
Agent-Based Modeling of the Rhizobiome
with Molecular Communication and Game Theory

Apostolos Almpanis∗, Christophe Corre†‡, Adam Noel∗
∗School of Engineering, University of Warwick, Coventry, UK, Emails: {tolis.almpanis, adam.noel}@warwick.ac.uk

†Department of Chemistry, University of Warwick, Gibbet Hill, Coventry, UK, Email: c.corre@warwick.ac.uk
‡School of Life Sciences, University of Warwick, Gibbet Hill, Coventry, UK

ABSTRACT
The rhizobiome, namely the organisms living in asso-

ciation with a plant’s roots, is one of the most complex
environments. Yet, despite its huge economic and scientific
importance, it is poorly understood. Here, a combination of
agent-base modeling and molecular communication theory
is proposed to construct a game-theoretical model of the
rhizobiome. Such a model should be able to provide
insights on the interplay between the various organisms
present. Potential applications include crop production,
novel antibiotics, or synthetic nanonetworks.

I. INTRODUCTION

The rhizobiome is one of the most complex systems known.
It includes a plant’s roots and the multitude of different organ-
isms that inhabit the vicinity and interact with the plant. The
majority of these organisms are microbes (bacteria, protists
and fungi) although animals and neighboring plants also play
a crucial role (Fig. 1). Using root exudate molecules, plants can
attract beneficial microorganisms to form mutual relationships
[1], [2], fend-off pathogens [3]–[5] or mitigate stress [6].

Communication in the rhizobiome is critical for maintaining
balance. This is partly achieved by releasing molecules, which
randomly diffuse in the environment [7]. It is a slow but energy
efficient process, as the only cost to the releasing organism is
to produce the molecules. It enables species to assess the size
of their own population, detect the presence of other species,
and act accordingly. It is ubiquitous in nature e.g., bacte-
rial quorum sensing (QS) and long distance communication
with pheromones. Inspired by these processes is molecular
communication (MC) [8]. MC uses communications theory to
describe information propagation in both natural and artificial
systems where molecules are the information carriers, and has
been developed in consideration of the microscales over which
such communication most often occurs.

The number of species involved is not the only thing that
complicates the study of complex natural systems such as
the rhizobiome. The exchange of information molecules is
particularly non-trivial. The environment at this scale is full of
obstacles and sources of interference. Soil particles of different
sizes, shapes, moisture content and pH gradients comprise
some of the physical constraints, while a cacophony of signals
from other sources result in a very noisy environment. Yet,
the living organisms inhabiting this environment overcome

Figure 1. Signaling is fundamental to shape the communities of organisms
around a plant’s roots (i.e., the rhizobiome). Exchange of information is
facilitated by the diffusion of molecules. These chemical signals are being
used by different species to discriminate friend from foe, initiate and maintain
cooperation, coordinate behavior, and track resources. Image from [7].

these obstacles and are able to communicate effectively. This
suggests that these organisms have evolved robustness to the
unreliable and noisy signaling.

II. MODELING APPROACHES

The signaling mechanisms employed by organisms in the
rhizobiome have thus far been primarily described as pairwise
exchanges of information, such as microbial QS or plant-
fungal associations. Studies that consider multi-species inter-
actions have primarily focused on resource competition or
predator-pray relations [9], [10]. Nevertheless, these studies
have revealed that complex behaviors can emerge from a
few simple interaction rules. Another conclusion is that such
complex systems cannot be properly studied following only
a reductionist approach. Although reductionism is useful to



reveal the biochemical mechanisms employed for signaling or
competition by each organism, emergent behaviors can require
a more complete picture to observe the benefits of synergy.

Agent-based (AB) computer simulation is one of the best
approaches for modeling complex systems; see [11] and
examples in [12], [13]. It enables individual variation (thus
capturing the inherent stochasticity of natural systems), accom-
modates the emergence of complex phenomena, and is well
described theoretically. At the same time, for large systems
the computational cost is reduced in comparison to equation-
based simulation. Agent-based models can also incorporate
other modeling techniques for fine-grained control of critical
processes. Game theory, for example, can be combined with
an agent-based model to describe motivations for individual
actions; see [14] or review in [15]. In an environment where
signaling is crucial to describe the system, signal propagation
could also be integrated into an AB framework for better
modeling of diffusion processes and capturing the integrity
of information transfer [16].

III. PROPOSED APPROACH

We propose an agent-based model of the rhizobiome that
integrates game theory and molecular communication in order
to capture the system’s interactions. The model will enable
a holistic perspective of the multi-time-frame, multi-scale and
multi-species behavior dynamics of plant-microbe interactions.
Species will be modeled as asynchronous cellular automata
(ACA), enabling individual actions over different time-frames.
Game theory will be used to model how the individual
automata make decisions.

The system will model the interactions between ACA de-
picting single cells. The interior of each cell will be treated
as a black box as we are focused on the relationships between
organisms. Thus, the relevant scales are: 1) the individual
organism; and 2) the population. MC will capture the quan-
tity and quality of information exchange between cells and
between populations. It would be impractical to include every
microbial species present, both due to complexity and because
there is still a lack of knowledge concerning total species
numbers and diversity in the rhizobiome. We will instead rely
on the literature and preliminary model results to identify the
most influential players.

Species actions will be modeled by non-cooperative game
theory, as this will better simulate individual selfish behaviour.
The game will also be asymmetric (permitting different strate-
gies) and simulatenous.

Initially, we will work with a simple model that can be
readily verified. By obtaining results that are consistent with
previous studies of tripartite systems (either as equation-based
models as in [10], [17] or experimentally as in [3]), we
will have verification of our proposed model. We will then
gradually add more complexity in terms of players and the
communication capabilities of each player. We can thus infer
new theoretical insights for the rhizobiome and make predic-
tions that could be tested in the laboratory. Additionally, the

model can be tested experimentally using synthetic microbial
communities.

This work aspires to be the most comprehensive model of
the rhizobiome to date. It will enable better understanding of
the interactions between plants and their habitats, and pos-
sibly enable more environmentally-friendly and cost-effective
improvements in crop production and habitat conservation. We
can also gain insights into the mechanisms of microbial sec-
ondary metabolite production, possibly leading to novel antibi-
otic compounds. Additionally, this computational framework
will be adaptable to synthetic nanomachine communication
scenarios. Theoretical model results could, for example, assist
in the design of more robust MC systems, advancing research
in artificial nano-networks and new drug-delivery methods.
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