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Essential features of pollen tube 
growth are polarization of extracellu-

lar ion fluxes, intracellular ion gradients 
and oscillating dynamics. These features 
in pollen tube growth are regulated by 
a wide range of spatiotemporally orga-
nized functions such as exocytosis and 
endocytosis, actin cytoskeleton reorgani-
zation, cell wall deposition and assembly, 
intracellular signaling, fertilization and 
self-incompatibility. Recently, by devel-
oping a compartmental model, we have 
demonstrated that the tip and shank in 
a pollen tube combine in an integrative 
and self-regulatory system of ion and 
growth dynamics. Recent developments 
in modelling and the wealth of experi-
mental data can be used to develop a 
systems model that provides an integra-
tive view of the the interactions between 
the different functions that affect pollen 
tube growth.

Pollen tube growth involves polarized 
ion fluxes, intracellular ion gradients and 
oscillations in ion concentrations, fluxes 
and cell growth.1,2 These features in pollen 
tube growth are regulated by a wide range 
of spatiotemporally organized functions 
such as exocytosis and endocytosis, actin 
cytoskeleton reorganization, cell wall 
deposition and assembly, phospholipid 
and inositol polyphosphate signaling, fer-
tilization and self-incompatibility.3 With 
the accumulation of experimental data, 
the theoretical development of models of 
pollen tube growth, we have reached a 
stage where we can rise to the challenge of 
integrating experimental data and biologi-
cal knowledge into a mathematical model 
at a systemic level. In Figure 1, we propose 
a framework for developing a Systems Tip 
Growth Model of the pollen tube.
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Previously we have shown, by develop-
ing a compartmental model, that the tip 
and shank in a pollen tube combine in an 
integrative and self-regulatory dynamical 
system of ions and growth.4 To our knowl-
edge, our model is the first attempt to 
model (a) the dynamics of all four major 
ions (Ca2+, K+, H+ and Cl-) that arise from 
the interactions between transporters at 
the tip and the shank, and (b) the inter-
actions between ion dynamics of all four 
major ions (Ca2+, K+, H+ and Cl-) and pol-
len tube growth. As described in Figure 1, 
when growth occurs, new membrane is 
formed at the tip. In our model, a parame-
ter, which is the surface occupied by trans-
porters to volume ratio, is used to describe 
the relationship between the surface that 
is occupied by transporters and the vol-
ume at both tip, R

AVt
 and shank, R

AVs
.4 

Our model analysis reveals the following 
results. If the volume or the growth rate at 
the tip affects neither R

AVt
 nor the kinetics 

of the transporters, the oscillatory dynam-
ics do not markedly change with respect 
to an increase of the tip volume or the 
growth rate. This implies that, if the newly 
added membranes increase the volume 
and surface area simultaneously and if the 
old membranes do not change the kinetic 
properties, the tip volume of a pollen 
tube will continuously increase as growth 
occurs. However, in pollen tube growth, 
the tip volume remains about the same. If 
we consider that a pollen tube has a regu-
lar geometrical shape, then we can assume 
that the surface occupied by transporters 
to the volume ratio will not change as 
growth occurs. Therefore, the membranes 
of a pollen tube must change the kinetic 
properties as the growth occurs. One fac-
tor that can affect the kinetic properties 
of transporters is the abundance of the 
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double mutations is quantitatively pre-
dicted based on the model analysis. This 
modelling result indicates that vesicle 
trafficking in Arabidopsis pollen tubes 
is directly related to pollen tube growth. 
In addition to turgor pressure and vesicle 
trafficking, model analysis also shows that 
calcium participates in feedback regula-
tion of the oscillating ROP1 Rho GTPase 
that regulates pollen tube growth.10 In the 
compartmental model developed in our 
previous work,4 the growth rate of a pollen 
tube is correlated with the concentrations 
of ions and emphasizes the effects of ions 
on growth rate.

It is clear that different models, which 
concentrate on the roles of different fac-
tors that regulate pollen tube growth, 
may lead to different conclusions on how 
pollen tube growth is being regulated. A 
systems tip growth model is required to 
address the following questions: (a) as 
pollen tube growth can be regulated by 

ions into the cytoplasm and an exocytosis 
rate dependent on the cytosolic calcium 
concentration in the apex of the pollen 
tube.8 The model shows that an oscillat-
ing growth rate in pollen tubes requires 
Ca2+-dependent vesicle recycling.8 This 
modelling result supports the idea that 
turgor pressure may drive an oscillatory 
growth.

However, another recent study which 
concentrates on vesicle trafficking in 
Arabidopsis pollen tubes links growth 
rate with vesicle trafficking that moves 
phospholipid and pectin to the tube tip.9 
In this study, the tube length is defined 
by the amount of pectin and cargo 
phospholipids transported to the tube 
tip. The model results adequately fit the 
pollen tube growth of both previously 
reported wild-type and the Rab GTPase, 
raba4d, knockout lines. Furthermore, 
the difference in pollen tube growth in 
the SNARE syp124/syp125 single and 

transporters. Experimentally, it has been 
shown that the abundance of H+ ATPase 
at the tip is much lower than that at the 
shank and reduces towards the apex of the 
tip.5 The systemic model does require that 
we now determine the distribution of all 
relevant transporters in a growing pollen 
tube.

In the experiments that examine 
Nicotiana tabacum pollen tube growth, 
hypotonic treatment is shown to induce 
growth rate and the apical volume oscil-
lation frequencies do change. These data 
provide strong evidence that hydrody-
namic oscillations are closely correlated 
with, or form the basis of, the pollen 
tube oscillator that drives growth rate 
oscillations and the oscillations in ion 
fluxes and concentrations.6,7 A recent 
study develops a model that includes a 
turgor pressure, a viscous cell wall that 
yields under pressure, stretch-activated 
calcium channels that transport calcium 

Figure 1. A proposed framework for developing a systems tip growth model for a pollen tube. (1) new membrane is formed at the tip when growth 
occurs. due to an oscillatory growth rate, La and Lb may not be equal for the same time interval, Δt. (2) Addition of new membranes causes the redis-
tribution of ion transporters across the membrane. the process is dynamical and it corresponds to the process for the addition of new membranes in 
pollen tube growth; (3–6) Pollen tube growth, ion dynamics, mechanical properties of the membranes and other factors that regulate growth and ion 
dynamics all form entangled dynamical systems and they regulate each other. development of a systems tip growth model for a pollen tube requires 
integration of all the processes highlighted in Figure 1 into a dynamical system.
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tube membranes with other functions in 
3-dimensional space.

In summary, understanding pollen tube 
growth requires a Systems Tip Growth 
Model. Our compartmental model4 has 
established the mechanism for (a) the 
dynamics of all four major ions (Ca2+, 
K+, H+ and Cl-) arising from the interac-
tions between transporters at the tip and 
shank, and (b) the interactions between 
ion dynamics of all the four major ions 
(Ca2+, K+, H+ and Cl-) and pollen tube 
growth. We propose that the development 
of a Systems Tip Growth Model should 
integrate all the functions in pollen tube 
growth as illustrated in Figure 1.
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