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Most unicellular organisms live in communities and express different
phenotypes. Many efforts have been made to study the population dynamics
of such complex communities of cells, coexisting as well-coordinated units.
Minimal models based on ordinary differential equations are powerful
tools that can help us understand complex phenomena. They represent an
appropriate compromise between complexity and tractability; they allow a
profound and comprehensive analysis, which is still easy to understand.
Evolutionary game theory is another powerful tool that can help us under-
stand the costs and benefits of the decision a particular cell of a unicellular
social organism takes when faced with the challenges of the biotic and
abiotic environment. This work is a binocular view at the population
dynamics of such a community through the objectives of minimal modelling
and evolutionary game theory. We test the behaviour of the community
of a unicellular social organism at three levels of antibiotic stress. Even in
the absence of the antibiotic, spikes in the fraction of resistant cells can be
observed indicating the importance of bet hedging. At moderate level of
antibiotic stress, we witness cyclic dynamics reminiscent of the renowned
rock—paper-scissors game. At a very high level, the resistant type of strategy
is the most favourable.

1. Introduction

Many unicellular organisms have been shown to exhibit social interactions.
For instance, biofilms such as those of Bacillus subtilis [1], Escherichia coli [2],
Pseudomonas aeruginosa and many other bacteria show distinct social dynamics
including cooperation [3,4], competition [5,6], division of labour [7], altruism
[8], cheating [2,9] and even cannibalism [10]. Such communities do not only
represent an aggregation of cells but have long been observed as possible
first steps towards the evolution of multicellularity [11]. Different subpopu-
lations within the biofilm are subjected to different microenvironments [12].
Such microenvironments are a consequence of gradients of different substances
like nutrients and waste products in the biofilm [13]. This often implies that
different subpopulations exhibit distinct phenotypes. For example, a subpopu-
lation of metabolically active cells in a P. aeruginosa biofilm develops resistance
to colistin, whereas the metabolically inactive cells can survive ciprofloxacin
and tetracycline. In order to destroy the biofilm, a treatment of colistin in
combination with either ciprofloxacin or tetracycline is required [14]. Similarly,
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Figure 1. Scheme of the population dynamics of the three subpopulations of the model. M cells arise from R cells and can differentiate into P cells. The P cells incur
costs of public goods production (indicated dashed pentagon) while the R cells are mainly responsible for bet hedging (indicated with dashed pentagon). P cells also
affect the degree of bet hedging, for example, by contributing to fruiting body establishment.

B. subtilis biofilm shows phenotypic differences in the cells
located in the interior from those located in the periphery
[15]. This system has been studied in detail by Liu et al. [15]
and has been modelled using minimal models [16,17]. In
this study, we aim to apply a similar minimal modelling
approach in the context of population dynamics in a typical
community of unicellular social organisms.

Fruiting bodies are observed in eukaryotes like Dictyoste-
lium discoideum [18,19] and other dictyostelids. The amoebae
Acanthamoeba pyriformis and Luapelamoeba arachisporum form
minute sporocarpic fruiting bodies [20]. Moreover, prokar-
yotes including Myxococcus xanthus and B. subtilis among
others have been proposed to form similar fruiting bodies
[21,22]. Motile cells attach to one another and form aerial
structures that are the hub for sporulation. These cells lose
their motility in order to form the sporulating fruiting
body. Our study explores what makes a particular cell take
such a decision, to change its phenotype. To do this, we
employ a minimal model consisting of three ordinary differ-
ential equations (ODEs) as originally proposed by Wilhelm &
Heinrich [23] to describe oscillatory chemical reactions. This
model has also been used to describe the periodic halting
in the expansion of a B. subtilis biofilm. Furthermore, it has
been used to study oscillations in the p53 system of higher
eukaryotes [24].

Here, we focus on creating a generalized model that
can be applied to a wide range of organisms that coexist in
a community, in addition to relating the observations to
B. subtilis. In that regard, the biofilm can be considered a
public good, and the spores can be considered a highly
resistant and persistent phenotype. We consider three sub-
populations in the biofilm that exhibit three different
phenotypes (figure 1).

— The resistant cells, which are the most resilient to nutrient
scarcity and chemical attack.

— The producer cells, which can produce the public goods
which help facilitate growth, but are also more susceptible
to antibiotics and other chemical and environmental
challenges.

— The motile cells, which have the ability to move away

from antibiotics and towards nutrients (chemotaxis).
Each of these types is represented by an ODE. We were

interested in the proportion of the resistant cells with respect
to the producers; therefore, the population distribution for
three different cases were studied each corresponding to a
different range of antibiotic stress: when there is no antibiotic,
moderate level of antibiotic and very high level of antibiotic.

We then describe the observations in each of the three cases
using evolutionary game theory. We do this by considering a
two-strategy game and a three-strategy game. Our study
suggests that as the antibiotic stress increases, the system
tends to stabilize towards a higher proportion of resistant
cells. This state is reached through oscillations in the proportion
of producers to resistant cells.

2. Methods
2.1. The model

We consider three subpopulations of an organism, as outlined
above. The resistant subpopulation, denoted by R, which can
survive antibiotics and environmental stresses (figure 1). This
subpopulation can transit into a motile cell subpopulation
denoted by M, which is a representative of free-floating cells
with chemotaxis. It can also be regarded as an intermediate
stage between the resistant phenotype changing into the produ-
cer phenotype, denoted by P. Subpopulation P pays the costs
associated with the production of public goods.

Thus, the dynamics of these subpopulations can be
described using three variables based on the model
suggested by Wilhelm & Heinrich [23], as follows:

% = k1NR — k4R — szP, (21&)
g = —k3P + ksM (Zlb)
and dd—J\tA =kR — ksM. (2.1¢)

Assumptions of the model:
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Figure 2. Ratio of R to that of the sum of R and P versus time. (a) When k; < k, (spedfically k; = 1, k3 = 0.1 in the simulation shown); (b) when k, approximately
equals k3 (here k, = k3 =1); (c) when 2k, < k3 (here k, =1, ks =10); (d) when k, << ks (here k, =1, k3 =1000). The system transitions from spike-like oscil-
lations to sinusoidal ones, then to damped oscillations, leading to a steady state and finally to a nearly monotonic relaxation to a steady state.

— The subpopulations are generated in the order R —> M
—> P.

— R cells show an arrested state of cell growth but show a self-
amplifying proliferation because it serves the reproduction
of the population. Such behaviour of R cells was also
shown in Dictyostelium [18,19]. They can be thought of as
a reserve of cells that have highly reduced functions and
only exhibit resistance phenotypes. In a community such
as a biofilm which show efficient nutrient sharing [25], R
cells which have a highly restricted metabolism, and, there-
fore, very limited nutrient requirements, obtain a steady
supply of nutrients quite easily. This is given by the con-
stant N.

— The term k,RP represents that both subpopulations R and
P are the essential components of the ‘sessile’ community.
Without subpopulation R, the community will not be able
to survive the biotic and abiotic stress and without
subpopulation P, the public goods, the very basis for a
communal lifestyle, would not be produced. For example,
in a fruiting body, the spores (analogous to resistant cells
in our model) and the biofilm (analogous to public goods
in our model) matrix are both required in order to form a
fruiting body. The term also represents the degree of
bet hedging or ‘resistance’ the community invests in.
It follows that a community that produces more public
goods also invests more in bet hedging.

— The cost of public goods production is given by the con-
stant k3, whereas k; is the cost of resistance. When there is
no antibiotic stress, resistance is costlier than producing
public goods. When the antibiotic stress is high, producing
public goods is costlier than resistance.

— N s arbitrarily chosen to be 4, while all the other constants
are equal to unity per time unit.

2.2. Simulation

The simulations were performed using COPASI v. 4.27 and its
deterministic solver LSODA [26]. All the model parameters
have been adapted from the paper by Wilhelm & Heinrich
[23]. We use hour as the time unit, so that the rate constants
have the values 1 h™'. We run the time course calculation of
the system (2.1a—) for 25 simulation hours with 1000 steps
each of size 0.025 h (1.5 min). Moreover, we use methods from
evolutionary game theory. The game theoretical modelling
will be explained in the Results section.

3. Results
3.1. Results of the ODE model

Based on the different antibiotic stresses, we can observe
three different behaviours from the subpopulations. Figure 2
shows the ratio of R to that of the sum of R and P over time
for three different levels of antibiotic stress. At zero stress, it is
observed that the public good production is the dominant
strategy (figure 2a2). However, we observe periodic spikes in
the proportion of R cells. These spikes can be attributed to
bet-hedging cycles where the community invests in making
R cells in spite of high costs and zero stress. At moderate
costs, we observe that the ratio of R cells oscillates in sinusoi-
dal form with a shorter period. This implies that there is a
constant switching in the dominant subpopulations owing
to similar costs of production for either subpopulation
(figure 2b). As the public goods get costlier, the R subpopu-
lation emerges to be the dominant strategy. This state is
reached through damped oscillations (figure 2c). For very
high costs, the steady state is reached by a monotonic relaxation
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Figure 3. Bifurcation diagram of R/(R + P) against k3. The ratio oscillates, for
example, at ks =k, (=1), but as ks increases, the amplitude of oscillation
reduces until a steady state is reached at k3 =2. The two arms of the
convex hull represent the maxima and minima of oscillation (amplitude).

with practically no oscillation (figure 2d). In mathematical
terms, this corresponds to a stable node. It is unlikely that
this case is of biological relevance because public goods are
only produced if costs are not too high.

The bifurcations separating the different dynamic regimes
can be determined in the same way as shown in our earlier
paper [16]. The effect of changing ks for this model is shown
in figure 3. This type of transition is called Hopf bifurcation.

3.2. Describing the results using evolutionary game
theory

3.2.1. Three-strategy two-player game

The observations of this model can be described using evol-
utionary game theory. For this, we consider a three-strategy
game, where the subpopulations are considered as the three
strategies. In order to assign payoffs correctly, we must con-
sider the advantages and disadvantages of each of the
subpopulation. Subpopulation R has the lowest metabolic
activity and hence it can withstand extreme conditions such
as nutrient limitation and chemical attacks. Subpopulation
P on the other hand is the most susceptible to chemical
stress such as antibiotics due to high metabolic activity. It
has been shown that some antimicrobials such as B-lactam
antibiotics target metabolically active cells [27]. Subpopu-
lation M is not as active metabolically as subpopulation P;
hence, it is less susceptible to antimicrobials in comparison.
But it is motile and is therefore capable of chemotaxis (i.e.
M cells can move away from antibiotics and closer to nutri-
ents). Thus, no subpopulation has a clear advantage over
the other two and the game is comparable to the well-
known rock—paper-scissors (RPS) game (figure 4).

The three subpopulations are considered as the three
strategies and we can compare the payoffs in the all-
against-all fashion in a payoff matrix (table 1). Based on the
interaction given in figure 4, we award the ‘winner’ 1 point
while the loser loses 1. Draws/ties, such as the ones resulting
from playing the same strategies, are given no points. Thus, it
is a zero-sum game.

resistant
low metabolic rate
highest resilience

producer
high metabolic rate
low resilience
produces public good

moderate metabolic rate
and resilience
chemotaxis

beats

Figure 4. The dynamics of biofilm subpopulations as a three-strategy game.
No single strategy is better than either of the remaining strategies.

Table 1. Payoffs for the three-strategy, two-player game.

"-,_playerz
player 1~
R 0\0 -1\ N—1
M N—1 0\0 -1
P -1\ N—1 0\0

As seen from table 1, for every strategy of player 1,
player 2 can change to a better strategy and vice versa,
indicating that there is no Nash equilibrium in pure strat-
egies. A similar scenario has also been described for the
RPS game, either by payoff matrices [28] or by an ODE
approach [29-31]. The description by ODEs predicts, depend-
ing on parameter values, either undamped oscillations
by which one type outcompetes the other two, coexistence
of the three types in an oscillatory way or stationary
coexistence [29].

All the results obtained in evolutionary game theory for
the RPS game can be applied to the above system. In particu-
lar, there is no pure Nash equilibrium. The only mixed Nash
equilibrium is that all the three strategies are played with a
probability of 1/3. Other fractions can easily be simulated
by taking other payoff values. One way to do this is to
simply cycle through the strategies successively. This implies
a cyclic dominance of different subpopulations. This explains
the life cycle of the community.

3.2.2. Two-strategy two-player game

Another method to model this is by considering a two-
strategy game. For this, we exclude the M cell population
and only consider R cells and P cells as strategies. We then
consider the interaction of a typical single cell with a group
of mature cells in the community. The single nascent cell
could either be of type R or P. In evolutionary game theory,
this is often called an invading rare mutant (where ‘invading’
does not necessarily mean invasion from the outside, it could
also mean occurrence by mutation). Similarly, the group of
mature cells within the community can be of type R or P.
The payoffs for this two-strategy game are given in table 2,
white columns.

The best outcome for a nascent resistant cell is against the
mature producer—it gets access to the public goods without
any costs. Hence, it gets a payoff of 2. The mature producer
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Table 2. Payoffs of the two-strategy two-player game. The three cases based on the level of antibiotic stress reflected by the cost of resistance in relation to [}
public goods production are given in blue (no stress, i.e. k3 < k,), white (moderate stress, i.e. k3 =k;) and red (high stress, i.e. k3 > k;) columns, respectively.

P (mature)

k; <k,
P (nascent) 23 N2
R (nascent) i 2\1 - 20

cells, on the other hand, have a payoff of zero, since they have
to share their nutrients with the new ‘freeloader’ cell.

A nascent resistant cell is not as resilient when compared
with the matured resistant cells in the community and is thus
outcompeted. For the mature resistant cells, the newcomer is
an added taskforce of resistant cells and thus a much desired
outcome. The nascent resistant cell gets a payoff of 0 while
the matured resistant cells get a payoff of 2.

The nascent P cell interacting with the mature R cells is
exploited by the R cells for its public goods. Thus, it gets a
payoff of 0.5, while the resistant cells get a payoff of 1.5.
On the other hand, a nascent P is added task force for
public goods production; hence, the mature P cells benefit
from this and have a payoff of 2. The nascent P cell also
gets a payoff of 1.

This describes the game when the antibiotic stress is mod-
erate (i.e. when k; = k). For the remaining two cases, one can
simply add one point to the payoff of all P type strategies in
order to obtain the blue column, which describes the
dynamics of the same game in the absence of the antibiotic
stress (i.e. when k3 <k,). Similarly, deducting one point
from the payoff of all P strategies helps us obtain the
dynamics of the game when the antibiotic stress is high
(i.e. k3> ky), shown in the red column.

It can be seen from the payoff matrix that there is no pure
Nash equilibrium when k; =k, (white columns) and there is
no evolutionarily stable strategy. This is because for any
change in the strategy of mature cells, the nascent cells can
respond with a corresponding change in their strategy as
well and one can expect a cyclic nature of the strategies lead-
ing to oscillations in the ratio of resistant cells. On the other
hand, one can expect public goods production to be a domi-
nant strategy when k; <k, (blue columns); however, since
there is no difference in the payoffs of a nascent resistant
cell when compared with a nascent producer when playing
against matured producers, an occasional switch to the resist-
ant type may be made by the nascent cell. Furthermore, when
ks >k, (red columns), one can expect an unequivocal domina-
tion by resistance cells. This observation is well reflected in
the three-variable model mentioned above (figure 2c).

4. Discussion

This study focuses on the population dynamics in a commu-
nity of a unicellular social organism. Several efforts have been
made with respect to B. subtilis biofilms in the same direction
before [32-36]. This study employs an ODE-based minimal
model in order to describe the population dynamics in a com-
munity of a unicellular social organism. The mathematical
model has been proposed by Wilhelm & Heinrich [23] to

R (mature)

k; <k,

1.5\1.5 0.5\1.5 —0.5\1.5
21 ‘ >‘0\2‘ - 0\2 0\2

describe chemical reactions and more recently, it has been
also used to describe periodic halting in the expansion of a
biofilm of B. subtilis [16,17].

The model consists of three variables, each representing a
subpopulation in the community. Figure 1 describes the
relationship of the model variables with each other. As per
the assumption, both R and P type cells are crucial com-
ponents of the sessile community. The term k,RP represents
the degree of bet hedging, where k; is the cost of resistance.
It also follows that the higher the investment into public
goods, the higher is the degree of bet hedging. The interplay
between the three subpopulations is illustrated in figure 1.

Based on this relationship, one can visualize a game simi-
lar to the RPS game. Table 1 describes the payoffs of this
three-strategy game. Such a game with oscillatory dynamics
was also described for bacteriocin production in bacteria
using a Lotka—Volterra model [29]. There is a body of litera-
ture about modelling the RPS game by ODEs [29-31] and
even partial differential equations (PDEs) [37,38]. Our
model is an even simpler description of the game and thus
a minimal model for the RPS game. Indeed, one may use
PDEs to consider complex spatial effects like travelling
spiral waves of the three types or gradients of the antibiotic.
In [37], such travelling spiral waves were found. Another
approach would be to use agent-based modelling [39,40].
Here, we want to explore the phenomenon strictly with
ODEs. What is more interesting is that our model can be
applied to not just bacteria but any communal organism
with similarly interacting subpopulations. A further simi-
larity of our approach to that of Neumann & Schuster [29]
is that the Hopf bifurcation is obtained for the bacteriocin
parameter, similar to the antibiotic stress as discussed here.

In the model presented above, players can change strat-
egies, while in the previous approach by Neumann &
Schuster [29], the fraction of strategies changes by different
growth rates and competition between the strategies. It is
interesting that both cases can be described by the concepts
of evolutionary game theory.

In order to gain further insight into the population
dynamics, we study the two strategies of resistance and biofilm
production further. It can be seen from figure 24, which depicts
the time course of the ratio of resistant cells to that of the sum of
resistant cells and producers, in the absence of the antibiotic
stress (k3 < k), we observe that biofilm production is the domi-
nant strategy. Furthermore, one can also observe periodic
‘resistance spikes’, suggesting that the population undergoes
bet-hedging cycles in order to have a reserve of cells that can
survive adverse conditions. This warrants experimental vali-
dation in order to conclusively state that such bet-hedging
cycles occur, although there have been reports on the sporula-
tion cycles [41] and bet hedging [42,43] in bacteria. The study
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indicates that bacteria undergo sporulation even in the absence
of nutrient stress as a bet-hedging strategy. Furthermore, the
period of these cycles is also not depicted accurately in this
model since the rate constants are chosen arbitrarily because
the goal here is to describe the underlying mechanism
qualitatively and non-specifically.

This observation can be described using a two-strategy
two-player game. In table 2, the blue columns represent
this particular case where the antibiotic stress is absent and
hence resistance is a costly investment (i.e. k3 <k,). Compar-
ing the payoffs, one can expect that the Nash equilibrium
would be to produce the public goods. However, since the
payoffs for the nascent cell playing either strategy against
the matured producer cells are the same, it is also not
surprising to see an occasional rise in the resistant type
subpopulation.

Figure 2b describes the case when the antibiotic stress is
moderate, and hence investing resources in resistance is
favourable and, in this case, k3 = k>, meaning that producing
public goods costs as much as resistance. One can observe
a cycling of strategies between the resistant and the producer
types. This is further explained by the two-strategy game.
The white columns in table 2 depict this case and one can
see that there is no pure Nash equilibrium. This means that
for every strategy chosen by player 1, player 2 can improve
its payoff by switching its own strategy. We can expect that
the producer strategy is a suboptimal strategy where both
players have relatively high payoffs. We may also hypo-
thesize that when the community is sufficiently large, this
cyclic switching of strategies might switch to a stable
steady state where the ratio remains constant. This has been
observed in the modified version of this ODE system by
Garde et al. [17].

Finally, figure 2c describes the case when the antibiotic
stress is the highest and investing in public goods instead
of resistance is costlier, as such, k3 > k,. As expected, the resist-
ant cells emerge as the dominant subpopulation. This can be
thought of as extreme resource limitation where the public
goods become extremely costly to produce. In such a

scenario, it is ideal for the community to produce resistant [ 6 |

cells in order to ensure that it can survive this starvation
phase until the nutrients are available once again. This scen-
ario is also described in table 2 in the red column. One can
conclude that in this case, resistance is undoubtedly the
dominant strategy. Cyclic behaviour is possible in symmetric
three-strategy game, while a two-strategy game needs to be
asymmetric to yield cycles.

This model can be modified in order to describe a particu-
lar bacterial biofilm. In such a scenario, the resistant cells can
be thought of as spores and the public goods can be thought
of as the biofilm matrix. In this study, however, we only aim
to put forth a generalized mechanism of the (non-cognitive)
decision-making happening in the population of a unicellular
communal organism (e.g. by entering the next developmental
stage caused by an epigenetic switch). The ODE-based
system also serves as a minimal model for the three-strategy
RPS game with cyclic dominance of strategies. Further, the
two-strategy game suggests that, as the antibiotic stress
increases, the optimal strategy shifts from producing public
goods towards producing resistance. Moreover, it also
suggests that even in the absence of the antibiotic stress, the
community invests in resistance as a bet-hedging strategy.

No custom code and datasets were used within this
study.

R.G. conceived the idea of the study, performed
modelling and simulation using COPASI. He and A.T.K. interpreted
the model variables, parameters and results biologically. S.S. pro-
vided the mathematical interpretation of the results. J.E. provided
some valuable inputs which improved the manuscript. All the
authors wrote the manuscript. All the authors have read and
approved the manuscript.

The authors declare no competing financial interests.

R.G. was supported by the Max Planck Society through the
IMPRS ‘Exploration of Ecological Interactions with Molecular and
Chemical Techniques’. S.S. and J.E. acknowledge support by the
Deutsche Forschungsgemeinschaft (DFG) within the CRC/Transre-
gio 124 ‘Pathogenic fungi and their human host’ (project number
210879364), subproject B1.

1. Dragos A et al. 2018 Division of labor during biofilm

matrix production. Curr. Biol. 28, 1903—-1913.e5.
(doi:10.1016/j.cub.2018.04.046)

Amanatidou E, Matthews AC, Kuhlicke U,

Neu TR, McEvoy JP, Raymond B 2019 Biofilms
facilitate cheating and social exploitation of
[-lactam resistance in Escherichia coli. npj
Biofilms Microbiomes 5, 36. (doi:10.1038/s41522-
019-0109-2)

Nadell (D, Drescher K, Foster KR. 2016 Spatial
structure, cooperation and competition in biofilms.
Nat. Rev. Microbiol. 14, 589—600. (doi:10.1038/
nrmicro.2016.84)

Diggle SP, Griffin AS, Campbell GS, West SA. 2007
Cooperation and conflict in quorum-sensing
bacterial populations. Nature 450, 411-414.
(doi:10.1038/nature06279)

Coyte KZ, Tabuteau H, Gaffney EA, Foster KR,
Durham WM. 2017 Microbial competition in porous

environments can select against rapid biofilm 10. Gonzdlez-Pastor JE. 2011 Cannibalism: a social

growth. Proc. Nat/ Acad. Sci. USA 114, E161. (doi:10.
1073/pnas.1525228113)

Griffin AS, West SA, Buckling A. 2004

Cooperation and competition in pathogenic
bacteria. Nature 430, 1024-1027. (doi:10.1038/
nature02744)

van Gestel J, Vlamakis H, Kolter R. 2015 Division of
labor in biofilms: the ecology of cell differentiation.
Microbiol. Spectr. 3, Mb-0002-2014. (doi:10.1128/
microbiolspec.MB-0002-2014)

Kreft JU. 2004 Biofilms promote altruism.
Microbiology 150, 2751-2760. (doi:10.1099/mic.0.
26829-0)

Jiricny N, Diggle SP, West SA, Evans BA, Ballantyne
G, Ross-Gillespie A, Griffin AS. 2010 Fitness
correlates with the extent of cheating in a
bacterium. J. Evol. Biol. 23, 738-747. (doi:10.1111/
}-1420-9101.2010.01939.x)

.

12.

13.

4.

behavior in sporulating Bacillus subtilis. FEMS
Microbiol. Rev. 35, 415-424.

(laessen D, Rozen DE, Kuipers OP, Segaard-
Andersen L, van Wezel GP. 2014 Bacterial solutions
to multicellularity: a tale of biofilms, filaments and
fruiting bodies. Nat. Rev. Microbiol. 12, 115-124.
(doi:10.1038/nrmicro3178)

Xavier JB, Foster KR. 2007 Cooperation and
conflict in microbial biofilms. Proc. Nat/

Acad. Sci. USA 104, 876. (doi:10.1073/pnas.
0607651104)

de Beer D, Stoodley P, Roe F, Lewandowski Z. 1994
Effects of biofilm structures on oxygen distribution
and mass transport. Biotechnol. Bioeng. 43,
1131-1138. (doi:10.1002/bit.260431118)

Pamp SJ, Gjermansen M, Johansen HK, Tolker-Nielsen
T. 2008 Tolerance to the antimicrobial peptide colistin
in Pseudomonas aeruginosa biofilms is linked to


http://dx.doi.org/10.1016/j.cub.2018.04.046
http://dx.doi.org/10.1038/s41522-019-0109-2
http://dx.doi.org/10.1038/s41522-019-0109-2
http://dx.doi.org/10.1038/nrmicro.2016.84
http://dx.doi.org/10.1038/nrmicro.2016.84
http://dx.doi.org/10.1038/nature06279
http://dx.doi.org/10.1073/pnas.1525228113
http://dx.doi.org/10.1073/pnas.1525228113
http://dx.doi.org/10.1038/nature02744
http://dx.doi.org/10.1038/nature02744
http://dx.doi.org/10.1128/microbiolspec.MB-0002-2014
http://dx.doi.org/10.1128/microbiolspec.MB-0002-2014
http://dx.doi.org/10.1099/mic.0.26829-0
http://dx.doi.org/10.1099/mic.0.26829-0
http://dx.doi.org/10.1111/j.1420-9101.2010.01939.x
http://dx.doi.org/10.1111/j.1420-9101.2010.01939.x
http://dx.doi.org/10.1038/nrmicro3178
http://dx.doi.org/10.1073/pnas.0607651104
http://dx.doi.org/10.1073/pnas.0607651104
http://dx.doi.org/10.1002/bit.260431118

20.

21.

22.

23.

24,

metabolically active cells, and depends on the pmr and
mexAB-oprM genes. Mol. Microbiol. 68, 223—-240.
(doi:10.1111/j.1365-2958.2008.06152.%)

Liu J, Prindle A, Humphries J, Gabalda-Sagarra M,
Asally M, Lee DY, Ly S, Garcia-Ojalvo J, Suel GM.
2015 Metabolic co-dependence gives rise to
collective oscillations within biofilms. Nature 523,
550-554. (doi:10.1038/nature14660)

Garde R, Ibrahim B, Kovacs AT, Schuster S. 2020
Differential equation-based minimal model describing
metabolic oscillations in Bacillus subtilis biofilms.

R. Soc. Open Sci. 7, €190810. (doi:10.1098/rsos.
190810)

Garde R, Ibrahim B, Schuster S. 2020 Extending the
minimal model of metabolic oscillations in Bacillus
subtilis biofilms. Sci. Rep. 10, 5579. (doi:10.1038/
$41598-020-62526-6)

Smith J, Queller D, Strassmann JE. 2014 Fruiting
bodies of the social amoeba Dictyostelium discoideum
increase spore transport by Drosophila. BMC Evol. Biol.
14, 105. (doi:10.1186/1471-2148-14-105)

Hillmann F et al. 2018 Multiple roots of fruiting
body formation in Amoebozoa. Genome Biol. Evol.
10, 591-606. (doi:10.1093/gbe/evy011)

Tice AK et al. 2016 Expansion of the molecular and
morphological diversity of Acanthamoebidae
(Centramoebida, Amoebozoa) and identification of a
novel life cycle type within the group. Biol. Direct.
11, 69-69. (doi:10.1186/513062-016-0171-0)
Branda SS, Gonzalez-Pastor JE, Ben-Yehuda S,
Losick R, Kolter R. 2001 Fruiting body

formation by Bacillus subtilis. Proc. Nat! Acad. Sci.
USA 98, 11621-11 626. (doi:10.1073/pnas.
191384198)

Hartzell T. Myxobacteria. eLS. Wiley Online Library.
(doi:10.1002/9780470015902.a0020391.pub2)
Wilhelm T, Heinrich R. 1995 Smallest chemical
reaction system with Hopf bifurcation. J. Math.
Chem. 17, 1-14. (doi:10.1007/bf01165134)
Geva-Zatorsky N et al. 2006 Oscillations and
variability in the p53 system. Mol. Syst. Biol. 2,
2006.0033. (doi:10.1038/msh4100068)

25.

26.

2].

29.

30.

31

32.

33.

34.

Liu J, Martinez-Corral R, Prindle A, Lee DD, Larkin J,
Gabalda-Sagarra M, Garcia-Ojalvo J, Suel GM. 2017
Coupling between distant biofilms and emergence
of nutrient time-sharing. Science 356, 638—642.
(doiz10.1126/science.aah4204)

Hoops S et al. 2006 COPASI—a (Omplex PAthway
Simulator. Bioinformatics 22, 3067-3074. (doi:10.
1093/bioinformatics/btl485)

Tuomanen E, Cozens R, Tosch W, Zak 0,

Tomasz A. 1986 The rate of killing of

Escherichia coli by beta-lactam antibiotics is strictly
proportional to the rate of bacterial growth. J. Gen.
Microbiol. 132, 1297-1304. (d0i:10.1099/00221287-
132-5-1297)

Gintis H. 2000 Game theory evolving: a problem-
centered introduction to modeling strategic behavior.
Princeton, NJ: Princeton University Press.
Neumann G, Schuster S. 2007 Continuous model for
the rock—scissors—paper game between bacteriocin
producing bacteria. J. Math. Biol. 54, 815-846.
(doi:10.1007/500285-006-0065-3)

(zéran TL, Hoekstra RF, Pagie L. 2002 Chemical
warfare between microbes promotes biodiversity.
Proc. Natl Acad. Sci. USA 99, 786-790. (doi:10.
1073/pnas.012399899)

May R, Leonard W. 1975 Nonlinear aspects of
competition between three species. SIAM J. Appl.
Math. 29, 243. (doi:10.1137/0129022)

Collins DP, Jacobsen BJ, Maxwell B. 2003 Spatial
and temporal population dynamics of a
phyllosphere colonizing Bacillus subtilis biological
control agent of sugar beet cercospora leaf spot.
Biol. Contr. 26, 224-232. (doi:10.1016/51049-
9644(02)00146-9)

Zimmer J, Issoufou |, Schmiedeknecht G, Bochow H.
1998 Population dynamics of Bacillus subtilis as
biocontrol agent under controlled conditions.
Mededelingen-Faculteit Landbouwkundige en
Toegepaste Biologische Wetenschappen Universiteit
Gent (Belgium).

Pantastico-Caldas M, Duncan KE, Istock CA, Bell JA.
1992 Population dynamics of bacteriophage and

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bacillus subtilis in soil. Ecology 73, 1888-1902.
(doi:10.2307/1940040)

Logsdon MM, Aldridge BB. 2018 Stable regulation
of cell cycle events in mycobacteria: insights from
inherently heterogeneous bacterial populations.
Front. Microbiol. 9, 514. (doi:10.3389/fmich.2018.
00514)

Kampf J et al. 2018 Selective pressure for biofilm
formation in Bacillus subtilis: differential effect of
mutations in the master regulator SinR on
bistability. mBio 9, e01464. (doi:10.1128/mBio.
01464-18)

Reichenbach T, Mobilia M, Frey E. 2007 Mobility
promotes and jeopardizes biodiversity in rock—
paper—scissors games. Nature 448, 1046—1049.
(doi:10.1038/nature06095)

Szolnoki A, Mobilia M, Jiang L-L, Szczesny B,
Rucklidge AM, Perc M. 2014 Cyclic dominance in
evolutionary games: a review. J. R. Soc. Interface 11,
20140735. (doi:10.1098/rsif.2014.0735)

Hawick K. 2012 Cycles, diversity and competition in
rock-paper-scissors-lizard-spock spatial game agent
simulations. In Proc. of the 2011 Int. Conf. on
Artificial Intelligence, ICAI 2011. vol. 1.
(iteSeerX.psu.10.1.1.218.315.

Prado F, Kerr B. 2008 The evolution of restraint in
bacterial biofilms under nontransitive competition.
Evolution 62, 538-548. (doi:10.1111/j.1558-5646.
2007.00266.x)

Hutchison EA, Miller DA, Angert ER. 2014
Sporulation in bacteria: beyond the standard model.
Microbiol. Spectr. 2, TBS 0013-2012. (doi:10.1128/
microbiolspec.TBS-0013-2012)

Veening JW, Smits WK, Kuipers OP. 2008 Bistability,
epigenetics, and bet-hedging in bacteria. Annu. Rev.
Microbiol. 62, 193—210. (doi:10.1146/annurev.
micro.62.081307.163002)

Veening J-W, Stewart EJ, Berngruber TW, Taddei F,
Kuipers OP, Hamoen LW. 2008 Bet-hedging and
epigenetic inheritance in bacterial cell development.
Proc. Natl Acad. Sci. USA 105, 4393—4398. (doi:10.
1073/pnas.0700463105)


http://dx.doi.org/10.1111/j.1365-2958.2008.06152.x
http://dx.doi.org/10.1038/nature14660
http://dx.doi.org/10.1098/rsos.190810
http://dx.doi.org/10.1098/rsos.190810
http://dx.doi.org/10.1038/s41598-020-62526-6
http://dx.doi.org/10.1038/s41598-020-62526-6
http://dx.doi.org/10.1186/1471-2148-14-105
http://dx.doi.org/10.1093/gbe/evy011
http://dx.doi.org/10.1186/s13062-016-0171-0
http://dx.doi.org/10.1073/pnas.191384198
http://dx.doi.org/10.1073/pnas.191384198
http://dx.doi.org/10.1002/9780470015902.a0020391.pub2
http://dx.doi.org/10.1007/bf01165134
http://dx.doi.org/10.1038/msb4100068
http://dx.doi.org/10.1126/science.aah4204
http://dx.doi.org/10.1093/bioinformatics/btl485
http://dx.doi.org/10.1093/bioinformatics/btl485
http://dx.doi.org/10.1099/00221287-132-5-1297
http://dx.doi.org/10.1099/00221287-132-5-1297
http://dx.doi.org/10.1007/s00285-006-0065-3
http://dx.doi.org/10.1073/pnas.012399899
http://dx.doi.org/10.1073/pnas.012399899
http://dx.doi.org/10.1137/0129022
http://dx.doi.org/10.1016/S1049-9644(02)00146-9
http://dx.doi.org/10.1016/S1049-9644(02)00146-9
http://dx.doi.org/10.2307/1940040
http://dx.doi.org/10.3389/fmicb.2018.00514
http://dx.doi.org/10.3389/fmicb.2018.00514
http://dx.doi.org/10.1128/mBio.01464-18
http://dx.doi.org/10.1128/mBio.01464-18
http://dx.doi.org/10.1038/nature06095
http://dx.doi.org/10.1098/rsif.2014.0735
http://dx.doi.org/10.1111/j.1558-5646.2007.00266.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00266.x
http://dx.doi.org/10.1128/microbiolspec.TBS-0013-2012
http://dx.doi.org/10.1128/microbiolspec.TBS-0013-2012
http://dx.doi.org/10.1146/annurev.micro.62.081307.163002
http://dx.doi.org/10.1146/annurev.micro.62.081307.163002
http://dx.doi.org/10.1073/pnas.0700463105
http://dx.doi.org/10.1073/pnas.0700463105

	Modelling population dynamics in a unicellular social organism community using a minimal model and evolutionary game theory
	Introduction
	Methods
	The model
	Simulation

	Results
	Results of the ODE model
	Describing the results using evolutionary game theory
	Three-strategy two-player game
	Two-strategy two-player game


	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


