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Pressure-induced wall thickness variations in multi-layered wall
of a pollen tube and Fourier decomposition of growth oscillations
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Abstract. The augmented growth equation introduced by Ortega is solved for the apical portion of
the pollen tube as an oscillating volume, which we approach in the framework of a two-fluid model
in which the two fluids represent the constant pressure and the fluctuating features of the system.
Based on routine Fourier analysis, we calculate the energy spectrum of the oscillating pollen tube,
and discuss the resonant frequency problem of growth rate oscillations. We also outline a descriptive
model for cell wall thickness fluctuations associated with small, yet regular variations (~ 0.01 MPa)
observed in turgor pressure. We propose that pressure changes must lead to the sliding of wall lay-
ers, indirectly resulting in a wave of polarization of interlayer bonds. We conclude that pollen tube
wall thickness may oscillate due to local variations in cell wall properties and relaxation processes.
These oscillations become evident because of low amplitude/high frequency pressure fluctuations
OP being superimposed on turgor pressure P. We also show that experimentally determined turgor
pressure oscillates in a strict periodical manner. A solitary frequency fy ~ 0.066 Hz of these (~ 0.01
MPa in magnitude) oscillations for lily pollen tubes was established by the discrete Fourier transform
and Lorentz fit.
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Introduction

All rapid axis extension in plants is based on volumetric
growth of individual plant cells, which in turn depends on
the interaction between the hydrostatic pressure generated
within the cell (turgor pressure) and the extensibility of the
wall material itself. This characteristically biophysical mode
of growth, which is one of the features that distinguishes
the evolution of plants, affords an unique opportunity to
examine the control mechanisms underlying morphogenetic
ontogeny from a purely mathematical point of view.

The plant cell wall is a complex system of composite
materials about 0.1-1 um thick, consisting of cellulose
microfibrils embedded in a matrix of hemicelluloses and
pectins (Cosgrove 1997). Hemicelluloses serve to anchor
the microfibrils in the surrounding matrix by bonding
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non-covalently to their surface (see Fig. 3 in Veytsman and
Cosgrove 1998). This hierarchically built structure consists
of multiple layers, implying that mechanical deformation
of the wall will likely result in the slippage of polymers and
the sliding of layers (Geitmann 2010). Understanding the
rheological behaviour of the cell wall is therefore crucial
for understanding observed changes in cell wall thickness
(McKenna et al. 2009). The growth of walled cells is governed
largely by the changing mechanical (viscoelastic) properties
of the wall as it resists vacuolar turgor pressure to produce
a quasi-stable equilibrium. A special example of a grow-
ing plant cell is the growth of pollen tubes (Plyushch et al.
1995; Derksen et al. 2011). We note that changes in wall
thickness have been observed during pulsatile growth of
Gasteria pollen tubes (Plyushch et al. 1995). An important
and frequently observed feature of pollen tube elongation is
that both the growth in length and its derivative, the growth
rate, oscillate. Many of the underlying processes also oscillate
with the same period, but usually out of phase (see Fig. 3 in
Holdaway-Clarke and Hepler 2003; Fig. 3 in Cardenas et al.
2006; Fig. 4A in Cardenas et al. 2008; Fig. 1C in Zonia and
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Munnik 2011). Time-lapse images of lily pollen tubes reveal
that during oscillatory growth the wall thickness at the apex
of the cell changes. McKenna et al. (2009) showed that the
cell wall thickness oscillates with the same period but out of
phase with the oscillations in growth rate.

In spite of numerous chemical, physical and microscope
studies of the pollen tube cell wall, the precise organisation
and structure of the various components has been well
characterized in many species such as Arabidopsis thaliana
(Chebli etal. 2012), Lilium longiflorum (Lancelle and Hepler
1992; Jauh and Lord 1996), Nicotiana tabacum (Kroh and
Knuiman 1982; Geitmann et al. 1995; Ferguson et al. 1998;
Derksen et al. 2011), Petunia hybrida (Derksen et al. 1999),
Pinus sylvestris (Derksen et al. 1999) and Solanum chacoense
(Parre and Geitmann 2005) but are still a matter of conjec-
ture. The tube wall is usually observed to comprise of two
distinct layers, the outer layers begin fibrillar and the inner
layer non-fibrillar and electron-lucent. According to Fergu-
son etal. (1998) the growing pollen tip is covered solely by the
primary fibrillar wall. The inner layer, commonly called the
callosic layer, is a secondary wall first visible some distance
(15 um) behind the tip, and varies in thickness depending
on age and physiological conditions.

In this context, to be precise, following Chebli et al. (2012), we
quote: “Although the pollen tube does not form a conventional
secondary cell wall layer, its wall is assembled in two phases. The
“primary layer” is mainly formed of pectins and other matrix
components secreted at the apical end of the cell. The “secondary
layer” is assembled by the deposition of callose in more distal
regions of the cell (Heslop-Harrison 1987). Depending on the
species, cellulose microfibrils have been found to be associated
either with the outer pectic or with the inner callosic layer. Un-
like most other plant cells, cellulose is not very abundant repre-
senting only 10% of total neutral polysaccharides in Nicotiana
alata pollen tubes, whereas callose accounts for more than 80%
in this species (Schliipmann et al. 1994)”.

Using different methods of histochemical and specific
labeling performed using antibodies, one can observe organi-
zation of the cytoarchitecture and relative spatial distribu-
tion of cell wall components in the pollen tube. The pollen
tube cell wall consists of inter alia: pectins with low and
high degree of esterification, callose, microfibrillar polysac-
charides, crystalline cellulose, and fucosylated xyloglucans.
About pectins location, we quote from Chebli et al. (2012):
“Pectins with high degree of esterification were primarily
found at the pollen tube tip, along the first 5 pm of meridional
length. The amount of highly esterified pectins decreased by
two-thirds in the first 10 to 12 pm, where it reached a stable
value that was maintained along the entire distal region. By
contrast, the label for low esterified pectins was weak at the
tip (around 10% of the maximum label intensity determined
in an individual cell) and increased 4-fold in the first 10 to
12 pm, where it reached a plateau”

Callose deposition began at a 10 um meridional distance
from the tip and increased steadily until 40 pm, where it
reached a plateau. It was shown that callose was deposited
between the pectic fibrillar layer and the plasma membrane
in the inner layer of the pollen tube cell wall. The Arabi-
dopsis pollen tube cell wall comprised a fibrous component
(probably cellulose microfibrils) whose main orientation was
nearly parallel to the longitudinal axis of the cell (Chebli et
al. 2012).

Concerning cellulose, Ferguson et al. (1998) states: “Cel-
lulose co-locates with callose in the inner, electron-lucent
layer of the pollen-tube wall, while both polymers are absent
from the outer, fibrillar layer. Neither cellulose nor callose are
present in the wall at the pollen-tube tip or in cytoplasmic
vesicles. Cellulose is first detected approximately 5-15 pm
behind the growing tube tip, just before a visible inner wall
layer commences, whereas callose is first observed in the
inner wall layer approximately 30 um behind the tip. Callose
was present throughout transverse plugs, whereas cellulose
was most abundant towards the outer regions of these plugs.
This same distribution of cellulose and callose was also ob-
served in pollen-tube walls of N. alata Link et Otto, Brassica
campestris L. and Lilium longiflorum Thunb”.

Xyloglucans inserted into the cell wall are associated
to cellulose via hydrogen bonds, thus contributing to the
formation of a tight network (Hayashi 1989; Acebes et al.
1993; Hayashi et al. 1994). Dardelle et al. (2010) suggested
that fucosylated xyloglucans are cross linked to cellulose
microfibrils because they were only associated with the inner
layer of the Arabidopsis pollen tube wall. Furthermore, it was
demonstrated that fucosylated xyloglucans were distributed
evenly along the Arabidopsis pollen tube cell wall. It was
suggested that a temporary failure to deliver these linker
molecules to the cellular surface may lead to a transient
widening of the tube diameter because of a lack of cellulose
cross linking (Chebli et al. 2012).

While pollen tubes have a layered cell wall structure
starting from the subapical region, containing a fibrilar
pectic outer wall and an inner wall mostly composed of
callose, the cell wall at the apex is almost exclusively com-
posed of pectins. Neither cellulose nor callose are present
in Nicotiana tabacum L. wall at the pollen-tube tip (Fergus-
son et al. 1998). A series of strategic enzymatic treatments
also suggest that pectins, cellulose, and callose are highly
cross-linked to each other (Chebli et al. 2012). The pollen
tube cell wall, although enriched in pectins especially at the
apical growing part, nevertheless consists of typical plant
polymers (Winship et al. 2010). Therefore the proposed
sliding of cell wall layers is restricted to take place in the
subapex and regions even more distal to the pole, while the
net effect should also be observed at the growing tube tip
(wall thinning/thickening). For polar expansion dynam-
ics and wall building we may also redirect the reader to
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a recent review article by Domozych et al. (2013), where
the developmental dynamics of pollen tube growth, rep-
resenting a spectacular example of anisotropic expansion
in eukaryotes, is scrupulously studied.

It is clear that changes in turgor pressure may also
influence pollen tube oscillations: A reduction in turgor
pressure of only 0.02 MPa can result in the immediate ces-
sation of growth in the living cells (Taiz 1984; Messerli and
Robinson 2003). This observation led to the loss of stability
theory (Wei and Lintilhac 2003, 2007) stating that with an
increase in turgor pressure the resulting wall stresses will
gradually amplify to a definite critical value, at which time
loss of stability must occur, leading to stress relaxation of
the wall, wall material intercalation and consequent growth.
Small pressure changes are also admitted by Winship et al.
(2011): “Even in oscillating pollen tubes, small pressure
changes can be expected, but they would be the result of
wall relaxation-driven cell expansion, and not the cause”
Bearing in mind the contributions of various wall build-
ing processes and exocytosis, we consider the behaviour
of layered wall structures under changing turgor pressure
regimes. For simplicity we restrict our discussion to the
case of a quasi-homogeneous (layered) wall, and present
a solution that demonstrates the importance of cell wall
geometry.

Material and Methods

Nicotiana tabacum pollen was used for these studies. Anthers
were harvested immediately before dehiscence and placed
in desiccation chambers between 18 and 24 h. Tobacco pol-
len was collected and stored at —20°C. Then, after removal,
cells were held at room temperature for 25-30 min before
suspending in standard germination medium [6 % (w/v)
sucrose, 1.6 mM H3BOj3, 200 uM CaCl, and 25 uM MES (pH
5.5)]. Pollen was germinated and grown in culture chambers
where it was assembled on microscope slides using silicone
isolators for 3 h at 22.5°C, before performing experiments
on slabs containing 0.3% (w/v) low gelling temperature
agarose (plant cell culture grade, Type VII, Sigma) in 200 pl
germination medium.

Germinating pollen was used for imaging from 3 h to
5 h after the start of germination. Imaging was performed
on a Zeiss Axiophot upright microscope, connected through
a Nikon DXM/200 or UltraPix CCD camera which were
run by NSI-Elements or UltraView morphometric software,
respectively, to record information about the experiments
(Centre for Advanced Microscopy, University of Amster-
dam, Netherlands). The experimental method also involved
recording fast time series images of the live pollen tubes.
Microscope images were recorded (3 images per 1 s) for
10 min, and transferred to a computer for further analysis.

Mean resolution ratio from ten measurements equaled
0.02 pm/px.

The width of cell wall was measured using the open-
source morphometry software Image] in 3-s intervals,
independently from the used camera. The width of the wall
was measured by choosing a fixed point at the pollen tip,
and then finding the perpendicular (to the long tube axis)
distance to the wall at IR, 2R, 3R, etc., from the tip (fixed
reference system, Fig. 4; here R = constant denotes the api-
cal tube radius). These measurements gave a list of lengths
(micrometre) that were imported into the Origin (Microcal)
software. From length measurements, the wall width was
calculated from the formula [, ytide () = Lnside (1), where r=
IR, 2R, ... denotes the axial distance from the tip.

Matlab (The MathWorks™) code was used for model
calculations.

Results

Osmotic pressure dynamics in pollen tube growth

The growth of the plant cell wall is determined by its visco-
elastic, elastic, plastic, and shearing (rheological) responses
to the mechanical stresses induced by turgor pressure. It has
also been shown that the mechanical properties of the wall
can be modified by the intercalation of specific new cell wall
materials into the wall (Boyer 2009). In order to deconstruct
the various wall behaviours we start with the Ortega (1985)

equation:
1 dP(¢)

1dV) o1
voa PO (1

which formalizes the combined effect of inelastic (®) and
elastic (¢) components to the volume V relative extension
rate. It takes into account elastic deformation of the cell
wall by introducing volumetric elastic modulus ¢ for the
changing turgor pressure P(t). The coeflicient @ stands for
the ‘extensibility” of the wall which is defined as the recipro-
cal of the materials’ viscosity (Dumais et al. 2006). Equation
(1) describes the relative rate of change in volume of the cell
chamber, as the sum of irreversible and reversible deforma-
tion of the wall. In Eq. (1) P(#) stands for the dynamic turgor
pressure inside the vacuole (as a function of time t), while the
constant Y describes a yield threshold value, the value that
must be exceeded for growth to occur. The relative change
in volume can be calculated when the turgor pressure P(t)
dependence on time is known.

The goal of the present analysis is to derive an alterna-
tive model that relates changes in osmotic pressure to the
observed growth dynamics (Hill et al. 2012). Considering the
volume of the elongating pollen tube let us partition the total
cell volume Vr into two compartments V and Vg where
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Vp is the volume of the cylindrical pollen tube basal to the
apex and V is the volume of the apical region itself, that is
known to undergo volume oscillations (Zonia et al. 2006).
V() = V() + Va(2) is a function of time . Experimental
data suggests that there is a continuous transition in the
mechanical properties of the cell wall between the apical and
basal regions (Geitmann and Parre 2004). We further assume
that Vg(#) = ugt and [ug] = pm3/s (the rate of the volume
increase), where Vp is considered for the quasi-linear phase
of elongation growth, where this approximation holds.

To describe apical volume oscillations in the pollen tube
we utilize Eq. (1) in the modified form, where time depend-
ence of P is given by a pressure fluctuation term (first cor-
rection) 6P(t), so P(t) = P + 6P(t). Therefore Eq. (1) takes
the form

1 av,
v, d

d(P+&P()-Y)
dt

= (D(t)(P+éP(t)—Y)+£ (2)
This first-order differential equation takes into account
elastic (¢) deformation of the cell wall. The constant value of
e simplifies the mathematical analysis of Eq. (2). In this we
couple the Ortega equation to the equation for the change in cell
wall properties by taking the extensibility coefficient ® that is
responsible for plastic wall properties as a dynamic variable. We
assume that the intracellular osmotic pressure can be changed
in response to changes in the extracellular osmotic potential,
therefore the osmotic pressure term, which is included in §P(%),
must be also introduced. Hence, Eq. (2) becomes:
14v, 1 d(8P(t))
t

n‘ﬂ=®@@+W@—D+;—;ﬁ* 3)

Because the Y time-derivative vanishes, Eq. (3) shows
that the relative change V, '/V 5 of the apical volume Vj is
dependent on the sum of the plastic properties term pro-
portional to the total turgor pressure P + §P(t) — Y, plus
the elastic properties term (in the range of applicability of
the Hooke’s law) conjugated to the pressure fluctuations
derivative P(t). This relationship may be associated to the
phase shift that has been frequently observed and discussed
(McKenna et al. 2009). We note that the material constants
responsible for the properties of the growing wall are
included in ® and &, combining irreversible growth and
reversible cell extension, respectively. By taking @ = O(¢)
and the constant ¢ (in the apex), we may follow Pietruszka
(2010, 2012) to introduce dynamic cell wall mechanical
properties by the inclusion of the wall-loosening factor
chemical activity. Cell wall visco-elasticity is expressed
by @(t) = Opxpexp(-kot) term, where @ = constant is the
extensibility coeflicient proposed originally by Lockhart
(1965) with the dimensionality [©] = 107%/(sMPa), which
must be retained. The terms x and k¢ [1/s] represent initial
polymer density [xg = x(t = ty)] and cell wall intercalation
rate, respectively. The latter needs a comment. The equations

used in the modelling are based upon a paper (Pietruszka
2010) interpreting behaviour of plant cell walls in terms of
rapidly decaying expansin activities, though mathematically
equivalent more parsimonious explanations are available
(exponential decay of creep rates and in stress relaxation).
By substituting the explicit form of ®(t) in Eq. (3) we
obtain:
Ldv,

o, 1 d(SP(0)
V.odi =Ox,(P+0P(t)-Y)e ™ + Pa— 4)

Eq. (4) represents a hydrodynamic equation that takes
into account the effective pressure in the system and also
(in the first approximation) the cell wall elastic and plastic
properties. This equation introduces deposition of new cell
wall material into the existing cell wall at a rate kg, with the
initial concentration of pectins that are used for new cell wall
growth denoted as x(. The constant turgor pressure P stands
for the ‘first fluid. The pressure fluctuation term (‘second
fluid’) can be given by 6P(t) = RT(AC + 03ACs) where
C denotes the concentration of non-permeable solutes, Cg
denotes the concentration of permeable solutes, and oy is the
reflection coefficient for permeable solutes. The volume flow
at a given temperature T has two components, the first being
a hydraulic driving force represented by the hydrostatic (or
turgor) pressure P, and an osmotic driving force represented
by the osmotic pressure gradient 8P(t). Thus, after an extra-
cellular osmotic pressure decrease, an influx of permeable
solutes, or a change in the intracellular solute concentration
due to metabolism, water influx will occur.

Conceptually we break down the oscillating turgor phe-
nomenon into two components, as if it were made up of one
constant source of fluid pressure superimposed on which is
a second variable pressure treated as if it were contributed
by a second fluid. This reflects the assumption that these
two sources of pressure may arise from different system
dynamics. By analogy one might consider the experience
of being in a concert hall, where a variable tone originating
from one source is superimposed on a pure tone originat-
ing from another, creating a changing landscape of beat
frequencies. This mathematical device is permitted because
pressure is subject to the superposition principle. In fact it
is important to understand the nature of the two fluids in
order to understand their Fourier contributions.

In reality however, the formal differentiation of the oscil-
lating pressure into two fluids is not free from mathematical
consequences.

After integrating Eq. (4) with respect to time, the solution
takes the logarithmic form

log(r;‘j =D x, J.: e [P + éP(T)— Y]dr + 5)

= aP0)- ()]
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where V= Va(t), and Vy = Va(ty). We notice in Eq. (5)
that the expanding pollen tube tip volume Vo () cannot be
integrated without knowing the explicit form of the effective
pressure P + §P(t) - Y time dependence. Eq. (5) can serve for
calculation of apical volume changes due to osmotic pressure
fluctuations. However, because pollen tube growth will be
described by its total volume Vp(t) = V() + Va(1), growth
rate will be approximated by using the time derivative: V'1(#)
= V’g(1) + V’5(1), providing that the continuity condition for
the volume flow is fulfilled. The logarithmic relationship in
Eq. (5) means that even small fluctuations of the effective
pressure, for example those caused by the osmotic pressure
gradient generated by water movement across the plasma
membrane, may lead to relatively large amplitude fluctua-
tions in apical volume. Further amplification comes from
the fact that osmotic influx occurs over the entire length of
the pollen tube (which would also amplify slight changes in
osmotic water uptake at the tip) whereas the resulting growth
is all focused in the tip.

Fourier decomposition

Although many aspects of plant growth can be described in
terms of first order system dynamics (Erickson 1959, 1986),
not all aspects of plant growth dynamics can be adequately
described in such simple terms. Because pollen tube growth
presents us with an easily observed example of time —
variable growth behaviour in a single cell we are afforded
an unique opportunity to explore the dynamics of more
complex cell wall behaviour through harmonic analysis. To
this end we have undertaken the Fourier decomposition of
Eq. (4). After taking the Fourier transform (Harris 1998)
of Eq. (4) the left side becomes the Fourier transform of
the relative growth rate F(GR), and the right side can be
split into 3 contributing terms, which we may call plastic,
fluctuating-plastic and fluctuating-elastic, respectively, and
the corresponding energy terms are proportional to:

1
i ©
* 1 ’
FOP (7)
SRR (8)

Here f'stands for oscillation frequency (in Hz), * denotes
convolution, and F denotes the Fourier transform. Terms
(6)-(8) stand for all model contributions to the energy dis-
tribution spectrum (see Fig. 1 obtained in Matlab code). The
first, plastic component, expression (6) has its maximum at
f=0and a Lorentz form for higher frequencies. This term
is very unlikely to contribute to oscillations, but it can be

responsible for steady elongation. The appearance of any
oscillations (f > 0) will compete for a spectral density allo-
cated to this term. The third term (8), fluctuating - elastic,
will have an envelope of sz((?P) (inset in Fig. 1). This will
necessarily be 0 at f = 0 and will increase with frequency.
This term will naturally promote the oscillatory state. The
second component (7), fluctuating - plastic, is a non-trivial
one and will act as an effective coupling between the first
and last terms. The interplay between these terms will define
the effective resonant frequency of oscillations in the pollen
tube (Haduch-Sendecka et al. 2014).

A simple shear model of pressure-induced cell wall thick-
ness variations

The dynamics of the growth process and the final cell shape
and size result from the mechanical features of the cell wall

—~ 10r plastic 04 ]
L
> 8 1
‘®
@
o 6r o
[ 2
S ©
Q 4t ' Co
Q ()
» £
= ®
o J fluctuating - plastic =

0 A

-2 0 2 4 6 8

Frequency (Hz)

Figure 1. Power spectral density as a function of frequency of
a growing pollen tube (model calculations). The plastic, fluctuating -
plastic and fluctuating - elastic contributions to energy are calculated
from mathematical expressions (6)—(8), respectively. The plastic
term given by expression (6), responsible for steady elongation, has
amaximum at f= 0 and a Lorentz form for higher frequencies. The
fluctuating — plastic term (7) will act as an effective coupling between
the first and last terms (6) and (8), see also Fig. 4. The third term
(here in the Dirac delta form), expression (8), fluctuating - elastic in
origin will naturally promote the oscillatory state. A clear ‘resonant’
value for frequency will most likely be established by the coupling
term and external constraint (osmotic concentration). The elastic
part is shown to be capable of producing a stationary solution with
the envelope exp(-f*) with a non-zero resonant frequency fy; even
from purely Gaussian fluctuations (inset). It was found to compete
for spectral density with the plastic ‘steady growth f= 0" component
responsible for the elongation. “Tug-of-war’ is done though the terms
encapsulated in expression (7). Simulation parameters (arbitrary):
ko=0.1 s, w=11rad/s, ¢ =0rad.
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and turgor pressure. Any mechanistic framework of plant
growth must therefore include the layered construction of
the wall. Our model assumes a quasi-multi-layered wall
structure where the individual layers consist of cellulose
microfibrils embedded in a hemicellulose matrix with link-
ers, such that each layer can be treated as a discrete network
constrained by inter-layer hemicelluloses bridges that serve
to control the sliding of the layers. Further information
about the ramifications of the micro/nano-scale geometry
of the cell wall on the mechanics of cell wall thickness
fluctuations observed in pollen tubes can also be useful -
even minor changes at the micro/nanoscale can have major
downstream consequences in terms of the temporal behav-
iour of the cells (see Fig. 2b in Chavarria-Krauser and Yejie
2011 - note the ‘simple sheared’ bricks). Here, we propose
a simple model where we suggest that these wall thickness

Figure 2. A model that portrays that cell wall layered structure may
allow pressure-induced changes of wall thickness in the apical part of
pollen tube (anomalous Poisson ratio case): P - turgor pressure, Py -
threshold pressure (not to be confused with Y - the yield threshold).
Wall thickness influenced by the oscillating turgor pressure: A. Single
layer case. B. Multi-layer case — the cell wall thickness fluctuations
due to the changes in turgor pressure and cell geometry may also take
place for a positive value of Poisson ratio (see the text). C. Concentric
single layers represented by uniaxial cylindrical tubes at the apical
end of pollen tube (right). The axially sliding layers due to pressure
OP(t) variations highlighted by the shaded area of the cross-section.
Compare with Fig. 2 in Geitmann and Ortega (2009).

oscillations are due to this specific wall structure acting in
concert with effective pressure fluctuations, wall building
and exocytosis.

To keep order we consider negative (anomalous) and
positive (normal) Poisson ratio in taking into account layers
and link geometry.

Anomalous Poisson ratio

In this model we assume the inter-layer linkers consist of
stiff polymer bonds of almost equal length connecting the
neighbouring wall layers (see Figs. 2-3 for illustration).
With a value of turgor pressure P equal to a certain constant
threshold value P the cell wall possesses a definite thickness
dy. However, due to the total turgor pressure oscillations (as
caused by 0P(t) in our model Eq. (4)) P can be either greater
or smaller than this constant value P,. Consequently, the
periodic changes in turgor pressure would compress the
hemicellulose inter-layers thereby rotating the angle of the
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Figure 3. Cell pattern of epidermis in Hordeum vulgare L. roots of
‘Karat’ cultivar (wild-type plant). A. Autofluorescence of the cell wall
was analysed by CLSM (confocal laser scanning microscopy) according
to procedure described by Marzec et al. (2013). Scale bar = 20 um. B.
A schematic view of a pollen tube tip as considered in this paper (see the
text). Pectin chains and cell membrane indicated. Upper chart courtesy
of Marek Marzec, Deptartment of Genetics, Faculty of Biology and
Environment Protection, University of Silesia, Katowice, Poland.
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hemicellulose polymer bonds linking the cellulose layers
and enabling limited slippage between the layers and oscilla-
tions in the cell wall thickness (Fig. 2). However, this model,
slightly modified, still holds for a more realistic multi-layered
system constituting the cell wall.

Imagine that the layers are stacked one upon another.
Then due to the increased inner pressure P > Py the slid-
ing of the first layer will result in the re-positioning of the
bonds between the first and the second layers more normally
(perpendicular to the plane of the layers, Fig. 2). This will,
however, cause increased pressure on the second layer (we
count from the inner surface of the cell) causing it to slide and
re-positioning the polymer bonds to some arbitrary angle.
This process (inter-layer bond rotation) travels through the
wall thickness in a radial direction as a bond polarization
wave until it reaches the outer-most layer. Thanks to this we
obtain the multi-layer (composing the cell wall) thickening
leading to the maximum wall thickness equal (in a rough
approximation) (n - 1) [ tan(«) times the width of a single
layer, where n - is the number of layers, - overall bonds
length and « - the slope angle of a single bond. The opposite
process will take place if P < Py when shrinking of the wall
occurs. This mechanism may be responsible for the observed
cell wall thickness fluctuations (Kroeger et al. 2011, Fig. 2B)
which we propose to be caused by slightly oscillating effec-
tive pressure and special geometry of the pollen tube apical
region. Further, by assuming water incompressibility and
Pascal’s principle, the expansion and contraction of the apical
zone of a pollen tube wall may be induced by the effective
pressure changes in the vacuole.

Normal Poisson ratio

If the hemi-cellulose bonds are not stiff, as assumed above,
but compliant (in this study we cover both possibilities), an
alternate scenario can be developed: a multilayer sliding may
arise due to the hemispherical geometry of the apical part
and axially-exerted compressive forces, inducing contraction
under pressure and expansion of the wall thickness caused by
inter-layer hemicellulose/pectin matrix when inner pressure
is released (wall building processes may occur). Neverthe-
less, similar conclusions as above can be drawn: the pressure
changes in the vacuole by performing subsequent longitudi-
nal sliding of the wall layers progressing from the inner to
the outer surface of the wall, in another form of a ‘polymer
bonds polarization wave, may cause observable changes in
the wall thickness in the apical zone. Apparently, a similar
mechanism may be responsible for the analogous effect at
the shank zone, however in much lesser degree because of
stiffening of the system due to maturation processes — strain
hardening (the walls become inextensible and more resistant
to the internal pressure changes). The authors realize that the
conventional explanation of the experimentally observed

oscillations in cell wall thickness (McKenna et al. 2009), i.e.
oscillating exocytosis rate, is widely accepted. Nevertheless,
our explanation through ‘polymer bonds polarization wave’
may be treated as supplementary alternative. The ageing
process can be described by a constant rate Poissonian decay
process as recently proposed in Eggen et al. (2011) leading
to the notion of a gradient in material properties over the
apical region and attenuation of above described processes.
This is probably the case which is observed in experiment
(Winship et al. 2010, Fig. 2b-d): apical cellular softness vs.
basal cellular stiffness (and our own experimental results
presented in Fig. 4), from which we can conclude that wall
thickness fluctuations are larger in the apical (subapical)
than in the basal region.

The proposals presented above can be described math-
ematically (Atkin and Fox 2005) as a kind of simple shear
deformation (which is a special case of deformation in which
only one component of velocity vectors has a non-zero
value): x = G(X, t) = X+2 a(t)X,e; where G maps each point
X of the reference configuration onto its position x at time
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Figure 4. Variation in the magnitude of changes in wall thickness
for Nicotiana tobacum pollen tubes as a function of the distance
from the tip measured in terms of the tube radius R (IR equals
here 4.14 um). Data points (dots) are taken from our own experi-
ment (AH-S), where the number of samples n = 37 (resolution
~0.01 pm). Error bars indicate standard deviation. The maximum
of the plot at a distance 1R from the tip stays in agreement not
only with the predictions of the frustration model (Pietruszka
2013, T - interface in Fig. 1A) and self-regulating role of cell
wall ageing presented in Fig. 6 by Eggen et al. (2011), but also
with the cellular stiffness data, acquired with a microindenter,
plotted against the distance from the pole measured on the
central longitudinal axis of Arabidopsis pollen tube (see a local
minimum at ~ 5 um = 1R in Chebli et al. 2012, Fig. 9, naturally
corresponding to the maximum in the wall width fluctuation
amplitude at 1R in our case).
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t. The latter term must be defined in concert with the value
of the observed thickening/shrinking of the apical wall. The
simple shear already gives the effect of layer slippage (Con-
stantinescu and Korsunsky 2007), which can be imagined as
the top of a stack of playing cards being pushed to one side,
making cards glide on top of each other. The calculated rota-
tion tensor corresponds to rotation by the angle 6(t) = —atan
a(t) or in classical notation a(t) = tan(at). So the multilayered
wall material deformation takes the form x = G(X, ) =X + 2
Xytan(at)e; and as it should be expected — depends on time.
Such deformation may be linked with the dynamic pressure
fluctuations in the apical region, especially when coincid-
ing with quantized exocytosis with the change of interlayer
distance. Simply put, the fluctuations of the turgor pressure
in the apical region, which affect the innermost layer of the
cell wall, cause the increase/decrease of the cell wall thickness
in the neighbouring region. The layers are bound in differ-
ent ways in the apical and the basal parts of the structure,
what is the consequence of anisotropy (Baskin 2005) of cell
wall structure (see Fig. 3, the symbolically illustrated ‘red’
pectin chains). Because the layers are connected, the inner-
most layer, which is in stress, drags the next layer, etc. The
‘drag effect’ is manifested on bigger scale in the anisotropic
structure and can cause wall shrinking (similarly as when
shearing a rectangle we obtain a parallelogram whose height
is smaller than the rectangle). The outlined scenario may pos-
sibly report on cell wall thickness changes in the apical region
in pollen tubes but also, in concert with cylindrical (shank)
plus hemispherical (apex) geometries, may form an auxiliary
model for the rapid polarized growth of pollen tubes.

Discussion

Our proposal, despite inevitable degree of simplification,
is in accord with the new physics of cell wall behaviour
expressed by the loss of stability model (Wei and Lintilhac
2007) and cell wall thickness oscillations, detailed in Kroeger
etal. (2011). In fact, the phase data provided by Kroeger et
al. (2011) and by McKenna et al. (2009) ought to offer an
obvious answer as to whether the Poisson’s ratio is positive or
negative, but these are not consistent with one another. Loss
of stability is a result of gradual loading (internal pressure)
process: “With a gradual increase in internal pressure the
resulting stresses in the wall will gradually increase to a criti-
cal value, at which time loss of stability must occur, leading
to stress relaxation in the wall” (Panovko and Gubanova
1965; Wei and Lintilhac 2007). This loss of stability takes
place due to small fluctuations in turgor pressure (neglected
in first approximation in Pietruszka 2013) and wall building
(in each cycle), and results in rapid pollen tube elongation.
The present model is not only in agreement with the recent
investigations connected with expansion propensity as

a function of the distance from the apex (see Fig. 2 in Eggen
etal. 2011), but also with the cellular stiffness data (see Fig. 9
in Chebli et al. 2012), compare with Fig. 4 in this study. Our
analysis based on sliding wall layers allows for curvature
driven delivery (exocytosis) close to the curved part where
the apex joins the subapex in the pollen (Zonia and Munnik
2008). The mechanism of sliding wall layers will also lead
to the cumulated apical tip wall thickening (see Figs. 1 and
4 in McKenna et al. 2009). It has also been shown (Koch
1982, cited after Eggen et al. 2011) that the local state of the
wall controls the local rate of incorporation of new material
and that this is a feedback-controlled mechanism; however,
no feedback mechanism was indicated. In our proposal
a feedback mechanism is represented by small fluctuations,
with the amplitude of about 0.01 MPa (the measurements
of Benkert et al. 1997, reanalysed in Fig. 3¢ by Zonia and
Munnik 2011, which had a resolution of 0.005 MPa, and
thus possessed sufficient sensitivity to see the changes of the
order of 0.01 MPa), also in agreement with ‘loss of stability
model’ numerical value of 0.02 MPa, strong enough - due
to logarithmic relation between pressure and volume - and
enhanced by the fact that osmotic influx occurs over the
entire length of the pollen tube, Eq. (5), to provide such
mechanism through wall layers sliding.

The latter needs a comment. Seemingly, there are very
good reasons for why the turgor pressure does not fluctuate.
The first reason is that there is no water pump: the uptake
of water necessary to generate turgor pressure derives from
a change in the water potential of the cell. The second reason
is connected with the hydraulic conductivity of the plasma
membrane. It is commonly accepted that the plasma mem-
brane of plant cells in general, and pollen tubes in particular
is very leaky; should any increase in turgor pressure occur,
this will be ‘immediately’ offset by the expulsion of water,
with the resulting return to the original pressure. However,
because no ‘immediate’ changes may occur, this is what can
be considered as high frequency, low amplitude pressure
fluctuations. Since 1965 there have been countless examples
of experiments in which the parameters controlling growth
have been tested. These studies show that growth is due to
underlying changes in the cell wall, and not to changes in
turgor pressure. A very concise summary on this subject
can be found in the textbook, Plant Physiology by Taiz
and Zeiger (4™ edition, 2006). Nonetheless, the paradigm
referring to the chemical wall loosening (cell wall model)
should at least admit stepwise decrease of turgor pressure,
clearly visible in a landmark study by Benkert et al. (1997)
and further reanalyzed by Zonia and Munnik (2011).
Nonetheless, such decrease should be next accompanied by
pressure recovery (presumably due to wall layers slide in the
relaxation individual step) forming a distribution of fluctua-
tions about pressure equilibrium value 0.2 MPa (Fig. 3¢ in
Zonia and Munnik 2011). There, the authors claim that the
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measured periodicity for pressure oscillations ranges from
12 sto 25 s, which is the same as routinely reported for oscil-
latory dynamics in lily pollen tubes (Mc Kenna et al. 2009;
Zerzour et al. 2009). The situation is, however, even more
appealing: by retrieving the fluctuating pressure values from
the chart (Fig. 1a in Winship et al. 2010, the monotonically
descending linear part), a single frequency peak in the pres-
sure power spectrum has been detected by discrete Fourier
analysis (FFT), see Fig. 5 and the caption to this figure. Thus,
by using FFT and the Lorentzian fit we showed, that turgor
pressure in short instants increases in a strict periodical
manner, presumably in advance in the increase in growth
(or increase in wall thickness). The latter fact, however, may
invoke a significant paradigm shift.

We formulated a simple mechanism consistent with the
recent results (Rojas et al. 2011), where chemically-mediated
deposition causes turnover of cell wall cross-links, thereby
facilitating mechanical deformation. This mechanism can
also reflect the pectate structure and suggested distortion by
Boyer (compare Boyer 2009, Fig. 5 ¢,d) in Chara cell walls
under tension as originating from P + §P(t). It is concluded
(Boyer 2009) that growth (in Chara) is controlled by a non-
enzymatic reaction in the wall itself. Among others, this
reaction depends on pressure P - when turgor pressure rises
in cells (by the amount of 6P(t)), it puts wall polymers in ten-
sion and make the load bearing bonds susceptible to calcium
loss and allow polymer slippage that irreversibly deform
the wall. In accord with our present proposal, Proseus and
Boyer (2007) suggested that the ladder like structure would
be susceptible to distortion by P: at low P (corresponding
to P — §P(t)) the ladder would straighten (Fig. 5C in Boyer
2009 corresponding to Fig. 2B in this paper). Then, above
a critical P (P ~ P + 6P(t)), distortion would increase the
distance between adjacent galacturonic residues (Fig. 5D in
Boyer 2009). When Ca?* cross-linked pectates are placed
under physical tension, as imposed by turgor pressure ~ 0.2
MPa, the bonds may lengthen and thus weaken and decrease
their affinity for Ca** (Proseus and Boyer 2007; Boyer 2009).
Dissociation may occur, allowing turgor dependent expan-
sion (see also Fig. 4 in Pietruszka 2013).

Apparently, our model proposes that small oscillations of
turgor are the causative agent for oscillations in wall thick-
ness. This is the converse of the proposal by Winship et al.
(2010) which postulates that variations in cell wall mechani-
cal properties cause the (growth rate) oscillation and that
variations in turgor (if there are any) are a passive conse-
quence due to cell wall relaxation. Whereas the LOS model,
asitis used by Zonia et al. (2006), proposes gradual increase
in turgor until a threshold when rupture of individual links
between cell wall polymers occurs, Winship et al. (2010)
state that turgor is essentially stable, but that an exocytosis-
induced relaxation of the wall causes expansion. The present
paper does not arbitrate which explanation is the proper one.
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Figure 5. Theory: The energy spectrum obtained in model calcula-
tions, to bridge the gap between the modelling and the behaviour
of pollen tubes in vivo. The circle centred at the frequency fy
~0.066 Hz (period T =~ 15.24 s), shows the area with all contrib-
uting terms (6)-(8) present, allowing for simultaneous periodical
motion and visco-elastic (plastic) cell extension. Experiment: The
inset presents the turgor pressure power spectrum (Power Spectral
Density - PSD) obtained for the data presented in Fig. 1a by Win-
ship et al. (2010) and reanalyzed in Fig. 3b by Zonia and Munnik
(2011). A single non-zero frequency f; obtained by the detrended
(baseline subtracted) Fourier analysis (solid dots) is indicated in
the chart. The Lorentz resonance curve fit is denoted by solid line
(fo = 0.06562 + 0.00006 Hz, half-width w = 0.00107 + 0.00013
Hz; x° = 8.9224 x 1072%). According to the presented model the
“resonant” value for frequency will most likely be decided by the
coupling term. The obtained single valued frequency f, reveals
strict periodicity in a form of regular changes in turgor pressure
of growing Lilium longiflorum (lily) pollen tubes, originally meas-
ured in pressure probe experiment by Benkert et al. (1997), which
may be attributed to the value of maximum Ca?* influx in the cell
wall apex for lily (Fig. 3 in Holdaway-Clarke and Hepler 2003).
Since basically a prominent single peak in the spectrum appears
(inset), no white (Gauss) noise may be the cause of oscillations.
The experimentally obtained Lorentz peak is corresponding to
the Lorentzian centred at fy = 0.066 Hz (model calculations).
Simulation parameters read: kg = 0.015 s\, ¢ = 7/2, amplitude
po=0.01 MPa.

In our opinion the fluctuations §P(¢) may serve as recovery
pressure after each growth cycle and may be either a cause
or an effect in accord with expressions (6) - (8). In fact,
charge separation due to pressure-induced wall distortion
(dislocations), as a mechanism for restoring equilibrium in
this non-equilibrium (growing) system of sliding (multiple)
layers, is implicitly proposed in this study. The responsible
force F = qE = —grad(V), where E is the electric field vector,
q the effective charge and V is the potential difference, may
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eventually lead to the observed + 0.01 MPa pressure fluc-
tuations (see also Fig. 5 in Barbacci et al. 2013 presenting
a0.54 - 0.52 = 0.02 MPa pressure drop and recovery fitted
to Proseus and Boyer (2008) experiments).

In conclusion, whether we deal with positive or negative
Poisson ratio, the ‘multi-layered composition’ of cell wall
connected by hemicelluloses will inevitably produce cell
wall thickness fluctuations under changing turgor pres-
sure. These thickness changes occur mainly in the pollen
tube apical region, where they are especially easy to follow.
However, the hemispherical geometry (see Fig. 4 in Eggen
et al. 2011) of this region may also play an important role,
due to different force (per steradian) exerted onto the pollen
tube tip as compared to the force exerted on the walls in the
shank region. In this context the very fast process of elon-
gation may be connected with oscillations of the additional
space (volume) between the apical and subapical layers thus
enhancing wall building and exocytosis.

Conclusions

We presented a model for pollen tube growth that is founded
on the concept that oscillations in cell wall thickness are
due to complex, turgor pressure induced distortion dynam-
ics caused by the sliding of neighbouring layers of the cell
wall.

Just as we learn about the composition of an acoustical or
optical landscape from its Fourier components, so we may
be able to learn about the mechanical landscape of pulsat-
ing growth of the pollen tube from its Fourier components.
Potentially Fourier analysis may be able to distinguish
between various causalities. Is the pulsating growth we see
in pollen tubes caused by pulsating pressure or is it caused
by transient changes in wall composition? Alternatively we
might postulate that it is caused by neither, and that it is
primarily due to mathematically demonstrable instabilities
that depend on a suite of interacting behaviours.

Multilayered pollen tube walls can be modelled as con-
sisting of multiple concentric coaxial layers (coaxial cylin-
drical tubes) which are coupled with one another via the
inter-tube hemicelluloses. Distinct end constraints (apical
vs. basal end), treated as ‘boundary conditions, imposed on
constituent cylindrical layers undergone to pressure varia-
tions (of the order of 0.01 MPa compared to 0.2 MPa turgor
pressure (~ 10%) for lily pollen tubes (Zonia and Munnik
2011)) may lead to measurable oscillating behaviours (or
statistical fluctuations) along the cell. As it was pointed out
earlier, these heterogeneous space boundaries (at both ends)
and the movement of individual tubes may influence the
dynamic stiffness along the pollen tube wall. The fluctuations
in turgor pressure causing propagation of the movement of
concentric individual tubes should lead to alteration of the

fundamental (isotonic) vibration mode. It seems, that the
dynamic stiffness of the whole coupled system (uniaxially
coupled tubes) influenced by turgor pressure plus changing
osmotic pressure may be responsible for the observable wall
thinning/thickening giving space for step-wise (quantized
as opposed to continuous) wall building and exocytosis at
the apical end.

Continuous transition from highly nonlinear (periodic)
growth, to monotonically ascending and asymptotically satu-
rated (sigmoid-like) growth, is predicted in the framework
of the presented formalism.
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