6]. Some authors have suggested that oscillations in turgor
pressure cause these changes in growth rate [7-12], an idea revisited in a recent review [12]:
‘There is substantial evidence that pollen tube cell wall extension growth is primarily
dependent on changes in turgor pressure in the apical region’. Another review goes farther,
proposing that ‘spatial non-equilibrium osmotic pressure [in a pollen tube] is predicted to be
highest near the apex and diminish toward the distal tube’ (Figure 1 in [13]). Turgor
pressure is indeed high in pollen tubes [0.1–0.4 MPa in lily (Lilium longiflorum) Thunb.,
mean of 0.21 MPa] [14] and is necessary for elongation. However, pressure probe
measurements clearly show that turgor pressure does not change during growth (Figure 1a).
Furthermore, growth rate per se is independent of turgor pressure (Figure 1b). To date, no
published evidence exists demonstrating a significant correlation between oscillatory growth
rates and either spatial or temporal patterns of internal pressure. On the contrary, two direct
methods of measuring cellular hydrostatic pressure, the internal pressure probe [14] and
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microindentation [15], support the idea that turgor pressure does not change, even as growth
rate does change.

In this review, we critically examine the assumptions and data cited in support of the
pressure control hypothesis and build a case for an alternative hypothesis: oscillatory pollen
tube growth is not regulated by changes in pressure but rather by oscillations in the
extensibility of the apical cell wall. Recent evidence of direct correlations between wall
properties and growth rate during oscillatory growth [15,16] supports just such a
mechanism. Indeed, given biological and biophysical realities detailed in Boxes 1 and 2, it is
highly unlikely that changes in turgor pressure could ever be the source of the observed
oscillations in growth rate.

The principles of cell growth developed in other plant cells apply to pollen
tubes

Because pollen tubes differ from diffuse-growing plant cells by extending exclusively at
their tips, conceivably they deviate from the biophysical rules (Box 2) derived from the
study of other plant cells. We assert that this is unlikely because pollen tubes are not alone in
exhibiting tip growth; this is a behavior shared with other tip-growing cells such as root
hairs, fern and moss protonemata (e.g. Adiantum capillusveneris L. or Physcomitrela patens
Hedwig.), algal rhizoids (e.g. Nitella spp.) and fungal hyphae (e.g. Saprolegnia ferax). The
pollen tube cell wall, although enriched in pectins especially at the apical growing point,
never-theless consists of typical wall polymers. Lastly, pollen tubes are clearly osmotically
active, reacting to quick changes in external osmotic conditions by either plasmolysis or
bursting, and adapting rapidly to smaller, slower changes in tonicity.

Large and rapid changes in turgor pressure are not feasible
Given the large and rapid changes in pollen tube growth rates (from 100 nm s−1 to 600 nm
s−1 in lily over 10–25 s [5] and from 10 nm s−1 to up to 50 nm s−1 for tobacco (Nicotiana
tabacum L.) [6], in the absence of changes to the pollen tube wall, according to the Lockhart
Equation [17], the change in growth rate would have to be directly proportional to a change
in turgor pressure. Because evidence to date from pressure probe and osmotic shift
experiments suggests that pollen tube growth rates do not change until the cell bursts or
begins to plasmolyze we must go to experiments with diffuse-growing cells for an estimate
of the probable slope of a putative turgor pressure–growth rate relationship. In Chara
internode cells and sunflower (Helianthus anuus L.) leaf cells, a change in the growth rate by
2-fold requires approximately a 0.05–0.1 MPa increase in turgor pressure [18]. Assuming a
similar relationship in the lily pollen tube, to cause a 6-fold change in growth rate would
require an increase in turgor pressure of 0.15–0.45 MPa. In addition to the fact that such
increases in turgor pressure would cause bursting of the tube tip (Figure 4 in [14]), these
changes would need to occur repeatedly every 20–50 s to account for the observed
oscillations in growth rate.

Box 1

The race to the micropyle

Pollen tubes elongate through diverse microenvironments on the way to the micropyle. In
some flowers, the tube grows through a solid style, digesting polysaccharides and
pushing between cells. In others, such as lily flowers, tube growth occurs along the sides
of a transmitting tract, bounded by an internal gas space on one side and adhered to stylar
tissue on the other [42]. Regardless of the circumstances, the evolutionary imperative
operating upon the pollen tube selects for growth that is as fast as possible, regardless of
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changes in external osmotic concentration, physical resistance or gas phase oxygen
tension [43]. Only one out of dozens of pollen tubes will successfully deliver a sperm cell
to the egg, creating selection pressure for rapid growth [44].

Not only must the pollen tube grow quickly, it must also maintain polarity of growth
even while constantly modulating the direction of growth. Successful pollen tubes are
more likely to be the ones that have taken the most direct path to the micropyle,
stimulated and guided by diffusible substances secreted by stylar tissues and synergid
cells [45-48]. In vitro we often see growth patterns that reflect rapid elongation combined
with changes in direction. In these examples, pollen tubes often seem to seek new
directions, where they smoothly and rhythmically reorient their growth axis by tens of
degrees alternately to either the left or the right. When tube growth is halted by external
factors, such as non-plasmolytic shifts in osmotic potential, the tip usually swells and
then reorganizes with a resumption of normal elongation [15,16]. The localized
application of small aliquots of compounds in the growth medium, such as calcium
chelators, causes pollen tubes to turn away from or to follow the artificial chemical
gradients [49]. To be considered successful, any model proposed to explain growth
regulation in pollen tubes must account for both the intensely directional and the spatially
specific properties of the growth process.

How likely are large-scale osmotically driven turgor pressure changes in pollen tubes?
Rapid, osmotically driven changes in cell shape and size do occur in other plants cells, such
as stomatal guard cells and Mimosa leaflets. Assuming a typical pollen tube with a diameter
of 10 μm, a length of 1000 μm, a volume of 78 500 μm3 and a surface area of 31 500 μm2,
a minimal increase in turgor of 0.1 MPa corresponds to an increase in osmolytes of 42
mosmol kg−1 (approximately 40 mM K+). Peak K+ influx of 300 pmol cm−2 s−1 as
measured in lily pollen tubes [19] would account for only 35 mM of the required 40 mM of
osmolytes even with a total K+ uptake of 2.8 pmol over 30 s. A 6-fold change in growth
rates caused by a turgor pressure increase of 0.3 MPa would require the uptake of three
times more K+, leading to an increase of 120 mM K+ in the cytosol that cannot be explained
by the measured K+ influx rates. Furthermore, transient increases in the cytosolic K+

concentration would result in transient membrane potential changes in growing pollen tubes,
which have not been recorded so far in over 200 measurements of lily and tobacco pollen
tubes (G. Obermeyer, unpublished data).

Box 2

The rules of the race: thermodynamics, biophysics and cell growth

Internal pressure in plant cells is generated by water movement across the plasma
membrane in response to a gradient in water potential due mainly to concentration
differences of osmotically active solutes. The water volume flow density jV for a plant
cell membrane, which separates an interior, i, from an outer medium, o, is given by:

(1)

with V as the cell volume; A, cell surface area through which flux occurs; LP, hydraulic
conductivity; P, turgor pressure; C, concentration of non-permeable solutes; CS,
concentration of permeable solutes and σS, reflection coefficient for permeable solutes.
The volume flow has a hydraulic driving force, the hydrostatic pressure gradient (P) and
an osmotic driving force, the osmotic pressure gradient, Δπ=RT(ΔC+σSΔCS). In the
presence of only non-permeable solutes, Equation 1 is simplified to
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(2)

Thus, a water influx can occur only if Δπ>P, that is by a turgor pressure decrease, by
increasing the osmolyte concentration, Ci, of the cytosol or by a decrease in external
osmotically active solutes. The cell quickly reaches a balance point where the restraining
force of the cell wall counter balances the outwardly directed turgor pressure and water
uptake ceases. Because the cell contents behave as a viscous fluid, turgor pressure is
exerted equally in all directions within the volume bounded by the cell wall.

In theory [17], it should be possible to deviate from the osmotic/turgor balance point to
allow irreversible increase in volume, that is, growth, by two different mechanisms: an
increase in turgor pressure might overcome the restraining capacity of the cell wall and
cause it to yield or a decrease in the restraining force, through stress relaxation in the cell
wall, would allow the existing turgor pressure to extend the cell wall. Because water
movement in plant cells is passive, an increase in the turgor pressure requires a
corresponding decrease in the internal water potential followed by an influx of water.
Repeatedly, studies on plant cell growth reveal that cell wall loosening, resulting in stress
relaxation, rather than turgor increase, emerges as the prime event underlying cell
extension [50]. Because the cell, before stress relaxation, is at the balance point between
outward-directed turgor pressure and the inward-directed restraint of the wall, when the
cell wall polymer structure relaxes the existing turgor pressure will cause the wall to
extend. An immediate consequence will be a momentary but slight reduction in the turgor
pressure and a decrease in the water potential. Water will immediately flow into the cell
re-establishing the original turgor pressure. In numerous plant cells, it is clear that water
flow into the cell is a consequence not a cause of the growth event and that growth is
dependent on stress relaxation of the cell wall [18,51-56].

The accumulation and export of large amounts of solute, as occurs in stomatal guard cells,
would require a huge expenditure of energy, as well as time. We must keep in mind that
stomatal pores open over time periods that range from 0.5 to 1.5 h and not the tens of
seconds typical for the oscillating pollen tube. In brief, this scenario is unrealistic for pollen
tube growth, particularly for tubes growing between cells or in a hollow style, without a
nearby source of ions as provided by the subsidiary cells adjacent to the guard cells.
Moreover, a bulk osmotic change alone does not provide a mechanism for sustaining
polarity or for changes in growth direction.

Direct measurements fail to indicate rapid or large-scale turgor changes
during growth

Direct measurements of turgor pressure in growing lily pollen tubes [14], using the pressure
probe, clearly showed that there was no change in the turgor pressure during growth,
particularly in longer pollen tubes. Based on previous research [20], these cells would have
been expected to oscillate in growth rate. Growth rate and turgor pressure were not
correlated (Figure 1b): faster tubes did not have higher turgor pressure than slowly growing
tubes. The imposition of a 2-fold increase in turgor pressure with the pressure probe
routinely led to tube bursting at the tip, rather than an elevation in growth rate. Even small
turgor pressure increases forced by the pressure probe to monitor pressure relaxation for Lp
calculations did not cause an increase in growth rates. Rather, the tube tip became swollen
and growth ceased. When pollen tubes were incubated in a medium of 3-fold higher
osmolyte concentration the internal turgor pressure dropped only from 0.27 MPa to 0.18
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MPa, providing evidence that the pollen tube retains a remarkable ability to adjust and
maintain a normal or optimal turgor pressure for growth.

Despite very thorough measurements of turgor by pressure probe in growing lily pollen
tubes [14],and clear definitive results, there have been targeted efforts to discount and
dismiss the findings in this paper. For example, it has been suggested [8,9] that short lily
pollen tubes such as those primarily studied in [14] do not oscillate and thus would not be
expected to show varying turgor. Yet, other results [20] demonstrate that although short lily
pollen tubes might not oscillate, they do exhibit irregular fluctuations with over 2-fold
changes in the growth rate (see Figure 9c in [20]). For the pressure regulation model to
work, turgor changes associated with those variations in growth rate should be observed and
they were not. Another objection raised in Ref. [9] is that the time resolution of 1–2 s is poor
and not adequate to show changes in turgor pressure. However, the growth rate oscillations
occur during a 20- to 50-s period during which time there is sufficient resolution to observe
any accompanying change in turgor pressure. Practically speaking, such relatively slow
changes over time allow the experimenter to follow the turgor pressure change by adjusting
the meniscus of the pressure probe. Any turgor pressure transients would have been readily
noticed and monitored. Additionally, one can expect that a sudden and immediate increase
in turgor pressure, achieved with a marked reduction in the external sucrose concentration
(from 10% to 1%), should lead to a marked increase in thegrowth rate. With lily pollen
tubes, such changes caused a shift in oscillatory profile [9] but not the predicted changes in
growth rate. Although pollen tubes can adjust turgor pressure as necessary, within a
resolution limit of 0.005 MPa (5 kPa [14]), they do not do so during in vitro growth of the
lily pollen tube.

Localized pressure gradients probably do not occur
Pressure probe measurements have also been challenged on the grounds that the probe
inserted in a region distal from the tip does not accurately record events that occur in the tip
itself owing to pressure waves in localized compartments [21]. Perhaps the location of the
cytoskeleton array and associated cytomechanical activities creates regions with different
hydraulic properties [12] similar to a mechanism elaborated to explain surface blebbing in
metastatic tumor cells [22]. With the cytoplasm modeled as a rigid microporous entity
containing only 20% water [22] hypothetical pressure waves could be predicted with time
constants of 10 s, over distances of 10 μm, seductively close to the dimensions needed to
cause localized rhythmic expansion at the pollen tube tip. Yet even if it is poroelastic,
mammalian cell cytoplasm only pushes against a cell membrane causing tensions of at the
most hundreds of Pascals. Given the strength of the cell wall it will take pressure transients
on the order of 100 000 Pa to locally increase the wall expansion rate, requiring the action of
an actin network thousands of times more dense than that found in animal cells [23]. Such a
structure is clearly absent from pollen tubes. Although there is a distinct F-actin fringe or
collar in the apical domain of lily and tobacco pollen tubes [24-28], it is localized slightly
back from the extreme apex, being positioned along the shank of the tube, and does not
reside in that portion of the cytoplasm adjacent to where cell extension occurs. Like a stone
dropped into a pond, any such transient pressure wave would cause ripples of pressure in all
directions, including away from the tube tip, with a force well above that generated by the
actin–myosin motors propelling starch grains and organelles. Should transient pressure
waves occur, we should have observed ripples in organelle motion or at least rhythmic
variations in the pressure probe measurements studied in [14], or the cantilever external
probes used in [15], but no such phenomena have been reported.

Even if sufficient local pressure could be generated, is there evidence for the required
cytoplasmic compartmentation in the pollen tube? Although large organelles, including
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plastids and the vacuoles, are prevented from entering the apical clear zone, there is no
evidence that the smaller organelles, or water itself, are restricted in their motion. As can be
readily observed through microscopic inspection of the growing pollen tube, cytoplasmic
streaming is rapid (0.2–0.9 μm s−1) [29] and continuous along the entire length of the tube
[30,31]. Organelles such as mitochondria, Golgi dictyosomes, elements of the endoplasmic
reticulum and vesicles move rapidly and freely into the extreme apex of the tube. Injected
fluorescent markers (fura-2-dextran, BCECF–dextran or GFP) inserted into the shank of the
pollen tube more than 100 μm back from the apex rapidly and completely permeate all
regions of the cytoplasm. Water and any associated pressure gradient or wave is thus able to
move freely throughout the length of the pollen tube, and including notably the extreme
apex of the cell.

Direct evidence for regions of high and low turgor pressure is also absent. The turgor
pressure values in growing lily pollen tubes [14] were independent from the impalement site
(Figure 1c). Even pressure values measured in the extreme tube tip (0 μm) were in the same
range as values obtained from impalements of the pollen tube base. Furthermore, pressure
pulses applied by the pressure probe impaling the pollen tube base lead to an immediate
bursting of the tube tip (Figure 1a) thus supporting the view of the pollen tube cytosol being
essentially one compartment. Because water is a non-compressible fluid, any pressures
generated within the cytosol will be expressed uniformly throughout. A similar conclusion
derives from studies of pollen tubes of tobacco that occasionally bifurcate and exhibit two
growing tips. Although both growing points from the same tube oscillated, their frequencies
were different [32], which would be impossible with oscillating turgor pressure.

Finally, without adequate compartmentalization or strong enough pressure waves at the tube
tip, it seems unlikely that localized pressure gradients could be steep enough to sustain
polarity and tip shape. During regular polarized growth, expansion rates must be maximal
some-where near the tip of the cell and decrease to zero at the junction with the cylindrical
shank of the tube, as elegantly conceptualized many years ago [33] and demonstrated in root
hairs [34]. If pressure gradients were the cause of this anisotropy, they would have to be
sustained and large over very short distances.

Water flux is bidirectional, responding to the water potential
Beginning with a growing pollen tube in steady-state with balanced water influx and turgor
pressure, a localized increase in turgor pressure as postulated in [11,12,21] would drive
water out of the pollen tube and thus not lead to a growth pulse. As illustrated by Equations
1 and 2 (Box 2) water can flow across the tube plasma membrane in either direction [35-37].
Furthermore, the hydrodynamics model [12] proposes water influx into the subapex and a
simultaneous water efflux at the apex of the pollen tube that would require different turgor
pressures or osmolyte concentration in both regions only 20–30 μm apart. As pointed out
earlier, the turgor pressure is very likely to be constant throughout the pollen tube
(Papex=Psub) and the osmolyte concentration (Co) in the surrounding medium (germination
medium or style tissue) is also constant. Therefore, the only parameter that can be
modulated is the cytosolic osmolyte concentration (Ci) with Ci

subapex being higher than
Ci

apex to allow the postulated water influx at the subapex and the water efflux at the apex.
This condition, where Ci

subapex>Ci
apex, will force a cytosolic water flux from the tube tip to

the subapex rather than in the opposite direction thus contradicting the postulated water flow
circuit.

Cell wall properties regulate growth and cell shape
If turgor pressure does not oscillate, what then controls oscillations in pollen tube growth
rate? In a recent study [16], the amount of wall material in the pollen tube apex clearly
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changed dramatically during oscillatory growth. Importantly, cross-correlation analysis
indicates that this increase in wall material in lily pollen tubes anticipates the increase in
growth rate by approximately 100° (full cycle=360°). A further statistical analysis reveals
that the amount of wall material predicts, up to 90%, the magnitude and extent of the growth
that follows. In addition, microindentation studies show that the pollen tube tip is indeed less
rigid and that stiffness varies with the same frequency as oscillations in growth rate, with
minimum stiffness, for example maximal extensibility, shifted in phase to 10–90 degrees
before maximal growth (Figure 2) [15]. Although the exact biophysical and biochemical
bases for changes in cell wall stiffness are not well understood, and are active areas of
research, the magnitude of the softening does predict the magnitude of the growth pulse.
Thus, pollen tube growth polarity and cell shape could readily be maintained by a gradient
in wall viscoelasticity across the growing tip, as described in root hairs [34] and proposed
for pollen tubes [38,39].

Turgor pressure, at least at levels sufficient to deform the cell wall, does not change during
oscillatory pollen tube growth, consonant with direct experimental observations [14,15].
Constant water influx down a gradient in water potential accounts for the volume
enlargement during tube elongation [40]. Turgor pressure changes do not modulate wall
expansion during oscillatory growth, rather wall loosening and stress relaxation in the apical
cell wall oscillate and this activity underlies the control of oscillatory pollen tube growth. As
noted by Harold [41]: ‘morphogenesis in walled cells results from localized compliance with
the global force of turgor pressure’. The energy for growth derives from turgor; the control
of rate and direction from the wall.
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Figure 1.
Turgor pressure of growing Lilium longiflorum (Lily) pollen tubes measured by pressure
probe as described in [14]. (a) Time course of a representative experiment, showing very
little change in turgor pressure during cell growth, until pressure was artificially increased
and the cell burst, returning the probe to atmospheric pressure. Note that the tube wall
withstood pressure over twice as large as that needed for growth before bursting. (b) In
dozens of replicate experiments, growth rate was not correlated with turgor pressure. Even
in the absence of growth cells maintained high turgor pressure. (c) Turgor pressure of lily
pollen tubes in relation to impalement site of the pressure probe. Note the pressure values
that were directly measured at the tube tip. Pollen grains were incubated in germination
medium with various osmotica as indicated (unpublished data from [14]).
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Figure 2.
Simultaneous measurements of growth rate and cell wall stiffness in oscillating Lilium
pollen tubes (redrawn from [13]). (a) Typical oscillatory growth pattern. (b) Trace of
cellular stiffness from the same cell and time period as (a), on the shank region of the tube.
(c) Another trace of cellular stiffness in the shank, with the cantilever probe moved away
and back to the same spot between measurements to mimic displacement. Note the absence
of any oscillatory pattern in distal stiffness. (d) Time course of cell wall stiffness at the very
tip of the cell for the same cell as (a–c). The probe was moved between each measurement
to keep up with the growing tube. (e) Comparison of growth rate and wall softness (inverse
of stiffness) of an oscillating growing cell, measured at the growing tip. Because of the
similar shapes of the stiffness and growth rate curves it was possible to determine that the
softening of the wall occurred approximately 10 s before a concomitant increase in growth
rate.
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