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Robust banded protoxylem pattern formation through microtubule-based directional ROP
diffusion restriction
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Abstract

In plant vascular tissue development, different cell wall patterns are formed, offering different mechanical properties optimised for
different growth stages. Critical in these patterning processes are Rho of Plants (ROP) proteins, a class of evolutionarily conserved
small GTPase proteins responsible for local membrane domain formation in many organisms. While the spotted metaxylem pattern
can easily be understood as a result of a Turing-style reaction-diffusion mechanism, it remains an open question how the consistent
orientation of evenly spaced bands and spirals as found in protoxylem is achieved. We hypothesise that this orientation results
from an interaction between ROPs and an array of transversely oriented cortical microtubules that acts as a directional diffusion
barrier. Here, we explore this hypothesis using partial differential equation models with anisotropic ROP diffusion and show that a
horizontal microtubule array acting as a vertical diffusion barrier to active ROP can yield a horizontally banded ROP pattern. We
then study the underlying mechanism in more detail, finding that it can only orient curved pattern features but not straight lines.
This implies that, once formed, banded and spiral patterns cannot be reoriented by this mechanism. Finally, we observe that ROPs

and microtubules together only form ultimately static patterns if the interaction is implemented with sufficient biological realism.

Keywords: ROP patterning, Anisotropic diffusion, Partial differential equations

1. Introduction

Plants are able to transport water and nutrients from the
ground all the way up to the leaves, potentially more than a hun- |
dred meters high, thanks to a highly specialised system of ves-
sels known as the xylem [1]. These xylem vessels are formed
by cells that deposit a thick secondary cell wall followed by
programmed cell death, leaving a hollow tube [2]. The cell
wall reinforcements function to withstand the pressures gener-
ated during water transport and may be deposited in intricate
patterns depending on the type of xylem. In protoxylem, the
secondary wall forms bands or spirals, allowing the vessels to
stretch with the surrounding tissue, while metaxylem, formed
when longitudinal tissue growth has ceased, tends to be more |
rigid, with only some well-separated pits for radial transport
[3, 4, 5] (Fig. 1A).

The deposition of this secondary cell wall is determined
by the position of cortical microtubules on the inside of the
membrane that direct cell wall depositing cellulose synthase
complexes [7, 8, 9, 10] and secretory vesicles [11]. The mi-
crotubule pattern, in turn, depends on the localised activity of
ROP (Rho of Plants) proteins that recruit effectors capable of
influencing microtubule dynamics, which is best demonstrated
for metaxylem development [12, 13, 14] (Fig. 1A). Since ROP |
involvement has also been indicated in protoxylem differentia-
tion [15] and the same effectors (MIDD1, Kinesin13A) are ex-
pressed during protoxylem development [16, 17], patterning of
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protoxylem is expected to have a similar mechanism to that of
metaxylem.

ROPs are a type of small GTPase, an evolutionarily con-
served class of proteins often involved in membrane domain
formation. Small GTPases are signalling proteins that function
like a molecular switch. They have an active GTP-bound form
and an inactive GDP-bound form (Fig. 1B). Guanine nucleotide
Exchange Factors (GEFs) promote activation by exchanging
GDP for GTP, while GTPase Activating Proteins (GAPs) pro-
mote inactivation by stimulating the intrinsic GTPase activity
of the ROP [18, 19]. The active form is tethered to the cell
membrane, while the inactive form is selectively taken out of
the membrane by Guanine nucleotide Dissociation Inhibitors
(GDIs) [20]. Because diffusion at the membrane is much slower
than in the cytosol [21, 22], the active form diffuses only slowly
compared to the inactive form. If this difference in diffusion
rates is complemented by a positive feedback mechanism, all
ingredients for Turing-style pattern formation are present [23,
24]. Such positive feedback loops have been demonstrated for
a variety of small GTPase systems [25]. Therefore, ROPs and
other small GTPases are extremely suitable for de novo mem-
brane patterning. Consequently, reaction-diffusion models in-
volving small GTPases have been proposed for a wide variety
of membrane patterning processes [26, 27, 28, 29].

Generating a spotted metaxylem-like pattern using a ROP-
like reaction-diffusion system is straightforward [29, 6, 30]. These
same systems can also generate stripes, but these tend to be
curved, without any specific orientation (e.g., patterns in first
column of Fig 2), making the horizontally banded protoxylem
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Figure 1: The role of ROP in xylem patterning. (A) General hypothesis of cell wall patterning in metaxylem and protoxylem. Local ROP activity destabilises the
microtubules that function as a template for secondary cell wall deposition. (B) Mechanism of ROP activation and inactivation. GEFs promote ROP activation by
exchanging GDP for GTP, GAPs promote inactivation by GTP hydrolysis and GDIs selectively remove inactive ROP from the membrane. (C) Cortical microtubules
can self-organise into a transverse array and may act as a molecular fence, directionally restricting the diffusion of membrane-bound active ROP. (D) Interactions
of active (ROP") and inactive ROP (ROP) for two simple reaction-diffusion models for ROP-based pattern formation. Blue arrows indicate diffusion, solid black
arrows indicate conversions en dashed arrows indicate positive interactions. Panels (B) and (D) are adapted from [6].

pattern harder to obtain with a reaction-diffusion mechanism. 7
A banded pattern can be obtained on a sufficiently narrow peri-
odic domain, when the circumference of the domain is smaller
than the wave length of the pattern as suggested for, e.g., animal
tails [31]. However, the protoxylem domain is too large for this
effect to occur. Therefore, some other mechanism must impose so
the orientation of the protoxylem ROP pattern.

The protoxylem pattern has to be properly oriented relative
to the cell’s growth axis, suggesting that information from the
orientation of the cell is transmitted to the ROP pattern. An
obvious candidate for the agent of this transmission is the mi- s
crotubule array itself, since it is well-known for its ability to
self-organise into a wide variety of structures, including aligned
cortical arrays with a transverse orientation [32, 33, 34]. This
idea is consistent with the observation that, during protoxylem
development, microtubules reorient to a transverse array before s
apparent band formation [35]. In addition, a protein interacting
with both microtubules and the plasma membrane can cause
microtubules to act as a “molecular fence” that physically re-

stricts the movement of active ROP and increased expression of
this protein results in more flattened spots in metaxylem [36].
Increasing microtubule stability with taxol treatment or over-
expression of MAP70 (a Microtubule-Associated Protein) has
a similar effect [13, 37]. These observations suggest that, dur-
ing protoxylem patterning, a transverse microtubule array will
pose a barrier to any ROPs moving perpendicular to the array
orientation, resulting in anisotropic ROP diffusion (Fig. 1C).

Anisotropic diffusion in reaction-diffusion systems has long
been known to influence the shapes of patterns in experimental
chemical systems [38] and in models used for texture synthesis
[39]. More recently, anisotropic diffusion has been proposed
as a general mechanism for orienting stripes formed by Turing-
like mechanisms, with horizontal diffusion restriction of a fast-
diffusing component (comparable to the inactive form of ROP)
resulting in horizontally oriented stripes [40]. Interestingly, in
the case of protoxylem patterning we need the opposite: vertical
restriction of the active form resulting in horizontally oriented
stripes.
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Here, we use partial differential equation (PDE) models of
ROP-based reaction-diffusion systems with anisotropic diffu-
sion to study active ROP diffusion restriction as a mechanismias
of ROP pattern orientation in protoxylem development. We also
employ a functional decomposition of the diffusion tensor to
gain additional mechanistic insight into the orienting power of
this mechanism.

140

2. Methods

2.1. Modelling approach

We start with two simple reaction-diffusion models for small
GTPase-based membrane patterning that can generate coexist-
ing spots, stripes, and gaps [6]. Both models are adaptations'+
of the wave pinning model from [41], with the addition of ei-
ther protein turnover (WPT model; see Fig. 1D) or negative
feedback through GAP activation (WPGAP model) to prevent
accumulation of all active ROP into a single cluster (see [6]
for a mechanistic explanation). The models assume that active's
ROP is exclusively membrane bound and inactive ROP is exclu-
sively cytosolic. Consequently, we assume only the diffusion of
active ROP will be affected by the microtubule diffusion barri-
ers. Therefore, we will focus our investigation on the diffusion
tensor D, of active ROP (of concentration u), assuming the dif-1s
fusion of inactive ROP (of concentration v), active GAP (G),
and inactive GAP (g) to be constant and isotropic.

The dimensionless WPT model is given by:

a n

—Mzbv+y " v—u-¢u+V-D,Vu

ot 1 +u"

ov u" M
E:—bv—71+unv+u+0'+DVV2v,

where b is the constant activation rate, y the maximum self-
activation rate, n the hill function exponent of self-activation,
£ the active ROP degradation rate, o the inactive ROP produc-
tion rate, D, the inactive ROP diffusion coefficient, and D, the
dimensionless diffusion tensor for u. To arrive at the dimen-
sionless forms, all diffusion coeflicients and tensors were nor-
malised with the (dimension carrying) diffusion coefficient of
unrestricted active ROP (D, 4x).
The dimensionless WPGAP model is given by:

a n
a—b;zbv+yliunv—u—Gu+VDuVu 160
a n

—v=—bv—y 4 v+u+Gu+ D,V

ot 1 +u" 2
oG 2
e cug — dG + DgV*G

0

a—f = —cug+dG+DgV2g,

where active ROP promotes GAP activation at rate ¢, GAPs are
inactivated at constant rate d, and Dg and D, are the diffusion
coeflicients of active and inactive GAP, respectively. In the WP-
GAP model, the total amounts of ROP and GAP are conserved,
so that the average total ROP concentration 7' and average to-
tal GAP concentration 7, are constants determined by initial
conditions.

We used identical values for the parameters for the reac-
tion parts and the unrestricted diffusion coefficients as in [6].
We have previously performed extensive bifurcation analyses
of these models [6] to locate parameter regimes where spon-
taneous patterning can occur from a homogeneous state (so-
called Turing regimes). This analysis directed us to relevant
parameter sets that remained useful in the case of anisotropic
diffusion.

2.2. Numerical simulations

We used an Alternating Direction Implicit (ADI) algorithm
[42] to solve the reaction-diffusion equations on a two dimen-
sional domain (see Appendix A for details on discretisation
schemes). We chose a rectangular domain (190x316 or 60x100
dimensionless length units) with periodic boundary conditions
in the horizontal direction and zero-flux boundary conditions in
the vertical direction, representing the membrane of an elon-
gated cylindrical cell, resembling those found in plant vascular
tissue. Smaller square domains (95x95 or 63x63) with fully
periodic boundary conditions were used for investigating the
orientation mechanism. Unless stated otherwise, simulations
were initiated at the homogeneous steady state (see [6]) with a
small amount of noise added to each integration pixel. To en-
sure numerical accuracy, small scale tests were performed using
reproducible perturbations as described by [43] to determine the
optimal time step and pixel size.

2.3. Pattern angle analysis

To characterise the orientation of the simulated patterns, we
determined the angle of the patterns 1 with respect to the hori-
zontal axis at each point on the domain. Since the direction of
the pattern essentially runs perpendicular to the concentration
gradient, we determined ¢} by taking the angle of the direction
perpendicular to the gradient, such that ¢ € [—%ﬂ', %ﬂ') This

way, ¢ = 0 corresponds to a transverse pattern, while ¢ = —%n
and 9 = %7{ correspond to a longitudinal pattern. An average

pattern angle 9 over N angles was calculated as follows:

1 | &
5 _ & 20,
ﬂ—zarg(—NZe ]

n=1

3

where arg is the argument or phase of a complex number and
9, is the local angle at each integration pixel.

3. Results

3.1. Homogeneous reduction of active ROP diffusion in verti-
cal direction

In the early stages of protoxylem patterning, before ROP ac-
tivity starts to affect microtubule density, the density of the mi-
crotubule array will be more or less homogeneous. Assuming
a transverse array orientation, this homogeneous vertical diffu-
sion barrier can be represented by a spatially homogeneous re-
duction of active ROP diffusion in the vertical direction, yield-
ing the following dimensionless diffusion tensor:

I 0
D, = [0 w}’ 4)
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where ¢ € (0, 1] is the ratio between diffusion coefficients for
restricted and unrestricted diffusion. For isotropic diffusion ¢ =
1. Because all off-diagonal elements of D, are zero, the diffu-200
sion term simplifies to:

0 u 0 u

VD,Vu=— +¥—

Ox oy’ )

Simulation results for various values of  are shown in Fig. 2
Increasing the ROP production rate (for the WPT model) or the
total amount of ROP (for the WPGAP model) changes the na-
tive pattern (i.e., the pattern formed with isotropic diffusion)
from spots to stripes to gaps [6], a sequence of patterns often
observed in similar models [30]. Vertical diffusion restriction
of active ROP flattens spots and gaps and imposes a horizontal2'0
orientation on stripes. The stronger the restriction (the smaller
), the more the pattern is flattened. Ultimately, this turns the
stripes into horizontal bands or, occasionally, spirals and forces
spots and gaps to merge, resulting in banded patterns. These re-
sults show that vertical diffusion restriction of active ROP canz2's
impose a pattern of horizontal bands. Furthermore, to obtain
such bands, the native pattern type does not need to be striped.

We note that the observed changes of pattern type require
that the diffusion restriction only, or at least predominantly, ap-
plies to active ROP. This can be understood from a simple scal-2
ing argument: an equal diffusion reduction for both active and
inactive forms is equivalent to independently scaling the x- and
y-axis, which will only affect the aspect ratio of the pattern.
Similar reasoning suggests that a horizontal pattern can also be
obtained by horizontal diffusion restriction of the fast-diffusing?2s
component only, which has previously been demonstrated for
several other reaction-diffusion systems [40].

Since both WPT and WPGAP models behave very simi-
larly, we will continue our analyses with the WPT model only.

3.2. Oblique diffusion restriction promotes spiral formation

In reality, the initial microtubule array, and therefore the
direction in which active ROP diffusion is restricted, does not
have to be completely transverse, but may be somewhat oblique.
We define ¢ € [0, ) as the angle of minimal diffusion restric-
tion with the horizontal axis. This rotates the diffusion tensor
resulting in the following diffusion term for active ROP (see
Appendix B for derivation):

o%u 0%u 0u
VD,Vu = D*— + D’ — +2D”
“ " Ox? - 0y? - Oxdy
D} = cos™(¢) + ¢ sin*(¢) (6)
Dy = sin*(¢) + ¢ cos’(¢)

D} = sin(¢) cos(¢) — ¥ sin(¢) cos(¢),

where ¢ is again the ratio between the diffusion coefficients of
active ROP in the restricted and unrestricted direction.

Such oblique diffusion restriction promotes formation of
spirals (Fig. 3, Supplemental Figure S.1, where sloping lines
are connected by the periodic boundary conditions in the hori-
zontal direction). With increasing ¢, double, triple, etc. spirals235
may form. The resulting angle of the spiral pattern ¢ depends

on several factors. While the pattern angle depends strongly on
the angle ¢ of diffusion restriction, particularly in early stages,
it is also influenced by the boundary conditions. The periodic
boundaries dictate a discrete set of preferred angles that al-
low connecting spirals without changing the distance between
bands (Appendix C). In addition, the zero flux boundaries at
the top and bottom of the domain demand that the local gradi-
ent there is perpendicular to the boundary. Consequently, spiral
angles become slightly steeper than expected based on diffusion
angle ¢ and the periodic boundaries alone.

3.3. Orientation mechanism and reorientability

We have seen that the restriction of active ROP diffusion in
one direction promotes the formation of bands oriented perpen-
dicular to that direction. Here, we propose a mechanism for
this orientation process and investigate the implications of this
mechanism on the reorientability of the pattern. Expansion of
existing clusters of high ROP activity can occur when diffusion
of active ROP results in ROP activation in neighbouring regions
through positive feedback. Conversely, clusters of low ROP ac-
tivity may expand if diffusion of active ROP from neighbouring
regions lowers their activity levels such that they escape pos-
itive feedback. This suggests that the speed of expansion is
related to the active ROP diffusion coefficient, so that faster dif-
fusion in a certain direction results in faster expansion in that
direction. One may hypothesise that this could lead to a change
in the orientation of the pattern. From a geometrical consider-
ation (sketched in Fig. 4A), however, it is to be expected that
faster expansion in one direction can only change the orienta-
tion of curves, but not of straight lines.

A decomposition of the diffusion tensor in components along
and orthogonal to the pattern gradient shows that indeed only
spots and richly curved patterns can be reoriented by this mech-
anism, but not straight lines or bands. For this decomposition,
we define directions z and w, such that z is oriented along the
concentration gradient in descending direction and w is per-
pendicular to z (Fig. 4C). Then we can rewrite the diffusion
term from Eq. 5 in terms of z, w, and the local pattern angle
%, defined as the angle between the positive x-axis and the w-
direction (see Appendix D):

0*u oY ou
V. DVu = D)L 4 ()2
u= D, )(9Z2 +8( )awaz

D) = sin’(9) + v cos>(9) @

g(®) = cos>(F) + ¢ sin*().

In this case, ¥ € [—n, ). The first term resembles a standard
diffusion term in the z-direction. Its diffusion coefficient D%
depends on ¢ and is therefore constant along straight lines, but
larger in the unrestricted than in the restricted direction for cir-
cular patterns (Fig. 4B). The second term depends on the pattern
curvature d/dw, which is positive for convex clusters, such as
spots, and negative for concave clusters, such as gaps and zero
for straight lines (Fig. 4B). Because function g(:) is always pos-
itive, and 0u/0z is always negative, the second term always rep-
resents a removal of active ROP for spots and an addition for
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Figure 2: Vertical diffusion restriction of active ROP imposes a horizontal orientation on the pattern. Left: Steady state active ROP concentrations in regimes for
spots, stripes, and gaps of the WPT model (top, o = 0.03,0.06, and 0.08 respectively) and the WPGAP model (bottom, 7 = 4.04,5.13, and 5.75 respectively) for
different levels of vertical diffusion restriction (). WPT snapshots taken at + = 200000 and WPGAP snapshots at # = 40000. Right: Distributions of the pattern
angles & parrern (defined as orientation perpendicular to the local gradient) in the snapshots shown. Red circles indicate the average orientation. Time-lapse videos of
the corresponding simulations are available online.
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Figure 3: Oblique diffusion restriction of active ROP results in spirals with angles ¢ depending on the diffusion angle ¢. (A) Active ROP concentrations at ¢ = 80000
(close to steady state) in the stripe regime of the unrestricted WPT model (oo = 0.06) for ¢ = 0.25. (B) Distributions of the pattern angles (defined as orientation
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dashed lines indicate estimated angles for spiral patterns with band-band distances as in the banded patterns of Fig. 2, and shaded regions indicate uncertainty on
those estimates due to boundary effects. Time-lapse videos of the corresponding simulations are available online.

gaps. Since g(19) is largest in the restricted direction, the second
term tends to promote the flattening of circular patterns. 250

As an illustration, we calculated the magnitude of the com-
plete diffusion terms for some stereotypical patterns generated
by the hill function:

1
=, 8 255
TR e ©
where we used r = 2x + y for a line and r = +/x2 +y2 for

a circle. To turn the circle from a spot into a gap we used
Ugap = 1 — Uspor. The results show that expansion of straight260
line patterns is dependent solely on diffusion down the gra-
dient, which is the same everywhere along the line (Fig. 4C).
Only curved patterns can expand in other ways, allowing their
net orientation to change.

These results imply that completely non-curved patterns can;,_,
not be reoriented even if the orientation of the diffusion restric-
tion changes, while patterns that contain curves remain open

to reorientation. Simulations in which the direction of diffu-
sion restriction is altered after straight bands have been formed
confirm this (Fig. 5). Even when the native pattern consists of
gaps rather than stripes, a banded pattern was maintained upon
returning to isotropic diffusion (Supplemental Figure S.2).

We next investigated which kind of perturbations at the pat-
tern level could reorient a banded pattern to better match the
orientation imposed by diffusion restriction. Fully formed hor-
izontal bands were locally stable to small amounts of spatial
noise after rotating the diffusion restriction angle (Fig. 6A). Fur-
thermore, they were also stable to moderate local vertical shifts
(Fig. 6B-C), but larger shifts could trigger reorientation in the
direction imposed by diffusion restriction (Fig. 6D). This re-
orientation is not simply an artefact of the severe deformation,
since the pattern returned to the horizontal band state after ap-
plying the same deformation under vertical diffusion restriction
(Fig. 6E).

These findings all suggest that diffusion restriction can im-
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Figure 4: Comparison of vertical diffusion restriction effects on pattern expansion for a straight band (left) and a circular spot or gap (right). (A) Cartoon showing
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the sign of the second term from Eq. 7. To emphasise the equal magnitude but opposite effect g(1#) - 0/0w has for spots and gaps, opposite signs of this term have
been plotted for these two cases. (C) Magnitudes of diffusion components for stereotypical concentration profiles. Shown are: the concentration profile («) with
examples of axes z and w, the diffusion term corresponding to that profile (V - D, Vi), and the two separate terms of the decomposed diffusion term (DZ() - 3%u/dz>

and g(9) - 0%/0w - Ou/07).

pose an orientation only on patterns with curves. Since pat-
terns start out fairly rugged from a noisy initial condition, the
early stages of pattern formation are expected to be particularly
susceptible to reorientation. Indeed, the preferred orientation
can already be seen very early during de novo pattern forma-
tion (Supplemental Figure S.3). However, fully formed patterns
with sufficient curvature can also still be reoriented (Fig. 5D).

3.4. ROP-dependent ROP diffusion

Initially, the microtubule array may form an approximately
homogeneous barrier to the vertical diffusion of active ROP. Ul-
timately, however, ROP activity is presumed to result in gaps
in the microtubule array, which, in turn, determines the final
cell wall pattern (through recruitment of downstream targets).
This also means that the diffusion restriction will decrease in
these gaps. To study this effect, we made the ratio i between
unrestricted and restricted active ROP diffusion coefficients a

function of active ROP concentration u, such that:

8Pu

0 ou
V-DVu=_—+— —. 9
w=gat 5wy ©)
To start, we assumed a linear relation between ¢ and the dimen-
sionless microtubule density p (Fig. 7A):

Yu) = Y(p(w) = 1 = (1 = min)p(w)  p(u) € [0,1],  (10)

where ,,,;, is the ratio between the maximally restricted and un-
restricted active ROP diffusion components and the maximum
of p is reached in absence of ROP activity. We take active ROP
to reduce microtubule density instantaneously via a hill func-

tion:
np

£
u) = ———oi, 11

o0 = (11)

where K|, is the active ROP concentration at which microtubule

density is halved and n, is the hill exponent (see Appendix E

for parameter choices). Combining Eq. 10 and 11 yields a hill
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Figure 5: Effect of altering diffusion restriction for established patterns of the
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Isotropic diffusion with horizontal bands. (D) Horizontal diffusion restriction
on a pattern resulting from isotropic diffusion. Time-lapse videos of the corre-
sponding simulations are available online.

function for the relation between active ROP diffusion and ac-
tive ROP concentration:

n

w=1-( ) K
lzl,u_ lybmmK;,p_i_ .

u'e

<

12)

Our simulations using these relations for an instantaneous effect
of ROP on its own diffusion generally resulted in poorer hor-
izontal band formation (Fig. 7B, Supplemental Figure S.4B).
Some simulations got closer to horizontal bands than others,
but we could no longer find a broad parameter regime that con-
sistently yielded proper band formation, suggesting that the ro-
bustness of the orientation mechanism was greatly reduced.

3.5. Delayed microtubule density reduction

We saw earlier that developing patterns are particularly sus-
ceptible to reorientation, while fully formed banded patterns
can be quite resistant to it. These results suggest that a more or
less homogeneous diffusion restriction may only be necessary
during the development of the ROP pattern, allowing pattern-
ing of the microtubule array afterwards, without influencing the
ROP pattern. Therefore, we investigated the effect of a delayed
response of the microtubule density to ROP activity. Taking a
first order approximation for the rate of change towards steady285
state density p*, we get:

dp .
T " —p)
s (13)
p* = n—p’ 290
K, +u
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shift. D. Like C, but with a larger shift. E. Like D, but with vertical diffusion
restriction throughout the simulation. Time-lapse videos of the corresponding
simulations are available online.

where « is a rate constant. This means that the diffusion ratio yr
will approach its steady state * according to:

a _

Y oo -p)
K (14)
=1-(1- min) . -

Simulations with a homogeneous starting density of p = 1 (the
maximum, S0 ¥ = ;) and small delays (@ = 0.1) yielded
patterns comparable to those of the no delay scenario (Fig. 7C,
Supplemental Figure S.4C). Larger delays did result in straighter
bands, but these bands were constantly moving, either up and
down, or in one direction like a travelling wave (Fig. 7D, Sup-
plemental Figure S.4D). These waves occurred even when start-
ing from a fully formed static banded pattern (Fig. 7E, Supple-
mental Figure S.4E). Such non-static patterns are unrealistic as
a basis of cell wall pattern formation.
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3.6. Positive feedback in microtubule density can prevent trav-
elling waves, stabilising a banded pattern

Thus far, we assumed microtubule density to be merely a
reflection of ROP activity, possibly with a delay. However,
microtubules have their own complex dynamics that may wellsss
have a stabilising influence on the patterning process. There-
fore, we will consider a potential positive feedback loop acting
on the microtubule density. Microtubule growth occurs only at
the tips of existing microtubules. In addition, nucleation of new
microtubules occurs predominantly from existing microtubules,s«o
with predominantly congruent orientation [44, 45, 46]. There-
fore, we can expect stronger increases in microtubule density at
places with higher existing density. The resulting positive feed-
back loop between microtubule density and microtubule nucle-
ation might serve to stabilise local regions of high microtubuless
density, thereby preventing travelling wave patterns.

To test this idea, we model this positive feedback with a hill
function and let ROP activity promote microtubule degradation,
so that dimensionless microtubule density p obeys the equation:

n 350

pl’
1+ p"

»_,
o Yp

+ 0y = €pp — Lup + D,,Vzp), (15)

where v, is the maximum microtubule-dependent growth rate,
n, is the hill exponent, o, is a constant background increase
in microtubule density by nucleation and growth, &, is a con-
stant linear degradation rate, and ¢ is a ROP-dependent degra-
dation rate. Here, p is scaled with the density at which posi-355
tive feedback is half its maximum. In addition, we include a
diffusion term with coefficient D, to maintain a connection be-
tween neighbouring integration pixels and prevent artefacts. We
take D, < 1 to keep microtubule “diffusion” well below unre-
stricted active ROP diffusion. Although microtubules don’t re-
ally diffuse in their entirety, they tend to spread through growth
and nucleation. These processes also favour the existing orien-
tation [45], which could further promote stable bands. Here, we
assume isotropic diffusion as a worst case scenario. Finally, we
use a as a tuning parameter for the time scale of the microtubule365
dynamics relative to the ROP dynamics.

The steady state of the homogeneous system is determined
by:

h(p) = q(p,u), with

o
h(p) = YTy +0,
q(p,u) = &p + Lup,

which allows for bistability as long as n, > 1 (Fig. 8A). In that
case, the steady state microtubule density may switch from low
to high or the other way around as ROP activity changes.

We use a hill function for ¢ to ensure that vertical diffusion
is close to its maximum (¢ = 1) for low densities, and close to
its minimum (¥ = ¥,,;,,) for high densities (Fig. 8A):

(16)*7

375

np

Y= (1 = Yin) —2
P

—Db__ (17)380
>+ K]

+ (//mins
where K is the density at which vertical diffusion is halfway
between its minimum and its maximum and 7, is a hill expo-
nent.
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Even when starting from a banded pattern, the positive feed-
back model without bistability (n, = 1) at moderate delay (« =
0.001) yielded travelling waves (Fig. 8B), just like we observed
for a direct ROP-dependency with a simple delay. However,
when we included bistability (n, = 2), the banded pattern re-
mained static.

However, when simulating de novo patterning of a large do-
main we still observed non-static patterns at @ = 0.001, even
with bistability (Fig. 8C-D). For large delays (@ = 0.00001), a
banded ROP pattern had sufficient time to develop before sig-
nificant changes in microtubule density occurred and the banded
pattern remained stable. Interestingly, a stable banded pattern
seems to form more readily in the gap regime (o = 0.08) than
in the stripe regime (o0 = 0.06). We also found some static
banded patterns, particularly in the gap regime, for small delays
(@ = 0.1) that were apparently insufficient to trigger travelling
waves. These results show that the precise implementation of
microtubule dynamics and the interactions between ROPs and
microtubules matters and inclusion of more realistic biological
details seems to result in more stable banded patterns.

4. Discussion

4.1. Directional diffusion restriction can orient ROP patterns
into bands and spirals

We have shown that restricting active ROP diffusion in a
specific direction is sufficient to change the output from a ROP-
based Turing-style pattern formation mechanism from patterns
without specific orientation into banded or spiral patterns with
controlled orientation. Given sufficiently large diffusion restric-
tion, bands and spirals can be generated, regardless of whether
the native pattern would consist of spots, stripes, or gaps. The
parameters that normally distinguish between these regimes then
control only the thickness of the bands. This means that the rel-
atively thick active ROP bands that would be needed to generate
the relatively thin microtubule bands observed in protoxylem
patterning [10] may actually originate from a Turing mech-
anism that would generate gaps without diffusion restriction.
Additionally, the finding that diffusion restriction can essen-
tially turn spot, stripe, and gap regimes into one large band
regime may imply an increased robustness of the protoxylem
pattern to changes in ROP activity. By comparison, the spotted
metaxylem pattern would more easily be disrupted.

At intermediate levels of diffusion restriction, spots, stripes,
and gaps can still be distinguished, but they are flattened hori-
zontally. This finding is in line with the experimental observa-
tion that higher expression of a protein responsible for a stronger
microtubule barrier effect results in more flattened pits in meta-
xylem [36]. Therefore, protoxylem patterning may be very sim-
ilar to metaxylem patterning, with a stronger diffusion barrier
effect to obtain a banded pattern and a higher ROP expression
to obtain thicker ROP bands. In addition, our finding that the
angle of diffusion restriction largely determines the angle of de
novo banded pattern formation, predicts that the initial orien-
tation of the microtubule array before apparent band formation
determines the final orientation of the banded array.
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While the precise molecular players and interactions involved
in protoxylem patterning remain largely unknown, ROP involve-
ment has been implicated [15]. In addition, we show that dif-so
ferent ROP-based Turing mechanisms have a very similar re-
sponse to a directional reduction in activator diffusion. There-
fore, the proposed orientation mechanism seems sufficiently
general to apply to different reaction-diffusion systems able to
generate coexisting spots, stripes, and gaps, of which manyas
variants exist [6, 30, 29]. However, it is important that diffusion
restriction applies predominantly to the active form, because
diffusion restriction of all components in the same way will not
yield banded patterns with controlled orientation. The inactive
form must therefore be able to bypass the microtubule barriers.sso
This requirement is naturally fulfilled by the predominantly cy-
tosolic localisation of the inactive form.

4.2. Fully formed banded patterns are relatively robust struc-
tures compared to more curved patterns 455

While anisotropic diffusion has long been known to affect
the shape of patterns generated by reaction-diffusion systems
[38, 39], we not only demonstrated its potential for generating
bands and spirals, but also investigated the underlying orienta-
tion mechanism. Our decomposition analysis of the diffusion*®
term suggests that if ROP cluster expansion is related to diffu-
sion of the active form, any curved structures tend to expand
more in the direction in which diffusion is unrestricted. How-
ever, straight patterns cannot be reoriented in this way, making
fully formed bands and spirals insensitive to any subsequent*®®
changes in the direction of diffusion restriction, even in the
presence of moderate spatial perturbations.

This robustness of straight patterns has several benefits for
the biological system. Firstly, in order to create the actual cell
wall pattern, the underlying ROP and microtubule patterns will*°
need to remain approximately stationary for the duration of sec-
ondary cell wall synthesis, which may take many hours [10], so
the ROP pattern should be robust to any perturbations that may
occur in this time frame. Secondly, due to the difficulty of re-
orienting a pattern of oblique bands, it seems important that*’®
the reorientation of the microtubule array to a transverse state
occurs before the start of ROP patterning. Experimental ob-
servations suggest that this reorientation at least occurs before
visible band formation in the microtubule array [35]. Finally,
once a transverse microtubule array has contributed to the gen-*°
eration of a banded ROP pattern, the robustness of the banded
pattern allows microtubules to disappear in areas of high ROP
activity without disrupting the ROP pattern.

4.3. Static band formation depends on the precise implementa-
tion of microtubule dynamics.

Our findings show that an instantaneous or very fast re-
sponse of microtubule density to ROP activity can be disruptive
to proper band formation. A sufficiently slow microtubule re-
sponse, however, gives a robust banded pattern time to form be-
fore the diffusion restriction is undone. However, this dynamic
also results in a kind of delayed negative feedback, which is

12

known for its potential to generate oscillations [47] and trav-
elling waves [48, 49] in models. With more realistic micro-
tubule dynamics, we were able to stabilise the banded pattern
again. The required difference in time scales of ROP protein
and microtubule density dynamics (approximately a factor «)
does, however, seem quite large, particularly where the native
pattern would consist of stripes. Partly, a large difference may
actually be realistic, since changes in microtubule density dur-
ing protoxylem patterning can take hours [10], whereas GTPase
inactivation and removal from the membrane occurs in the order
of seconds [50, 51]. Also, since the microtubule bands formed
in protoxylem patterning are relatively thin [10], the underlying
ROP pattern must have relatively thick bands, like those from
the gap regime, in which generation of static bands occurred
already with smaller delays.

Other biological factors not included here may also help sta-
bilise a banded pattern, potentially reducing the required differ-
ence in time scales. Firstly, ROP pattern formation may al-
ready start before the ROP effectors that interact with micro-
tubules become active, allowing the ROP pattern time to estab-
lish without ROP activity having any impact on microtubule
density. Transcriptomic data seem to suggest that, in meta-
xylem, expression of effectors like MIDD1 and Kinesin-13A
peaks later than that of ROP11, although the temporal reso-
lution is not very good [52]. Secondly, microtubules are not
simply slowly diffusing molecules, but discrete linear structures
with complex dynamics and membrane attachment preventing
translational movement. Their rigid and linear nature may well
contribute to the formation of robust linear bands. Furthermore,
microtubule-dependent microtubule nucleation tends to favour
the direction of the parent microtubule [45], so that any partial
microtubule bands will tend to expand in the direction they al-
ready have. Finally, microtubule dynamics are governed largely
by processes occurring at their growing or shrinking tips [53].
This suggests ROP activity cannot destabilise existing micro-
tubules except at their ends. Such details of microtubule dy-
namics have no straightforward implementation in the present
modelling paradigm, but detailed stochastic simulation models
of the cortical microtubule array with explicit dynamic insta-
bility exist [54, 55, 56, 57, 58]. Building upon those, a hy-
brid model combining PDE integration for ROP dynamics with
stochastic microtubule dynamics offers an exciting direction for
future research on protoxylem patterning.
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Appendices

. . . . . . . . 495
w5 A. Discretisation of the diffusion equation for numerical in-
tegration

In general, a diffusion term has the following form:

0 . o0u 0 Ou Ou . Ou Ou
V-DVy= —D¥_—_4+_pD» ou . you ou
“TaxT ox " ay ox 0Oy * ay

ou
D (A

where u is the concentration of the diffusing component, D is
the diffusion tensor, and D = D*. When the diffusion coef-
ficient is homogeneous (i.e. independent of space), this simpli-
fies to:

0*u u

V-DVu=D"— +D”— +

o OFu
Ox? 0y? 2b®

) . A2
0x0y (A-2)

In this case, the diffusion coefficients do not need to be dis-
cretised and discretising the concentrations is straightforward,
with u,, at position (x;, y;) given by:

Wi=bJ gtV b

(Ax)? ’

b
Uxy =

(A3)

where Ax is the spatial step size in the x-direction. The discreti-
sation of u,, is done in the same way. For cases with oblique
diffusion restriction, u,, can be discretised as follows:
B B0 WS RS WS R S WS

AxAy

bi _
Uyy =

(A4)

For periodic boundary conditions, the last grid point in the peri-
odic direction is simply treated as if it were attached to the first
grid point in that direction. For zero-flux boundary conditions,
an extra virtual grid point is added at the ends with the same
concentration as the grid point before, such that:

Ou™i
dx

MN+1,/ _ uN,j

Ax

~
=~

0, (AS)

or the equivalent in the y-direction, where N is the number of
the last grid point. As long as at least directions has periodic
boundary conditions, this scheme will guarantee mass conser-
vation.

For inhomogeneous diffusion, the diffusion coefficients from
Eq. A.1 also need to be discretised, because they depend on x
and y. For the diffusion term in the x-direction, this was done

490

as follows:

505

1 y

+5, i-3,

[Du, ] = [Du ™27 — [Duy]™2/

5 =
* Ax
il il i— L i iyl
D1+2,] u Axu _Dl 5.] "
= . (A.6)
D+ (ui+1,j - ui,j) _Di~3J (ui,j - ui—l,j) 510
(Ax)? |

where D represents D**. The diffusion term in the y-direction
can be discretised in the same way. This scheme requires the
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concentrations to be known at the grid points and the diffusion
coefficients between grid points (Fig. A.1). To determine the
diffusion coefficients between grid points, the average of the
two nearest neighbouring grid points was used. For periodic
boundary conditions, an extra diffusion node can be added, con-
necting the last and the first grid points. Zero-flux boundary
conditions can be imposed in the same way as before, or by set-
ting the diffusion coefficient between the last grid point and the
virtual grid point equal to zero.

Ou OD

————

Zero-flux

Periodic
[- ]

Figure A.1: Discretisation scheme and boundary conditions for models with
inhomogeneous diffusion coefficients. Squares indicate grid points at which
concentrations (u) are known. Open circles indicate points at which diffusion
coeflicients are imputed. Closed circles indicate diffusion coefficients set to
zero for zero-flux boundary conditions.

If oblique diffusion restriction were to be used as well, the
xy-terms would also need to be discretised. This can be done as
follows:

[Du,)* 27 — [Du, )~

[Du,]y =
X
) Ax
Di+lj A I T Di—lj WY i hih
2. — R - |
_ Ay Ay
Ax
il ol ol il i1 il a1l i1l
Dl+2,](ul+2,]+2 — yitad 2)_Dl z,j(ul It i3l 2)

AxAy ’
(A7)

where D represents D*. The other xy-term can be discretised
in the same way. This scheme also requires concentrations at
half steps in both directions (Fig. A.2). These can be calcu-
lated by taking the average of the four nearest neighbours. For
periodic boundary conditions these averages also have to be de-
termined between the last and first grid points. For zero-flux
boundary conditions, additional virtual concentration points are
required that have the same value as their neighbours. Again,
these schemes will guarantee mass conservation as long as at
least one of the directions has periodic boundary conditions.
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B. Diffusion tensor rotation

For anisotropic diffusion in two dimensions, the diffusion

term has the following form: *%0

0 ou

- DXx D;‘Y -~
V-D,Vu=|% ~[Dgx Dy} &l (B.1)

ay ay

where DX, D;, D", and D) are the components of diffusion

tensor D,, with D;> = D). If diffusion is homogeneous, this

simplifies to:

o%u

L 0u
— Y Xy
V-D,Vu = D;"axz + D), e +2D;

*u
Oxdy’

(B.2)

The components of the diffusion tensor can be derived from the
diffusion rates in the unrestricted and restricted directions (1
and i, respectively) and the angle ¢ of the unrestricted direc-
tion with respect to the horizontal direction. For unrestricted
diffusion along the x-axis and restricted diffusion along the y-

axis, we have:
, |10
D = [O w].

To obtain the diffusion tensor for the case where the unrestricted
direction is rotated at an angle ¢ with respect to the x-axis, we
need to rotate D), using rotation tensor R(¢):

(B.3)

cos(¢)

sin(#) (B.4)

LN e

cos(¢)
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This way, we can obtain the diffusion tensor D,,:

XX XY
D, = RODR @) = | i g]
DY = cos*(¢) + v sin*(¢) (B.5)
Dy = Dy’ = sin(¢) cos() — ysin(¢) cos(9)
Dy’ = sin*() + ycos’(¢).

C. Preferred spiral angles

With a strictly vertical reduction in the diffusion of active
ROP, a fully horizontal banded pattern may form (Fig. 2). The
distance between these bands is determined by the dynamics of
the system and the zero flux boundaries at the top and bottom,
which demand that the pattern starts and ends with either a peak
or a valley. This would mean that the preferred number of bands
based on the dynamics alone (7p4,45) should fall within a quar-
ter of a band from the observed number of bands. However, the
final steady state is also constrained by the initial emergence of
the pattern, which depends on the random noise of the initial
condition. Therefore, the final pattern may also contain a sub-
optimal number of bands, which increases the uncertainty on
estimates of 7np,,45. The only real ways around this flaw would
be to solve the system on an infinitely large domain, which is
not feasible, or to average over many simulations with different
random seeds for the initial conditions, which is computation-
ally expensive. Therefore, we make a basic estimate of 7p4,44
and its uncertainty using the average, minimum and maximum
numbers of bands observed in a limited number of repetitions.

Assuming for the moment that we know the preferred num-
ber of bands, we can calculate the preferred distance d between

the bands as:
H

d= ,
Npands

(C.1)

where H is the height of the domain. Assuming this distance is
maintained in a spiral pattern, the angle ¢ of the spiral pattern
depends on distance d and the vertical distance between spiral
bands d,:
d
cos(}) = —.
) 4
Vertical distance dy is constrained by the periodicity of the spi-
ral. The spiral covers a vertical distance D, as it wraps around a
domain of width W. This vertical distance D, must be divisible
by the vertical band-band distance d,, such that:

(C.2)

D,=Wtan@) =nd, neN, (C3)

where n = 1 corresponds to a single spiral, n = 2 to a double
spiral, etc. From equations C.1, C.2 and C.3, we can calculate
the admissible angles of the spiral pattern if the distance be-
tween bands is determined solely by the system dynamics and
not by boundary effects:

9= arcsin( (C4)

- )
W npanas
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Taking into account the fact that our estimate of 7p,,,; may be
off by a quarter and the possibility of a suboptimal number of
bands, we can determine an expected range for each admissi-
ble angle, using the minimum and maximum number of bands
observed in simulations with vertical diffusion restriction:

Hn Hn 4)]]

w (nbands,max + %) ] ’ aresin ( w (nbands,min -1
(C.5)

NS

arcsin [

D. Diffusion term decomposition

To study the influence of a pattern’s geometry on the ef-
fect of vertical diffusion restriction, we decompose the diffu-
sion term in directions z and w. For any point on the domain,
direction z runs in opposite direction of the gradient of u, so that
derivative u, = —|Vu|. Direction w runs perpendicular to z, so
that u,, = 0. To decompose the diffusion term, we ultimatelyss;
need to express the second order spatial derivatives u,, and u,,
in terms of z and w. The vectors 7 and w associated with these
directions depend on the pattern angle J, which we define as
the angle between positive x-axis and the w-direction:

5| sin(®) L |cos(®)
= —cos@®| " T |sin) |

Using these vectors, we can express derivatives u, and u,, in
terms of u, and u,:

(D. 1 )540

u; = sin(Pu, — cos(Hu,

. (D.2)545
u,, = cos(Nu, + sin(F)u,.
Solving for u, and u, gives:
u, = sin(®)u, + cos(M)u,,
(Du, ) D3),,

uy, = —cos(Pu, + sin(Pu,,.
Repeating this process with u, and u, substituted for u, gives us

Uy and uyy:

Uyy = SIN(Pty, + cos(P)utyy,
. (D.4)
Uy, = — cos(Puy, + sin(Puy,,.

555

Substituting Eq. D.3 into Eq. D.4 gives:

Uy, = sin(F)[sin(P)u, + cos(Pu,, 1,
+ cos(P)[sin(P)u, + cos(Puy, ],y
Uy, = — cos()[~ cos(Pu, + sin(Pu,, |,
+ sin(H)[— cos(Pu, + sin(Pu,, ],

D.5)

560

Since u,, = 0, we can simplify this to:

Uy, = sin(P)[sin(P)u;], + cos(P)[sin(P)u,],,
uyy = — cos(PH)[— cos(Pu.], + sin(F)[— cos(PNu,],.

(D.6)565

Applying the product and chain rules gives:
Uy =sin>(Pug. + sin(P) cos(P S u. 570
+ cos() sin(Puy, + cos> (), u,

Uy = cos* (D, — cos(P) sin(F)d,u,

— cos(P) sin(Puy, + sin?( P u. 578

(D.7)
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Since z is the direction of the gradient, the pattern angle does
not change in this direction, so ¥, = 0. Also, u,, = u,, =
[u,,]; = 0, = 0. Therefore, the second and third terms of both
equations vanish, leaving:

Uy = sin® (P, + cos> ()i, D$)
iy = cos* (N, + sin® (), u,. '
Substituting these derivatives into Eq. 5 gives:
& u 39 u
V'Duv = D¥(9)— 3)— —
“ =D )5Z2+g( )ﬁwﬁz
(D.9)

DE(®) = sin®(9) + ¢ cos*(9)
g(®) = cos’(F) + ¥ sin’*(F).

E. Parameters of models with ROP-dependent ROP diffu-
sion

Parameters used for the functions linking ROP activity and
ROP diffusion are given in Table 1. For the instantaneous ROP
effect (Fig. 7B), the maximally restricted diffusion coefficient
(Ymin) Was set to 0.25 and other parameters were chosen such
that the final value of ¥ would be close to its minimum for low
ROP activity and close to its maximum for high ROP activity.
For the simple delayed variant (Fig. 7C-E), the same value of
Ymin Was taken and the initial (homogeneous) microtubule den-
sity pp was set such that vertical ROP diffusion would start at
its minimum (¥ = ,,;,). For the model with positive feed-
back in microtubule density (Fig. 8), we tuned the parameters
of the density equation to get a bistability in microtuble density
that could be switched at low or high ROP levels. We used the
same initial microtubule density (oo = 2) for all simulations.
To keep the starting conditions of the vertical active ROP diffu-
sion coeflicient close to that of used for the simple delay, ¥,
was lowered to 0.1, with Kp = 1. To keep vertical ROP dif-
fusion close to its maximum at low microtubule densities, hill
exponent np was set to 2, creating a sigmoidal curve.

References

[1] H. R. Brown, The theory of the rise of sap in trees: Some historical and
conceptual remarks, Physics in Perspective 15 (3) (2013) 320-358 (Sep
2013). doi:10.1007/s00016-013-0117-1.

URL https://doi.org/10.1007/s00016-013-0117-1

[2] S. Turner, P. Gallois, D. Brown, Tracheary element differentiation, An-
nual Review of Plant Biology 58 (1) (2007) 407-433, pMID: 17472568
(2007). arXiv:https://doi.org/10.1146/annurev.arplant.
57.032905.105236, doi:10.1146/annurev.arplant.57.032905.
105236.

URL https://doi.org/10.1146/annurev.arplant.57.032905.
105236

[3] Y. Oda, H. Fukuda, Secondary cell wall patterning during xylem differen-
tiation, Current Opinion in Plant Biology 15 (1) (2012) 38 — 44, growth
and development (2012). doi:10.1016/j.pbi.2011.10.005.

URL http://www.sciencedirect.com/science/article/pii/
S136952661100166X

[4] J. Sperry, Evolution of water transport and xylem structure, International
Journal of Plant Sciences 164 (S3) (2003) S115-S127 (2003). arXiv:
https://doi.org/10.1086/368398, doi:10.1086/368398.

URL https://doi.org/10.1086/368398


https://doi.org/10.1101/844357
http://creativecommons.org/licenses/by/4.0/

580

585

590

595

600

605

610

615

bioRxiv preprint doi: https://doi.org/10.1101/844357; this version posted November 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Table 1: Parameter values used for ROP-dependent ROP diffusion. ROP can’
depend on the active ROP concentration either instantaneously (Instant), or with
a simple delay (Delayed), or with a microtubule density relation including pos-
itive feedback (MT positive feedback). For empty fields that version of the
model does not include a parameter with that name.

ROP-dependent ROP diffusion relation
Parameter Instant Delayed MT positive feedback

625

imin 0.25 0.25 0.1

n, Variable 2 lor2 6%0
K, Variable 0.5

a Variable Variable

Po 1 2

Y, 20 635
o, 0.3

& 1

e 10

np ) 640
Kp 1

D, 0.01

645

[5] B. Choat, A. R. Cobb, S. Jansen, Structure and function of bordered pits:
new discoveries and impacts on whole-plant hydraulic function, New
Phytologist 177 (3) (2008) 608-626 (2008). arXiv:https://nph.
onlinelibrary.wiley.com/doi/pdf/10.1111/3.1469-8137. 45
2007.02317.x,doi:10.1111/3.1469-8137.2007.02317 .x.

URL https://nph.onlinelibrary.wiley.com/doi/abs/10.
1111/3.1469-8137.2007.02317 .x

[6] B.Jacobs, J. Molenaar, E. E. Deinum, Small GTPase patterning: How to
stabilise cluster coexistence, PLOS ONE 14 (3) (2019) 1-28 (03 2019).¢s55
doi:10.1371/journal.pone.0213188.

URL https://doi.org/10.1371/journal.pone.0213188

[71 A. R. Paredez, C. R. Somerville, D. W. Ehrhardt, Visualization of
cellulose synthase demonstrates functional association with micro-
tubules, Science 312 (5779) (2006) 1491-1495 (2006). arXiv:http://eso
science.sciencemag.org/content/312/5779/1491.full.pdf,
do0i:10.1126/science.1126551.

URL http://science.sciencemag.org/content/312/5779/
1491

[8] R. Gutierrez, J. J. Lindeboom, A. R. Paredez, A. M. C. Emons, D. W.ggs
Ehrhardt, Arabidopsis cortical microtubules position cellulose synthase
delivery to the plasma membrane and interact with cellulose synthase traf-
ficking compartments, Nature Cell Biology 11 (7) (2009) 797-806 (Jul.
2009). doi:10.1038/ncb1886.

URL http://dx.doi.org/10.1038/ncb1886 670

[9] Y. Watanabe, M. J. Meents, L. M. McDonnell, S. Barkwill,
A. Sampathkumar, H. N. Cartwright, T. Demura, D. W. Ehrhardt,
A. Samuels, S. D. Mansfield, Visualization of cellulose synthases in
Arabidopsis secondary cell walls, Science 350 (6257) (2015) 198-203
(2015). arXiv:http://science.sciencemag.org/content/350/¢75
6257/198.full.pdf, doi:10.1126/science.aac7446.

URL http://science.sciencemag.org/content/350/6257/198
[10] R. Schneider, L. Tang, E. R. Lampugnani, S. Barkwill, R. Lathe,
Y. Zhang, H. E. McFarlane, E. Pesquet, T. Niittyla, S. D. Mansfield,
Y. Zhou, S. Persson, Two complementary mechanisms underpin cell wallggo
patterning during xylem vessel development, The Plant Cell 29 (10)
(2017) 2433-2449 (2017). arXiv:http://www.plantcell.org/
content/29/10/2433.full.pdf, doi:10.1105/tpc.17.00309.
URL http://www.plantcell.org/content/29/10/2433
[11] N. VukaSinovi¢, Y. Oda, P. Pejchar, L. Synek, T. PeCenkovd, A. Rawat,ggs
J. Sekeres, M. Potocky, V. Zarsky, Microtubule-dependent targeting of
the exocyst complex is necessary for xylem development in Arabidopsis,
New Phytologist 213 (3) (2017) 1052-1067, 2016-22430 (2017). doi:
10.1111/nph.14267.
URL http://dx.doi.org/10.1111/nph. 14267 690

16

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Y. Oda, Y. Iida, Y. Kondo, H. Fukuda, Wood cell-wall structure requires
local 2D-microtubule disassembly by a novel plasma membrane-
anchored protein, Current Biology 20 (13) (2010) 1197 — 1202 (2010).
doi:10.1016/j.cub.2010.05.038.

URL http://www.sciencedirect.com/science/article/pii/
S0960982210006408

Y. Oda, H. Fukuda, Initiation of cell wall pattern by a rho- and
microtubule-driven symmetry breaking, Science 337 (6100) (2012) 1333—
1336 (2012). arXiv:http://science.sciencemag.org/content/
337/6100/1333.full.pdf, doi:10.1126/science.1222597.

URL http://science.sciencemag.org/content/337/6100/
1333

Y. Oda, H. Fukuda, Rho of plant GTPase signaling regulates the behav-
ior of Arabidopsis kinesin-13A to establish secondary cell wall patterns,
The Plant Cell Online 25 (11) (2013) 4439-4450 (2013). arXiv:http:
//www.plantcell.org/content/25/11/4439.full.pdf, doi:10.
1105/tpc.113.117853.

URL http://www.plantcell.org/content/25/11/4439

T. Brembu, P. Winge, A. M. Bones, The small GTPase AtRAC2/ROP7
is specifically expressed during late stages of xylem differentiation in
Arabidopsis, Journal of Experimental Botany 56 (419) (2005) 2465—
2476 (2005). arXiv:/oup/backfile/content_public/journal/
jxb/56/419/10.1093/jxb/eri239/2/eri239.pdf, doi:10.1093/
jxb/eri239.

URL +http://dx.doi.org/10.1093/jxb/eri239

M. Yamaguchi, N. Mitsuda, M. Ohtani, M. Ohme-Takagi, K. Kato,
T. Demura, VASCULAR-RELATED NAC-DOMAIN 7 directly regulates
the expression of a broad range of genes for xylem vessel formation,
The Plant Journal 66 (4) (2011) 579-590 (2011). doi:10.1111/j.
1365-313X.2011.04514 .x.

URL http://dx.doi.org/10.1111/3j.1365-313X.2011.04514.x
S. M. Brady, D. A. Orlando, J.-Y. Lee, J. Y. Wang, J. Koch, J. R. Din-
neny, D. Mace, U. Ohler, P. N. Benfey, A high-resolution root spatiotem-
poral map reveals dominant expression patterns, Science 318 (5851)
(2007) 801-806 (2007). arXiv:http://science.sciencemag.
org/content/318/5851/801.full.pdf, doi:10.1126/science.
1146265.

URL http://science.sciencemag.org/content/318/6851/801
C. A. Lancaster, P. M. Taylor-Harris, A. J. Self, S. Brill, H. E. van
Erp, A. Hall, Characterization of rhoGAP. A GTPase-activating protein
for rho-related small GTPases., Journal of Biological Chemistry 269 (2)
(1994) 1137-1142 (1994). arXiv:http://www.jbc.org/content/
269/2/1137.full.pdf+html.

URL http://www. jbc.org/content/269/2/1137.abstract

S. Y. Moon, Y. Zheng, Rho GTPase-activating proteins in cell
regulation, Trends in Cell Biology 13 (1) (2003) 13 — 22 (2003).
doi:10.1016/50962-8924(02)00004-1.

URL http://www.sciencedirect.com/science/article/pii/
S0962892402000041

B. Olofsson, Rho guanine dissociation inhibitors: Pivotal molecules in
cellular signalling, Cellular Signalling 11 (8) (1999) 545 — 554 (1999).
doi:10.1016/S0898-6568(98)00063-1.

URL http://www.sciencedirect.com/science/article/pii/
S0898656898000631

M. Postma, L. Bosgraaf, H. M. Loovers, P. J. M. Van Haastert, Chemo-
taxis: signalling modules join hands at front and tail, EMBO reports
5 (1) (2004) 35-40 (2004). arXiv:http://embor.embopress.org/
content/5/1/35.full.pdf, doi:10.1038/sj.embor.7400051.
URL http://embor.embopress.org/content/5/1/35

R. Fritz, O. Pertz, The dynamics of spatio-temporal Rho GTPase signal-
ing: formation of signaling patterns [version 1; referees: 2 approved],
F1000Research 5 (F1000 Faculty Rev) (2016) 749 (2016). doi:10.
12688/£1000research.7370.1.

URL https://£1000research.com/articles/5-749/v1

A. M. Turing, The chemical basis of morphogenesis, Philosophical Trans-
actions of the Royal Society of London. Series B, Biological Sciences
237 (641) (1952) 37-72 (1952). doi:10.1098/rstb.1952.0012.

A. Gierer, H. Meinhardt, A theory of biological pattern formation, Kyber-
netik 12 (1) (1972) 30-39 (Dec 1972). doi:10.1007/BF00289234.
URL https://doi.org/10.1007/BF00289234

A. Goryachev, M. Leda, Autoactivation of small GTPases by the GEF-


https://doi.org/10.1101/844357
http://creativecommons.org/licenses/by/4.0/

695

700

705

710

715

720

725

730

735

740

745

750

755

760

(26]

(27]

(28]

(29]

[31]

[32]

[33]

[35]

[36]

(37]

[38]

(391

bioRxiv preprint doi: https://doi.org/10.1101/844357; this version posted November 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

effector positive feedback modules [version 1; peer review: 2 approved],
F1000Research 8 (F1000 Faculty Rev) (2019) 1676 (2019). doi:10.
12688/£1000research.20003.1.

A.Jilkine, L. Edelstein-Keshet, A comparison of mathematical models forzes
polarization of single eukaryotic cells in response to guided cues, PLoS
Computational Biology 7 (4) (2011) 1-15 (04 2011). doi:10.1371/
journal.pcbi.1001121.

URL https://doi.org/10.1371/journal.pcbi.1001121

R.J. H. Payne, C. S. Grierson, A theoretical model for ROP localisation77o
by auxin in arabidopsis root hair cells, PLoS One 4 (12) (2009) 1-8 (12
2009). doi:10.1371/journal.pone.0008337.

URL https://doi.org/10.1371/journal.pone.0008337

W. Giese, M. Eigel, S. Westerheide, C. Engwer, E. Klipp, Influence
of cell shape, inhomogeneities and diffusion barriers in cell polariza-77s
tion models, Physical Biology 12 (6) (2015) 066014 (2015). doi:
10.1088/1478-3975/12/6/066014.

URL http://stacks.iop.org/1478-3975/12/i=6/a=066014

Y. Nagashima, S. Tsugawa, A. Mochizuki, T. Sasaki, H. Fukuda, Y. Oda,
A Rho-based reaction-diffusion system governs cell wall patterning in7eo
metaxylem vessels, Scientific Reports 8 (1) (2018) 11542 (2018). doi:
10.1038/s41598-018-29543-y.

URL https://doi.org/10.1038/s41598-018-29543-y

H. Meinhardt, Turing’s theory of morphogenesis of 1952 and the subse-
quent discovery of the crucial role of local self-enhancement and long-7ss
range inhibition., Interface Focus 2 (4) (2012) 407-416 (Aug 2012).
d0i:10.1098/rsfs.2011.0097.

URL http://dx.doi.org/10.1098/rsfs.2011.0097

J. B. Bard, A model for generating aspects of zebra and other mammalian
coat patterns, Journal of Theoretical Biology 93 (2) (1981) 363 — 385790
(1981). doi:10.1016/0022-5193(81)90109-0.

URL http://www.sciencedirect.com/science/article/pii/
0022519381901090

D. W. Ehrhardt, S. L. Shaw, Microtubule dynamics and organiza-
tion in the plant cortical array, Annual Review of Plant Biology7es
57 (1) (2006) 859-875, pMID: 16669785 (2006). arXiv:https:
//doi.org/10.1146/annurev.arplant.57.032905.105329, doi:
10.1146/annurev.arplant.57.032905.105329.

URL https://doi.org/10.1146/annurev.arplant.57.032905.
105329 800
S. H. Tindemans, R. J. Hawkins, B. M. Mulder, Survival of
the aligned:  Ordering of the plant cortical microtubule ar-
ray, Physical Review Letters 104 (2010) 058103 (Feb 2010).
doi:10.1103/PhysRevLett.104.058103.

URL https://link.aps.org/doi/10.1103/PhysRevLett.104.¢05
058103

C. Ambrose, J. F. Allard, E. N. Cytrynbaum, G. O. Wasteneys, A CLASP-
modulated cell edge barrier mechanism drives cell-wide cortical micro-
tubule organization in Arabidopsis, Nature Communications 2 (2011) 430
(Aug. 2011). doi:10.1038/ncomms1444.

URL http://dx.doi.org/10.1038/ncomms1444

K. van ’t Klooster, Patterning of plant cell wall deposition by cortical
microtubules, Ph.D. thesis, Wageningen University (2017).

URL http://edepot.wur.nl/419181

Y. Sugiyama, M. Wakazaki, K. Toyooka, H. Fukuda, Y. Oda, A novelsis
plasma membrane-anchored protein regulates xylem cell-wall deposi-
tion through microtubule-dependent lateral inhibition of rho GTPase
domains, Current Biology 27 (16) (2017) 2522 — 2528.e4 (2017).
d0i:10.1016/j.cub.2017.06.059.

URL http://www.sciencedirect.com/science/article/pii/sz0
S0960982217307960

E. Pesquet, A. V. Korolev, G. Calder, C. W. Lloyd, The microtubule-
associated protein AtMAP70-5 regulates secondary wall patterning in
arabidopsis wood cells, Current Biology 20 (8) (2010) 744 — 749 (2010).
do0i:10.1016/j.cub.2010.02.057.

URL http://www.sciencedirect.com/science/article/pii/
$50960982210003301

F. Mertens, R. Imbihl, Square chemical waves in the catalytic reaction
NO + H; on a rhodium(110) surface, Nature 370 (6485) (1994) 124-126
(1994). doi:10.1038/370124a0.

URL https://doi.org/10.1038/370124a0

A. R. Sanderson, R. M. Kirby, C. R. Johnson, L. Yang, Advanced

810

825

830

17

[40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

[48]

[49]

[50]

[51]

[52]

reaction-diffusion models for texture synthesis, Journal of Graphics
Tools 11 (3) (2006) 47-71 (2006). arXiv:https://doi.org/10.
1080/2151237X.2006.10129222, doi:10.1080/2151237X.2006.
10129222

URL https://doi.org/10.1080/2151237X.2006.10129222

T. Hiscock, S. Megason, Orientation of Turing-like patterns by mor-
phogen gradients and tissue anisotropies, Cell Systems 1 (6) (2015) 408
—416 (2015). doi:10.1016/j.cels.2015.12.001.

URL http://www.sciencedirect.com/science/article/pii/
S240547121500215X

Y. Mori, A. Jilkine, L. Edelstein-Keshet, Wave-pinning and cell polarity
from a bistable reaction-diffusion system, Biophysical Journal 94 (9)
(2008) 3684 — 3697 (2008). doi:10.1529/biophysj.107.120824.
URL http://www.sciencedirect.com/science/article/pii/
S0006349508704442

D. W. Peaceman, H. H. Rachford, Jr, The numerical solution of parabolic
and elliptic differential equations, Journal of the Society for industrial
and Applied Mathematics 3 (1) (1955) 28-41 (1955). doi:10.1137/
0103003.

URL https://epubs.siam.org/doi/abs/10.1137/0103003

E. Cleary, The scientific way to simulate pattern formation in reaction-
diffusion equations, Ph.D. thesis, University of Guelph (2013).

URL http://atrium.lib.uoguelph.ca/xmlui/handle/10214/
6659

T. Murata, S. Sonobe, T. I. Baskin, S. Hyodo, S. Hasezawa, T. Na-
gata, T. Horio, M. Hasebe, Microtubule-dependent microtubule nucle-
ation based on recruitment of y-tubulin in higher plants, Nature Cell Bi-
ology 7 (10) (2005) 961-968 (Oct. 2005). doi:10.1038/ncb1306.
URL http://dx.doi.org/10.1038/ncb1306

J. Chan, A. Sambade, G. Calder, C. Lloyd, Arabidopsis cortical
microtubules are initiated along, as well as branching from, exist-
ing microtubules, The Plant Cell Online 21 (8) (2009) 2298-2306
(2009). arXiv:http://www.plantcell.org/content/21/8/2298.
full.pdf, doi:10.1105/tpc.109.069716.

URL http://www.plantcell.org/content/21/8/2298

E. E. Deinum, S. H. Tindemans, B. M. Mulder, Taking directions: the
role of microtubule-bound nucleation in the self-organization of the plant
cortical array, Physical Biology 8 (5) (2011) 056002 (2011). doi:10.
1088/1478-3975/8/5/056002.

URL http://stacks.iop.org/1478-3975/8/i=5/a=056002

B. Novik, J. J. Tyson, Design principles of biochemical oscillators, Na-
ture Reviews Molecular Cell Biology 9 (2008) 981-991 (Oct. 2008).
doi:10.1038/nrm2530.

URL https://doi.org/10.1038/nrm2630

H. Meinhardt, Orientation of chemotactic cells and growth cones: mod-
els and mechanisms, Journal of Cell Science 112 (17) (1999) 2867—
2874 (1999). arXiv:http://jcs.biologists.org/content/112/
17/2867.full.pdf.

URL http://jcs.biologists.org/content/112/17/2867

E. M. Ozbudak, A. Becskei, A. van Oudenaarden, A system of coun-
teracting feedback loops regulates Cdc42p activity during spontaneous
cell polarization, Developmental Cell 9 (4) (2005) 565 — 571 (2005).
d0i:10.1016/j.devcel.2005.08.014.

URL http://www.sciencedirect.com/science/article/pii/
S1534580705003345

Y. Sako, K. Hibino, T. Miyauchi, Y. Miyamoto, M. Ueda, T. Yanagida,
Single-molecule imaging of signaling molecules in living cells,
Single Molecules 1 (2) (2000) 159-163 (2000). doi:10.1002/
1438-5171(200006) 1:2<159: : ATID-SIM0159>3.0.C0;2-4.

URL  https://onlinelibrary.wiley.com/doi/abs/10.1002/
1438-5171%28200006%291%3A2%,3C159%3A%3AAID-SIM0159%3E3.
0.C0%3B2-4

B. Zhang, Y. Zheng, Regulation of RhoA GTP hydrolysis by the GTPase-
activating proteins p190, pSORhoGAP, Bcer, and 3BP-1, Biochemistry
37 (15) (1998) 5249-5257 (Apr. 1998). doi:10.1021/b19718447.
URL https://doi.org/10.1021/bi9718447

M. Laubscher, K. Brown, L. B. Tonfack, A. A. Myburg, E. Mizrachi, S. G.
Hussey, Temporal analysis of Arabidopsis genes activated by Eucalyptus
grandis NAC transcription factors associated with xylem fibre and vessel
development, Scientific Reports 8 (1) (2018) 10983 (2018). doi:10.
1038/s41598-018-29278-w.


https://doi.org/10.1101/844357
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/844357; this version posted November 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

835

840

845

850

855

860

865

870

(53]

[54]

[55]

[56]

[57]

[58]

URL https://doi.org/10.1038/s41598-018-29278-w

A. Desai, , T. J. Mitchison, Microtubule polymerization dynamics, An-
nual Review of Cell and Developmental Biology 13 (1) (1997) 83—
117, pMID: 9442869 (1997). arXiv:https://doi.org/10.1146/
annurev.cellbio.13.1.83,d0i:10.1146/annurev.cellbio.13.
1.83.

URL https://doi.org/10.1146/annurev.cellbio.13.1.83

E. E. Deinum, B. M. Mulder, Modelling the role of microtubules in plant
cell morphology, Current Opinion in Plant Biology 16 (6) (2013) 688 —
692, cell biology (2013). doi:10.1016/j.pbi.2013.10.001.

URL http://www.sciencedirect.com/science/article/pii/
S1369526613001465

S. Tindemans, E. Deinum, J. Lindeboom, B. Mulder, Efficient event-
driven simulations shed new light on microtubule organization in
the plant cortical array, Frontiers in Physics 2 (2014) 19 (2014).
doi:10.3389/fphy.2014.00019.

URL http://journal.frontiersin.org/article/10.3389/
fphy.2014.00019

J. F. Allard, G. O. Wasteneys, E. N. Cytrynbaum, Mechanisms of self-
organization of cortical microtubules in plants revealed by computational
simulations, Molecular Biology of the Cell 21 (2) (2010) 278-286
(2010). arXiv:http://wuw.molbiolcell.org/content/21/2/
278.full.pdf+html, doi:10.1091/mbc.E09-07-0579.

URL http://www.molbiolcell.org/content/21/2/278.
abstract

E. C. Eren, R. Dixit, N. Gautam, A three-dimensional com-
puter simulation model reveals the mechanisms for self-organization
of plant cortical microtubules into oblique arrays, Molecular Bi-
ology of the Cell 21 (15) (2010) 2674-2684, pMID: 20519434
(2010). arXiv:https://doi.org/10.1091/mbc.e10-02-0136,
d0i:10.1091/mbc.e10-02-0136.

URL https://doi.org/10.1091/mbc.e10-02-0136

V. Mirabet, P. Krupinski, O. Hamant, E. M. Meyerowitz, H. Jonsson,
A. Boudaoud, The self-organization of plant microtubules inside the cell
volume yields their cortical localization, stable alignment, and sensitivity
to external cues, PLOS Computational Biology 14 (2) (2018) 1-23 (02
2018). doi:10.1371/journal.pcbi.1006011.

URL https://doi.org/10.1371/journal.pcbi. 1006011

18


https://doi.org/10.1101/844357
http://creativecommons.org/licenses/by/4.0/

