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Cell division, endoreduplication and expansion
processes: setting the cell and organ control into an

integrated model of tomato fruit development

Valentina Baldazzi, Michel Génard, Nadia Bertin

PSH, INRA, 84941 Avignon, France
Abstract

The development of a new organ is the result of coordinated events of cell division and
expansion, in strong interaction with each other. This paper presents an improved
version of a tomato model that includes cells division, endoreduplication and
expansion processes. The model is used to investigate the interaction among these
developmental processes, in the perspective of a new cellular theory. In particular,
different control schemes (either cell- or organ-based) are tested and simulation
results are compared to observed data. The model shows that a pure cell-based
control fails to reproduce the observed cell size distribution, and an organ-based
control is needed in order to get realistic cell and fruit sizes. The model also supports
the role of endoreduplication as an important modulator of the cell expansion

potential.
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INTRODUCTION

The development of a new organ is the result of coordinated events among which
cell division and expansion. Fruit growth starts immediately after bloom with intensive cell
division. As development proceeds, the proliferative activity of cells progressively slows
down giving way to a phase of pure cell enlargement during fruit growth and ripening. In
many species, including tomato, the transition from cell division to expansion phases is
accompanied by repeated DNA duplications without mitosis, a process called
endoreduplication. The exact role of endoreduplication is still unclear, but a strong
correlation between cell ploidy (i.e number of DNA copies) and final cell size has been

observed in different species (Melaragno and Coleman, 1993; Lee et al., 2004; Bertin, 2005;



Rewers et al., 2009), suggesting a role of endoreduplication into the control of organ growth
(Breuer et al., 2010; Chevalier et al.,, 2011)

Modeling the way cell division, endoreduplication and expansion processes interact
is crucial to understand the emergence of specific morphological traits (fruit size, weight,
shape and texture) and their dependence on environmental factors. Historically, a big debate
has opposed two contrasting views, the cellular theory vs the organismal, that set the control
of organ growth at the level of the individual cell or of the whole tissue, respectively
(Beemster et al., 2003; John and Qi, 2008; Harashima and Schnittger, 2010; ). A consensus
view, the neo-cellular theory, has emerged. Although individual cells are the units of plant
morphology, their behavior (division, expansion) is not autonomous, but coordinated at the
organ level by cell-to-cell communication mechanisms , thus creating an effective interaction

between cellular and whole-organ control (Beemster et al., 2003).

A first integrated model of tomato fruit was recently developed which explicitly
accounts for the early phase of fruit development, coupling cell proliferation and expansion
phases (Baldazzi et al.,, 2012, 2013). Here, an improved version of this model, that includes
cell endoreduplication and the possible effect of the ploidy level onto the cell expansion
potential, is proposed. The model is used to investigate the interaction among cell division,
endoreduplication and expansion processes, in the perspective of the neo-cellular theory. In
particular, different control schemes (either cell- or organ-controlled) are tested by means of
specific model parameters and simulation results are compared to observed data. The model
shows that a pure cell-based control fails to reproduce the observed cell size distribution,

and an organ-based control is needed in order to get realistic results.

MATERIALS AND METHODS
Experimental data

Observations were collected on cherry (cv. Cervil) tomato genotypes of Solanum
lycospersicum L., whose final fresh weight was approximately 6 g. Plants were grown in a
greenhouse in the south of France (Avignon) according to standard practices and sampling
took place from April to May 2007. Flower buds and fruits were sampled at different time
points relative to the time of flower anthesis (full-flower opening). For each inflorescence,
half of the fruit pericarps were analysed by flow cytometry and the other half were used for
the determination of cell number. The number of pericarp cells was measured after tissue
dissociation according to a method adapted from that of Biinger-Kibler and Bangerth (1983)

and detailed in Bertin et al. (2003). Cell size distribution was obtained by measuring the



smallest and largest radius and the 2D-surface of dissociated cells using Image] (Schneider
etal, 2012). About 20 to 25 cells per fruit were measured. The ploidy was measured in the
pericarp tissue after isolation, as described in Bertin et al. (2007). The average value of
three measurements per fruit (when allowed for by the fruit’s size), was included in the

analysis, for a total of 73 observations distributed over fruit development.
Experimental results are shown in Figure 1. At maturity, the observed cell size

distribution spans almost two orders of magnitude, with cell surface (cross section) ranging
from 0.004 to more than 0.1 mm? The observed log-distribution is quite symmetric with a

mean cell size of 0.029 mm?and a median of 0.22 mm?2
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Figure 1: Experimental log-distribution of cell surface at fruit maturity in the Cervil genotype.

Model construction

A recently developed integrated model of tomato fruit growth explicitly accounts for
the early phase of fruit development, thereby coupling cell proliferation and expansion
phases (Baldazzi et al, 2013). Here, an improved version of this model that explicitly
accounts for the description of DNA endoreduplication, an important mechanism in fruit

development, and its possible effects on potential cell expansion, is presented.
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Fig. 2: Panel A: Scheme of the integrated model. The fruit is described as a collection of cell populations, each
one having a specific age, ploidy level and volume. It is assumes that the onset of endoreduplication coincides
with the beginning of the expansion phase, i.e. expanding cells are endoreduplicating.. Panel B. The number of
dividing and expanding endoreduplicating cells is predicted by the division-endoreduplication module, assuming
a progressive decline of cells’ proliferating activity. Panel C: Expanding cells grow according to the expansion
module which provides a biophysical description of the main processes involved in carbon and water

accumulation by the cell.

Cell division and endoreduplication module
A deterministic model is used to predict cell proliferation and cell polyploidization in

the tomato fruit pericarp (Bertin et al., 2007) from pre-anthesis to fruit maturation. The
model considers a succession of regular division steps together with a progressive decline of
the proliferative activity. In each mitotic cycle of duration T, the proportion of cells
proceeding through division depends on a constant parameter p and on the progressive
decline of the proliferating capacity 6. (Fig 2, B). The non-dividing cells may either stop the
reduplication fully, or switch to repeated syntheses of DNA without cell division, resulting in
cell endoreduplication. A single constant parameter ¢ describes the proportion of cells that
moves from one to the next class of DNA content after each lapse of time 1z, considered to be
the minimum time required for an endocycle. All these parameters are considered to be
independent from environmental conditions for the time being.
Cell expansion module

The biophysics of cells expansion is included according to the model by Fishman and
Génard (1998), originally developed for peach fruit and then successfully adapted to other
species, including tomato (Liu et al, 2007). Accordingly, cell expansion is described by

iteratively solving the Lockhart equation relating the rate of volume increase to the cell's



internal pressure and cell's mechanical properties (Lockhart, 1965). Flows of water and
solutes across the membrane are described by thermodynamic equations. As detailed in the
original models, the total uptake of carbon from phloem is the sum of contributions from
mass flow through plasmodesmata, passive diffusion and active carbon transport across the
cell membrane (Fig 2 C). The relative importance of each transport process may vary along
fruit developmental stages, depending on specific developmental control rules
Integrated cell division-endoreduplication-expansion model

The integrated model starts at the end of the division-only phase, when the
proliferative activity of the cells declines and the expansion phase begins (Baldazzi et al,
2013). The fruit is described as a collection of cell populations, each one having a specific
age, ploidy level and volume. It is assumes that the onset of endoreduplication coincides
with the beginning of the expansion phase, i.e. expanding cells are endoreduplicating (Fig. 2
A). The number, age (initiation date) and physiological state (proliferating or
endoreduplicating-expanding cells) of each population is predicted by the cell division-
endoreduplication model (Fig. 2 A). The initial number of cells is N(0)=n and the initial mass
of the fruit is V(0)=n*mO=n* (w0 +s0), where w0 and sO are initial cell water and dry mass,
respectively. At any time, cells leaving the proliferative phase start to grow, from an initial
mass 2*m0 and a ploidy level of 4C, according to the expansion model and current

environmental conditions.
In the integrated model, as in the orginal expansion module, a number of time-

dependent functions account for developmental regulation of different growth processes
(Baldazzi et al. 2013). Two characteristic time-scales are recognizable in the model: the cell
age, i.e. the time spent since an individual cell has left the proliferative phase, and fruit age
i.e. the time spent since the first expanding cells have appeared (8 days before anthesis, for
the considered genotype). Depending on the settings of the corresponding time-dependent
functions, different cellular processes may be put under the control of the cell or organ
levels, allowing for an in silico exploration of alternative control hypotheses in the
perspective of the cellular and organismal theories. Moreover, a direct effect of the ploidy
level on cell expansion may be tested according to biological hypotheses ( Sugimoto-Shirasu

and Roberts, 2003; Chevalier et al., 2011; Edgar et al., 2014;).

RESULTS AND DISCUSSION

A simple cell-based control scheme leads to unrealistic cell size distribution
In first instance, the case of a simple cell-based control was considered. Two cells

with the same age, even if initiated at different fruit developmental stages, will behave
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identically in what concerns carbon metabolism, transport and wall mechanical properties.
For sake of simplicity, a constant non-limiting environment, i.e. constant temperature,
humidity and plant status (water potential and sap sugar concentration), and no effect of

ploidy level on cell expansion properties was considered.
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Figure 3: Left: Simulated cell size distribution at fruit maturity under a cell-based control scheme. Right:
Simulated cell size distribution at fruit maturity assuming an organ-based control on carbon symplastic

transport. The possible effect of DNA ploidy level on cell growth was not considered here.

The resulting fruit is composed of big cells, with a mean cross surface around 0.06
mm?, Cell size distribution appears left-queued and a lot narrower than in real data (Fig. 1),
most of the cell surfaces being localized within a 0.02mm? range (Fig. 3, Left). In this case,

variability is due only to age differences among cells.

Effect of organ-control on cell size distribution

The addition of an organ-control mechanism introduces an additional source of
variability among cells. In this case, two cells of the same age which were initiated at
different fruit stages will not behave identically, resulting in different expansion capabilities
and resulting growth dynamics (Baldazzi et al. 2013). Several schemes of organ-based
control have been tested in silico, based on available literature and common sense.

The first weeks of tomato fruit development are accompanied by rapid changes in
cuticle synthesis and composition. In particular, a reduced wax layer in young stages results
in a high skin conductance and increased water loss by transpiration (Lee, 1990). Setting
conductance as a function of fruit age, however, leads to almost no change in the shape of the
cell size distribution, consistently with the reduced magnitude of the transpiration flux with

respect to other cell fluxes (Baldazzi et al.,, 2013).
In tobacco leaves, intercellular movement of macromolecules across plasmodesmata

has been shown to be affected by leaf age and physiological conditions (Crawford and
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Zambryski, 2001; Zambryski, 2004). By setting the corresponding model parameter as a
function of organ age, cell size distribution gets larger, spanning almost 1.5 orders of
magnitude, and more symmetric (Fig. 3, Right). Maximum cell size is equivalent to the one
reached under a cell-based control, suggesting sub-optimal conditions for cell expansion.

Cell wall mechanics are known to be largely affected by cell developmental stage and
environmental conditions (Bargel and Neinhuis, 2005; Cosgrove, 2005; Wolf et al.,
2012;Braidwood et al., 2014). In particular, the expression of specific expansins has been
associated with stages of rapid fruit growth and fruit softening during maturation,
suggesting a possible connection with the organ scale (Brummell et al., 1999, Catala et al,,
2000). The in silico test with the model leads however to unrealistic results. Changes in cell
mechanical parameters (wall plasticity) as a function of fruit age indeed spread the
predicted cells size distribution, but result in an extremely high internal pressure and an
unnatural water and sugar backflow from fruit cells to the plant. As a consequence, very
small cells appear on the left side of the cell size distribution and outside of the observed
variability range at fruit maturity (Fig. 1).
Endoreduplication and cell growth: possible interactions

A high level of ploidy has been often associated with an increased cell size,
suggesting a role for endoreduplication in cell growth. Literature points to the ploidy level
determining the maximum potential cell size (Fanwoua et al,, 2013) that can be attained or
not, depending on internal (hormones/development) and external (environmental) factors
(Breuer et al,, 2010; Chevalier et al,, 2011; De Veylder et al,, 2011). Endoreduplication has
indeed been associated with an elevated protein synthesis and transcriptional activity
(Chevalier et al.,, 2014), suggesting a general activation of the nuclear and metabolic
machinery of the cell to sustain cell growth. Following these insights, it was decided to add
the effect of endoreduplication on cell expansion as a ploidy-dependent maximal import rate
for carbon uptake. Results are shown in Figure 4. As expected, a high ploidy level resulted in
alarger cell size, although variability was present due to asynchronous endoreduplication
patterns among cells (Fig. 4, Right). Thanks to the contribution of endoreduplication, cell
size distribution becomes larger and reaches the observed variability range. With respect to
the real data (Fig. 1), the predicted cell size distribution seems a little bit more right-queued,
but experimental methods may be limited in their sampling capacity when individuals are

scarce, as in the case of highly endoreduplicated cells.
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Figure 4:Left:Carbon import rate by active transport as a function of the cell ploidy level. Final cells ploidy is
indicated on a greyscale: dark greys correspond to low ploidy levels whereas white curves correspond to highly
poliploidy cells, as indicated in the inset. High endoreduplicated cells have alarger C import rate. Right: Resulting
simulated cell size distribution at maturity. Higher endoreduplicated cells are generally larger, although

variability is observed due to asynchronous endoreduplication patterns among cells.

CONCLUSIONS

The present paper presents an improved version of an integrated cell division-
expansion model that explicitly accounts for DNA endoreduplication, an important
mechanism in tomato fruit development. The model is used to investigate the interaction
among cell division, endoreduplication and expansion processes, and their degree of control
by cell- or organ-dependent factors, in the perspective of the neo-cellular theory (Beemster
et al, 2003). Model simulations show that a pure cellular control is unable to reproduce the
observed cell size distribution in terms of both average cell size and the variability range.
The model thus supports the need for an organ-based control of cellular processes,
suggesting the modulation of symplastic carbon transport as a good candidate control point.
The model also supports the role of endoreduplication as an important modulator of cell
expansion potential. A refined model with a ploidy effect on carbon uptake rate, capable of

reproducing the observed cell size distribution patterns in tomato fruits is thus proposed.

It is important to note that other mechanisms not considered here, can contribute to
the observed cell size variability, among which the intrinsic stochasticity of cell cycle and
division processes ( Prusinkiewicz, 2011; De Smet and Beeckman, 2011;0sella et al., 2014),
as well as their dependence on environmental factors and intrinsic fluctuations (Halter et
al, 2009; Roeder et al, 2010). In perspective, the model could be used to evaluate the

percentage of variability associated with these mechanisms, in an attempt to better elucidate



the role of individual processes in the control of organ development.
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