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Abstract

The formation of buds on the cell membrane of budding yeast cells is thought to
be driven by reactions and diffusion involving the protein Cdc42. These processes
can be described by a coupled system of partial differential equations known as the
Schnakenberg system. The Schnakenberg system is known to exhibit diffusion-driven
pattern formation, thus providing a mechanism for bud formation. However, it is not
known how the accumulation of bud scars on the cell membrane affect the ability of the
Schnakenberg system to form patterns. We have approached this problem by modelling
a bud scar on the cell membrane with a hole on the sphere. We have studied how the
spectrum of the Laplace—Beltrami operator, which determines the resulting pattern, is
affected by the size of the hole, and by numerically solving the Schnakenberg system on
a sphere with a hole using the finite element method. Both theoretical predictions and
numerical solutions show that pattern formation is robust to the introduction of a bud
scar of considerable size, which lends credence to the hypothesis that bud formation
is driven by diffusion-driven instability.
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1 Introduction

A fascinating class of biological phenomena accounting for the emergence of complex
patterns is that of reaction diffusion (RD) processes. Using two simple principles
corresponding to chemical reactions between proteins and their movement due to
diffusion, complex patterns in the concentration profile of these proteins emerge for
certain types of reactions, and this pattern formation is often described by a class
of partial differential equations (PDEs) which we will refer to as RD-models. The
theoretical basis for this phenomenon, that was initially proposed by Turing (1952),
is called diffusion-driven instability (Murray 2003), and based on this phenomenon
RD-models have been applied in numerous situations including that of patterns in
animal coatings and among fish (Watanabe and Kondo 2015), to name but a few.

Diffusion-driven instability has also been suggested to operate on the intra-cellular
scale, in the context of cell division in the baker’s yeast Saccharomyces cerevisiae,
also referred to as budding yeast. This type of yeast divides through a process called
budding (Fig. 1A), where a smaller daughter cell grows out of the larger mother cell.
After each division a so called bud scar is left on the cell membrane where the daughter
cell budded of from the mother cell. The spatial location of the bud scar is determined
by a protein called Cdc42 whichis a so called GTPase (of the Rho family to be specific)
which is an enzyme that has an active form when it is bound to a GTP molecule and
an inactive form when it is bound to a GDP molecule. In the G1-phase of the cell
cycle prior to the budding event, the activated form of Cdc42 diffuses on the cell
membrane and eventually accumulates at a specific spot called a pole (Fig. 1B) being
a high concentration region of Cdc42 on the cell membrane. It is at the pole that
budding occurs and where the daughter cell ultimately grows out from the mother cell
during the cell division. Moreover, the proteins that activate and inactivate Cdc42 are
called GDP/GTP exchange factors (GEFs) and GTPase-activating proteins (GAPs),
respectively (Chiou et al. 2017). It is the kinetics of GEFs and GAPs together with
a positive feedback loop (Fig. 1C) in combination with the movement of Cdc42 due
to diffusion that ultimately result in the formation of a pole. Besides, there are two
particularly interesting aspects of Cdc42-mediated cell polarisation in the budding
yeast Saccharomyces cerevisiae when it comes to the positioning of the poles and the
bud scars on the cell membrane.

Firstly, bud scars tend to cluster on the cell membrane over successive divisions.
The clustering of bud scars, meaning that new bud scars are formed close to already
existing ones, is explained by so called landmarks proteins (Chiou et al. 2017) that are
inherited from the mother cell. Their presence lead to the recruitment of extra GEFs
around the bud scars, ultimately promoting the clustering of bud scars. Secondly, a
new pole is never formed within an existing bud scar. More specifically, a pole is
neither formed in the latest bud scar due to a specific GAP called Rgal nor is it formed
in any previous bud scars due to two landmarks proteins called Rax1 and Rax2 which
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Fig. 1 Cdc42 polarisation during the cell division of budding yeast. A Cell division known as budding in
the baker’s yeast Saccharomyces cerevisiae: a smaller daughter cell grows out of the larger mother cell
which eventually buds of resulting in two separate cells. Each time a division occurs a bud scar is left
on the membrane of the mother cell. The mother cell in the figure has two clearly visible bud scars. B
Cdc42-mediated cell polarisation in yeast. In the late G1-phase of the cell cycle prior to the budding event,
activated Cdc42 accumulates at a particular spot on the cell membrane. This high concentration region is
known as a pole and it is where the new daughter cell will eventually grow out. Here, Cdc42 has been tagged
with a fluorescent dye. Initially there is no clear high concentration region of Cdc42 (left), whereas at a
later time a pole has been formed (right). C A reaction mechanism for Cdc42 activation adapted from Fig.
1c in Borgqvist et al. (2021). The two membrane bound forms of Cdc42 are given by the activated form of
Cdc42 (green), which is deactivated by the class of enzymes referred to as GAPs, and the inactivated form
(orange), which is activated by the class of enzymes referred to as GEFs. There is a positive feedback loop
[controlled by p21-activated kinases (PAKs) and polarity scaffold proteins (Chiou et al. 2017)] reinforcing
the activation of Cdc42. There is also a cytosolic GDI bound state of Cdc42 which diffuses within the cell to
the cell membrane. D An activator-inhibitor model of Cdc42-mediated polarisation based on the previously
described reaction mechanism. This subfigure is adapted from Fig. 1a in Borgqvist et al. (2021) (color figure
online)

block budding in previous bud scars (Chiou et al. 2017). Thus, a bud scar is a circular
region on the cell membrane in which Cdc42 cannot polarise, and the positioning of
bud scars is controlled by the local reinforcement of GEFs and GAPs which, in turn,
is controlled by heritable landmark proteins.

The process of pole formation is thought to be described by an RD-process confined
to the membrane of the cell. There are numerous RD-models of Cdc42-mediated
cell polarisation (Borgqvist et al. 2021; Goryachev and Pokhilko 2008; Jilkine et al.
2007) and these are all of activator-inhibitor type (Fig. 1D). This means that Cdc42 is
shuffled between its active and inactive forms through chemical reactions, and these
reactions in combination with the diffusion of the two forms of Cdc42 results in the
formation of a pole due to diffusion-driven instability. In one of the more complicated
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bulk surface models of Cdc42 activation based on the reaction schemes in Fig. 1C, D
(Borgqvist et al. 2021), the key part of the involved equations enabling Turing patterns
is the term modelling the positive feedback loop. Moreover, the simplest canonical
activator-inhibitor RD-model which can form patterns is called the Schnakenberg
model (Schnakenberg 1979), and this model is similar to the more complex bulk
surface model of Cdc42 activation in Borgqvist et al. (2021) as it shares the term
modelling the positive feedback loop. Due to its simplicity and capacity for forming
Turing patterns, the Schnakenberg model is frequently used for both theoretical and
numerical analysis of pattern formation caused by diffusion-driven instability.

One of the challenges when studying diffusion-driven instability for activator-
inhibitor RD-models is the gap between the theoretical predictions and numerical
simulations. In general, the theoretical formulae based on linear stability analysis
for diffusion-driven instability are limited to relatively low-dimensional as well as
geometrically simple domains, whereas simulations typically can account for a higher
geometrical complexity. For example, it is not uncommon that the linear stability anal-
ysis is conducted in one spatial dimension, e.g., on a line, and then these theoretical
results guide RD-simulations on a geometrical approximation of the cell in three spatial
dimensions. This is problematic since there is a difference in geometry between the the-
oretical and numerical spatial domains, both in terms of dimensionality and curvature.

The simplest non-trivial spatial domain approximating the surface of a cell is the
sphere, where theoretical predictions in combination with simulations have been con-
ducted using the Schnakenberg model by Chaplain et al. (2001). In that context, it
was possible to derive theoretical thresholds for a critical rate of diffusion as well as
a critical reaction strength parameter which could be used to predict the properties of
the resulting pattern. In fact, for the sphere and other curved manifolds such as prolate
ellipsoids (see Krause et al. (2021) for a thorough review), the classical model of diffu-
sion described by the standard Laplacian is instead captured by the Laplace—Beltrami
operator expressed in appropriate coordinates on the manifold. A consequence of this
is that the stability analysis conducted on such curved manifolds is more or less iden-
tical to the one conducted in the case of the standard Laplacian, although the spectrum
and hence mode selection and final patterns differ (Krause et al. 2021).

However, for more irregular manifolds on which the spectrum cannot be explicitly
calculated, linear stability analysis cannot be utilised. A possible solution to this prob-
lem is to consider the irregular manifold as a perturbation of a manifold with a known
spectrum, and make use of results from spectral theory that allow for the calculation
of the perturbed eigenvalues (Chavel and Feldman 1988).

From a mathematical point of view, introducing a bud scar on the surface of a
spherical budding yeast cell can be modelled as such an irregular manifold. Since a
bud scar is aregion on the cell membrane where no activated Cdc42 can diffuse into, we
can model it by a hole on the sphere together with homogeneous Neumann boundary
conditions, i.e., no diffusive flux, on the boundary of the hole. The spectrum of the
Laplace—Beltrami operator on the sphere with a hole cannot be explicitly calculated
and therefore we make use of a perturbation expansion of the eigenvalues (Bandle
etal. 2019). In addition, previously applied numerical methods [e.g., spectral methods
of lines as used in Chaplain et al. (2001)] are unable to predict pattern formation in
this case. With this in mind we set out to combine theoretical results from spectral
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theory with a finite element method (FEM) for solving the Schnakenberg system on
the sphere with a hole, in order to describe the impact of bud scars on bud formation.

In this work, we have theoretically and numerically analysed the effect of a hole on
the unit sphere S on the pattern formation of the Schnakenberg model. The emergence
of patterns is controlled by the eigenvalues of the Laplace—Beltrami operator on the
sphere with a hole, and we have made use of results from spectral theory to calculate
approximate values of the eigenvalues as a function of the radius of the hole. The
theoretical results show that the patterns that appear on the sphere are retained although
a hole of considerable size is introduced. This observation was verified by solving
the Schnakenberg system numerically using the finite difference scheme 1-SBEM
(Madzvamuse 2006) in time together with the finite element method in space. Our
results show that diffusion-driven bud formation appears to be robust to the presence
of bud scars.

2 Results
2.1 Validation of the numerical method

To study the pattern formation on a sphere we consider the Schnakenberg model. In
its dimensionless form, this model is given by the following RD-system:

ou 5

—=Au+y(a—u+u v)

g in S x (0, T],

o :dAv+y(b—u2v) M

u=ugp,v=ury inS>x {0}.

Here, S2 is the unit sphere and 7' > 0 is a given final time. For x € S2andt € [0, TT,
u(x, t) is the concentration profile of the activator and v(X, #) that of the inhibitor, A is
the Laplace—Beltrami operator on S 2 a,b, y,d > 0 are positive constants, and ug, vy
are given initial data. To numerically solve (1) and thus simulate pattern formation,
we implemented a numerical method that uses the finite difference scheme 1-SBEM
(Madzvamuse 2006) in time together with the finite element method in space. To
validate the numerical method (see Sect. 4.4 in Methods) and its implementation, we
replicated the results of Chaplain et al. [see figure 4.3 in Chaplain et al. (2001)] where
the dynamics of the Schnakenberg model (1) on the sphere was solved numerically.
Specifically, in these simulations, the following parameters were used:

a=0.20, b=1.00, y=20.62, d=18.00. 2)

These values were chosen so that n = 2 is the only mode in the unstable interval (see
Sect. 4.2 in Methods for the definition of the unstable interval and how the values of
d and y were chosen). For these parameter values, the steady-states are given by

b
= b =1.20, =—— =0.69 3
uo =a-+ W= b2 3)

@ Springer



23 Page6of22 J. G. Borgquist et al.

Upax = 1.70

ain = 0.93
U = 0.76

Vuin = 0.56

Increasing time, t

Fig. 2 Validation of the implementation of the numerical method. The Schnakenberg model is simulated
on the unit sphere $2 with the following parameter values: (a, b, d, y) = (0.20, 1.00, 18.00, 20.62). The
time is increasing from left to right, and the concentration profiles at the time points t = 0, r = 32,1 = 35,
t =37 and t = 50 are shown in two cases. A The active component u (X, #) with a minimum concentration
of tmin = 0.93 and a maximum concentration of umax = 1.70. B The inactive component v(x, #) with a
minimum concentration of vy, = 0.56 and a maximum concentration of vmax = 0.76. The time scale and
the concentration ranges of the two species agree with Fig. 4.3 in Chaplain et al. (2001)

and starting from these initial conditions Chaplain et al. ran the simulations until a
dimensionless time of + = 50 was reached. Using the same exact parameter values,
we validated our implementation by reproducing the results in Chaplain et al. (2001)
[compare Fig. 2 with Fig. 4.3 in Chaplain et al. (2001)].

Given the validation of our numerical implementation, we now proceed to the
problem of pattern formation on the sphere with a hole.

2.2 Robustness of Turing patterns on the sphere with a hole: predictions from
spectral theory

We model the addition of a bud scar on the cell membrane by considering the unit
sphere S? with a hole. More precisely we consider a spherical cap 2, centred at the
North Pole (0,0, 1) € R? of geodesic radius 7 — &. Here ¢ > 0 correspond to the
geodesic radius of the hole, and we denote the boundary of the hole by 9€2;.

It is known that as budding yeast cells go through multiple cell division the bud
scars tend to aggregate on the cell membrane. Here we only model the addition of a
single bud scar, but given their vicinity in real cells (Chiou et al. 2017) we model the
accumulation of bud scars by considering a single hole of increasing radius €.

Since the formation of Turing patterns is determined by the spectrum of the Laplace—
Beltrami operator (see Sect. 4.1 in Methods for details), we are interested in the
following eigenvalue problem

— AY", =AY, in Q. CS?PCR?

» “)
Y, =0 on 9%

@ Springer



Turing pattern formation on the sphere... Page70f22 23

(A) (B)
A
- 26 2 N
= 24 24 — %
509 22 DU
- 20 0 B
2 18 18 v
z 16 16 — X
: 12 13 — A
210 10 -
- 8 8 f
2 06 6 - X
= 4 4 - X
2 2] 2 - A
0 0 T —
[ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.50.6 0.7 = vM(@abad)
v ~L(a,b,d)

Geodesic radius of the hole, €

Fig. 3 Perturbed eigenvalues as a function of the geodesic radius of the hole on the sphere. The perturbed
eigenvalues )»Z’ (e) are plotted against the hole radius ¢ whenn = 1,2,3,4and m = 0,1, ..., n. Also,
the upper boundary y M (a, b, d) and the lower boundary y L(a, b, d) in the Turing condition involving
the eigenvalues giving rise to patterns are illustrated in the dashed lines. The parameters defining these
boundaries are chosen to (a, b) = (0.20, 1.00) and the value of y is set to the critical value, i.e., y = y.(n)
for a particular eigenmode n. The upper boundary y M (a, b, d) and the lower boundary y L(a, b, d) are
illustrated in two cases: A (n, y,d) = (1, 6.87,20.00) and B (n, y, d) = (2, 20.62, 18.00)

U Q
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Fig. 4 The pattern is robust with respect to the introduction of a hole in the domain. The concen-
tration profile of the active component at time ¢+ = 50, denoted by u(x,r = 50), x € g, is
illustrated on four different meshes with a single hole located at the South Pole with geodesic radii
& = 0.00, 0.20, 0.40, 0.60. The parameters of the Schnakenberg model which were used to generate
the above results were (a, b,d,y) = (0.20, 1.00, 18.00, 20.62), and in all cases the initial conditions
were set to a small perturbation around the steady-state concentrations of the two species in each node
of the mesh. The maximum and minimum concentrations for the different geodesic hole radii ¢ from
left to right are given by: (&, umin, Umax) = (0.00,0.93, 1.75), (&, tmin, Ymax) = (0.20,0.91, 1.74),
(&, Umin. Umax) = (0.40,0.90, 1.73) and (&, umin, Umax) = (0.60, 0.93, 1.6)

where Y,;’fg are the eigenfunctions of the Laplace—Beltrami operator on Qg, A" (¢)
are the corresponding eigenvalues, and dy, is the derivative in the direction of the
outer normal. Here we consider homogeneous Neumann boundary conditions, i.e., no
diffusive flux, meant to describe a situation where no proteins can enter the bud scar.

Given this problem formulation, we are now interested in the eigenvalues A} (¢) in
(4) as a function of the radius of the hole £. Asymptotic expansion of these eigenvalues

in the limit of ¢ — 0 have been derived by Bandle et al. (2019). These perturbed
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eigenvalues are given by Bandle et al. (2019):

0 _ 2 2 _
M) =n )+ Qo+ D +o(e?), m=o0, )
and
M) =n(n+ 1) — 2n + Dee?™ + 0 (82m),
o . (m +n)! , m=1,2,....,n. (6)
T Al (m— D! (n—m)!

It is worth pointing out that the spectrum is continuous with respect to the hole radius
and that limg 0 1)’ (¢) = n(n + 1), which equals the eigenvalues of the Laplace—
Beltrami operator on the sphere.

In the limit of a small hole the formation of Turing patterns can thus be determined
by considering a modified version of the unstable range of eigenvalues:

‘J/L(fu, fva gl,h gvvd) < )\’Z’l(&‘) < VM(fu» fUa gua gvvd) (7)

where only eigenvalues/functions that fall in the above interval contribute to spatial
patterning.

Figure 3 shows A" (¢) as a function of ¢ for n = 1 and n = 2, where lower and
upper bounds in (7) are shown as dashed lines (see Sect. 4.2 in Methods for details
behind parameter values). For ¢ = 0 the eigenvalues for each n are degenerate, but as
the radius of the hole increases they diverge, but remain within the pattern formation
range for small values of . Thus we conclude that for these parameter settings, where
a single eigenvalue lies in the unstable interval, we expect pattern formation to be
unaffected by the introduction of a small hole.

We now move on to investigate this theoretical prediction using a numerical imple-
mentation of the Schnakenberg model on the sphere with a hole.

2.3 Numerical solutions verify the theoretical prediction

To investigate the effect of a hole on pattern formation, and to test the above derived
theoretical predictions, we considered the Schnakenberg model on the spherical cap
2, together with homogeneous Neumann boundary conditions:

ou oy
—:Au+y(a—u+u v)
g ) in Q, x (0, T1,

on = 0,9,v =0 on a2, x (0, T],

u=ug,v=1vg in L, x {0}.

We refer to the previous two subsections for details. We solved (8) numerically on
spheres with an increasing hole radius for four parameter sets, corresponding to pat-
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terns with a single excited mode (n = 1, 2, 3 and 4). The rate parameters a and b were
fixed to the values a = 0.20 and b = 1.00 in all simulations according to (2). We
set the values of the reaction strength y and the relative diffusion d based on critical
values such that a single mode was excited (see Sect. 4.2 in Methods for details).

An example of the effect of increasing the hole radius is shown in Fig. 4, where the
mode n = 2 is excited and ¢ = 0 corresponds to a complete sphere without a hole.
From this it appears as if the addition of a hole has little effect on the resulting pattern.

In order to investigate this further, we varied the hole size determined by the geodesic
radius ¢ in the range ¢ € [0, 0.7], and to account for the stochasticity of the solutions,
which are introduced via the initial conditions, each simulation was repeated 20 times.
We set out to characterise the resulting patterns both by projecting the solutions onto
the spherical harmonics and by quantifying the number of poles, the maximum con-
centration of u, the relative area of the poles and the minimum distance from the hole
to a pole (see Sects. 4.5, 4.6, 4.7 in Methods for details).

The projection of the numerical solution onto the spherical harmonics provides a
way of investigating which modes are excited in the resulting pattern. Figure 5 shows
the decomposition in the case where n = 1 is excited. Here we observe large variability
in the coefficients U 10 and U 11, whereas the other coefficients show less variability and
take values close to zero. For U ? there is a statistically significant dependence on the
hole radius, but this is not the case for U 11 (see Sect. 4.8 in Methods). The constant
mode Ug takes a considerably larger value, but this value corresponds to the steady-
state value from which the pattern emerges, and can be explicitly calculated in the
following way: the zeroth mode is stable with respect to spatial perturbations and we
therefore expect it to remain approximately constant as the dynamics evolve. Since it
is constant we can express it in terms of the initial concentration u(t = 0, x) = ug =
UgYs = UQ . and since up = 1.2 we obtain Ug = 1.2- 2/ ~ 4.25, which is
close to the value observed for small ¢ in Fig.5A.

The case where n = 2 is excited for the sphere is shown in Fig. 6. Here we observe
a similar pattern with variation in the coefficients corresponding to the excited mode
and all other coefficients remaining small, with the exception of Ug. For Ug there is a
statistically significant dependence on the hole radius, whereas this is not the case for
Uzl and U22. The pattern is repeated for n = 3 and 4 (see Supplementary information),
and we thus conclude that variation occurs only in the mode that was excited for the
sphere and that introducing a hole has a minor effect on other modes.

We now turn to our quantitative metrics of pattern formation. Figure 7A shows that
for n = 1 the number of poles that are present at t = 50 in the numerical solution is
constant and equal to one for the entire range of hole sizes. Also the relative pole area
(Fig. 7B) and the maximum concentration of u (Fig. 7C) are preserved. In contrast, the
distance from the centre of the hole to the closest pole varies considerably, but there
is no statistically significant dependence between the hole radius and the minimal
distance. Precisely the same pattern is observed for n = 2 (see Fig. 8) (similar results
for n = 3 and 4 can be found in the Supplementary information). Again, there is no
statistically significant dependence between the hole radius and the minimal distance.

These results show that the introduction of a hole does not affect the resulting
pattern. The variation in distance between the hole and closest pole appears simply
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Fig.5 Spectral coefficients of the concentration profile of the active component at time # = 50 on meshes
with a single hole with increasing radius when (n, d) = (1, 20). The coefficients of the eigenfunctions Y
in the spectral approximation of the concentration profile u(x,t = 50), x € . resulting from the rate
parameters (a, b, d, y) = (0.20, 1.00, 20.00, 6.87) are plotted as a function of the geodesic radius of the
hole ¢. Due to the stochasticity in the initial conditions, each simulation has been repeated 20 times, and to
account for the variation in the coefficients the 95%, 50% and 5% percentiles are plotted
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Fig.6 Spectral coefficients of the concentration profile of the active component at time = 50 on meshes
with a single hole with increasing radius when (1, d) = (2, 18). The coefficients of the eigenfunctions Y,
in the spectral approximation of the concentration profile u(x, ¢ = 50), x € €2, resulting from the rate
parameters (a, b, d, y) = (0.20, 1.00, 18.00, 20.62) are plotted as a function of the geodesic radius of the
hole ¢. Due to the stochasticity in the initial conditions, each simulation has been repeated 20 times, and to
account for the variation in the coefficients the 95%, 50% and 5% percentiles are plotted
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Fig. 7 Quantitive metrics of the concentration profile of the active component at time ¢+ = 50 on meshes
with a single hole with increasing radius when (n,d) = (1,20). Four different quantitative metrics
of the concentration profile u(x,¢ = 50), x € Qg resulting from the rate parameters (a,b,d,y) =
(0.20, 1.00, 20.00, 6.87) are plotted as a function of the geodesic radius of the hole £. A The number of
poles corresponding to high concentration regions. B The total pole area relative to the total surface area. C
The maximum concentration umax. D The minimal great circle distance between a pole and the hole. Each
simulation has been repeated 20 times and therefore the 95%, 50% and 5% percentiles of the quantitative
metrics are plotted

because the orientation of the pattern depends on the random initial conditions and thus
varies between simulations. This also explains the variation observed in the spectral
coefficients of the excited mode. The orientation of the pattern causes the coefficients
of the excited modes that constitute the pattern to vary, when in fact the pattern (modulo
rotation) is preserved.

3 Discussion

In this work, we have investigated the effect of introducing a hole of varying size on
the unit sphere on the Turing patterns exhibited by the Schnakenberg model. Using a
FEM-based implementation together with a spectral analysis in terms of the excited
eigenfunctions of the Laplace—Beltrami operator contributing to the solution, we con-
cluded that the quantitive properties of the final patterns are largely conserved when
a hole is introduced.
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Fig. 8 Quantitive metrics of the concentration profile of the active component at time ¢+ = 50 on meshes
with a single hole with increasing radius when (n,d) = (2, 18). Four different quantitative metrics
of the concentration profile u(x,¢ = 50), x € Qg resulting from the rate parameters (a,b,d,y) =
(0.20, 1.00, 18.00, 20.62) are plotted as a function of the geodesic radius of the hole ¢. A The number of
poles corresponding to high concentration regions. B The total pole area relative to the total surface area. C
The maximum concentration umax. D The minimal great circle distance between a pole and the hole. Each

simulation has been repeated 20 times and therefore the 95%, 50% and 5% percentiles of the quantitative
metrics are plotted

This observation can be in part explained by considering an asymptotic expansion
of the eigenvalues of the Laplace—Beltrami operator on the sphere with a hole. In the
limit of small hole sizes, the perturbed eigenvalues can be written as a power series
in the hole radius ¢. This implies that the eigenvalues are continuous with respect to
the hole radius and that the eigenvalues that are in the unstable range for the sphere
(without a hole), remain so even in the presence of small hole (see Fig. 3). The opposite
also holds true, for small ¢ no other eigenvalues enter the unstable region, and thus
the pattern is conserved.

The conclusion hinges on the continuity of the spectrum of the Laplace—Beltrami
operator with respect to the removal of a small circular region of the sphere. Despite
the fact that the topology of the domain is altered, the spectrum is continuous and
lim,_,0 A} (¢) = AJ'. This property holds for a much wider class of perturbations
of the domain, as has been proven by Chavel and Feldman (1988), and in particular
the addition of finitely many holes on the sphere. However, explicit formulae for the
perturbed eigenvalues have only, in the more general setting, been derived for Dirichlet
boundary conditions. In the reaction diffusion setting, considered here, it makes less
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sense to consider such boundary conditions, yet we conjecture that pattern formation
in the Schnakenberg model (with Neumann boundary conditions) will remain intact
even in the case of finitely many holes of small radius.

There are are a number limitations to our approach and the conclusions drawn
from it. In order to analyse the resulting pattern we project the numerical solutions
on the sphere with a hole onto the spherical harmonics, although they do not form
an orthonormal £; basis for the domain. However, we expect this to be a reasonable
approximation, in particular for small hole sizes. This implies that the spectral decom-
position shown in Figs. 5 and 6 should be interpreted with caution, especially for hole
sizes in the upper range. This might also be the reason why we observe a statistically
significant dependence of the hole radius on some spectral coefficients, e.g., in Fig.
5B the increase in U ? occurs only for larger hole radii.

The asymptotic expansions obtained from Bandle et al. (2019) are only valid in the
limit of small hole sizes. This means that our conclusions regarding which eigenvalues
that fall within the unstable region in (7) are only strictly valid in the limit of small
hole sizes. Further, it implies that the plots showing the relation between perturbed
eigenvalues and the unstable region (Fig. 3) are not accurate for large hole sizes.

Motivated by the fact that bud scars of ageing yeast cells tend to cluster (Chiou
etal. 2017), we have considered a hole of increasing radius meant to represent several
smaller bud scars. This is a crude approximation, but the theoretical results mentioned
above suggest that the effect of several small holes on the eigenvalues of the Laplace—
Beltrami operator should have a similar impact as a single large hole.

Our results suggest that bud formation in budding yeast is robust to changes that
alter the topology of the membrane on which the reactions that drive the accumula-
tion of Cdc42 occur. Bud formation corresponds to an instability of the eigenvalue
n = 1 whose eigenfunction contains a single peak, but we have shown that patterns
corresponding to n = 1, 2, 3 and 4 are stable with respect to the addition of a hole as
well.

From a biological stand point this is far from surprising since budding yeast cells are
known to form many buds (and thus contain many bud scars) before they reach senes-
cence and stop dividing. From a mathematical modelling point of view our results lend
credence to the idea that activator-inhibitor dynamics (as modelled by the Schnaken-
berg model) are a good model of the process of bud formation. If the dynamics were
highly sensitive to the addition of a hole they would indeed present a poor model of
the phenomenon.

In relation to this it should be noted that budding yeast cells of advanced age are
dysfunctional and tend to form multiple buds (Ishihara et al. 2007; Chiou et al. 2018,
2021). This can in part be explained by the fact that cell size increases with age, and
in the non-dimensional Schnakenberg model this corresponds to an increase in the
reaction strength y. Mathematically, this leads to a widening of the unstable region
in the spectrum, which might cause additional eigenmodes to become excited leading
to patterns with multiple poles. Additionally, it has been hypothesised that oxidative
stress alters the enzymatic activity of the proteins that move Cdc42 between its active
and inactive form. In terms of the Schnakenberg model this would correspond to
changing the reaction parameters a and b, which could disrupt the pattern forming
properties of the system. However, as we have shown, the addition of a hole perturbs

@ Springer



23 Page 140f 22 J. G. Borgquist et al.

the eigenvalues, which might contribute to additional eigenmodes being excited. Thus,
it might be both the increasing cell size, altered enzymatic activity and a large number
of bud scars that contribute to dysfunctional budding.

A feature not captured by our model is that new buds tend to form close to existing
bud scars (Chiou et al. 2018). This could be the result of space dependent reaction rates
(Page et al. 2003), which could be introduced into our model. Further, it would be of
interest to investigate if other RD-models such as the Thomas model (Murray 2001)
and the Gray—Scott model (Gray and Scott 1984) are equally robust to the addition of
holes on the sphere.

In conclusion, we have shown that RD-dynamics for pole formation in budding
yeast can be modelled with a finite element approach, which makes it possible to
account for the presence of an existing bud scar of varying size. This method is highly
flexible and can be adapted to solve RD-models on any domain that can be represented
by a mesh. Numerical solutions show that the introduction of a bud scar does not affect
the resulting pattern, and this can in part be explained by appealing to results from
spectral theory, that describe how the eigenvalues of the Laplace—Beltrami operator
are perturbed in the presence of a hole. The stability of pole formation with respect to
the addition of bud scars add theoretical evidence for pole formation being a Turing
pattern of activator-inhibitor type, but more research in this direction is needed to
explain dysfunctional pole formation in ageing cells and also the clustering of bud
scars on the cell membrane.

4 Methods

All the scripts for generating the results presented in this work can be accessed through
the public GitHub repository associated with this work (Borgqvist et al. 2023). The
entire project is written in Python and it only uses open-source dependencies. To
visualise these results and to generate the figures, the software ParaView (Ahrens
et al. 2005; Ayachit 2015) has been used.

4.1 Turing patterns on the sphere

It has been hypothesised that the formation of buds in budding yeast, which initiates
the formation of a daughter cell and subsequent cell division, is driven by reaction and
diffusion of molecules that are confined to the cell membrane. The spatial distribution
of chemical species on the membrane can be described by a coupled set of partial
differential equations known as reaction-diffusion equations. The formation of spatial
patterns in such systems is known as a Turing instability and can appear under specific
constraints on the diffusion coefficients and reaction rates of the involved chemical
species.
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A reaction—diffusion system of two interacting species u and v on the sphere S>
can be written in non-dimensonal form as

ou
— =Au+tyfu,v)
ot
v ©)
— =dAv+ygu,v),
or
where d is the ratio of the (dimensional) diffusion coefficients, f, g the reaction rates,
y is a constant related to the radius and A is the Laplace—Beltrami operator on S
A homogeneous steady state (uq, vg) exhibits diffusion-driven Turing instability

(Murray 2003; Chaplain et al. 2001) if it satisfies f (ug, vg) = g(uo, vo) = 0 and the
following inequalities are satisfied

Su+8v <0, det(A) > 0, (10)

dfu+gv >0, (dfu + gv)* — 4d det(A) > 0. (1D

Here f,, g, are partial derivatives evaluated at (uq, vp), and A is the Jacobian, also

evaluated at the steady state. The type of pattern that appears depends on the range

of unstable modes in the spectrum of the Laplace—Beltrami operator. The Laplace—
Beltrami eigenvalue problem on the sphere is:

—AY" =0, Y™, dy=n(+1) in Q=5>CR. (12)

Here, the eigenfunctions are the spherical harmonics Y, where |m| < n. A mode n
is unstable if it falls in the range (Murray 2003; Chaplain et al. 2001)

)/L(fua fvv gus gvs d) < )"n = f’l(”l + 1) < VM(ﬁls fvv gm gvsd) (13)

where
— 2 _
[ _ Ut g — V(dfu+ gy)? — 4d det(A) a4
2d
and
2 _
ot — Ut g0+ V(@fu+ g0)? — 4d det(A) as)

2d

If there exists at least one such n then the homogeneous steady state is unstable with
respect to spatial perturbations and we can expect a heterogeneous pattern composed
of the eigenfunctions Y, [m| < n, that satisfy (13).

In summary, provided that the parameters in the reaction terms f, g of the RD-
model (9) are chosen so that the Turing conditions (10) and (11) are satisfied, it is the
spectrum of the Laplace—Beltrami operator that determines pattern formation. More
specifically the eigenmodes rn that satisfy the bounds in (13).
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4.2 Finding critical values for y and d

In order to obtain diffusion-driven instability the diffusion coefficient d needs to be
above a certain critical value, which is given by Chaplain et al. (2001):

_ (fugv — 2fv8u) + \/(fugv - 2fvgu)2 - fuzg%
B 12

de (16)

where f,,, fu, u, gv correspond to the partial derivatives in the Jacobian evaluated at
the steady state. Only the eigenvalues that lie within the unstable interval contribute to
pattern formation, and in order to isolate a single eigenvalue (and thus a single mode)
one sets y to a critical value which is a function of the eigenvalue n (Chaplain et al.
2001):

2d.n%(n + 1)2
() = <2 T 17
Ye(n) dli e (17)

For the parametersa = 0.20and b = 1.00, the critical diffusionis givenby d. ~ 17.01.
If we pick y = y,.(n) for a specific eigenmode n and d sufficiently close to d,, then
the resulting concentration profile will be a linear combination of the eigenfunctions
corresponding to the particular eigenmode 7 (in addition to the zeroth eigenmode) and
no other eigenmodes. To this end, we have picked d sufficiently close to d. as well as
the value y = y.(n) in the four cases corresponding ton = 1, 2, 3, 4, respectively, in
our experiments.

4.3 The mesh for geometrically approximating the sphere with a hole

The meshes were generated using Gmsh (Geuzaine and Remacle 2009). We generated
our holes in the mesh by intersecting a cylinder with the sphere, and then we removed
the intersection in order to obtain a mesh of the spherical cap.

Given these meshes, we implemented our FEM-based numerical scheme for solving
the Schnakenberg model on a spherical mesh with a single hole located at the South
Pole, i.e., centered at (x,y,z) = (0,0, —1). A visualisation of the meshes can be
found in the Supplementary information (Fig. S1).

4.4 The numerical scheme for simulating Schnakenberg’s RD-model using a
FEM-FD approach

We implemented the 1-SBEM numerical scheme (Madzvamuse 2006) for solving
the Schnakenberg model in FEniCS (Aln@s et al. 2015; Logg et al. 2012). For all
details behind this algorithm, we refer to Madzvamuse (2006), but here follows a
short summary of the involved steps.

Given the Schnakenberg RD-model, the first step is to multiply the system of
PDEs with two test-functions ¢, ¢» € H(Qs):z{f(x) Mgy IV fllgyn <
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0o, Vxe Qg} where the £,-norm is induced by the inner product

(8 iaey = /Q F(X)g(0dx

and then integrate over the domain €2,. Given this operation, the RD-system is written
as follows:

where the reaction terms f, g are given by (8). Using Green’s formula on the diffusive
terms in combination with the fact that we have homogeneous Neumann boundary
conditions on the boundary of the hole 9<2,, we can move all terms to the left hand
sides and then add the two equations. This results in one single equation which is our
variational formulation:

Find u(-, t), v(-, t) € H(S2;) for a fixed r € R4 such that

ou ov
<—, ¢1> + <— ¢2> + (Vu, Vo) £, +d{(Vv, Véa) £, (0.
ey N0y

=y {(fu,v), d1)cy) — v (g, v), ¢2) @) = 0. (18)

To find the numerical approximation, this variational formulation is restricted to a
discrete subspace of continuous piecewise linear functions. This method is referred to
as continuous Galerkin of order 1 denoted by cG(1).

To approximate the time derivatives in (18), we use a finite difference scheme.
Given that we want to solve the original RD system for times in the time interval
(0, T'] for some final time 7 > 0, we define a partition 7; of the interval [0, 7] into
N pieces for some integer N > 0 as follows:

T
ﬁ:{tizik, k=ﬁ for i=0,1,2,...,N}.

Given this partition, the time derivatives in (18) are approximated by

ou

du ou(ty) —u(ti—1) v _u(t) —v(ti-1)
ot |,_, -

k T k

t=t; 1=t;

and then the defining feature of the 1-SBEM numerical scheme in Madzvamuse (2006)

is how the reaction terms f, g in (18) are approximated. The approximations of the
reaction terms are given by
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Table 1 The step sizes k used in

Ei de, = Step size, k
the 1-SBEM-time-stepping ‘genmode, n v =vem cp size
procedure as a function of the 1 6.87 0.01
eigenmode n

2 20.62 0.01

3 41.24 0.005

4 68.73 0.005

-, vlti—1), u@), v(t) = a —u(t;) +ultp)u(t;i_vti-1),

) (19)

gu(ti—), v(ti—), u(t;), v(t;)) = b —ut;i—)"v(;).
This method is particularly clever as it separates the two unknowns which the FEM
solves for in each time step, namely the concentration profiles of the states at the current
time step given by u(#;) and v(#;). This means that in the resulting FEM-formulation,
there will only be terms containing inner products between the approximation of the
activator u and its corresponding test function ¢; as well as inner products between
the approximation of the inhibitor v and its corresponding test function ¢;. Therefore,
there is no mixing between the two states and essentially this means that two separate
matrix equations can be solved in each time step for both of the states simultaneously
which increases the efficiency of the algorithm.

Here, it is important to emphasise that higher values of y, require smaller step
sizes k in the 1-SBEM-time-stepping procedure. By trial and error, we determined an
appropriate step size giving rise to stable solutions for a given eigenmode n (Table 1)
in the case when y was set to its critical value according to y = y.(n) (17).

4.5 Numerical solutions

For each numerical solution we used initial conditions that were generated by randomly
perturbing the steady states concentrations in (3) at every nodal point of the mesh by
a value from a uniform distribution on [— 1074, 10’4). Then, we ran all simulations
to a final time of 7 = 50 with single hole located at the South Pole, i.e., at (x, y, z) =
(0,0, —1), with 15 different geodesic hole radii in the range r = 0, ..., 0.70 where the
radius r = 0 corresponds to the sphere with no hole. To account for the stochasticity
in the initial conditions, we repeated each simulation 20 times, and thus in total we
ran

4 x 15 x 20 simulations = 1200 simulations.
—— — ——

Parameter sets ~ Hole sizes  Repititions

Here, we want to emphasise that we ran a single simulation on a much longer time
scale than the final time 7 = 50 implemented throughout this work. Specifically,
using the parameter values (a, b, d, y) = (0.20, 1.00, 20.00, 6.87) we ran a single
simulation until a final time of 7 = 500 (see section S4.5 in Supplementary informa-
tion) was reached. Despite this time scale being 10 times longer than the standard one
implemented throughout this work, the concentration profile was identical on both
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time scales. Based on this, we concluded that the time scale 7 = 50 is long enough
to capture the long term dynamics of the system.

Using all the data that was generated from these simulations, we analysed two types
of properties as functions of the increasing hole radius. Firstly, we approximated the
final concentration profile of the active component u at time ¢+ = 50 in terms of
the first couple of eigenfunctions Y, of the Laplace—Beltrami operator (12) in order
to deduce what eigenfunctions contributed to the solution. Secondly, we analysed
four quantitative metrics of the concentration profile of the active component u at
time t+ = 50. More specifically, we calculated the number of poles where a pole
corresponds to a high-concentration region, the maximum concentration umgx, the
area of the pole relative to the total area of the sphere, and the great-circle distance
between the midpoint of the introduced hole and the closest pole.

4.6 Spectral decomposition of the FEM solution by means of projection

We performed the spectral decomposition of the FEM solution by means of projection
onto the spherical harmonics, which form an orthonormal basis for L5(S5%). More
precisely, let u(x, t = 50) be the FEM solution at time ¢ = 50 given by

N
u(x,1=50) =) cidi(x). xe (20)
i=1
where N corresponds to the number of nodes in the mesh,i = 1, ..., N isanindex, ¢;

are coefficients and ¢; are the piecewise linear basis functions. The idea is to express
the FEM-solution above in terms of the spherical harmonics Y, according to

oo n

ux,t=50)=> "> UrYIx). xe€Q 1)

n=0m=—n

where U, are the unknown coefficients which we wish to compute. We compute the
coefficients U," by the following formula

Jo u(x,t =50)Y, o(x) dx, m=20
U = t=50Y"x)dx=1{ 1 )
n /QE”(X’ My (%) dx EfQEu(x,z = 50)Yym(x) dx, m >0

(22)

In accordance with Chaplain et al. (2001), we have used the real part of the complex
spherical harmonics and taken Y, ™ = Y'. The Y, ,’s in (22) are thus the real
spherical harmonics. A table of the Y}, ;s for the eigenmodes n = 0, 1, 2, 3,4, 5 can
be found in the Supplementary information (Table S1). For brevity, we only calculate
the coefficients U," of our FEM-solutions in terms of the first couple of eigenmodes
n.
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4.7 Quantifying the number of poles using density based spatial clustering

To calculate the number of poles in an automated fashion, we used the Python
based package for machine learning called scikit-learn (Pedregosa et al. 2011). More
precisely, we used the function DBSCAN, which stands for Density-Based Spatial
Clustering, in the following way.

Firstly, we extracted all spatial points x € €2, in the mesh that belonged to a pole
in the concentration profile u(x,t = 50) which is a high—concentration region. In
turn, a point X € €2, was classified as belonging to a pole if the concentration at
that point in the mesh was greater or equal to 95% of the maximum concentration,
ie., if u(x,t = 50) > 0.95 umax. After all coordinates in the mesh that belonged to
poles were extracted, the DBSCAN function was implemented in order to find out
the number of clusters of spatial points which, in turn, corresponds to the number of
poles.

Here, we want to emphasise that the threshold of 95% of the maximum concentra-
tion profile is arbitrary. The reason we picked this value was because the number of
poles returned by DBSCAN agreed with that obtained by visual inspection.

In addition, the choice of the threshold value to 0.95 uy,,x determines the calculated
area of the poles relative to the total surface area. This particular threshold value gives
rise to a total pole area of approximately 8% of the total surface area. Moreover, a
higher threshold value yields a lower total pole area while a lower threshold value
yields a higher total pole area.

4.8 Statistical tests

In order to investigate if there is a statistically significant dependence between the hole
radius and the spectral coefficients we calculate the mean of the coefficients across the
repetitions for each value of the hole radius. We then perform a linear regression with
the hole radius as the independent variable and the average value of the coefficient
as the dependent variable. Lastly, we carry out a two-sided ¢ test at significance level
0.05 whose null hypothesis is that the slope is zero. The same procedure is carried out
for the minimal distance between the pole and the hole.

Supplementary information

For more results and details, we refer to the Supplementary information associated
with this work. We would like to emphasise that the code is available at the public
GitHub repository associated with this work (Borgqvist et al. 2023), and that a large
emphasis has been put on writing reproducible code that is entirely open—source.

Supplementary Information  The online version contains supplementary material available at https://doi.
org/10.1007/500285-023-02034-z.

Acknowledgements JGB would like to thank the Wenner-Gren Foundation for a Research Fellowship and

Linacre College, University of Oxford, for a Junior Research Fellowship. JGB designed and supervised a
master thesis (Persson 2020) which was a prestudy to this work. Here, the effect of holes on the patterns

@ Springer


https://doi.org/10.1007/s00285-023-02034-z
https://doi.org/10.1007/s00285-023-02034-z

Turing pattern formation on the sphere... Page210f22 23

of the Schnakenberg model on a simple planar domain, namely the unit square, was studied by means of
FEM simulations. We would like to thank Professor Christophe Geuzaine from Université de Liege for his
help with Gmsh specifically focusing on the Python implementation.

Funding Open access funding provided by Chalmers University of Technology.

Declarations

Conflict of interest Not applicable.

OpenAccess This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahrens J, Geveci B, Law C (2005) Paraview: an end-user tool for large data visualization. Vis Handb
717:50038-1

Alnzs M, Blechta J, Hake J, Johansson A, Kehlet B, Logg A, Richardson C, Ring J, Rognes ME, Wells
GN (2015) The fenics project version 1.5. Arch Numer Softw 3

Ayachit U (2015) The paraview guide: a parallel visualization application. Kitware Inc, New York

Bandle C, Kabeya Y, Ninomiya H (2019) Bifurcating solutions of a nonlinear elliptic Neumann problem
on large spherical caps. Funkcialaj Ekvacioj 62:285-317

Borgqvist J, Malik A, Lundholm C, Logg A, Gerlee P, Cvijovic M (2021) Cell polarisation in a bulk-surface
model can be driven by both classic and non-classic turing instability. NPJ Syst Biol Appl 7:1-10

Borgqvist JG, Lundholm C, Gerlee P (2023) A Python implementation using FEniCS and Gmsh for simu-
lating the Schnakenberg model on a sphere with a hole in it. Github Repositry 1(1):1-10

Chaplain MAJ, Ganesh M, Graham IG (2001) Spatio-temporal pattern formation on spherical surfaces:
numerical simulation and application to solid tumour growth. J Math Biol 42:387-423

Chavel I, Feldman EA (1988) Spectra of manifolds less a small domain. Duke Math J 56:399-414

Chiou J-G, Balasubramanian MK, Lew DJ (2017) Cell polarity in yeast. Annu Rev Cell Dev Biol 33:77-101

Chiou J-G, Ramirez SA, Elston TC, Witelski TP, Schaeffer DG, Lew DJ (2018) Principles that govern
competition or co-existence in Rho-GTPase driven polarization. PLoS Comput Biol 14(4):1006095

Chiou J-G, Moran KD, Lew DJ (2021) How cells determine the number of polarity sites. Elife 10:58768

Geuzaine C, Remacle J-F (2009) Gmsh: a 3-d finite element mesh generator with built-in pre-and post-
processing facilities. Int J Numer Methods Eng 79:1309-1331

Goryachev AB, Pokhilko AV (2008) Dynamics of cdc42 network embodies a turing-type mechanism of
yeast cell polarity. FEBS Lett 582:1437-1443

Gray P, Scott SK (1984) Autocatalytic reactions in the isothermal, continuous stirred tank reactor: oscilla-
tions and instabilities in the system a+ 2b— 3b; b— c¢. Chem Eng Sci 39(6):1087-1097

Ishihara S, Otsuji M, Mochizuki A (2007) Transient and steady state of mass-conserved reaction—diffusion
systems. Phys Rev E 75(1):015203

Jilkine A, Marée AF, Edelstein-Keshet L (2007) Mathematical model for spatial segregation of the Rho-
family GTPases based on inhibitory crosstalk. Bull Math Biol 69(6):1943-1978

Krause AL, Gaffney EA, Maini PK, Klika V (2021) Modern perspectives on near-equilibrium analysis of
turing systems. Philos Trans R Soc A 379(2213):20200268

Logg A, Mardal K-A, Wells G (2012) Automated solution of differential equations by the finite element
method: the FEniCS book, vol 84. Springer, Berlin

Madzvamuse A (2006) Time-stepping schemes for moving grid finite elements applied to reaction—diffusion
systems on fixed and growing domains. J Comput Phys 214:239-263

@ Springer


http://creativecommons.org/licenses/by/4.0/

23 Page22of22 J. G. Borgquist et al.

Murray JD (2001) Mathematical biology II: spatial models and biomedical applications, vol 3. Springer,
New York

Murray JD (2003) II. Spatial models and biomedical applications. Springer, New York

Page K, Maini PK, Monk NAM (2003) Pattern formation in spatially heterogeneous turing reaction—
diffusion models. Phys D Nonlinear Phenom 181(1):80-101. https://doi.org/10.1016/S0167-
2789(03)00068-X

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, Blondel M, Prettenhofer P, Weiss
R, Dubourg V, Vanderplas J, Passos A, Cournapeau D, Brucher M, Perrot M, Duchesnay E (2011)
Scikit-learn: machine learning in Python. J Mach Learn Res 12:2825-2830

Persson S (2020) The effect of holes on pattern formation in two species two dimensional reaction—diffusion
systems. Masters thesis at the department of Mathematical Sciences of Chalmers University of Tech-
nology

Schnakenberg J (1979) Simple chemical reaction systems with limit cycle behaviour. J Theor Biol 81:389—
400

Turing AM (1952) The chemical basis of morphogenesis. Philos Trans R Soc Lond 237:37-72

Watanabe M, Kondo S (2015) Is pigment patterning in fish skin determined by the turing mechanism?
Trends Genet 31(2):88-96

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


https://doi.org/10.1016/S0167-2789(03)00068-X
https://doi.org/10.1016/S0167-2789(03)00068-X

	Turing pattern formation on the sphere is robust  to the removal of a hole
	Abstract
	1 Introduction
	2 Results
	2.1 Validation of the numerical method
	2.2 Robustness of Turing patterns on the sphere with a hole: predictions from spectral theory
	2.3 Numerical solutions verify the theoretical prediction

	3 Discussion
	4 Methods
	4.1 Turing patterns on the sphere
	4.2 Finding critical values for gamma and d
	4.3 The mesh for geometrically approximating the sphere with a hole
	4.4 The numerical scheme for simulating Schnakenberg's RD-model using a FEM-FD approach
	4.5 Numerical solutions
	4.6 Spectral decomposition of the FEM solution by means of projection
	4.7 Quantifying the number of poles using density based spatial clustering
	4.8 Statistical tests

	Supplementary information
	Acknowledgements
	References




