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Abstract
The 1B10SIM tool has been developed to facilitate the design of genetic circuits via
a model-based design strategy. This paper illustrates the new features incorporated
into the tool for DNA circuit design, design analysis, and design synthesis, all of which

can be used in a workflow for the systematic construction of new genetic circuits.
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IBIOSIM is a genetic design automation (GDA) tool for the modeling, analysis, and design
of genetic circuits that is being actively developed at the University of Utah'? (see Figure 1).
IB10SIM is enabled by community developed standards that promote the model-based design
of genetic circuits and allow the sharing of these designs via data repositories. While there
exists other genetic design automation tools, such as Cello,® IBIOSIM is not restricted to
genetic circuits of logic circuits. In addition, IB1I0SIM allows the use of a wider range of
parts and the analysis is fully enabled by standards. While there are standard-compliant
simulation tools, such as libRoadRunner,* COPASI,% and SBMLsimulator,% among others,
they cannot be used for genetic circuit design. A high-level illustration of the key features
of 1B10SIM is shown in Figure 2.

1B10SIM emerged in 2003 as a systems biology tool. The first version included REB2SAC,”
a simulation tool that converts reaction-based networks to stochastic asynchronous circuits
for efficient analysis, GeneNet,® a learning tool for inferring the connectivity of genetic
circuits from time-series data, and an user-interface (UI) to facilitate the usage of reb2sac
and GeneNet. 1B10SIM started targeting synthetic biology applications after the tool was
used to design a Genetic C-element in silico.”

In the first version, the tool used a custom modeling representation called genetic circuit
model (GCM) as a high-level abstraction to represent genetic regulatory networks. However,
in the second version, the tool adopted standards for reproducibility and sharing of models
and designs that included the Systems Biology Markup Language (SBML)!? and the Synthetic
Biology Open Language (SBOL).'% A schematic editor was implemented for constructing
models using a graphical user-interface (GUI). New analysis methods were also implemented,
including the incremental stochastic simulation algorithm (iSSA),® which works with small
time increments and checks statistics at the end of each time step to constrain the initial
values of the next time step; stochastic model checking,'* which uses continuous-time Marko-
vian analysis to reason about the design’s correctness with respect to stochastic properties

that capture its critical behaviors; and grid-based models of dynamic cellular populations.!®



This paper presents the features of the most recent version of 1IBioSiM, which enables a
design workflow that leverages models and their analysis to guide the design choices made
when constructing genetic circuits. The remainder of this paper describes this workflow in

further detail and highlights the new features incorporated into the new version of the tool.
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Figure 1: This timeline shows the evolution of 1B10SiM and highlights the key features
implemented in each version. The latest version, IBIOSIM 3, includes support for new stan-
dards, the latest SBML and SBOL versions, and additional SBML packages. Furthermore,
the tool supports new features for DNA circuit design, model generation, additional analysis
methods, and synthesis methods.

DNA Circuit Design: A genetic circuit design in IBIOSIM begins by using the SBOLD-
ESIGNER ' tool to select genetic parts from the SYNBIOHUB part repository (formally known
as the SBOL STAck!"). This DNA-level design is expressed using version 2 of the SBOL.
SBOLDESIGNER is an intuitive sequence editor tool that is incorporated into IBIOSIM as
a plugin. The structural layer of genetic designs can be viewed and created hierarchically
in SBOLDESIGNER’s canvas. SYNBIOHUB is a repository for synthetic biology designs
that allows storing and sharing genetic designs represented in SBOL. This feature facilitates

model-based design of genetic circuits by providing the means to construct new designs from
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Figure 2: This is a high-level diagram of the genetic circuit design workflow supported by
1B1oSiM. The red arrows indicate the flow between the different software components and
dotted lines indicate the output of each step that is then used by the proceeding software
component in the workflow. First, genetic parts encoded using SBOL are fetched from
SYNBIOHUB using the SBOLDESIGNER plugin to construct the DNA-level design encoded
using SBOL. Next, the DNA design is augmented with interaction data using the VIRTUAL
PARTS model generator, and the functional SBOL is converted into an SBML model. The
resulting mathematical model can then be refined and parameters configured using IBioSim’s
model editor. The SBML model can be analyzed in 1B10SiM as described by an associated
SED-ML document. The data created for the SBOL parts, the SBML model, and the
analysis can be shared and documented by uploading these artifacts to SYNBIOHUB as a
COMBINE archive.



existing modeled parts.

Model Generation: The VIRTUAL PARTS REPOSITORY (VPR) model generator is
utilized to obtain interaction data, as described in,'®! from the SYNBIOHUB to add func-
tional information to the SBOL description. For example, it adds the proteins that act as
transcription factors for the promoters, as well as their coding sequences in the DNA-level
design. These protein components are coupled with the DNA components constructed by
SBOLDESIGNER along with their interactions into functional module definitions. Next, an
SBOL to SBML converter? can be applied to translate the structural and functional infor-
mation of the corresponding SBOL into a quantitative model expressed in the SBML Level 3
Version 2. Since SBOL is used to represent qualitative models, the quantitative information
required by SBML is inferred.?® However, this SBML model can then be further refined and
model parameters added using IBIOSIM’s model editor. Any changes made can be mapped
back to SBOL using the SBML to SBOL converter. 2!

Analysis: 1B1oSiM supports simulation of SBML models using a variety of different
simulation methods, such as ordinary differential equations (ODEs) and stochastic simula-
tion. 1BIOSIM is the first software tool that is capable of simulating SBML models that
)22

utilize the hierarchical model composition (comp)=* and arrays packages without flattening

out these structures, 2324

a process that can potentially take longer than simulation. Another
feature of 1B10SIM’s simulation capabilities is the ability to perform flux balance analysis
(FBA) on SBML models encoded using the fluz balance constraints (fbc) package.? FBA is
quite useful when kinetic information about the model is unknown. 1B10SIM also allows the
coupling of kinetic models expressed using ODEs with constraint-based models expressed as
FBA. Such hybrid models are called dynamic FBA (DFBA) and can be simulated within the
tool. Since one of the goals of IBIOSIM is to use standards for the interoperability between
tools, the Simulation Ezperiment Description Markup Language (SED-ML)?® is integrated

into 1IB1oS1M. Each 1B10SIM project is associated with a single SED-ML file, where each

analysis corresponds to a single task that is used to specify how a model should be analyzed



(e.g., which simulator to use) and how the results are presented to the user (e.g., how the
output plot should look like). The SBOL document, the SBML model, and the SED-ML file
along with results of analysis can be collected within a COMBINE Archive?” and uploaded
to SYNBIOHUB.

Synthesis: While the workflow shown in Figure 2 requires manual selections of parts for
a genetic design, IBIOSIM also supports automated methods for part selection leveraging a
process called technology mapping.?® Rather than derive a model from manually composed
parts, this process derives a genetic combinational circuit design from a given SBML model by
automatically selecting parts to implement the model’s specified function. The key challenge
that has to be addressed is that the parts selected must not interfere with each other. Namely,
there should be no unintended interactions between the proteins produced by each portion
of the design.

Discussion: IBIOSIM is an active tool with many features still being developed. For
design, we plan on fine-tuning the model generation procedure with enriched parts. Cur-
rently, the model generation infers default parameters when generating models because such
information is not available in the parts repository. Such information would lead us to more
accurate models. For synthesis, we also plan to take advantage of enriched parts for better
part selection, which would help in selecting parts without unintended interactions. In ad-
dition, we can further expand on the part selection by integrating DFBA in the technology
mapping procedure. Lastly, the technology mapping procedure in 1IBIOSIM is limited to
combinational circuits. Currently, we are developing an extension to support asynchronous
sequential circuits. For analysis, we plan on expanding on our SED-ML support to enable
more complex analysis and to link experimental data to models.

Availability: With the exception of some older analysis methods” and model gener-
ation methods® that are written in C/C++, the majority of IBIOSIM is written in Java
leveraging pure-Java libraries such as JSBML?? and 1ibSBOL;j.3? 1B10SIM is an open-source

project available publicly at: https://github.com/MyersResearchGroup/iBioSim. Each



part described in the workflow can be used as a stand-alone application.
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