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Resume 
Motivation: The use of computer models for the understanding of biomolecular systems is increasingly important. 
Multicellular models are especially useful in the context of developmental biological systems. 
Results: We show how a simple model of gene regulatory networks combined with models of signaling and cell division 
can be used to simulate behavior of a real biological system, the shoot apical meristem in Arabidopsis thaliana. 
Availability: http://www-aig.jpl.nasa.gov/public/mls/cellerator 

Introduction 
The shoot apical meristem of Arabidopsis thaliana is an example of a developmental system which can be modeled at 
genetic and mechanical levels provided that suitable mathematical and computational tools are available to represent 
intercellular signaling, cell cycling, mechanical stresses, and a changing topology of neighborhood relationships between 
compartments. 
In previous work we have introduced a mathematical framework for gene regulation networks combined with cell 
signaling (Marnellos, Mjolsness, 1998), and the “Cellerator” package for automatic model generation from reactions 
relationships (Shapiro et al., 2000) and regulatory relationships along with cell division (Shapiro, Mjolsness, 2001). These 
tools may be combined to produce models capable simultaneously of transcriptional regulation, intercellular signaling, cell 
division, and mechanical deformation as appropriate to a developmental model. Here we apply this approach to 
developmental modelling to the case of the Arabidopsis shoot apical meristem (SAM). 

Model 
Generalizing from (Marnellos, Mjolsness, 1998) we use the combined gene regulation and cell-cell signaling dynamics: 
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Here T is an intracellular gene regulation network, ˆ T is an intercellular network, and ˜ T (1)  and ˜ T (2) represent a more 
detailed intercellular signaling network which separates the connection of receptors and ligands ( ˜ T (2) ) from the 
connection of receptors and nuclear pathway target genes ( ˜ T (1) ). To this is added a simple model for cell growth and cell 
division, which can be chosen from a variety of published models. The resulting system can now be simulated within 
Cellerator as otherwise described in (Shapiro, Mjolsness, 2001). Figure 1 shows a regular initial condition for a two-
dimensional meristem simulation, including five cell types for expression domains and outer cell layers. 

Results and Discussion 
The dynamical behavior of a much simplified 2D model, containing only central zone (light gray) and rib meristem (dark 
gray) starting from a rectangular grid initial condition, is shown in Figure 2. 
 

mailto:emj@caltech.edu


BGRS’ 2002 
 

129 

 

Fig. 1. Meristem initial conditions. Cell type is indicated by node 
shading. 
 

 

  
Fig. 2. Result of cell division, intercellular signaling, and intracellular gene regulation network dynamics. (a) Rectangular grid initial condition with equal 
numbers of cells in two expression domains. (b) Result of long-term dynamics. 
 

 
In Figure 2, the spatial and growth dynamics is modeled by a reversibly breakable "spring" potential between neighboring 
cells as described in (Shapiro, Mjolsness, 2001). Each cell also have two proteins (PA, PB) and the protein concentrations 
follow the dynamics described in equation (1). Two cell types are defined by whether the concentration of PA is high or 
low indicated by colors (gray scale) in the Figure. Where PA is high, PB is low and vice versa (not shown). 
The cells are initiated on a two dimensional grid with a small random deviation in size and growth rate (which determines 
the period of the cell cycle). There are two different initial protein concentrations of the cells, dividing them into two 
regions of cell types (PA concentration high/low). 
In Figure 2a, the first cell division has just occurred and the cells are all in nearly the state in which they were initiated. 
Cells have just started to grow and move from their original positions. As time elapses further, the cells start to divide and 
by the time of Figure 2b the number of cells has greatly increased. Also the intercellular interaction leads to change in 
protein concentrations, converting cells of one type into the other (note medium gray cells in Figure 2b) when the two cell 
types are adjacent, as may be the case for the central zone and rib meristem of the SAM. This is also seen in Figure 2b by 
the asymmetry of the different cell type regions although they have the same division behavior. Note also the emergent 
hexagonal close-packing regions resulting from the nonlinear-spring elastic model described in (Shapiro, Mjolsness, 
2001). 
Future simulation work likely to be accessible with this model include the study of different rates of cell division in central 
zone and rib meristem, the migration of cells from rib meristem to stem, the dynamical stability of these three domains, the 
incorporation of the peripheral zone, and the lineage relationships within the separate layers of the shoot apical meristem. 
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