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A b s t r a c t . BactoSim is an agent-based platform for simulating the con
jugation in spatially structured bacterial populations, which are the con
ditions typically found on naturally occurring colonies such as biofilms 
or in agar-based laboratory cultures. The model provides a set of key 
indicators which can be visualized in real time as the simulation evolves 
and saved as for further analysis. 

1 Introduction 

The bacterial conjugation is a natural process where bacterial cells interchange 
circular DNA fragments known as plasmids. Conjugative plasmids are the vehi
cles of antibiotic resistance spreading in hospitals and also may carry genes 
which are responsible for bacterial virulence and pathogenicity [2]. Therefore 
it is worth to understand how they are propagated and that is the key point 
where individual-based models come to help to shed light over the inner intri
cacies of the process. The most common strategy for modeling conjugation was 
some variation of differential equations with mass action kinetics using whole 
population data for model calibration. But one of the main drawbacks of this 
approach is that it fails to take into account local variations and assume well-
mixed environments which clearly are not realistic assumptions. In order to 
produce a more structurally realistic representation for conjugation, a spatially 
explicit individual-based model is required where agents have their own individ
ual internal state and interact only with their closest neighbors being the changes 
in spatial position of agents exclusively consequence of the shoving relaxation 
due to the colony growth process.The BactoSim code and binaries are available 
for download1. The simulator is part of project European project PLASWIRES 
which also includes the simulator BactoSim II [1]. 

2 Main Purpose 

In this paper we provide a brief overview of the BactoSim simulation platform. 
The main objective of the software is to provide a computational workbench for 
1 http://goo.gl/TDGxNr 



using bacterial plasmid as a ”wiring protocol” for harnessing the power of bac
terial cell-cell communication as a tool for multicellular synthetic biology. This 
is achieved using an integrative approach where molecular level and individual-
based observations are incorporated within the simulation model. Hence all rel
evant data about the system under study is used as model parameters and to 
implement the model rule base. This is a bottom-up approach where we specify 
how agents must evolve thereby producing an emergent global behavior. That 
kind of models is also useful for producing new insights about the process being 
studied, suggesting sometimes counter intuitive ideas about what local processes 
are responsible for some global system comportment. The simulation software 
was developed using the Repast Symphony multi-agent simulation platform [3]. 

3 Demonstrat ion 

The simulation model is comprised by a discrete set of agents each of them 
representing a single bacterial cell /?$, i = 1... N where N is the current popu
lation size at the simulated time t. The agents interact with other agents and 
with the environment which holds some amount of nutrient. The environment is 
implemented using a value layer of repast framework [3]. The /?$ agents lives and 
evolve in a computational domain represented as a 1000 x 1000 discrete grid, 
corresponding to a real surface of 1mm2. In approximately 20 minutes of wall 
clock, BactoSim is able to simulate 600 minutes of colony growth with a final 
population of 105 bacterial cells. 

The bacterial cells evolve during the simulated time having their state vari
ables updated by some processes representing the intra and intercellular behav
ior of every agent /%. Hence, at a functional high level, the model have a set 
of processes V = (p i . . .p^) each of them standing respectively for the Uptake, 
Diffusion, Division, T4SS expression (a protein needed for plasmid conjugation), 
Shoving relaxation and finally the Conjugation. The execution of these processes 
is shuffled in order to avoid any bias and the state of agents and the value layer 
holding the nutrient particles are updated asynchronously. The bacterial cells 
have three different states, namely R, D and T standing respectively for plasmid 
free (or recipient cells), plasmid donors (cells originally infected by plasmid) and 
transconjugant cells which are those plasmid free cells that have been infected 
by a donor or transconjugant cell. 

The model requires the input of two groups of parameters, the first group is 
related to the definition of virtual plasmid-host features which will be simulated 
and the second group allows the specification of the initial population sizes. The 
first group includes the parameters G which is the doubling time for plasmid free 
cells3, the point of cell cycle where conjugation is deemed most prone to happen 
[4], the T4SS expression and the conjugation cost. The value of 70 must be also 
introduced, that parameter tells the model how many conjugations, on average, 

Actually it is implemented as a repast multiOccupancy2D allowing cells to overlap 
in some extent, in the same way it really happens in a real bacterial colony. 
The values of doubling time for D and T cells are both emergent properties of model. 



( a ) Initialization (b) t = 600 minutes 

Fig. 1. The BactoSim Virtual Agar-Plate view for simulated version of Rl plasmid. 
The color scheme used is green for R cells, red for D cells and blue for T cells. The 
light-green, light-read and light-blue colors are used to represent depleted nutrient 
zones where cells are no longer dividing. 
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are performed by bacterial cells. Model requires also two flags which allow the 
definition of repressed and conjugative plasmids. 

The second group of parameters includes the value of N0 or the initial popu
lation size which must be introduced in the model as a concentration in cells/ml 
and the initial proportion of donor cells as a percentage of N0 . Besides of these 
two groups the model has an optional parameter for a polynomial equation fitted 
to the experimental da ta which serve as a simple visual assessment of the quality 
of simulated data, an example of this can be seen in Figure 2a. 

The model generates a lot of output with both quanti tat ive and qualitative 
da ta about the evolution of the agents and the colony global outcomes. With 
respect to qualitative da ta a sample output is show in Figure 1 which represents, 
in some extent, a virtual agar-plate where bacterial agents interact and evolve 
during the simulated time. 

The virtual-plate provides a simple visual tool to assess whether the colony is 
growing in a realistic pat tern. Besides of the ”plate view”, BactoSim generates 
six performance indicators shown in Figure 2: the T/(T + R) ra te in Figure 
2a, the population size and the doubling time in Figure 2b and 2c, the 70, 
i?0 (Basic Reproduction Number) and the ratio of new infections caused by 
horizontal transfers in Figures 2d, 2e and 2f respectively 

4 Conclusions 

In this paper we have presented the main features of BactoSim simulation envi
ronment and the master lines which have been used to implement the conjugation 
model and it is worth to mention that it is still an ongoing process. As has been 
outlined the objective of our model is twofold, on the one hand it is intended to 
be a predictive tool and on the other hand the model is a helpful tool to gather 
insights on the intra-cellular process which are building the global dynamics of 
the conjugation cell-cell communication at a whole colony level. 
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