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Abstract

Orchestrated chemical signaling of single cells sounds to be a linchpin of emerging organi-

zation and multicellular life form. The social amoeba Dictyostelium discoideum is a well-

studied model organism to explore overall pictures of grouped behavior in developmental

biology. The chemical waves secreted by aggregating Dictyostelium is a superb example of

pattern formation. The waves are either circular or spiral in shape, according to the incre-

mental population density of a self-aggregating community of individuals. Here, we revisit

the spatiotemporal patterns that appear in an excitable medium due to synchronization of

randomly firing individuals, but with a more parsimonious attitude. According to our model, a

fraction of these individuals are less involved in amplifying external stimulants. Our simula-

tions indicate that the cells enhance the system’s asymmetry and as a result, nucleate early

sustainable spiral territory zones, provided that their relative population does not exceed a

tolerable threshold.

Introduction

Cell communication has marked a major transition in the evolution process of life complexity

which resulted in multicellular organisms containing many cells acting in concert [1, 2]. This

ability is coordinated by biochemical signaling networks within individual cells. This process

becomes feasible via chemical signaling between fellow creatures. Once the same chemicals are

being sensed and produced, every single cell in the population attunes itself to the presence

and activities of other cells around it. This collective behavior can lead to the “emergence” of

constructions, a new structure only created by a lot of individual interactions between single

cells [3]. This is one of the most fascinating and mysterious features of evolutionary life. In par-

ticular, collective migration of cohesive cell groups is substantial in organizational construc-

tions like embryogenesis, tissue formation, wound healing, and cancer invasion [4]. In

addition, this collective behavior of unicellulars has been appealing to inspire the engineering

of swarm robotics in recent years [5]. All the above complex emergent behaviors arise from a
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relatively simple behavior of individual entities following a certain ruleset of interactions. The

subsequent order and unification appear after the population density of signaling cells meets a

threshold. It turns out that “more is different”, but how many more cells are needed for syn-

chronization to happen among the population and global signal propagation? Any answer to

this question also might relate to the important ambivalence in the field of developmental biol-

ogy that which one is precedent over the other: organization or differentiation? One of the

well-established model organisms in developmental biology to address general views of com-

munication, collective behavior, morphogenesis, and differentiation is the amoeba Dictyoste-
lium discoideum. The amoeba is studied particularly as a borderline between one cell type and

two. The cells are capable to evolve from a unicellular to a multicellular organism during their

life-cycle by resorting to a chemical mechanism of intercellular communication [6]. During

most of its life-cycle, the organism lives in the soil as a single amoeba and feeds on bacteria.

When the nutrients are depleted, the cells secrete a chemical called cyclic adenosine mono-

phosphate (cAMP) in response. This starts a multicellular developmental process [7]. Cells

sense gradients of cAMP which has been emitted from their fellow creatures and direct their

chemotactic movements towards regions of its higher concentration. They simultaneously

amplify the environmental cAMP concentration by secreting it in their turn. The amplification

dynamics results in a periodic cAMP wave propagation process in the medium. The waves

propagate from the aggregation center outwardly and guide the chemotactic movement of

other cells towards the locus. As a result, up to a million amoeboid cells stream towards the

aggregation centers. Thereafter the system goes through a sequence of morphogenetic phases

which ultimately land up a fruiting body consisting of two cell types: a delicate stalk of millime-

ter height, in which about 20% of the cells die to lift the mass of encapsulated spore cells up

and hold them off the ground for optimal spore dispersal [8].

The biochemistry behind the process of signaling is acceptably well-understood [9]. The

process starts after that the extracellular cAMP is bounded to the membrane’s peripheral

receptors. This triggers a chain of intracellular chemical reactions which leads to the produc-

tion afresh of cAMP and its release into the extracellular medium. The cycle attains its termi-

nus after degradation of cAMP by the enzyme phosphodiesterase, through which the receptors

become free again [10]. In order to form the spatiotemporal patterns, it is necessary that the

concentration of re-produced cAMP exceeds that of initially bounded to receptors. This hap-

pens through a non-linear autocatalytic process and thus comes at an expensive price [11].

However, during the aggregation process, each and every single cell of the population is con-

fronted with the limits posed by the energetic costs of cellular metabolism for signaling and

locomotion while it is in the starving phase of its life cycle [12]. Hence, naturally, they should

be inclined to parsimoniously spend their energy, both at the individual and population levels.

Although it is possible that the whole number of cells cooperate in signal relaying dynamics

throughout the medium, it is a reasonable question to ask that if it is plausible for them to do

so as energy-consuming units?

On the other hand, one of the crucial issues in the genesis of global coherent spatiotemporal

patterns in a medium of randomly distributed signaling individuals is that how and why the

system selects between circular and spiral waves to propagate chemical information from one

point to another [13]. Circular waves generally appear as coherent activity of a group of indi-

viduals, which are referred as pacemakers. The cells spontaneously oscillate and send out peri-

odic pulses of cAMP [14]. However, spiral waves emerge due to breaking the symmetry of

interfacing circular patterns [15]. They are sustainable and not extinguished once they arise.

Besides, the oscillation frequency of spiral waves is often higher than circular ones [14, 16]. In

principle, the formation of spiral patterns provides a sustainable cue for the individuals to

steer them toward a focal point [17].
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Analysis of emerging cAMP waves during aggregation process of Dictyostelium shows that,

while in areas with low population densities circular patterns are more favored, in zones with

higher population densities spiral waves are preferred more [7, 13, 18, 19]; however, there are

deviations from this observation [9, 20].

From a theoretical point of view, it has been shown that the presence of moderate levels of

dynamical noise in a nonlinear system can result in enhanced signal strength [21], in the effect

known as spatiotemporal stochastic resonance. In this study, we will discuss the effect of addi-

tive colored noise in construction of sustainable propagating waves in excitable medium.

Here, we use excitable medium formalism as a general framework to elucidate general features

of spatiotemporal patterns emerging from cell-cell signaling, plus an extra condition permit-

ting the appearance of population bimodality. The basic idea of the model is an ansatz, which

assumes that it is probably more affordable for the population if a fraction of cells contribute

less in amplifying cAMP oscillations in the streaming aggregates and retain their energy for

future population survival. We see that this assumption not only is profitable to spend the pop-

ulation’s energy but also advances synchronization of individuals and as a result, earlier emerg-

ing sustainable spiral patterns, even in low population densities.

Materials and method

In general, an excitable medium is comprised of a continuous set of coupled locally excitable

regions, i.e. cells, which can be both independently stimulated and inhibited. Each cell is char-

acterized by the level of its local extracellular cAMP u and the state of its cAMP receptors v.

The medium is capable of transmitting information (u value) via promoting spatiotemporal

cAMP wave patterns within itself [22]. Components of this medium enjoy of having two dis-

tinguishable states: rest and excited. An individual’s rest state can be raised to the excited state,

provided that the concentration of diffusive stimulus secreted by its neighbors exceeds a

threshold. The cell plays the same excitatory role for its adjacent cells in turn and this process

initiates a propagating excitation wave throughout the medium. The main dynamical features

of a broad class of excitable media can be simulated by a two-component reaction-diffusion

system of the form [23]

@u
@t
¼ f ðu; vÞ þ r2u; ð1Þ

@v
@t
¼ u � vþ ZðtÞ: ð2Þ

in which the local kinetics of the activator u and the inhibitor v is governed by the nonlinear

functions f(u, v) in Eq 1 and the linear function u − v in Eq 2, respectively. We assume that

f(u, v) = �−1u(1 − u)(u − uth), where uth = (v + b)/a. The parameter � indicates excitability of

the system which is the time-scale difference between the fast excitatory variable u and the

slow refractory variable v while a and b are the controlling parameters of the model. Our

numerical simulations are based on a slightly modified version of Barkley model [24]. In our

model, we assume that a given cell is in its excited state if its corresponding value of u exceeds

the size of boundary layer δ, See Fig 1A.

In Eq 2, the function η(t) reflects affected noise on the inhibitor variable v. We assume that η is

driven by a colored noise known as Ornstein–Uhlenbeck process with @Z

@t ¼ � l Zþ
ffiffiffiffiffiffiffiffiffiffi
2Dl
p

zðtÞ,
which has intensity D and correlation time λ−1. Here, z(t) is Gaussian white noise of mean zero

and correlation function<z(t)z(s)> = δ(t − s) [25].
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The local dynamics of an excitable medium, that is the dynamics in the absence of diffusion,

See Fig 1A, is characterized by a stable but excitable fixed point. The point sits at the intersec-

tion locus of u and v nullclines, which are the answers of f(u, v) = 0, and u − v = 0 line respec-

tively. Fig 1A provides a schematic illustration of typical corresponding nullclines. Small

perturbations of the rest state decay and return to the fixed point immediately. However, per-

turbations that exceed the boundary layer size δ increase and decay only after the system has

performed a large excursion in the uv-phase plane. In this case, after passing a long loop the

system relaxes to the fixed point and stands by for the next itinerary.

A special feature of a spatially extended system of excitable media is that such systems pro-

mote local impulses i.e. leading to propagating spatiotemporal patterns throughout the system.

In reality, this takes place provided that the diffusive coupling of the excitable elements is of

adequate strength. The diffusive mechanism with which adjacent excitatory cells stimulate

each other via signaling messenger u is schematically illustrated in Fig 1B. Here the blue aster-

isked unit is in its excited state while all its nearby cells relax in their rest state, .i.e. they are

green. The strength of the diffusion of the local u is sufficient to impel one of at rest neighbors

cell, say its right neighbor, into its excited state, as depicted in Fig 1B. The excited state of the

blue cell soon becomes refractory, a state in which the cell neither stimulates nor is stimulated

by its neighbors. Note that the cells have to be close enough so that diffusion of signaling mes-

senger works constructively to share the information of the amount of u from one cell to the

other.

As a matter of fact, the nonlinear cubic term f(u, v) in Eq 1 is necessary to shape patterns.

An evident feature in the aggregation of Dictyostelium amoebae is that the environmental

cAMP signals are amplified by the individuals [6]. But, what if there are a fraction of the indi-

viduals which are less involved in amplifying external stimulants? Let us suppose that the pop-

ulation of aggregating cells is not pure, but mixed including two types based on their tendency

to treat proactive/cooperative or reactive/less-cooperative behavior in the population. A group

of cells are capable (and tend) to boost the external cAMP signaling messenger via secreting

more cAMP locally; This way, they form pacemakers that trigger periodic pulses of cAMP in

Fig 1. (Color online) schematic illustration of local dynamics. Corresponding dynamics of the excitable system in uv-plane is depicted by its nullclines. The u
nullcline includes three separate lines: u = 0, u = 1 and u = (v + b)/a, while the line u = v is the v nullcline. The dotted line indicates the boundary layer δ which all the

initial conditions within it decay to the fixed point. The itinerary in the uv- plane starts haphazardly once the value of u exceeds the amount of δ. Eventually, the

itinerary returns to the fixed point after passing a large excursion, adapted from [24] (A). The medium consists of excitable cells spatially connected to each other by a

diffusion-like coupling. An exited cell (the blue asterisk unite) is capable of triggering excitation through its neighbors with the help of diffusing cAMP molecules (B).

https://doi.org/10.1371/journal.pone.0259742.g001
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the medium. This is modeled by the nonlinear term in the Eq 1. We refer to this group of indi-

viduals as proactive/cooperative cells. The other type of cells is potentially unable to amplify

the environmental cAMP concentration. Thus, they are reactive/less-cooperative. These indi-

viduals align their locomotion toward the gradient of the chemical stimulus, utilizing the signal

released by other cells. Based on the model, the same set of equations as Eq 1 governs the

dynamics of reactive/less-cooperative cells except that instead of the cubic term in this equa-

tion, they possess a linear term as u − uth. Now, the question is that, considering the energy

cost of nonlinear behavior and time limitations during which intercellular biochemical reac-

tions occur to form spatiotemporal patterns, what is the ideal combination of the cells in the

mixed population? In other words, assuming that the population density of the whole popula-

tion is ϕ1 and among these cells, a fraction of ϕ2 are reactive/less-cooperative ones, what is the

optimum value of ϕ2 by which the system can bear the subsistence of the cells before depriving

spatiotemporal patterns totally?

Results

Population density of individuals has to meet a threshold for global

spatiotemporal patterns appearance

Circular and spiral waves are two generic spatiotemporal patterns of excitable systems. Depend-

ing on the system’s initial condition and interacting parameters, the spatial diversity distribu-

tion of individuals and frequencies of oscillatory elements the corresponding features of

circular waves or spiral ones are favored by the medium [19]. The aim of current investigation

is to study the probable presence of a mixed population at the early stages of cell aggregation.

Accordingly, we restrict the simulations only to the wave propagation properties upon which

even in high densities of a single species population the shape of patterns are circular. For a

thorough list of parameters see section S1 Appendix. Shown in Fig 2 are spatiotemporal snap-

shots of different lattices exclusively composed of proactive/cooperative cells with different pop-

ulation densities ϕ1. From Fig 2, this is apparent that for low pure population densities (ϕ1 <

0.4), the local chemoattractant cAMP concentration is insufficient to synchronize the individu-

als in a way that global territory zones of patterns form. Throughout this study, we focus our

attention on the system whose at least ϕ1 = 0.4 fraction of its lattice units are covered with cells.

Spiral waves appear in a field composed of the mixed population even at

low population densities

One of the most striking features of non-pure bimodal populations is the emergence of spiral

waves at low population densities. Fig 3 panels: 3A, 3D, 3G, 3J, 3M shows time-lapse frames of

Fig 2. Emergent patterns on different lattices including randomly distributed firing cells with variant ϕ1. ϕ1 is population density of the cells which determines the

number density of occupied units on the lattices of size 400 × 400. Here, the cells are exclusively of proactive/cooperative type. All parameters of the model are kept the

same for these systems and listed in section S1 Appendix.

https://doi.org/10.1371/journal.pone.0259742.g002
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spatiotemporal patterns appearing in systems with different ϕ2 values, where just half of the

lattice units are occupied,. i.e. population density of all systems are ϕ1 = 0.5. Fig 3A illustrates

appearing and disappearing circular waves where the whole cells are proactive ones (ϕ2 = 0)

and panels D, G, J, and M show signaling patterns of systems in which population density of

reactive/less-cooperative individuals are none-zero with the ϕ2 value indicated beside each

row, See also S1 to S5 Videos. The difference of these patterns becomes exquisite when a small

fraction of cells (say ϕ2 = 0.1) are of reactive/less-cooperative type, Fig 3D, where spiral pat-

terns emerge, S2 Video. Indeed, it seems in bimodal populations with a low population density

of reactive cells, circular waves interact with one another setting up into spiral waves. However,

when the reactive population density exceeds the threshold value of ϕ2 = 0.1, the waves extin-

guish just to fluctuate in local cAMP concentration and the distinguishable spiral waves disap-

pear gradually.

Fig 3. (Color online) Propagating wave through a system with ϕ1 = 0.5 and ϕ2 = 0.0 (A), ϕ1 = 0.5 and ϕ2 = 0.1 (D), ϕ1 = 0.5

and ϕ2 = 0.2 (G), ϕ1 = 0.5 and ϕ2 = 0.3 (J) and ϕ1 = 0.5 and ϕ2 = 0.4 (M). There are 60 iteration interval between the illustrated

subsequent patterns, here ‘it’ is an abbreviation for iteration. Emerging spiral waves are distinguishable only at (D) See also S1

to S6 Videos. Mean concentration of signaling agent, calculated as �uðtÞ ¼ 1

N2

P
ijuijðtÞ where uij(t) is the cAMP concentration

of point (i, j) at time t, in a system with ϕ1 = 0.5 and ϕ2 = 0.0 (B), ϕ1 = 0.5 and ϕ2 = 0.1 (E), ϕ1 = 0.5 and ϕ2 = 0.2 (H), ϕ1 = 0.5

and ϕ2 = 0.3 (K) and ϕ1 = 0.5 and ϕ2 = 0.4 (N). Logarithmic scale of standard deviation of u, calculated as

sðtÞ ¼ 1

N2

P
ijðuijðtÞ � �uðtÞÞ2

h i1=2

, for a system with ϕ1 = 0.5 and ϕ2 = 0.0 (C), ϕ1 = 0.5 and ϕ2 = 0.1 (F), ϕ1 = 0.5 and ϕ2 = 0.2

(I), ϕ1 = 0.5 and ϕ2 = 0.3 (L) and ϕ1 = 0.5 and ϕ2 = 0.4 (O). Red and black lines are representatives of growing phase and

oscilatory one, respectively. In each plot red line is the linear regression of log(σ(t)) for the first 300 iterations of every

simulation. Black line in each diagram is the mean value of log(σ(t)) in the last 3000 iterations in each simulation. The

magnified window located in right bottom of panels C, F, I, L and O illustrates the crossover time of the system dynamics

between these two regimes. The vertical gray dashed line corresponds to the crossover time in a pure system with ϕ1 = 0.5 and

ϕ2 = 0.0 which is the intersection point of black and red lines in panel (C).

https://doi.org/10.1371/journal.pone.0259742.g003
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To assess the concentration level of signaling messenger u, we compute the mean-field

concentration of the stimulant in the medium as �uðtÞ ¼ 1

N2

P
ijuijðtÞ where uij(t) is the

cAMP concentration of point (i, j) at time t. It seems that even in the presence of the reactive/

less-cooperative cells the average concentration of stimulants remains intact, between 0.05 and

0.08, Compare trend value of �uðtÞ plot in panels: B, E, H, K, and N of Fig 3. This brings us to the

conclusion that the situation of the system has not change for the worse in this case after making

the population bimodal. The concentration standard deviation, which is the root mean squared

fluctuation in the cAMP chemical concentration reads as sðtÞ ¼ 1

N2

P
ijðuijðtÞ � �uðtÞÞ2

h i1=2

.

Comparison of panels C, L, I, F, and O of Fig 3 persuade us that the behavior of time evolution

of stimulant concentration standard deviation is almost identical in each case. It has typically

two regions separated by a crossover time, which is the intersection point of two lines defining

two distinct dynamical behavior. The concentration width initiates by growing exponentially

and after passing the crossover time, its dynamics follows an oscillating behavior around some

saturated value. The saturated regime occurs during the very time period that the spatiotemporal

waves are observable in the medium. In Fig 3, the crossover time of the system which only

includes proactive/cooperative cells, T, is illustrated as a dashed line. The line is considered as a

benchmark against which one can decide about the same quantity in other systems and inspect

the impact of the presence of reactive/less-cooperative cells on the quantity. Remarkably, the

crossover time between two growing and oscillating regimes occurs earlier when reactive/less-

cooperative cells attend in the medium. One may conclude that reactive/less-cooperative indi-

viduals advance the population’s synchronization to construct spatiotemporal patterns.

The growth slope of the plots before crossover time is indicated inside each panel, see panels

C, L, I, F, and O of Fig 3. The quantity is a measure of how fast the fluctuating dynamics of

concentration evolve to reach out the oscillatory dynamics. It seems that the slope has descend-

ing behavior with respect to the presence of reactive individuals. At the beginning of each sim-

ulation, only firing cells which are randomly distributed throughout the network are in excited

state and all other cells are at rest state. Thus, averaging out the value of u on the whole net-

work gives random fluctuating values in successive times. After a while, signaling messengers

diffuse to neighbor cells and make them excited. When a sufficient number of cells become

excited, the spatiotemporal oscillating patterns emerge. Indeed, as a result of diffusion of u the

amplitude of cAMP fluctuations descends. However, since every individual swings between

the two excited and rest states, the mean value of u in the network permanently fluctuates,

even if with smaller amplitude.

Mere presence of reactive/less-cooperative individuals do not affect

population’s synchronicity markedly

As an important illustration of the general features of collective signalling, we consider the

cross-correlation S for the u variable as space and time-averaged nearest-neighbor distance of

all elements, normalized by the total spatial amplitude variance [26]. The quantity measures

the coherency of the patterns and is defined as S ¼ hCovðtÞ
s2ðtÞ it where Cov(t) is spatial auto-covari-

ance of nearest neighbors at time t elucidated as CovðtÞ ¼ N � 2
P

ij
1

4

P
b2Nij
ðuij � �uÞðb � �uÞ.

Here, b takes up u values of all 4 elements of a von Neumann neighborhood Nij at each lattice

site and the bracket hit denotes averaging over the total integration time t. This is a quantitative

measure for the relative change of the order in a spatially extended system. Its maximal value is

S = 1 for a completely synchronized network in space and time. Table 1 provides details about

the S value for variant pairs of reactive and proactive mixture in a medium in which half of its

surface is covered with the cells. The three rows of the table represent the S value of three
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independent realizations for each simulated system. Comparing the first array of each row,

which belongs to a system in the absence of reactive individuals, with other ones in each array,

we see that the S value experiences a modest decline (around 0.01) in presence of reactive cells.

However, this quantity hardly changes and remains fairly constant when the fraction of reac-

tive cells increases in the medium. The survey of the value for a bunch of systems with variant

pairs of ϕ1 and ϕ2 reveals that the S value for the whole systems are between 0.930 and 0.950.

Low proportions of reactive/less-cooperative individuals in a population

contribute to the formation of sustainable spiral waves

Fig 4 illustrates arranged snapshots of a dozen mixed populations with different pairs of ϕ1

and ϕ2, which are addressed on vertical and horizontal margins, respectively. The disposition

of snaps in the array suggests that not only arising circular or spiral patterns are not erratic,

but also it can provide a methodical ordering to predict the related pattern of every pair of pop-

ulation mixture. As depicted in Fig 4 in pure populations (with ϕ1� 0.4) with parameters

listed in S1 Appendix circular waves are favored. This category is marked with a blue boundary

in the figure. It seems that the concentration of signaling messenger cAMP in the pure system

with ϕ1 = 0.3 is not high enough to form distinguishable patterns. Although the pattern of the

pure system with ϕ1 = 0.4 sounds to be circular, due to apparent differences with other pure

systems, See Supplemental S1 to S7 Videos, we excluded it from the blue border. From left to

right we have an ascending amount of reactive/less-cooperative cells in the populations and

simultaneously, a descending order in the patterns. In the territory of the red border in which

a low fraction of cells is of reactive/less-cooperative type spiral waves appear. It seems that low

amounts of these cells in the medium enhances the system asymmetry and promote the early

nucleation of spiral forms. However, the system can tolerate subsistence of these cells only up

to a threshold depending on the population density of whole cells, e.g., the threshold is around

ϕ2 = 0.2 in the system with ϕ1 = 0.8. When the relative number of these cells increases in the

population the patterns become more inconspicuous gradually until only a fine mist of dilute

signals come into sight at the right side of the array, see the area restricted with yellow and

orange boundary lines in Fig 4).

Discussion

The oscillatory signals during the self-aggregation period of Dictyostelium discoideum are rein-

forced through two major processes: intracellular biochemical feedback loops that make the

cells relay the external signals, and cell recruitments in response to the signals which, in turn,

leads to configurations with more efficacy in signaling [3]. Here, we merely concentrate on the

first process and adjourn the second one to the next studies. In the current study, we imple-

mented a parsimonious attitude to model a concerted signaling process through a mixed

population of randomly distributed excitable coupled individuals. Based on the model, the

population is composed of two types of cells: Proactive/cooperative cells which contribute

toward relaying external signaling messenger of cAMP, and reactive/less-cooperative ones that

Table 1. Comparison of S values of the media with different proportions of reactive/less-cooperative cells whose

surface is covered with randomly distributed firing cells with population density ϕ1 = 0.5.

ϕ2 = 0 ϕ2 = 0.1 ϕ2 = 0.2 ϕ2 = 0.3 ϕ2 = 0.4 ϕ2 = 0.5

S 0.949 0.940 0.940 0.940 0.938 0.936

0.949 0.939 0.939 0.939 0.938 0.936

0.950 0.940 0.940 0.938 0.938 0.936

https://doi.org/10.1371/journal.pone.0259742.t001
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less contribute to relay the environmental cAMP. Population bimodality can emerge even

when biological processes are homogenous at the cell level and the environment is kept con-

stant [27]. There are pieces of evidence that cheating occurs in mixed populations of wild

clones [3, 28]. Although selfish behavior known as cheating is reported in the slug stage, one

might track back its trace to prior stages of social communication and interaction between

individual units that are spatially separated, as well [6].

One of the fundamental difficulties in simulating fast-slow dynamics in excitable media is

the separation of corresponding time scales of excitatory and recovery variables in such sys-

tems. In the model that we have implemented here, for the cooperating individuals, within the

excited region the time scale of u can be very fast due to the small parameter �. Accordingly, in

simulating such systems, care must be taken to prevent numerical instabilities and to preserve

Fig 4. (Color online) disposition of pattern snapshots on a common instance of time in lattices of 400 × 400 size, covered with mixed populations with different

pairs of ϕ1 and ϕ2. ϕ1 is the population density of the whole cells on each lattice and ϕ2 is the fraction of reactive/less-cooperative cells among the population. The

related row and column of each pattern in the array are appointed by their ϕ1 and ϕ2 indicated in vertical and horizontal margins, respectively. For example, the

bottom row includes the systems with the same population density of individuals ϕ1 = 0.8 but with a variant fraction of reactive/less-cooperative ones ϕ2. Similar

patterns are enclosed with a colored border. Pure systems are arranged in the first column.

https://doi.org/10.1371/journal.pone.0259742.g004
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the qualitative character of the fast jumps in u. However, within the recovery region the

dynamics are very simple. The excitation variable u is essentially zero, so that the local dynam-

ics effectively reduces to exponential decay of the recovery variable v. Moreover, in the interior

of these regions, diffusion is negligible because the spatial profile of u is basically flat. It is

worth to mention that the size of boundary layer, δ, within which u vanishes equals to 10−4.

The algorithm has been chosen both for simplicity and for efficient numerical implementation

[24]. Our model has an extra feature which is presence of non-cooperative cells whose dynam-

ics read as follows:

@u
@t

¼ u � uth þr
2u

@v
@t
¼ u � vþ ZðtÞ

@Z

@t
¼ � l Zþ

ffiffiffiffiffiffiffiffiffiffi
2Dl
p

zðtÞ:

where uth = (v + b)/a. Here, the lack of � in the equations makes the governed dynamics slower

than that of cooperative cells. On the other hand, the η term which adds up to v is a mean-

reverting process of Ornstein–Uhlenbeck type and inhibits u from growing exponentially. Fig

5 illustrates the square root of u along amid row pixels of our network during the last 2000 iter-

ations of simulations for different combination of cooperator and non-cooperator cells. It is

seen that the value of u for none of the pixels exceeds from the maximum which is demon-

strated by red color.

Since secretion of every single cAMP molecule involves the coordination of a cascade of

metabolic processes including expression and synthesis of regulatory enzymes [29], overpro-

duction of the signaling messenger could increase the metabolic cost of signal production. The

sociomicrobial idea behind constructing our model is that, as the secreted signals that are pro-

duced by a group of individuals have benefits that are available to all of the cells in a popula-

tion, the strategy with which the same spatiotemporal patterns are accessible with lower

secretion of signaling molecule is more favorable [30].

Experiments show that in non-living reaction-diffusion systems such as the Belouzov–Zha-

botinsky reaction, oscillators often form around inhomogeneities [31]. In contrast, evolving

systems covered by populations of Dictyostelium are intrinsically heterogeneous. Their variant

kinetic properties during the course of time have a profound impact on waveform competition

[15]. Noise and variability in the form of cell-to-cell differences are common themes in the

study of biological organizations. Essentially, instead of suppressing or filtering out the noise

and eliminating diversity, individual living matters often exploit these features to drive many

of theirs intracellular and extracellular processes [3, 32]. Differences between pattern forma-

tion in biological and chemical or physical systems are attributed to these properties [32]. Prin-

cipally, self-organized physical systems consist of functionally identical elemental parts, while

components in that of biological systems are diverse in their essence [33]. From the biochemis-

try of secretion of signals [9], we know that the relaxation time is short but not negligible.

White noise has no time-correlations, and is thus appropriate to model systems with negligible

relaxation time. Thus, it seems that a colored noise like the Ornstein–Uhlenbeck process is a

more realistic model of the actual input to the state of its cAMP receptors v [25]. This process

is Markovian. This might not be obvious since although we deal with a first-order equation
@Z

@t ¼ � l Zþ
ffiffiffiffiffiffiffiffiffiffi
2Dl
p

zðtÞ, we have an extra time-dependent noise z(t). The noise is however,

uncorrelated and thus does not introduce a statistical dependence on the past. The Ornstein–

Uhlenbeck process exhibits an exponentially decaying correlation function, is also known in
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the mathematical literature as a “mean-reverting” process and when adds up to v variable,

keeps its growth balanced. Besides, λ has units of frequency and gives a measure of the cutoff

frequency of the fluctuations of the noise, which is by definition of the order of � value.

Recently, it has been shown that stable activity centers appear spontaneously in areas of

higher cell density with the oscillation frequency of these centers depending on their density

[18]. On the other hand, it has been proved that diversity-induced resonance has a principal

role in pattern competition between circular and spiral waves [34]. In particular, the increase

and decrease of the spiral wave count with increasing diversity are statistically regulated by the

number of oscillatory elements in the lattice, rather than by the frequency differences between

target and spiral waves [19]. In our model, the individuals essentially enjoy of an inherent

inhomogeneity due to the bimodal nature of the population, i.e. composed of reactive/less-

cooperative cells and proactive/cooperative ones. As it is evident in Fig 2 circular wave fre-

quencies in different systems covered only by proactive/cooperative individuals are identical.

Fig 5. The square root of u concentration along amid row pixels of the networks during the last 2000 iterations of simulations in lattices of 400 × 400 size,

covered with mixed populations with different pairs of ϕ1 and ϕ2. ϕ1 is the population density of the whole cells on each lattice and ϕ2 is the fraction of reactive/less-

cooperative cells among the population. The related row and column of each pattern in the array are appointed by their ϕ1 and ϕ2 indicated in vertical and horizontal

margins, respectively.

https://doi.org/10.1371/journal.pone.0259742.g005
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Accordingly, after substituting a fraction of these cells with reactive ones, one can attribute the

emerging patterns of spirals to the intrinsic inhomogeneity of cells, especially at low popula-

tion densities, see Fig 3. This consequence is likely to be of help to explain why for a particular

strain and circumstance one pattern tends to dominate. This is an important question because

they bear on early events governing the self-aggregation of the slime mold organizational pro-

cess. Any answer to this question might shed indirect light on the classic question that: Which

one comes first? Differentiation or Morphogenesis.

From experimental insight, it is traditionally viable to measure the amount of local concen-

tration of cAMP relay by light scattering waves caused by the synchronized cell movements at

variant developmental stages of Dictyostelium aggregation [35–37]. However, there are reports

that show no clear evidence exists for cAMP relay organizing collective cell migration at multi-

cellular stages [38]. Most recent experiments report cAMP waves in living cell populations

using cAMP specific fluorescence resonance energy transfer (FRET) techniques during aggre-

gation process [7, 39]. On the other hand, Hashimura, et.al challenged the traditional view

about the role of cAMP relay in the organization of collective cell migration recently [40].

It is seen that Table 1 cannot reflect quantitatively the apparent differences between the

forming patterns in the presence and absence of reactive cells, Fig 4, although it is a well-

defined and recurring quantity to measure synchronicity degree of a network [26]. This may

suggest that a generalized version of this quantity is needed for quantifying the synchronicity

of a mixed population networks in practice. To the best of our knowledge, there is not such a

generalization in the related literature.

In our in silico experiments, apparent resemblances of emerging patterns in different sys-

tems are deemed to classify them, see Fig 4. To abandon ourselves from the likely occurring

errors of manual monitoring, it is necessary to develop an automated machine learning-based

method of data analysis and image processing to compare the patterns and set them out in Fig

4. Nevertheless, it sounds that
�2

�1
reckoned to be a relevant quantity in apparent similarities

between the snapshots of different systems. Another relevant quantity in shared features of

patterns in the presence and absence of reactive/less-cooperative cells is the growth incline of

cAMP concentration standard deviation, panel C in comparison with panels F,I, L, and O. The

apparent diminution of the slope of red lines in the presence of reactive individuals reminds us

of different methods of deposition of colloidal aggregates resulting in vastly different exponen-

tial growth slopes of the width of mean height, where the slopes define universality classes of

roughening processes [41]. Certain statement about this requires a thorough survey and would

be a potentially interesting area for future research.

Supporting information

S1 Appendix. Numerical simulation and data analysis.

(PDF)

S1 Video. Simulation of a system with whole population density ϕ1 = 0.5 and reactive cells

density ϕ2 = 0.0. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)

S2 Video. Simulation of a system with whole population density ϕ1 = 0.5 and reactive cells

density ϕ2 = 0.1. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)
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S3 Video. Simulation of a system with whole population density ϕ1 = 0.5 and reactive cells

density ϕ2 = 0.2. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)

S4 Video. Simulation of a system with whole population density ϕ1 = 0.5 and reactive cells

density ϕ2 = 0.3. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)

S5 Video. Simulation of a system with whole population density ϕ1 = 0.5 and reactive cells

density ϕ2 = 0.4. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)

S6 Video. Simulation of a system with whole population density ϕ1 = 0.5 and reactive cells

density ϕ2 = 0.5. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)

S7 Video. Simulation of a system with whole population density ϕ1 = 0.4 and reactive cells

density ϕ2 = 0.0. The whole related parameters of this simulation have been implemented

based on the ones which are listed in the S1 Appendix.

(MP4)
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