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This thesis aims at developing new analytical formalisms for inferring molecular regulatory networks that control metabolism in order
to elucidate from “omics” data how regulations mediate metabolic mechanisms (and conversely).

Biology has motivated computer scientists and mathematicians to develop specific formalisms to capture the characteristics of
intracellular behaviors. Cellular regulation is known to be multi-layer. Regulatory and signaling interactions are highly nonlinear,
modeled with non-deterministic frameworks, from logical to rule-based models [AT14,PKCH20]. These models are identified from
transcriptomic or phosphoproteomics data by solving combinatorial or MILP problems in order to optimize data-fitting and parsimony
hypotheses. Designing a scalable solution to this identification problem was done in [VGE15,0PS16] by relying on abstract
interpretation and declarative programming.

The metabolic layer faces a scalability issue since models involves several thousands of compounds and interactions. This prevents
using ODE models whose kinetic parameters cannot be identified uniquely. Modelers usually assume that internal metabolites are in a
quasi-steady-state, as in the dynamic enzyme-cost Flux Balance Analysis (deFBA) [WOB15] which models metabolism by a dynamic
optimization problem, without knowing the underlying regulatory mechanisms.

The combined metabolic and regulatory levels are necessary to figure out how gene expression triggers specific phenotypes
depending on the environmental constraints. Most of the approaches integrating metabolic and regulatory networks are based on
Boolean logic, such as regulatory FBA (tFBA) [CSPO1,M15] or steady-state regulatory FBA (SR-FBA) [SE07]. These approaches
include Boolean rules in the optimization process of FBA using mixed-integer linear programming (MILP), and finds a steady-state
for both the metabolic and the regulatory network. In this case, the metabolic layer is inferred from genomic and experimental data by
solving combinatorial or MILP optimization problems based on quasi-steady state hypotheses. However, the transcriptional and
signaling layers are manually curated from the literature or experimental data evidence.

The goal of the phD will be to extend the methods developed for the identification of Boolean models developed in [VGE15,0PS16]
in order to enable a scalable identification of multi-layer models and elucidate from “omics” data how regulations mediate metabolic
mechanisms (and conversely). The main drawback of in [VGE15,0PS16] is that they all rely on a simplified assumption on the
system functioning, allowing to focus only on a single (regulatory/signalling) layer of the biological system, adjoined with several
dynamical assumptions (steady-state, synchronous dynamics, possibly time-series and asynchronous when using abstract
interpretation techniques) [PKCH20]. In this case, interactions between layers are totally neglected.
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The main issues to address during the phD are (1) contribute to the design of a Hybrid framework for metabolic regulation. This will
be done by extend the deFBA to a hybrid discrete-continuous framework regulatory deFBA that will include regulations as discrete
jumps between regulatory states, each having a specific continuous dynamics given by differential-algebraic equations [LB19]. This
approach underlines models in [RKBS17] but requires a formalization. (2) Designing a new the inference problem on the hybrid
framework, by extending the problems solved in [VGE15,0PS16] (3) Solve the optimization problems with combinatorial, linear and
temporal features. In this case, we will rely on recently introduce temporal extensions of Answer Set Programming (Tellingo),
possibly by designing specific temporal extension of ASP with constructs from linear temporal logic and (linear) dynamic logic
[JKO17,BCD18] as done for solving previous optimization problems in systems biology [FSS19].
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