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Abstract: In this paper it is proposed that two current trends — agent-oriented
programming in computer science and whole organism models in biology — are
likely to develop strong ties between each other. To back up this claim and to
show the feasibility of using multiagent systems for modelling organisms, in-
cluding the single-celled ones, a small multiagent model of a bacterial cell is
developed and shown to give adequate results in simulations. The model is
based on DnaA Titration Model from biology and deals with DNA replication
and cell division.

1 Introduction

Computer science has progressed through several programming paradigms — proce-
dural programming, data hiding using modules, data abstraction using abstract data
types, and finally object-oriented programming — every new paradigm ,.,embracing*
previous ones and adding something new. However, this progression, including ob-
ject-orientedness, is well described already decades ago, e.g. by Stroustrup (1988). No
new paradigms have gained enough weight yet to be added to this list.

Looking at these four programming approaches, it can be seen that the direction of
advances is towards dividing the system into smaller, more autonomous pieces. One
of the main reasons behind this trend is probably the ever-increasing complexity of
software — it just can not be reasonably managed as a single huge chunk of code. The
pressure to find even better paradigms than object-oriented programming is building
up, both because the size of practical applications is growing fast and because more
and more attention is paid to the interdisciplinary studies of complex adaptive sys-
tems, which rely heavily on concepts like emergent behavior, interactions, autonomy,
etc. Luckily there already exists a programming approach that supports these ideas to
some extent — the agent-oriented programming — and its popularity is on the rise.

Meanwhile in biology, the goals of computer modelling are slowly starting to shift
from simulating a few isolated processes to creating the models of whole organisms.
Even a new academic (sub)field, based on this trend, has emerged: systems biology.

The two trends — agent-oriented programming and whole organism models — are
likely to develop strong ties between each other, because multiagent systems seem to
be very suitable for modelling organisms. The purpose of this paper is to demonstrate
that agent-based models are good not only for simulating large animals (where agents
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could, for example, represent cells), but also for simulating unicellular organisms like
bacteria. The paper is organized as follows: section 2 explains why agents are good
for modelling intracellular processes, section 3 describes the relevant works, section 4
presents the DnaA Titration Model based agent model and the results from simula-
tions, and section 5 concludes the paper.

2 Why use Agents?

Making models of intracellular processes is nothing new for biology and obviously a
question immediately rises: why use agents when there already exists a well-
developed mathematical apparatus for this?

2.1 Models of metabolism in biology

According to Gombert and Nielsen (2000), current mathematical models of cellular
metabolism can be divided into two groups:

— Stoichiometric models, which are based on time invariant characteristics of meta-
bolic networks and typically use metabolic flux analysis or metabolic network
analysis. The predictive power of stoichiometric models is limited as they do not
include information about many regulative processes that affect metabolism.

— Kinetic models, which add information about enzyme or microbial kinetics to stoi-
chiometric models and therefore allow, at least in principle, quite detailed and pre-
dictive modelling of cell dynamics. The main problem with kinetic models is the
need for very detailed information about the intracellular processes: kinetic models
mostly consist of systems of differential equations which have many parameters
that need fine-tuning for the model to work.

A good model of the whole bacterium should include the dynamical information but,
as noted, typical kinetic models based on differential equations need extremely de-
tailed information that we currently do not have. And even if it were available, the use
of large systems of differential equations would need great skills in mathematics and
the resulting model would hardly be intuitive and understandable to an average mod-
eller. The agent-based approach would reduce these (and other) problems as ex-
plained in the following.

2.2 The advantages of multiagent systems

An agent, in general, is a system with the following properties (Wooldridge 1998):

— Autonomy: agents can make decisions about what to do without direct external in-
tervention of other systems.

— Reactivity: agents are situated in an environment, can perceive it (at least to some
extent) and are able respond to the changes in it (i.e. are able to react).
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— Pro-activeness (or proactivity): agents do not simply react to changes in the envi-
ronment, but are also able to take the initiative.

— Social ability: agents can interact with other agents and participate in social activi-
ties.

In agent-oriented programming an agent is usually a piece of software possessing
these four properties and many such agents acting together form a multiagent system.
While it is possible to create systems with these properties also in object-oriented
(O0) languages (and many agent development tools are indeed created this way), the
OO paradigm does not support, but merely enables this. Using agent-oriented soft-
ware development environments facilitates the creation of agent systems by letting the
developer to concentrate mostly on the problem under study, eliminating or at least
reducing the need to worry about how to implement agent communication, multi-
threading, etc.
The advantages of multiagent systems in the context of whole-cell models:

— The possibility to have a direct correspondence between the parts of the biological
system and the parts of the model. For example a ribosome can be represented as
an agent called Ribosome, with all the interesting reactive, proactive and “social”
behavior of the real ribosome. This approach is much more intuitive than using
complex mathematical apparatus and it boosts first the ease of construction of the
model and then the understandability of the result.

— The model is more flexible. Due to the autonomous nature of agents it is relatively
easy to add, remove and modify them, sometimes even without stopping the run-
ning simulation. In addition, multiagent systems can be distributed over many net-
worked computers without extreme effort, making it easier to cope with the need
for high computing power. Also the possibility to represent different parts of the
cell with different levels of abstraction adds to the flexibility of the model (e.g. in
the same simulation one agent may represent the whole cytoplasm while another
may represent a single molecule floating around in it).

— As multiagent systems are based on the concepts of interactions and parallelism, it
is quite easy to produce emergent behavior in the model (a behavior that is not ex-
plicitly written into the model's description, but instead appears during the simula-
tion runs and is therefore of high interest to the modeller — if only prescribed proc-
esses were present in the simulation, then in principle all the behavior of the
simulation would be known to the modeller in advance and computers would only
help to conduct the otherwise tedious mathematical work and to visualize the sys-
tem).

3 Relevant works

The idea of modelling a single biological cell as a multiagent system is not very wide-
spread yet and only a fairly limited number of papers has been published. However,
as agent-oriented programming is gaining popularity in different fields of science, it is
likely that more and more cell biologists will get acquainted with it and the number of
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relevant works will start to climb fast soon. The idea of one agent representing one
cell has already gained some momentum in the research community, but it is not rele-
vant enough in the context of this paper as there the emergent behavior will appear on
the level of the population of cells, not on the level of a single cell. In the remainder
of this section short descriptions of works dealing with cell-level multiagent models is
given.

Somewhat surprisingly a more than a decade ago published paper by Paton (1993),
which discusses several different interesting possibilities for describing a cell, already
proposes the idea: “Cells can be described in this way, as open systems (Huberman
and Hogg, 1988) which contain collections of autonomous computational agents in-
teracting with each other. These open systems exhibit parallel distributed processing
in that different parts of the cell do different things and the adaptive capabilities of the
system are reflected in its data driven capacities, considerable degree of lack of global
control, fault tolerance, high degree of communication and ability of multiple parts to
carry out partial computations.” While there are no computer implementations offered
in that paper, the later works of Paton and his colleagues are moving in this more
practical direction, see e.g. Fisher et al. (1999) and Fisher ef al. (2000).

A system called Cellulat developed by Gonzalez et al. (2003) represents proteins
and other components participating in intracellular signalling as “internal autonomous
agents” and the communication with external medium takes place through “interface
autonomous agents”. All communication between agents is indirect, through the use
of a shared “blackboard”. The blackboard has different levels corresponding to differ-
ent static and nested cellular compartments, and the objects on the blackboard repre-
sent various intracellular signalling molecules and the like.

A paper by Alur et al. (2002) presents a hybrid system where each agent is charac-
terized by a continuous state x and a collection of discrete modes. The changes of x
are governed by the set of ordinary differential equations of the currently active mode.
There are two types of agents: process agents or P-agents, which capture the dynam-
ics involved in transcription, translation, protein binding, protein-protein interactions,
and cell growth; and system agents or S-agents, which describe the accumulation or
degradation of species (proteins, cells, DNA) in terms of concentration or simply
numbers. P-agents take the quantities (concentrations or numbers) of different species
relevant to the process from S-agents as inputs and calculate the rates of the reactions.
S-agents take these rates and update the quantities of species.

Katare and Venkatasubramanian (2001) are studying the behavior of microbes in a
binary substrate environment where both glucose and lactose are present and the mi-
crobes tend to eat the more nutritional substrate — glucose — first (the “glucose ef-
fect”). The cell in their model consists of one Nucleus agent, one Environment agent
(which represents the protoplasm, i.e. the inner environment, of the cell) and of many
Cellular-Organelle agents (all different organelles are generalized into one type of
agent). The Cellular-Organelle agents can be either in mode A or mode B and, respec-
tively, get the substrates S1 or S2 from the Environment and the time resources T1 or
T2 from the Nucleus. Using these resources they produce biomass, which is essential
for the survival of the organelles and the cell in general. Cellular-Organelles can di-
vide into two new agents of the same type and either the same mode or, due to muta-
tions, the opposite mode. In certain cases they can also change their mode by mimick-
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ing the most productive organelles. The purpose of the model is to study the evolu-
tional emergence of the glucose effect.

Burleigh et al. (2003) use a swarm-based approach (basically an agent-based ap-
proach) for modelling the processes related to the lac-operon (a system of genes regu-
lating the transport and metabolization of lactose). Every element in the simulation is
an agent governed by simple rules of interaction. Dynamic elements in the system
move randomly within the cell and execute specific actions when interacting with
other agents. The main focus of the work is 3-dimensional visualization of intracellu-
lar processes, including compatibility with an immersive stereoscopical 3D environ-
ment called The CAVE Automated Virtual Environment.

Querrec et al. (2003) propose a model of Mitogen-Activated Protein Kinase
(MAPK) pathway where agents represent biochemical reactions. Agent-reactions
have a three-stroke cycle of behavior which consists of perception, decision and ac-
tion. During perception each agent reads from the environment the concentrations of
all the elements intervening in this reaction. Then, in the decision phase, the agent
calculates the quantity of each reagent which will appear or disappear in the reaction.
And finally the action is taken, i.e. the concentrations of reagents and products are
updated.

In the work of Khan et al. (2003) an agent corresponds to a molecular species and
contains information about the state of every (group of) molecule(s) of that kind. In
addition, the agent has a list of reactions this molecular species can participate in. Re-
actions are initiated by individual molecules (or groups of molecules) using a stochas-
tic algorithm.

So, if there already are several papers demonstrating the applicability of agent-
based approach to the modelling of intracellular processes, then why bother with pro-
ducing yet another one? The first reason is: many of those mentioned works are not
using the full range of benefits of the agent concept. In some cases the agents are tied
together very rigidly, lacking the autonomy. In some systems the agents are required
to execute strictly sequentially: no parallelism. Secondly, the choice to use agents to
represent processes (instead of biological/physical objects), as is the case in several
works, is definitely interesting, but may hinder the comprehensibility of the model.
Also, the process-based models may, although do not necessarily have to, be more
difficult to scale up to the whole-cell level where the structure of the cell and the loca-
tions of subcellular components become more important. And finally, all described
systems are quite different from each other as well as from my model presented in the
following section, which means that the search for best practices in the field of agent-
oriented intracellular models is only starting and all contributions are very welcome.

4 DnaA Titration Model Based Agent Model

4.1 The DnaA Titration Model

The DnaA Titration Model, or more generally the Initiator Titration Model, is a model
from biology describing the molecular level mechanisms that cause the initiation of
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DNA replication. I chose to base my agent model on this model because it allows to
connect some of the micro- and macro-level processes in the cell without involving
too much details of many different intracellular processes. Basically the DnaA Titra-
tion Model explains how the initiation of DNA replication is regulated by the concen-
tration of a protein called DnaA. So, by simulating this process we get the moments
when DNA replication is initiated, and using some additional information from biol-
ogy — the duration of DNA replication is constant; the time from the end of DNA rep-
lication to the start of cell division is constant; cell mass growth depends on environ-
mental conditions, not on the DNA replication processes — we can “translate” these
moments into the changes of cell mass, which is a macro-level variable for a bacte-
rium. The details of the DnaA Titration Model relevant to this work can easily be in-
ferred from the description of the agent model itself and therefore no separate biologi-
cal description is given here. However, it should be kept in mind that, first of all, the
DnaA Titration Model itself is not completely proved to be true yet and secondly the
agent model makes a lot of simplifications.

4.2 JADE

JADE (Java Agent DEvelopment framework, http://jade.tilab.com/) was used for im-
plementing the following model and the range of possibilities and features it offers
has definitely affected the details of the model. JADE is a middleware for developing
multiagent systems and includes a library of classes to be used for creating the agents,
a (distributed) runtime environment and some graphical tools for administrating and
monitoring this environment and the agents running in it.

4.3 The Agent Model

The agent model contains four types of agents: Environment, Bacterium, DnaA Fac-
tory and DNA. The values of the variables (time, cell mass, etc.) used in the model
are not to be taken as directly comparable to the corresponding values in real bacteria,
because this model is built to show only qualitatively, not quantitatively, adequate be-
havior.

Environment represents the environment around the bacterium.

— For the sake of simplicity, all environmental conditions are currently “reduced”
into one single number: the bigger, the better for the bacterium.

— If receiving a question about environmental conditions, then the Environment will
reply with a message containing the current value of the variable.

— Environmental conditions are not varying automatically, but can be changed by
sending the Environment a request for a change (again a message — currently all
agent communication happens through messages). Conditions from about 15 to 60
(arbitrary units) are handled adequately by the current prototype of the model.

Bacterium represents the whole cell of the bacterium, managing the agents that
represent the parts of the cell (DNA(s), DnaA Factory) and simulating some of the
behavior of those parts of the real cell that are not coded into agents yet.
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— Cell mass increases according to environmental conditions. Currently a very sim-
ple linear growth function is used: the number representing environmental condi-
tions is just added periodically (after every 100 milliseconds) to the cell mass.

— The Bacterium polls its DNAs to find out the total number of active DnaA promot-
ers (an area on the DNA that carries the information necessary for producing DnaA
protein), which influences the speed of DnaA production in the DnaA Factory — the
Factory currently gets that number from DNA in order to reduce the message traf-
fic (otherwise it should first ask the Bacterium about which DNAs belong to this
cell and then poll all of them).

— The Bacterium stores free DnaA protein coming (in the form of messages) from
DnaA Factory and sometimes also from DNAs, and distributes it to those who ask
for it (DNAs). The larger the total amount of free DnaA, the bigger quantity is sent
(to avoid the situation where DNA could bind a lot of DnaA and there really is a
lot of free DnaA available in the cell, but sending them in small amounts takes a
long time and unrealistically prolongs the binding process). No DnaA will be lost,
because if somebody gets more of that protein than necessary, then the remainder
is sent back to the Bacterium.

— If a DNA informs the Bacterium that its replication process has ended, then a pre-
cell-division-timer (20 seconds) is initialized.

— When this timer expires, a new Bacterium is created and given half of the cell mass
and free DnaA, and approximately half of the DNAs (approximately, because in
cells with a fast cell cycle some DNAs may be in the middle of the replication
process during cell division, meaning the daughter and parent DNA are physically
connected and can not be separated). If the simulation is in the “single cell” mode,
then the new Bacterium agent will be terminated to save computer resources.

— If the Bacterium is sent a question about cell mass, the amount of free DnaA, the
number of DNAs and their connections with each other, or the number of active
DnaA promoters in the cell, then it replies with a message containing the value of
the corresponding variable.

— To help the modeller to observe the state of the Bacterium, the values of some
variables are displayed in an information window (Fig. 1) and also logged into a
text file.

DnaA Factory produces DnaA protein, depending on environmental conditions and
on the number of active DnaA promoters in the cell: after every [6000 / conditions]
milliseconds [the number of active DnaA promoters] molecules of DnaA is produced
and sent to the Bacterium. Every Bacterium has one DnaA Factory.

DNA represents the double helix of DNA, either complete or under construction.

— If DnaA boxes (the binding sites of DnaA on DNA) are not full (of DnaA), then
DNA asks for free DnaA from the Bacterium.

— The DnaA boxes outside of oriC (the origin of replication, an area on the DNA
where the replication process starts) are filled with DnaA. There are 305 such
boxes in the model.
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Fig. 1. Information windows of a Bacterium agent (on the left) and a DNA agent (on the right).

— If these boxes are full, oriC is not inhibited and there are over 40 free DnaA mole-

cules in the cell, then the DnaA boxes in oriC are filled. There are 30 such boxes in
the model. The requirement for 40 free DnaA molecules is introduced to approxi-
mately simulate the low affinity (i.e. low attraction) of some of the DnaA boxes in
oriC that requires a higher DnaA concentration for the binding to happen.

When the boxes in oriC are filled up, DNA replication begins: DnaA from oriC is
thrown back to the Bacterium, oriC and DnaA promoter get inhibited for some
time (oriC until 20% and DnaA promoter until 55% of replication is done, the
same time intervals apply to the new DNA) and a new “non-complete” DNA agent
is created.

The speed of the replication process is 0.25 percentage points after every 100 milli-
seconds and the replication ends, obviously, when reaching 100%. Currently the
DNA agent does not contain any genetic information, so there is actually no real
copying taking place and only two other things happen in addition to the increase
of percentage: the number of DnaA boxes outside of oriC on the new DNA in-
creases from 0 to 305, and those DnaA boxes on the parent DNA that get “ridden
over” by the “replication fork™ are emptied and the freed DnaA is sent back to the
Bacterium. The DnaA boxes outside of oriC have a uniform distribution over DNA
in the model, although that is not exactly the case in reality.

If the DNA is sent a question about the name of the Bacterium it belongs to, the
name of its parent, or whether its DnaA promoter is inhibited, then it replies with a
message containing the value of the corresponding variable.

As with the Bacterium, the values of some variables of DNA are displayed in an
information window (Fig. 1).
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Fig. 2. Periodical cell division. Initial mass 10 000, environmental conditions 20. Sawtooth line
is cell mass, square line is the number of DNAs in the cell.

4.4 The Results

By running the described model in a computer, its behavior can be found out and
compared with the information about real bacteria.

The first question about this agent model is most certainly: “Will the bacterium
start to replicate at all?” As it can be seen on Fig. 2, the cell will indeed start to divide
and, in case of stable environmental conditions, a quite stable cell cycle will develop
where both the time between divisions and the average cell mass are almost constant.
The number of DNAs on this and the following figures is given according to the prin-
ciple: step +1 will occur at the moment of initialization of the DNA replication, i.e.
when a new DNA agent is created in the simulation. Biologically it would be more
correct to label it “the number of oriCs in the cell”.

When the initial mass of the cell, given by the modeller, is somewhat lower or
higher than normal, the cell should still stabilize into the same (oscillating) state as
before. This is indeed the case in the model: see Figs. 3 and 4.
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Fig. 5. Semisynchronous initiation of DNA replication. Environmental conditions 50. The ir-
regular line is the amount of free DnaA in the cell, the two-stepped line is the number of DNA
agents in the cell.

In very good environmental conditions bacteria grow fast and divide often. How-
ever, as the time of DNA replication and the delay between the end of DNA replica-
tion and the cell division initiated by this concrete DNA replication are constant, there
is more than one DNA in a fast-growing bacterium and a new replication process is
initiated before the previous one is finished. In normal bacteria the initiation happens
on all oriCs almost, but not exactly, at the same moment. The phenomenon is called
(semi)synchronous initiation and, as its mechanisms are described in the Initiator Ti-
tration Model, it should also occur in the agent model. Fig. 5 demonstrates the semi-
synchronous initiation of DNA replication in the simulation. What exactly happens
there is described in the following:

— On the 791st simulation second the number of free DnaA molecules in the cell
reaches the threshold of 40 and the DnaA boxes in oriCs of the two DNAs will
start filling up.

— On the 793rd second all the DnaA boxes in the oriC of one of the DNAs get filled
and the initiation of replication happens there. The DnaA molecules binded to this
oriC are released and the amount of free DnaA in the cell increases sharply. The
oriCs of this DNA and the new created DNA get inhibited to avoid a possible in-
stantaneous reinitiation. The DnaA promoter, which is near the oriC area, gets in-
hibited as well and therefore the production of DnaA in the cell slows down.
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— High concentration of free DnaA considerably speeds up the binding process on
the other DNA (as already mentioned, and also visible on Fig. 5, there were two
DNAs in the cell in the beginning of the time frame under study here).

— In the other half of the 794th second the DnaA boxes in the oriC of this other DNA
also get filled and the DNA replication starts. Here, too, the DnaA molecules are
freed from oriC and the amount of free DnaA in the cell skyrockets once again.
oriC and DnaA promoter of both the parent DNA and the new created DNA get in-
hibited and the production of DnaA in the cell stops.

— During the construction of new DNA double helices the number of empty high af-
finity DnaA boxes outside the oriC increases. The free DnaA binds to those boxes
and the total amount of free DnaA in the cell drops below the threshold of 40
molecules long before the oriCs get uninhibited again.

The best indicator of the adequacy of the created agent model would be the emer-
gence of the initiation mass. According to the generally accepted Cooper-Helmstetter-
Donachie model, the initiation of DNA replication occurs only when the cell has a
certain mass, called initiation mass. This mass depends on the number of oriCs in the
cell. When environmental conditions get better and bacterium’s growth speed in-
creases, the initiation mass stays constant until the growth speed reaches a certain
value. Then the initiation mass usually doubles (due to the semisynchronous initiation
of DNA replication, which causes the number of oriCs in the cell to be a power of two
for most of the time) and stays constant for another range of growth speeds, etc. The
concept of initiation mass is not explicitly built into the Initiatior Titration Model nor
into the agent model. Therefore, its presence in simulation results would indicate the
adequacy of the Initiator Titration Model and the ability of the multiagent system to
allow its emergence from micro-level behavior (however, it should be noted that the
presence of initiation mass in the results would not be a proof of model’s correctness).
As shown on Fig. 6, the initiation mass indeed emerges during simulations. It is not
absolutely constant, though: on the second plateau on the graph there seems to be a
slight increase in the initiation mass when the growth speed increases. The roots of
this increase are to be studied more thoroughly in the future, because the current
model prototype and / or JADE environment are not stable enough to allow very long
simulation runs and therefore the increase may also be just an error due to the small-
ness of the dataset used for creating this graph.
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5 Conclusions

The agent model was relatively easy to construct and its description is quite under-
standable even for a non-biologist. In spite of its simplicity, the model gives results
that seem to be reasonable. Although only a few intracellular processes were included
in this prototype, the other processes are unlikely to be fundamentally different and
therefore the agent models should be generally appropriate for modelling a biological
cell.

The presented model was, as mentioned, just a small prototype and a lot of further
work lies ahead to create a practical agent-based cell modelling tool and / or method-

ology:

— The choice of agent development environment should get more attention — JADE
was chosen as it offered enough support to create the prototype, but there may be
better tools available.

— Current model depends on astronomical time due to the way it uses timers. It needs
manual reconfiguration when moving from one computer to another with different
computing power. Better solutions should be found for event timings and to ensure
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the freshness and / or reliability of data received through message passing (espe-
cially when the simulation will be distributed over many computers).

— The spatial structure of the cell should be taken into account.

— It is likely that the new tool would first be used for modelling the most interesting
processes. These may, however, not be immediately integratable with each other in
order to create the whole-cell model — some other processes may be necessary that
“glue” them together. Therefore it would be useful to define beforehand the re-
quirements for the small simulations that would allow an easy integration later,
when all necessary process models are available.

— The increasing complexity of models requires better graphical user interfaces to
keep the behavior of the system understandable for the modeller.

— As the number of parts of a bacterial cell is huge — about 10’ molecules, many of
which are tied to each other, many participate in various biochemical reactions, etc.
— it would be sensible to allow the user to change the abstraction levels of the
simulation. The abstraction level of (visual) representation would determine, how
many details the user sees. The abstraction level of the simulation itself would de-
termine, how detailed (sub)models are used inside the simulation, e.g. whether a
certain type of objects inside the cell is represented as one agent, or each object of
that type has its own representative agent.
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