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3.3. Numerical simulations

In this section, we carry out a systematic quantitative comparison between the results of numerical
simulations of the hybrid model presented in Section 3.1 and numerical solutions of the corresponding
continuum model given in Section 3.2, both in one and in two spatial dimensions. All simulations are
performed in MarLaB and the final time of simulations is chosen such that the essential features of the
pattern formation process are evident.

3.3.1. Summary of the set-up of numerical simulations

We define the functions P, Q, ¥, ¢, and ¢, as in the case of static domains. In more detail, P and Q
are provided in definitions (2.19), ¢ is defined via Eq (2.20), and ¢, and ¢, are given via either
definitions (2.21) or definitions (2.22).

In all simulations, we let the initial spatial distributions of morphogens and cells be the numerical
steady state distributions obtained in the case of static domains with ¢ := 1, and we assume the domain
to slowly grow linearly over time, that is,

L(t):=1+0.01zr (3.16)

Given the values of the parameters chosen to carry out numerical simulations of the IB model, we
describe D,, and C,, via the definitions (2.23) so that conditions (2.16) are met. A complete description
of the set-up of numerical simulations is given in Appendix C.

3.3.2. Main results of numerical simulations

Dynamics of the morphogens The plots in the top rows of Figures 7 and 8 and in the
Supplementary Figure D2 summarise the dynamics of the continuum concentrations of morphogens
u(t,X) and v(t,X) obtained by solving numerically the system of PDEs (3.15) subject to zero-flux
boundary conditions and with G(X, u, £) and G(X, v, L) defined via Eq (3.13), while the plots in the
top rows of Figures 9 and 10 and in the Supplementary Figure D3 refer to the case where G(X, u, L)
and G(X,v, L) are defined via Eq (3.14). Identical results hold for the discrete morphogen
concentrations uf and vf obtained by solving the system of difference equations (3.2) (results not
shown). These plots demonstrate that, when the spatial domain grows over time, a dynamical
rescaling and repetition of the Turing pre-patterns observed in the case of static domains occurs—i.e.,
spots of high concentration repeatedly split symmetrically. In the case of uniform domain growth,
such a self-similar process occurs throughout the whole domain, while in the case of apical growth the
process takes place toward the growing edge of the domain.
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Figure 7. Results of numerical simulations on a one-dimensional uniformly growing
domain in the presence of chemically-controlled cell proliferation. (Top row) Plots of
the concentrations of morphogens at four consecutive time instants. The green lines
highlight the concentration of activator u(¢, X) and the red lines highlight the concentration
of inhibitor v(¢, X) obtained by solving numerically the system of PDEs (3.15) ford = 1
subject to zero-flux boundary conditions, and complemented with the definitions (2.19),
Egs (3.13) and (3.16). (Bottom row) Comparison between the discrete cell density nf
obtained by averaging the results of computational simulations of the IB model (solid
dark blue lines) and the continuum cell density n(#, X) obtained by solving numerically the
PDE (3.12) for d = 1 subject to zero-flux boundary conditions and complemented with
Eqgs (3.13) and (3.16) (pink dashed lines), at four consecutive time instants. Here, n = 0,
C, = 0, and the functions ¢, and ¢, are given by definitions (2.21). We additionally set
the initial cell density n? = 10* for all i. The results from the IB model correspond to the
average over five realisations of the underlying branching random walk, with the results from
each realisation plotted in pale blue to demonstrate the robustness of the results obtained. A
complete description of the set-up of numerical simulations is given in Appendix C.

Dynamics of the cells The plots in the bottom row of Figure 7 and the plots in Figure 11 summarise
the dynamics of the cell density in the case where there is no chemotaxis, chemically-controlled cell
proliferation occurs—i.e., when n = 0, C, = 0, and the functions ¢, and ¢, are given by
definitions (2.21)—and the functions gi(nf,.ﬁk) and G(X,n, L) are defined via Eqgs (3.3) and (3.13),
respectively. On the other hand, the plots in the bottom row of Figure 9 and the plots in Figure 12
refer to the case where the functions gi(nf,Lk) and G(X,n, L) are defined via Egs (3.4) and (3.14).
These plots indicate that, when the spatial domain grows over time, spots of high cell density stretch
either throughout the domain (uniform growth) or at the growing edge (apical growth) before
splitting. This process causes cell patterns to rescale and repeat across the domain at a smaller scale.
These plots demonstrate also that there is a good quantitative match between the discrete cell density
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nf given by Eq (2.1), with Nik obtained through computational simulations of the IB model, and the
continuum cell density n(z,X) obtained by solving numerically the PDE (3.12) subject to zero-flux
boundary conditions and complemented with either Eq (3.13) or Eq (3.14), both in one and in two
spatial dimensions.
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Figure 8. Results of numerical simulations on a one-dimensional uniformly growing domain
in the presence of chemotaxis. (Top row) Plots of the concentrations of morphogens at four
consecutive time instants. The green lines highlight the concentration of activator u(z, ) and
the red lines highlight the concentration of inhibitor v(¢, ) obtained by solving numerically
the system of PDEs (3.15) for d = 1 subject to zero-flux boundary conditions, and
complemented with the definitions (2.19), Egs (3.13) and (3.16). (Bottom row) Comparison
between the discrete cell density n* obtained by averaging the results of computational
simulations of the IB model (solid dark blue lines) and the continuum cell density n(z, X)
obtained by solving numerically the PDE (3.12) for d = 1 subject to zero-flux boundary
conditions and complemented with Eqs (3.13) and (3.16) (pink dashed lines), at four
consecutive time instants. Here, n > 0, C,, > 0, and the functions ¢, and ¢, are described
through the definitions (2.22). We additionally set the initial cell density n? = 10* for all
i. The results from the IB model correspond to the average over five realisations of the
underlying branching random walk, with the results from each realisation plotted in pale
blue to demonstrate the robustness of the results obtained. A complete description of the
set-up of numerical simulations is given in Appendix C.

Analogous considerations apply to the case where cell proliferation is not regulated by the
morphogens and chemotactic movement of the cells up the concentration gradient of the activator
occurs—i.e., when the functions ¢, and ¢, are described through the definitions (2.22), n > 0 and
C, > O—see the plots in the bottom row of Figure 8 along with the plots in Figure 13 and the plots in
the bottom row of Figure 10 along with the plots in Figure 14.
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Figure 9. Results of numerical simulations on a one-dimensional apically growing domain in
the presence of chemically-controlled cell proliferation. (Top row) Plots of the concentrations
of morphogens at four consecutive time instants. The green lines highlight the concentration
of activator u(t, X) and the red lines highlight the concentration of inhibitor v(¢, X) obtained
by solving numerically the system of PDEs (3.15) for d = 1 subject to zero-flux boundary
conditions, complemented with the definitions (2.19), Eqs (3.14) and (3.16). (Bottom
row) Comparison between the discrete cell density n* obtained by averaging the results of
computational simulations of the IB model (solid dark blue lines) and the continuum cell
density n(z, X) obtained by solving numerically the PDE (3.12) for d = 1 subject to zero-
flux boundary conditions and complemented with Eqgs (3.14) and (3.16) (pink dashed lines),
at four consecutive time instants. Here, n = 0, C,, = 0, and the functions ¢, and ¢, are
given by definitions (2.21). We additionally set the initial cell density n? = 10* for all
i. The results from the IB model correspond to the average over five realisations of the
underlying branching random walk, with the results from each realisation plotted in pale
blue to demonstrate the robustness of the results obtained. A complete description of the
set-up of numerical simulations is given in Appendix C.
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Figure 10. Results of numerical simulations on a one-dimensional apically growing domain
in the presence of chemotaxis. (Top row) Plots of the concentrations of morphogens at four
consecutive time instants. The green lines highlight the concentration of activator u(z, ) and
the red lines highlight the concentration of inhibitor v(¢, ) obtained by solving numerically
the system of PDEs (3.15) for d = 1 subject to zero-flux boundary conditions, complemented
with the definitions (2.19), Eqgs (3.14) and (3.16). (Bottom row) Comparison between the
discrete cell density nf obtained by averaging the results of computational simulations of
the IB model (solid dark blue lines) and the continuum cell density n(z, X) obtained by
solving numerically the PDE (3.12) for d = 1 subject to zero-flux boundary conditions
and complemented with Eqs (3.14) and (3.16) (pink dashed lines), at four consecutive time
instants. Here, n > 0, C,, > 0, and the functions ¢, and ¢, are described through the
definitions (2.22). We additionally set the initial cell density n) = 10* for all i. The
results from the IB model correspond to the average over five realisations of the underlying
branching random walk, with the results from each realisation plotted in pale blue to
demonstrate the robustness of the results obtained. A complete description of the set-up
of numerical simulations is given in Appendix C.
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Figure 11. Results of numerical simulations on a two-dimensional uniformly growing
domain in the presence of chemically-controlled cell proliferation. Comparison between the
discrete cell density nf obtained by averaging the results of computational simulations of the
IB model (top row) and the continuum cell density n(z, X) obtained by solving numerically
the PDE (3.12) for d = 2 subject to zero-flux boundary conditions and complemented with
Egs (3.13) and (3.16) (bottom row), at four consecutive time instants. Here, n = 0, C, = 0,
and the functions ¢, and ¢, are given by definitions (2.21). We additionally set the initial
cell density n? = 4 x 10° for all i. The results from the IB model correspond to the
average over five realisations of the underlying branching random walk. The plots of the
corresponding morphogen concentrations are displayed in the Supplementary Figure D2. A
complete description of the set-up of numerical simulations is given in Appendix C.
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Figure 12. Results of numerical simulations on a two-dimensional apically growing domain
in the presence of chemically-controlled cell proliferation. Comparison between the discrete
cell density n{‘ obtained by averaging the results of computational simulations of the 1B
model (top row) and the continuum cell density n(z, X) obtained by solving numerically the
PDE (3.12) for d = 2 subject to zero-flux boundary conditions and complemented with
Egs (3.14) and (3.16) (bottom row), at four consecutive time instants. Here, n = 0, C, = 0,
and the functions ¢, and ¢, are given by definitions (2.21). We additionally set the initial
cell density n? = 4 x 10° for all i. The results from the IB model correspond to the
average over five realisations of the underlying branching random walk. The plots of the
corresponding morphogen concentrations are displayed in the Supplementary Figure D3. A
complete description of the set-up of numerical simulations is given in Appendix C.

4. Conclusions and research perspectives

4.1. Conclusions

We have developed a hybrid discrete-continuum modelling framework that can be used to describe
the formation of cellular patterns, specifically focusing on the Turing mechanism as the driving force
behind the patterns. We used reaction-diffusion systems to describe the evolution of morphogens,
which dictate the action of cells, while cell dynamics were described by stochastic IB models. We
formally derived the deterministic continuum counterparts of the IB models, which were formulated
as PDEs for the cell density, and compared the two modelling approaches through numerical
simulations both in the case of stationary spatial domains and in the case of two types of growing
domains, corresponding to uniform and apical growth. Numerical simulations demonstrated that in
the case of sufficiently large cell numbers there was an excellent quantitative match between the
spatial patterns produced by the stochastic IB model and its deterministic continuum counterpart.
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Figure 13. Results of numerical simulations on a two-dimensional uniformly growing
domain in the presence of chemically-controlled cell proliferation. Comparison between the
discrete cell density nf‘ obtained by averaging the results of computational simulations of the
IB model (top row) and the continuum cell density n(¢, X) obtained by solving numerically
the PDE (3.12) for d = 2 subject to zero-flux boundary conditions and complemented with
Eqgs (3.13) and (3.16) (bottom row), at four consecutive time instants. Here, n > 0, C, > 0,
and the functions ¢, and ¢, are described through the definitions (2.22). We additionally set
the initial cell density n) = 4 x 10° for all i. The results from the IB model correspond to
the average over five realisations of the underlying branching random walk. The plots of the
corresponding morphogen concentrations are displayed in the Supplementary Figure D2. A
complete description of the set-up of numerical simulations is given in Appendix C.

Moreover, in the case of static domains, we also presented the results of numerical simulations
showing that possible differences between the spatial patterns produced by the two modelling
approaches could emerge in the regime of sufficiently low cell numbers. In fact, lower cell numbers
correlated with both lower regularity of the cell density and demographic stochasticity, which may
cause a reduction in the quality of the approximations employed in the formal derivation of the
deterministic continuum model from the stochastic IB model. Hence, having both types of models
available allows one to use IB models in the regime of low cells numbers—i.e., when stochastic
effects associated with small cell population levels, which cannot be captured by PDE models, are
particularly relevant—and then turn to their less computationally expensive PDE counterparts when
large cell numbers need to be considered—i.e., when stochastic effects associated with small cell
population levels are negligible.
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Figure 14. Results of numerical simulations on a two-dimensional apically growing domain
in the presence of chemically-controlled cell proliferation. Comparison between the discrete
cell density nf obtained by averaging the results of computational simulations of the 1B
model (top row) and the continuum cell density n(¢,X) obtained by solving numerically the
PDE (3.12) for d = 2 subject to zero-flux boundary conditions and complemented with
Eqgs (3.14) and (3.16) (bottom row), at four consecutive time instants. Here, n > 0, C, > 0,
and the functions ¢, and ¢, are described through the definitions (2.22). We additionally set
the initial cell density n) = 4 x 10° for all i. The results from the IB model correspond to
the average over five realisations of the underlying branching random walk. The plots of the
corresponding morphogen concentrations are displayed in the Supplementary Figure D3. A
complete description of the set-up of numerical simulations is given in Appendix C.

4.2. Research perspectives

There are a number of additional elements that would be relevant to incorporate into the modelling
framework presented here in order to further broaden its spectrum of applications.

For instance, as was recognised by Turing himself, exogenous diffusing chemicals are not the only
vehicle of coordination between cells. In particular, it is known that long range cell-cell interactions
can be mediated by signal proteins produced by the cells themselves and also by mechanical forces
between cells and components of the cellular microenvironment. For example, vascular endothelial
growth factor signalling has been shown to control neural crest cell migration [79-81], and
mechanical interactions between cells and the extra cellular matrix can control cell aggregation [82].
Moreover, cellular patterning leading to the emergence of spatial structures often requires the
interplay between non-diffusible species, transcription factors and cell signalling—viz. the process
underlying digit formation in tetrapods [83]. In this regard, it would be interesting to extend the
modelling framework by allowing the cells to consume and/or produce chemicals required for
successful coordination of their actions [84], and by incorporating more complex cellular processes
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such as anoikis [85, 86] and cell deformation [87, 88]. In the situation where local production and/or
consumption of the chemicals by the cells occurs, for particular cases such as those considered
in [44], we would still expect it to be possible to derive an effective deterministic continuum limit of
the IB model for the dynamics of the cells through formal procedures analogous to the one used here.
However, there could also be cases in which PDE models derived using similar formal procedures
might not be able to faithfully reproduce the dynamics of the branching random walk underlying the
IB model, due to the interplay between stochastic effects and nonlinear dynamical interactions
between the cells and the chemicals.

To date, only few biological systems have been demonstrated to satisfy the necessary conditions
required for the formation of Turing pre-patterns via reaction-diffusion systems. Since mathematical
models formulated as scalar integro-differential equations, whereby the formation of Turing-like
patterns is governed by suitable integral kernels, have proven capable of faithfully reproduce a variety
of pigmentation patterns in fish [27, 89], it would also be interesting to explore possible ways of
integrating such alternative modelling strategies into our framework.
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