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Reactive oxygen species (ROS) play a crucial role as signaling molecules in both plant and animal cells, enabling
rapid responses to various stimuli. Among the many cellular mechanisms used to generate and transduce ROS
signals, ROS-induced-ROS release (RIRR) is emerging as an important pathway involved in the responses of
various multicellular and unicellular organisms to environmental stresses. In RIRR, one cellular compartment,

organelle, or cell generates or releases ROS, triggering an increased ROS production and release by another
compartment, organelle, or cell, thereby giving rise to a fast propagating ROS wave. This RIRR-based signal relay
has been demonstrated to facilitate mitochondria-to-mitochondria communication in animal cells and long-
distance systemic signaling in plants in response to biotic and abiotic stresses. More recently, it has been
discovered that different unicellular microorganism communities also exhibit a RIRR cell-to-cell signaling pro-
cess triggered by a localized stress treatment. However, the precise mechanism underlying the propagation of the
ROS signal among cells within these unicellular communities remained elusive. In this study, we employed a
reaction-diffusion model incorporating the RIRR mechanism to analyze the propagation of ROS-mediated signals.
By effectively balancing production and scavenging processes, our model successfully reproduces the experi-
mental ROS signal velocities observed in unicellular green algae (Chlamydomonas reinhardtii) colonies grown on
agar plates, furthering our understanding of intercellular ROS communication.

1. Introduction

The diffusion of a single signaling molecule, in its prototypical form,
is a relatively slow process. It is insufficient to explain the rapid
signaling rates observed in diverse biological processes [1-13], where
groups of cells or subcellular components collectively engage in
signaling reactions to generate rapidly propagating signaling waves. In
these processes, diffusible molecules released by individual cells or
subcellular components activate neighboring cells, giving rise to
self-propagating Throughout the years, numerous
diffusion-reaction models [14-34] have been proposed to describe the
propagation of traveling waves or signals that govern a wide range of

waves.

intracellular and cell-to-cell signaling processes. Examples include the
systemic response of plants to salt stress [14], pattern formation in
Dictyostelium [15-18], bacterial quorum sensing [19-22], mitochondrial
oscillations [23,24], and calcium waves [25-32]. While computational
approaches have been employed to study reactive oxygen species (ROS)
production and its regulation in different signaling pathways [14,23,24,
35,36], modeling ROS-induced-ROS-release (RIRR) propagation in
cell-to-cell signaling is still new. The computational model proposed
here expands beyond plant cells [14] and delves into microorganism
communities, where the ROS wave velocity is influenced by population
density and other parameters.

In a previous study, Evans et al. [14] utilized a 1D diffusion-reaction
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model to investigate the propagation of the ROS-assisted calcium wave
in the root of Arabidopsis thaliana. The model employed by the authors
simplifies the system as a one-dimensional array of cells, with the
NADPH oxidase AtRBOHD (Arabidopsis thaliana respiratory burst oxi-
dase homolog D) localized to the plasma membrane. The underlying
assumption of their model was based on a self-propagation mechanism,
where ROS generated by one RBOHD indirectly activates neighboring
RBOHD by triggering an influx of calcium ions through the plasma
membrane into the cell. Consequently, the generated ROS can travel
through the apoplast, leading to a self-propagating wave along the
one-dimensional array of cells. Their findings suggest that the mecha-
nism of RIRR is crucial for the observed transmission velocity of the
calcium wave.

Despite the successful modeling of the ROS-mediated calcium wave
propagation in the root of Arabidopsis thaliana, the model cannot be
directly applied to describe the wave velocity of ROS signaling in uni-
cellular communities. Here, we propose a reaction-diffusion model
designed to treat microorganism communities rather than plants, taking
into account factors such as cell distributions, which can be influenced
by both population density and cell mobility. Furthermore, the model
explicitly incorporates a cell-density-dependent ROS production/scav-
enging system to effectively reproduce the experimentally observed
wave velocity-population density relationship within colonies of Chla-
mydomonas reinhardtii grown on agar plates. Our model offers therefore
insights into the complex interplay between ROS production, cell dis-
tribution, and ROS scavenging effects in unicellular communities.

2. Results and discussion

2.1. Measuring the ROS wave in communities of C. reinhardtii at different
dilutions

We previously reported that the ROS wave was induced by a local
treatment of high light or heat stress in communities of C. reinhardtii
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grown on agar plates [12]. We also reported that accumulation of ROS,
and/or the induction of the ROS wave, did not occur if these commu-
nities were composed of the Rbo mutant of C. reinhardtii (deficient in the
C. reinhardtii homolog of the plant “respiratory burst oxidase homolog”
RBOH/NADPH oxidase/NOX [12]). As the RBOH-driven mechanism of
the ROS wave in C. reinhardtii requires further analysis, we developed a
model for the ROS wave in unicellular organisms based on our previous
studies and used computational tools to dissect it. To obtain ROS wave
velocities in communities of C. reinhardtii, we grew C. reinhardtii cells on
agar plates at different dilutions and measured the propagation velocity
of the ROS wave in response to a localized high light stress treatment
(Fig. 1A). The high light stress was applied to a local area of the plate
using a fiber optic (solid circle in Fig. 1A), and ROS accumulation was
measured using H,DCFDA as described in (Fichman et al. [12]). The
intensity of the ROS signal at the local area (solid circle; Fig. 1A) and at
an area away from it (systemic area; dashed circle in Fig. 1A) was
measured over time (Fig. 1B). From these values, the ROS wave velocity
at different dilutions was calculated (Fig. 1C). Based on experimental
image snapshots obtained from the varying dilutions, we mapped the
areas covered by C. reinhardtii as green and the uncovered areas as
white, respectively (Fig. 1D). Subsequently, we estimated the ratio be-
tween the area covered by colonies and the total area of the snapshot
image by counting pixels. The average estimated ratios (i.e., colony
coverage) were 0.1126 + 0.0226, 0.2283 + 0.0601, and 0.9276 +
0.0361 for OD values of 0.012, 0.12, and 1.2, respectively. These esti-
mations were based on five experimental snapshot images taken at each
OD value. A plot of the experimentally observed ROS wave velocity v
versus colony coverage p is shown in Fig. 1E.

Interestingly, the denser the C. reinhardtii community was, the slower
was the velocity of the ROS wave (Fig. 1C). This effect could be
explained by the scavenging effect of cells (i.e., the capacity of the
cytosol to scavenge HyO, once it enters it, coupled with the higher
overall volume of cytosol found in denser cultures), and/or by the
presence of extracellular ROS scavenging metabolites/enzymes found at
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Fig. 1. Measurements of the ROS wave in communities of C. reinhardtii cells grown as a lawn on agar plates at different dilutions. (A) Representative time-lapse
images showing ROS accumulation in agar plates containing lawns of C. reinhardtii cells prepared at dilutions of 1.2, 0.12, and 0.012 OD and treated with a
focused beam of high light (local treatment; solid circles). (B) Quantification of local (solid circles) and systemic (dashed circles) ROS levels at 0 and 30 min post-
treatment across different cell densities. Data shown as box plot graphs; X is mean + S.E., N = 30, *P < 0.05, Student t-test. Scale bar, 1 cm. (C) Table of exper-
imentally measured ROS wave velocities at each dilutions. All experiments were repeated at least 3 times with 10 agar plates per experiment. (D) Representative
snapshots of experimentally observed C. reinhardtii distributions. Top row depicts experimental image snapshots with OD values of 1.2, 0.12, and 0.012 (left to right),
bottom row corresponds to the color-mapped snapshots used for estimating the colony coverage p via pixel counting. Scale bar, 100 pm. (E) Plot showing experi-
mentally observed ROS wave velocity v versus colony coverage. Abbreviations: OD, optical density; TRE, total radiant efficiency; CFU, colony forming unit.
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the extracellular medium of denser cultures (an outcome of secreted
antioxidants to the extracellular matrix by cells in denser cultures). In
this respect, it should be noted that early work found that the denser a
bacterial community was, the higher was its ability to scavenge Hy0O»
(Ma and Eaton [37]). The process of peroxisome proliferation in the
cytosol of plant cells during stress could also have a similar scavenging
effect on H,O, as peroxisomes are rich in the H,O, scavenging enzyme
catalase, and the more peroxisomes are present in the cytosol (following
their proliferation) the higher is their ability to scavenge H5O, that
diffuses into them (del Rio et al. [38]). Taking into account the high
capacity of C. reinhardtii cells to scavenge H,O; (e.g., Dayer et al. [39]),
it appears likely that the observed effect of the community density on the
velocity of the ROS wave (Fig. 1C) is a direct outcome of HyO5 scav-
enging by cells, that slows down the propagation of the ROS wave. In
future studies it would be interesting to test the velocities of the ROS
wave in C. reinhardtii communities that are deficient in cytosolic scav-
enging capacity of HyO9. At least in plants, it was previously found that
the velocity of the ROS wave was faster in mutant plants that lacked the
major HoO3 scavenging enzyme ascorbate peroxidase 1 (Fichman et al.
[40]), supporting this possibility.

2.2. Capturing ROS diffusive dynamics using a continuum reaction-
diffusion model with RIRR

In principle, the observed ROS waves in C. reinhardtii communities
can be explained by the close interplay between ROS production, up-
take, and scavenging (Fig. 2A). The driving force behind the ROS wave
propagation is the RIRR process (Fig. 2B; red arrows). In this process,
ROS produced by activated NADPH oxidases (NOXs) can diffuse into the
intercellular space, or spread along the cell surface, triggering enhanced
ROS production by activating neighboring NOXs on the same or adjacent
cells. Additionally, extracellular ROS (Fig. 2B; blue arrows) originating
from adjacent NOXs or the intercellular space can be transported into
the cell through aquaporin channels. Moreover, cells also possess
effective cytoplasmic scavenging mechanisms (Fig. 2B; green arrows) to
maintain balanced intra- and extracellular ROS levels.

We here model the system through a continuum model based on the
following reaction-diffusion function:

Jdu

= @®

= DV?u + apH(u — uy) — ypu,
where u and D are ROS concentration and ROS signal diffusion coeffi-
cient, respectively. The effective production and scavenging of ROS by
the C. reinhardtii are modeled by apH(u — uy) and ypu, respectively,
where a and y are the effective ROS production and scavenging rates and
H(u — uy,) is the Heaviside step function. The production term is pro-
portional to the colony coverage p and as shown by the step function
H(u — ugy,), is only activated when the local ROS concentration surpasses
a specified firing threshold uy. The major feature that differentiates our
model from previous studies [14,33,34] is the cell-density-dependent
production and scavenging rates. In other words, @ and y are both
functions of the colony coverage p in our proposed continuum model.
This assumption (i.e., cell-density-dependent rates) is based on the
experimental observation of cell-density-dependent ROS levels found in
cultured neural precursor cells [41] and C. reinhardtii grown on agar
plates (this study). For both systems, cells cultured at lower density
showed a significantly higher ROS level than the same cells cultured at
higher density. Mathematically, we employ the following functional
forms for a and y:

a=c+be®,y=dp, ®)

where a, b, ¢, and d are constants to be determined. By rescaling the ROS

concentration u and the ROS production rate a by the threshold con-

centration uy: u = u/uy, and @ = a/uy, we can effectively set uy, to 1.
To reveal the relationship between ROS wave velocity and colony
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Fig. 2. The conceptual model illustrating the mechanisms underlying the ROS
wave propagation. (A) The three key processes within a single C. reinhardtii cell.
(B) A simplified model for the RIRR signaling pathway. The ROS produced by
NOXs (red circles) undergo three paths: (1) The produced ROS can diffuse along
or away from the cell surface, activating ROS-producing NOXs in the same or
adjacent cells (red arrows); (2) The diffused ROS can be transported into the
cell (blue arrows) through aquaporin channels (yellow ellipses); (3) The
transported ROS can be scavenged (green arrows) inside the cell (cytoplasm;
grey). The interplay between ROS production, transport, and scavenging gives
rise to the self-propagating ROS waves observed in algal communities. Not
shown is the potential scavenging of ROS outside of cells.

coverage, we focus on the traveling wave solution to the diffusion-
reaction equation: u(r,t) =u(é) and & =r —vt [33], where r is the
radial distance and v is the ROS wave speed. In terms of variable ¢, Eq.
(1), the original partial differential equation (PDE), is reduced to the
following ordinary differential equation (ODE):

u

ou
D—2+V—

T o 3

+ apH(—¢) — ypu =0,

where we have omitted the terms ~ 1/r or 1/r? as we are concerned with
the asymptotic wave behavior, where the ROS wave front has propa-
gated to a position distant r>>D/v from the initiation spot. Here we also
assume the wave is isotropic over 0 thus 0*u/d¢> ~ 0. The step function
H(— ¢) implies u(0) = um, meaning & = 0 is defined as the wave front
where the local ROS concentration equals the firing threshold uy,. The
above equation can be solved with the conditions u(0) = us; and
limg_o-u(€) = limeo+u(é):

upe®,£> 0

u(é):{(uth—a/y)ea* +a/%§§0, (€)]

where A4 (— vE/Vv2 + 4Dyp) /2D. Using the boundary condition
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limg_,o- 0u/ 0 = lim_, o+ 0u/0f we can derive the ROS wave velocity vasa
function of the model parameters:

)
(-2 )

The model involves five parameters (D, a, b, ¢, and d). Based on the
experimentally observed H,0, diffusion coefficient [42,43], we set the
diffusion coefficient D to be 1000 pmz/s. From the decay constant k of
H50, observed in 0.2 % agarose slices [43], we set the decay rate d to be
0.1s7% By combining Eq. (5) and the experimental data (Fig. 1) for the
ROS velocity for the different colony coverages, we find the effective
parameters: a = 14, b = 50 and ¢ = 0.35. As shown in Fig. 3, using the
cell-density-dependent production @ and scavenging y rates (Fig. 3B),
the model recapitulates the observed wave velocity-colony coverage
relationship (Fig. 3A). The ROS concentration profiles at the traveling
wave front (¢ = 0) for different colony coverages exhibit an exponential
decay in the (non-excited) region £ > 0 where the ROS concentration u is
below the threshold uy, for the excitation of ROS (Fig. 3C). To investigate
the general behavior of ROS wave propagation, we also performed
simulations to solve Eq. (1) without the traveling wave ansatz in polar
coordinates for p = 0.9276. As shown in Fig. 3D, the ROS velocity
calculated from the simulated ROS concentration profiles at different
timestamps closely reproduces the observed result. The result supports
the validity of the analytical solution with the traveling wave ansatz. See
Materials and Methods for descriptions of the parameters and

1/2

v= {4Dyp

1/2

= {4Dalp2 (5)
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variables and technical details of the simulation.

2.3. Simulating ROS diffusive dynamics with sampled colony distributions

To further validate the continuum model and the associated model
parameters, we went beyond the continuum model by sampling discrete
colony distributions that resemble the actual distribution observed in
experiments. Specifically, we modified Eq. (1) to incorporate the
sampled discrete colony distributions:

u_ DV?u + ap(r)H(u — ug) — yo(r)u, (6)

at

where the colony coverage p(r) = ¢(r) now depends on the position r:

@)

0, r outside colon;
o) = { v

1,r inside colony.

Here, we use ¢(r) to represent the position-dependent colony coverage
p(r) in order to distinguish it from the average colony coverage p used in
the previous sections.

Sampling experimentally observed C. reinhardtii colony distributions on
agar plates. The average colony coverage p can be estimated from
experimental snapshots of colony distributions (Figs. 1D and 4). To
sample discrete colony distributions (i.e., ¢(r)) for a given colony
coverage (from OD), we employed a progressive sampling procedure. In
this procedure, C. reinhardtii colonies with diameters following a
Gaussian distribution ./ (ﬂ, 0'2) are repeatedly placed until the colony
coverage p, representing the occupied area ratio, reaches the afore-
mentioned threshold value. Overlapped regions between colonies are
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Fig. 3. Results obtained from the continuum model. (A) Experimentally observed ROS wave velocities (black dots with error bars) and the calculated wave velocity-
colony coverage (v — p) curve (grey). (B) The fitted a and y functions used for deriving velocities in (A). (C) ROS wave front concentration profiles over ¢ for different
colony coverages. (D) Simulated ROS concentration profiles for a particular colony coverage (p = 0.9276) at different timestamps. The initial activation area is

centered at the origin with a radius of 1 mm.
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Fig. 4. Example snapshots of computationally sampled C. reinhardtii distribu-
tions. (A) Illustration of the sampled C. reinhardtii distribution that satisfies the
ratio threshold for an OD value of 0.12 (i.e., p = 0.2283). Blue circle encloses
the stimulated area with a radius of 1 mm. 23,062 pseudo colonies are confined
in a virtual 2D square plate with a size of 2 x 2 ecm. Each colony in the plate is
characterized by a circle with diameter randomly sampled from the Gaussian
distribution with mean p and standard deviation ¢ set to 75 pm and 10 pm,
respectively. (B) A zoomed-in view of a 2 x 2 cm sampled colony distributions
(colonies are shown in grey color).

only counted once. In the specific case shown in Fig. 4, the colony
coverage p is set to 0.2283, and from the experimental snapshots, we
estimated the colony size distribution with the mean diameter x and the
standard deviation 6: ¢ ~ 75 pm and 6 ~ 10 pm.

Reproducing observed ROS wave velocities for sampled C. reinhardtii
colony distributions on agar plates. The technical details of the simulation
can be found in the Materials and Methods. There are three types of
ROS wave velocities calculated for each simulation: Vyas, Vsiow, and Vayg.
Viase and Vg, were calculated by vy = (Rmax(t) — Ro)/t and Vge, =
(Rmin(t) — Ro)/t, where Ryax(t) and Rpy(t) represent the farthest and
nearest propagated distances from the origin during the stimulation time
t, and R, is the radius of the initially stimulated area. v, is the average

ROS wave velocity calculated from vg,, = (w /A/m — RO) / t, where A is

the area of the plate with ROS concentration exceeding the firing
threshold and /A/7 is the effective radius of coverage of the excited
area. See Fig. 5A-F for snapshots of ROS wave propagation from the
initially stimulated area at different timestamps. The ROS wave veloc-
ities obtained from the simulations were plotted against time (Fig. 5G-I),
and the results indicate that the simulated vj, can closely reproduce the
experimentally observed ROS wave velocities for different colony dis-
tributions. The larger discrepancy between the va, and the observed
wave velocity for systems of low colony density (Fig. 5G) is expected, as
the system largely deviates from the continuum limit.

3. Conclusions and future development

Transmission of RIRR signals is a general principle in biology used to
propagate information in the form of ‘altered ROS production state’
between different subcellular compartments/organelles, cells, tissues,
and even different organisms [9,11,12]. We have recently shown that
this signaling mechanism functions in communities of microorganisms
such as Chlamydomonas reinhardtii and Dictyostelium discoideum grown
on agar plates [12]. Here, we applied a reaction-diffusion model with
RIRR to explore the mechanisms behind the systemic transmission of
stress-induced ROS waves in communities of C. reinhardtii grown on the
surface of an agar plate. In this respect, it should be noted that in nature
C. reinhardtii was found to grow on soil, snow, and other surfaces [44,
45]. Our analyses suggest that the reaction-diffusion model with RIRR is
able to reproduce the observed ROS transmission velocity in unicellular
microorganism communities of C. reinhardtii grown on agar plate. With
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the manipulation of key parameters (e.g., D, a, and y), our model can be
applied to systems under various conditions (e.g., different ROS scav-
enger/inhibitors, mixed cell populations, and wild type/mutant cell
mixtures [12]). In addition, as our model takes into consideration the
interplay between production and scavenging ROS rates, it could be
adapted to explain RIRR signaling pathways in many other systems and
organisms, as well as in microbiomes that play a key role in our eco-
systems (e.g., Refs. [12,13]). Future development of our model should
include: (1) Consideration of the scavenging effect within the intercel-
lular space. We can also consider the scavenging effect in intercellular
spaces in the presence or absence of different concentrations of various
ROS scavengers, including information of the reaction types between
different scavengers and ROS. (2) Accounting for the 3D nature of cells.
While the cells modeled here were cultured on the 2D surface of the
plate, the cells are 3D objects and can even form layers, depending on
the population density. For example, unicellular algae have been
observed to move/vibrate in an up/down fashion. This certainly adds 3D
aspects to the ROS signal transmission in space. To investigate the effects
of the extra dimension on the ROS signal propagation, we can extend the
model to 3D by modeling the cells as 3D objects of a given size and
shape. In future studies, we can also adapt the approach developed for
2D cell distributions, expanding the sampling space of cell distributions
and extending the diffusion-reaction equation to 3D space. (3) Modeling
the effect of cell mobility on ROS signal transmission. Unicellular or-
ganism such as C. reinhardtii and amoeba, growing in liquid, or mixed
solid/liquid media, may exhibit mobility (e.g., chemo- and photo-taxis)
during the experiment, such system will be drastically different from the
static ones, and our current model may not be able to capture the dy-
namics and require further modifications. A potential solution is to
consider the movement of cells and the propagation of ROS signals as
two distinct and independent events. By treating cells as beads, we can
use the Brownian dynamic to simulate the trajectory of each individual
cell within the community, then we can explicitly incorporate the
movement of each cell in the simulations with the proposed
reaction-diffusion model. Another modification that might be needed in
the future is the consideration of other ROS species produced by, for
example, the chloroplast, mitochondria, or peroxisomes. In the current
study we developed a model for NADPH oxidase-driven ROS (that is
based on the finding that ROS accumulation detected in our experi-
mental assay is fully dependent on the Rbo gene of C. reinhardtii [12].
However, other types of ROS could contribute to the ROS wave. The
analysis of these other types of ROS may require further modifications of
the model. In future studies the scavenging potential of different com-
munities with different densities should also be measured. This will
require however the development of ROS imaging systems for cells
grown in liquid, and proper antioxidant assays. As ROS and redox play
such a central role in biology [46-50], developing tools and methods to
study ROS/redox signaling is one of the highest priorities for biological
research. As described above, the newly developed model described in
this work could be further developed and/or used to explain RIRR
signaling mechanisms common to many different biological processes
and systems occurring in different organisms, required for our health as
well as the health of our ecosystems.

4. Materials and Methods

Organism. Chlamydomonas reinhardtii cells were obtained from the
Chlamydomonas Resource Center, University of Minnesota, St. Paul,
MN, USA, and the UTEX Culture Collection of Algae, Austin, TX, USA.
C. reinhardtii cultures were grown on agar plates containing P49 solid
media (UTEX Culture Collection of Algae, Austin, TX, USA) as described
in Fichman et al. [12]. Cultures in different dilutions were grown for 3
days at 8 h/16 h light/dark cycles before ROS imaging.

ROS imaging. Agar plates containing culture (lawns) of C. reinhardtii
cells, prepared at different dilutions, were fumigated with 50 pM
H)DCFDA (Ex./Em. 480 nm/520 nm; Millipore-Sigma, St. Louis, MO,
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Fig. 5. Representative snapshots of simulated ROS wave propagation in communities of C. reinhardtii grown on agar plates at different timestamps and the derived
ROS wave velocities for different colony coverages (A,D,G) p = 0.1126, (B,E,H) p = 0.2283, and (C,F,I) p = 0.9276. (A-F) Snapshots of the simulated ROS con-
centration distributions at different timestamps. (A-C) At the beginning of the simulation (T = 10 s), ROS are still confined within the initially stimulated region (blue
circle with a radius of 1 mm). (D-F) ROS concentration distributions after simulating the entire system for 80 s. The color bar represents the relative strength of the
ROS signal (i.e., ROS concentration), where a higher concentration of ROS is depicted by a redder color. (G-I) Calculated ROS wave velocities at different timestamps.
The dashed lines (grey) represent the experimentally measured wave velocities. The model parameters obtained from the continuum model are employed for the

simulation. The systems were simulated with time step of 107> s, grid size of 5 pm, and no-flux boundary conditions on the boundary of the (square) system. See
Materials and Methods for an explanation of the parameters and variables and technical details of the simulations.

USA) in 0.05 M Phosphate buffer pH 7.4 with 0.01 % Silwet L-77.
Fumigation was carried out for 30 min using nebulizers (Punasi Direct,
Hong Kong, China). Following HoDCFDA fumigation, high light stress
(1500 pmole photons m~ %1 was applied with a fiber optic light source
for 2 min as described in Fichman et al. [12] and live ROS accumulation
was imaged using the IVIS Lumina S5 platform (Fichman et al. [12,40]).
Acquired images were then analyzed using the math function in Living
Image software (PerkinElmer, Waltham, MA, USA), and graphs gener-
ated as described in Fichman et al. [12].

Finite difference method for simulating the continuum model.
Using polar coordinates, the continuum model can be written as the
following:

Pu Dou Ddu

rTartrw

Jdu

+ apH(u — ug) — ypu. (8

We can discretize the simulated system over the polar radius r and
the time t, and denote u¥ = u(r;, t). Using the FTCS (forward time-
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centered space) method, we can explicitly write the recurrence
equation:

DAt
U = apAH( — ug) + (1 — ppAt +

(Ar)z (lli-(‘f’l o u;(—l - 2“5)

o (i i), ©)
where Ar and At are the one-dimensional bin size and the time step size,
respectively. The simulated system size (radius) is 3 cm, and the initial
activated area is centered at the origin with a radius of 1 mm. The bin
and time step sizes are set to 10 pm and 0.0001 s, respectively. No-flux
boundary conditions (i.e., 0u/0n|ypy4q, = 0) are implemented at the
system boundaries.

Finite difference method for simulating the model on sampled
colony distribution. Using Cartesian coordinates, the model can be
written as the following:
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0 Pu
=D [Elzl 3 WZ] + ap(rH(u — ug) — yo(r)u 10)

We can discretize the simulated system over the Cartesian co-
ordinates (x and y) and the time t, and denote u,’.‘j = u(x,- ,yj,tk) . Using the

FTCS (forward time-centered space) method, we can explicitly write the
recurrence equation:

K+l _
u;;

DAt [,
+— (u‘i+1j+u*i—1j

ag(r)AtH(u — un) + (1 — yo(r) Aty a7

ol + il — ),
an

where Al and At are the bin size (same for x and y) and the time step size,
respectively. The dimension of the simulated system size is 2 x 2 cm, and
the initial activated area is centered at the origin with a radius of 1 mm.
The bin size and the time step size are set to 5 pm and 0.001 s, respec-
tively. No-flux boundary conditions (i.e., du/on|y,uge, = 0) are
implemented at the system boundaries.
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u(r,t) ROS concentration at radial distance r and time t since stimulation

U, ROS threshold concentration for activating ROS production

p ratio between C. reinhardtii covered area and plate’s area

o(r) discrete colony distribution at position r

D ROS signal diffusion coefficient

a effective ROS production rate

Y effective ROS scavenging rate

r radial distance to the center of the stimulation

t time interval since the stimulation

v traveling wave speed of the ROS wave

£ transformed radial distance in the traveling wave frame of reference

u mean of the Gaussian distribution used to sample colony

c standard deviation of the Gaussian distribution used to sample colony
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