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Abstract:

This review charts the pivotal role of mathematical modeling in advancing systems and synthetic
microbiology. We begin by delineating the foundational frameworks, including the reconstruction of
genome-scale metabolic models (GEMs) and their analysis via constraint-based methods like Flux
Balance Analysis (FBA). We then progress to dynamic and kinetic modeling approaches that capture the
temporal dimension of cellular processes, and stochastic models that account for the probabilistic nature
of reactions involving low-copy-number molecules. The review critically examines how these models
serve as indispensable tools in the engineering-driven 'Design-Build-Test-Learn' cycle of synthetic
biology, facilitating the design of genetic circuits, the management of metabolic burden through resource
allocation models, and the computational optimization of microbial strains for biotechnological production
using frameworks like OptKnock. Finally, we explore the frontiers of the field—whole-cell modeling, the
engineering of microbial consortia, and the transformative impact of machine learning—while addressing
the persistent challenges of model validation and uncertainty. This synthesis underscores the evolution of
mathematical modeling from a descriptive tool to a predictive and prescriptive engine driving the next
generation of microbial engineering.
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1. Introduction: The Symbiosis of Modeling and Microbiology

The fields of systems and synthetic microbiology have emerged as powerful paradigms for understanding
and engineering biological systems at a fundamental level. Their rapid development has been inextricably
linked to the maturation of mathematical modeling, which provides the quantitative language necessary
to describe, predict, and ultimately design the complex molecular networks that govern cellular life. This
review explores the diverse landscape of mathematical models that form the theoretical bedrock of these
disciplines, tracing their evolution from static network representations to dynamic, predictive engines for
biological design.

1.1 Defining Systems and Synthetic Microbiology: From Understanding to Engineering

The progression from systems to synthetic microbiology marks a profound shift in the scientific approach
to biology, moving from a paradigm of observation and analysis to one of active design and construction.
This transition is not merely a chronological development but a conceptual evolution, where the
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quantitative understanding cultivated by systems biology becomes the essential engineering toolkit for
synthetic biology. The mathematical model serves as the critical bridge enabling this leap from science to
engineering.

Systems Microbiology represents a departure from the historically reductionist paradigm of molecular
biology, which focused on studying isolated cellular components.' Instead, systems microbiology seeks a
holistic and quantitative comprehension of microorganisms by studying the dynamic interactions among
all their constituent parts—genes, proteins, metabolites, and their environment.® The central tenet is that
complex, often non-intuitive behaviors are emergent properties that arise from the interplay of these
components and cannot be understood by examining them in isolation.! The advent of high-throughput
'omics' technologies, such as genomics, transcriptomics, proteomics, and metabolomics, has been the
primary catalyst for this field, providing the system-wide datasets required to construct and validate
comprehensive models of cellular networks.”

Synthetic Microbiology, in contrast, is an engineering discipline at its core. It applies principles of design,
construction, standardization, and abstraction to biology with the goal of building novel biological parts,
devices, and systems, or redesigning existing natural systems for useful purposes.® It is a design-driven
extension of genetic engineering, aiming to make biology a predictable and programmable engineering
substrate.® Applications are vast and transformative, ranging from programming microorganisms to
produce advanced biofuels and pharmaceuticals to developing living cells that can detect environmental
pollutants or target cancer cells.'!

The relationship between these two fields is deeply symbiotic. Systems biology provides the quantitative,
mechanistic understanding of how biological systems work, which is the necessary foundation for the
rational design principles of synthetic biology.'* Without predictive models of gene regulation, metabolic
flux, and resource allocation, the engineering of complex biological circuits would be relegated to
inefficient trial-and-error. Conversely, the construction of synthetic circuits provides a powerful
methodology for testing our systems-level understanding; the ability to build a functional system from its
component parts is one of the most rigorous tests of comprehension.’

1.2 The Centrality of the Model-Experiment Cycle

At the heart of both systems and synthetic microbiology lies an iterative cycle of 'dry lab' computational
modeling and 'wet lab' experimental validation.* This feedback loop is the operational protocol that drives
progress in the field. Mathematical models are not static endpoints but are formulated as working
hypotheses that allow for the quantitative prediction of a system's behavior under various conditions.
The modeling component facilitates the in silico design and analysis of biological systems, such as
predicting the output of a synthetic gene circuit or the metabolic flux distribution of an engineered strain. '
This predictive capability is crucial, as it allows researchers to explore a vast design space
computationally, identifying promising candidates before committing to resource-intensive experimental
construction. The experimental component of the cycle serves two primary functions: it provides the
quantitative data needed to parameterize, calibrate, and validate the models, and it supplies the well-
characterized, standardized biological 'parts' (e.g., promoters, ribosome binding sites, terminators) that are
the building blocks for synthetic constructs.® This iterative refinement is essential because biological
components, when removed from their native context, often exhibit unpredictable behavior due to
interactions with the host cell's machinery.'® The model-experiment cycle provides a systematic
framework for navigating and taming this complexity.
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1.3 Overview of Modeling Paradigms and Scope of the Review

The mathematical tools employed in systems and synthetic microbiology are diverse, reflecting the multi-
scale complexity of biological systems. This review will navigate the hierarchy of these modeling
paradigms, beginning with the foundational frameworks used to map and analyze cellular metabolism at
steady state. We will then delve into models that incorporate the critical dimensions of time and
randomness, which are essential for understanding dynamic processes and cell-to-cell variability. The
focus will subsequently shift to the application of these models as design tools in the engineering-driven
workflow of synthetic biology, covering the design of genetic circuits, the management of cellular
resources, and the optimization of microbial strains for industrial biotechnology. Finally, we will explore
the cutting edge of the field, including efforts to construct whole-cell models, engineer complex microbial
consortia, and leverage the power of artificial intelligence, concluding with a critical discussion of the
persistent challenges of model validation and the management of uncertainty.

2. Foundational Frameworks: Modeling the Metabolic Machinery

At the core of a microorganism's physiology is its metabolic network, the intricate web of biochemical

reactions that convert nutrients into energy and the building blocks required for life. The first step towards

a quantitative understanding of a microbe is the systematic reconstruction and analysis of this network.

Genome-scale metabolic models (GEMs) and constraint-based analysis methods, particularly Flux

Balance Analysis (FBA), provide the foundational framework for this endeavor.

2.1 Genome-Scale Metabolic Models (GEMs): The Blueprint of Metabolism

A GEM is a comprehensive, mathematically structured knowledge base that contains all known metabolic

reactions occurring within a specific organism, along with the gene-protein-reaction (GPR) associations

that link genomic information to biochemical function.'” The reconstruction of a GEM is a bottom-up
process that integrates information from genomics, biochemistry, and physiology.

The reconstruction process typically follows a structured protocol:

1. Draft Reconstruction: The process begins with the annotated genome sequence of the target
organism. Automated software platforms (e.g., RAST, PROKKA) identify protein-coding genes and
assign putative functions based on sequence homology.”’ These functional annotations are then used
to populate a draft metabolic network by mapping them to reactions in biochemical databases such as
KEGG, ModelSEED, and MetaCyc.?! This initial step generates a comprehensive list of reactions that
are biochemically and genetically supported.

2. Manual Curation and Gap-Filling: The automatically generated draft model invariably contains
errors, inconsistencies, and gaps. A crucial, and often the most time-consuming, phase of
reconstruction is manual curation.'” This involves a meticulous, expert-driven process of verifying
each reaction for elemental and charge balance, determining reaction directionality based on
thermodynamic principles, and localizing reactions to the correct cellular compartments (e.g.,
cytoplasm, periplasm). A critical component of curation is defining the biomass objective function
(BOF), a special pseudo-reaction that represents the drain of metabolic precursors (amino acids,
nucleotides, lipids, etc.) in the precise stoichiometries required to synthesize one gram of dry cell
weight. The BOF is essential for simulating cellular growth."” During this process, "gaps" in the
network—missing reactions that prevent the model from producing essential biomass components—
are identified.

Gap-filling algorithms are then employed to suggest the minimal set of reactions that must be added
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to the network to resolve these gaps and enable the model to simulate growth under known
experimental conditions.”’

A significant trade-off exists between the speed of reconstruction and the quality of the resulting model.

While fully manual curation can take months or even years for a single organism, it typically produces a

high-quality model with strong predictive power.'"” In contrast, automated reconstruction tools and

pipelines (e.g., AutoPACMEN, COBRApy) can generate a draft model in a fraction of the time but often
at the cost of lower accuracy, requiring further refinement before reliable predictions can be made.**

2.2 Constraint-Based Analysis: Simulating Phenotypes at Steady-State

Once a GEM is reconstructed, constraint-based modeling methods are used to simulate and predict cellular

phenotypes. The most widely used of these methods is Flux Balance Analysis (FBA), a mathematical

approach that calculates the flow of metabolites (fluxes) through the metabolic network at a pseudo-steady
state, notably without requiring detailed kinetic parameters.”’

The mathematical formulation of FBA is built upon a set of core principles:

e Stoichiometric Matrix (S): The metabolic network is represented as a stoichiometric matrix, S, of
size mxn, where m is the number of metabolites and n is the number of reactions. Each entry Sij
represents the stoichiometric coefficient of metabolite 1 in reaction j, with negative values for reactants
and positive values for products.?’

e Steady-State Assumption: FBA assumes that over the timescale of interest (typically balanced
exponential growth), the concentrations of intracellular metabolites remain constant. This pseudo-
steady-state assumption implies that the rate of production of each metabolite must equal its rate of
consumption.

Mathematically, this 1is expressed as the fundamental mass balance equation:
S-v=0
where v is the vector of all reaction fluxes in the network.27

o Constraints: The steady-state equation defines a space of all mathematically possible flux
distributions. This solution space is further narrowed by imposing constraints. These include
thermodynamic constraints, which determine the reversibility of each reaction, and capacity
constraints, which set upper and lower bounds (Ibi<vi<ubi) on individual fluxes. These bounds are
often used to simulate specific environmental conditions, such as setting a maximum uptake rate for a
given carbon source.”®

e Objective Function: Because the number of reactions (n) is typically much larger than the number of
metabolites (m), the system S-v=0 is underdetermined, admitting an infinite number of solutions. To
find a single, biologically meaningful flux distribution, FBA employs linear programming to optimize
an objective function, Z=cTv, where c is a vector of weights. For microorganisms, the cellular
objective is often assumed to be the maximization of the growth rate, which is represented by the flux
through the biomass objective function.”®

FBA and its variants are powerful tools for a wide range of applications, including predicting growth rates

on different substrates, identifying essential genes by simulating gene knockouts (in silico), and guiding

metabolic engineering efforts to enhance the production of valuable compounds.?” However, the solution
to an FBA problem is not always unique.

Flux Variability Analysis (FVA) is a common extension that addresses this by calculating the full range

of possible flux values for each reaction that are consistent with the optimal objective value, thereby

characterizing the entire optimal solution space.’’
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Parsimonious FBA (pFBA) provides an alternative approach by finding the single optimal solution that
minimizes the sum of all metabolic fluxes, based on the hypothesis that cells evolve to achieve their
objectives with maximal efficiency.*’

The power of FBA is derived from its ability to make surprisingly accurate predictions about cellular
physiology from minimal genomic and stoichiometric information. This predictive capability hinges on a
critical simplifying assumption: that the complex, multi-faceted process of cellular life can be abstracted
into a single, optimizable objective function—typically, the maximization of biomass. This BOF is both
the greatest strength and the most significant vulnerability of the framework. As a strength, it elegantly
collapses the immense complexity of cellular regulation into a solvable linear programming problem,
enabling powerful predictions about growth and gene essentiality.”” However, as a vulnerability, the BOF
is a phenomenological construct. Its exact composition is difficult to measure and is known to change with
environmental conditions, and the assumption that cells are always maximizing growth is not universally
true, particularly under stress, in stationary phase, or when saddled with the metabolic burden of a
synthetic circuit.'” The limitations inherent in this static, growth-centric objective function reveal the
boundaries of the steady-state paradigm. They create a direct and compelling motivation for the
development of more sophisticated modeling frameworks, such as the dynamic and resource-aware
models discussed in subsequent sections, which can capture the shifting priorities and transient behaviours
of the cell beyond balanced growth.

3. Capturing Dynamics and Stochasticity: Beyond the Steady State

While constraint-based models provide a powerful scaffold for analyzing the potential steady-state

capabilities of a metabolic network, they are inherently static. They cannot describe how a system evolves

over time or account for the inherent randomness of molecular interactions. To capture these crucial

aspects of biology, more complex modeling paradigms are required: dynamic kinetic models to describe

temporal behaviour and stochastic models to account for biological noise and heterogeneity. The choice

between these frameworks is not merely a technical one; it represents a fundamental decision about the

biological question being asked and the appropriate level of abstraction for the system under study. FBA,

dynamic, and stochastic models exist on a continuum, trading biophysical detail for computational

tractability, and each is best suited to answering different types of questions.

3.1 Dynamic Kinetic Models: The Dimension of Time

Dynamic kinetic models aim to describe the time-evolution of the concentrations of molecular species

within a system, providing a much richer picture of cellular behaviour than steady-state approaches.”!

These models are typically formulated as a system of coupled ordinary differential equations (ODEs),

where the rate of change of each molecular concentration is a function of the rates of the reactions that

produce and consume it. The general form is:

dtdx=S-r(x,p)

Here, x is the vector of metabolite concentrations, S is the stoichiometric matrix, and r is the vector of

reaction rate laws, which are functions of the concentrations x and a set of kinetic parameters p.31

The core of a kinetic model lies in its rate laws, which mathematically describe the speed of each

biochemical reaction. These can be:

e Mechanistic Rate Laws: Derived from underlying biochemical principles, such as the Law of Mass

Action for elementary reactions, or the Michaelis-Menten and Hill equations for enzyme-catalyzed
reactions. These forms explicitly account for phenomena like enzyme saturation, competitive and
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allosteric inhibition, and activation, which are crucial for regulatory networks but are absent in
constraint-based models.”!

e Approximate Rate Laws: When detailed mechanistic information is unavailable, phenomenological
rate laws like lin-log or power-law kinetics can be used. These provide a mathematically simpler
representation that can still capture the essential dynamics of the system with fewer parameters.’’

The primary advantage of kinetic models is their ability to predict the full dynamic trajectory of a system,
including transient responses to perturbations, oscillations, and bistable (switch-like) behavior.’' This
makes them indispensable tools for the analysis and design of dynamic systems like synthetic gene circuits
and signal transduction pathways.*® However, this predictive power comes at a steep cost: the
parameterization challenge. A large-scale kinetic model requires thousands of kinetic parameters (e.g.,
Km, Vmax, kcat), which are extremely difficult to measure accurately in vivo and are often unknown or
vary widely in the literature.>’> While parameter estimation techniques can be used to fit these parameters
to experimental time-series data, this is a computationally intensive optimization problem that often results
in non-unique or poorly constrained parameter sets, limiting the construction of reliable, large-scale kinetic
models.*”
3.2 Stochastic Models: Embracing Biological Noise
Deterministic models, whether steady-state or dynamic, operate on the assumption of continuous
concentrations and predictable reaction rates. This assumption is valid when the number of reacting
molecules is large. However, within a single cell, many key regulatory molecules, such as transcription
factors and messenger RNAs, can be present in extremely low copy numbers—sometimes only a handful
of molecules per cell.'* In this regime, reactions are no longer smooth, continuous processes but rather
discrete, probabilistic events. This inherent randomness, or
intrinsic noise, can lead to substantial variations in behavior from one cell to another, even within a
genetically identical population.*” Stochastic models are essential for capturing this heterogeneity and for
understanding phenomena that are fundamentally probabilistic in nature, such as cellular decision-making
or the switching between different phenotypic states.'*
The theoretical foundation for stochastic chemical kinetics is the Chemical Master Equation (CME).
The CME is a set of linear ODEs that describes the time evolution of the probability of the system being
in any one of its discrete chemical states (i.e., having a specific integer number of molecules of each
species).** While the CME provides a complete and exact description of the stochastic system, it is
analytically unsolvable for all but the most trivial cases. Furthermore, its numerical solution is
computationally intractable for most realistic systems because the number of possible states grows
combinatorially with the number of species and molecules.*

The practical workhorse of stochastic simulation is the Gillespie Algorithm, also known as the Stochastic

Simulation Algorithm (SSA).!* The SSA is an elegant Monte Carlo procedure that generates statistically

exact trajectories of the stochastic process described by the CME, without ever constructing or solving the

CME itself.* It is an event-driven algorithm that proceeds in two steps at each iteration:

1. Determine the time to the next reaction: Based on the current state of the system and the propensities
(rates) of all possible reactions, a random number is drawn from an exponential distribution to
determine how long the system will wait until the next reaction event occurs.

2. Determine which reaction occurs: A second random number is used to decide which of the possible
reactions takes place, with the probability of each reaction being proportional to its propensity.

The system state is then updated according to the stoichiometry of the chosen reaction, and time is
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advanced by the calculated waiting time.** By running many such simulations, one can build up a statistical
picture of the system's behavior, capturing the full probability distribution of its states over time. The SSA
is widely used to model systems where low molecule numbers and noise are critical, such as in gene
expression, signaling pathways, and the analysis of cell-to-cell variability.*'

The choice among these modeling frameworks is therefore a strategic one, dictated by the specific
biological question. For predicting the maximum theoretical yield of a metabolite in an industrial
fermenter, the macroscopic, time-averaged perspective of FBA is often sufficient and most efficient. To
design a synthetic oscillator that produces robust, periodic pulses of a protein, the time-dependent,
deterministic view of an ODE model is required. To understand why a subpopulation of cells fails to
respond to a drug while others do, the single-cell, probabilistic perspective of a stochastic model is
indispensable. This recognition that different questions demand different levels of abstraction is a
cornerstone of modern systems biology and motivates the development of hybrid and multi-scale modeling
approaches that seek to formally connect these complementary views of cellular life.

Table 1: Comparison of Major Modeling Frameworks in Systems Microbiology

Framewor | Core Data Computation Key Outputs | Primary
k Assumptions Requirement | al Cost Application
S s
Constraint | Metabolic Stoichiometry | Low (Linear | Optimal flux | Metabolic
-Based steady-state; (from Programming) | distribution; engineering;
(FBA) Optimality genome); Growth rate; | Phenotype
principle Nutrient Gene prediction;
(e.g., max | uptake rates; essentiality. Network
biomass). Biomass gap-filling.”’
composition.
Dynamic Well-mixed Stoichiometry | High ~ (Non- | Time-course Modeling
(Kinetic system; ; Kinetic rate | linear ODE | of gene circuits;
ODEs) Continuous laws; integration; concentration | Signal
concentration Numerous Parameter s and fluxes; | transduction
S; Large | kinetic fitting). System pathways;
molecule parameters; dynamics Bioprocess
numbers. Initial (oscillations, control.’!
concentration bistability).
S.
Stochastic Well-mixed Stoichiometry | Very High | Individual Modeling
(SSA) system; ; Reaction | (Monte Carlo | stochastic gene
Reactions are | propensities simulation). trajectories; expression
discrete, (rates). Probability noise; Cell-
random distributions to-cell
events. of states. heterogeneit
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molecule
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4. Engineering Biology: Models as a Design Tool in Synthetic Biology

In synthetic biology, mathematical models transcend their descriptive role in systems biology to become
prescriptive tools for engineering. They are integral to the rational design of novel biological functions,
enabling researchers to navigate the vast and complex design space of genetic components and predict
system behavior before construction. This model-guided approach is a cornerstone of the field's central
engineering paradigm: the Design-Build-Test-Learn (DBTL) cycle.

4.1 Designing Synthetic Gene Circuits

Synthetic gene circuits are engineered networks of interacting genes and proteins designed to perform
specific, user-defined functions within a cell, such as logical operations, oscillations, or sensing and
responding to environmental cues.*® The construction of the first such circuits—the genetic toggle switch
and the repressilator—at the turn of the century marked the birth of the field and demonstrated the potential
for programming cellular behavior.*’

Mathematical modeling, typically using systems of ODEs or stochastic simulations, is essential for the a
priori design of these circuits.*> Models allow engineers to explore how different circuit architectures and
parameter values (e.g., promoter strengths, protein degradation rates, binding affinities) will affect the
circuit's dynamic output. This

in silico prototyping is critical for identifying designs that are not only functional but also robust to
intrinsic noise and extrinsic fluctuations, thereby reducing the need for extensive and laborious trial-and-
error experimentation in the lab.'®

To further streamline this process, computational-aided design (CAD) tools have been developed. A
prominent example is Cello, a software platform that automates the design of genetic logic circuits.*” A
user specifies the desired logical function using a high-level hardware description language (e.g., Verilog),
and Cello automatically generates a DNA sequence for a circuit that implements this function. It does this
by selecting and arranging pre-characterized genetic logic gates (e.g., NOR gates based on transcriptional
repressors) from a standardized parts library and simulating the circuit's performance to ensure it meets
the user's specifications.*’

Despite these advances, a fundamental challenge in gene circuit design remains: the lack of perfect
composability. Unlike electronic components, biological "parts" are not perfectly modular. The behaviour
of a promoter, for instance, can be significantly altered by its local genetic context (e.g., the upstream and
downstream DNA sequences) and the global physiological state of the host cell.'® Developing models that
can accurately predict and account for these context-dependent effects is a major focus of current research.
4.2 Quantifying the Burden: Resource Allocation Models

A critical context-dependent effect that synthetic circuits exert on their host is metabolic burden.
Engineered circuits are not passive additions to a cell; they actively consume the host's finite cellular
resources, including energy (ATP), metabolic precursors, RNA polymerases, and, most importantly,
ribosomes for protein synthesis.”' This competition for shared resources creates a fundamental trade-off:
resources allocated to the synthetic circuit are resources diverted from the host's own essential processes,
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such as growth and maintenance.”"!
The development of resource allocation models represents a critical maturation in the field of synthetic
biology. These models signify a departure from the simplistic view of the host cell as a passive "chassis"
or an inert container for engineered parts. Instead, they acknowledge the host as an active, dynamic, and
resource-limited system with its own evolutionary objective: to survive and replicate. This reframing
fundamentally alters the engineering design problem. The challenge is no longer simply to design a circuit
that performs a function in isolation, but to design a co-optimized circuit-host system where the demands
of the synthetic construct are balanced against the physiological capabilities of the host.

These models explicitly formalize the competition for shared resources, most notably the pool of

translating ribosomes.’' Even simple models can faithfully capture the inverse relationship between the

expression of a synthetic (heterologous) gene and the expression of the cell's native (endogenous) genes.

As more ribosomes are sequestered to translate the synthetic mRNA, fewer are available for host proteins,

often leading to a predictable decrease in the cellular growth rate.’’ By linking circuit design parameters

(such as mRNA abundance and translation initiation rate) to global physiological outputs (like growth

rate), resource allocation models provide a quantitative framework for understanding and mitigating

metabolic burden, becoming essential tools for designing high-performance synthetic systems that
function harmoniously with their host.

4.3 The Design-Build-Test-Learn (DBTL) Cycle

The engineering of biological systems is guided by the Design-Build-Test-Learn (DBTL) cycle, an

iterative workflow that systematically refines biological designs through rounds of modeling and

experimentation. >

e Design: In the initial phase, a biological system is designed to achieve a specific function. This phase
is increasingly reliant on the computational models discussed above to predict the behaviour of
different designs and identify the most promising candidates.

e Build: The DNA sequences corresponding to the chosen design are synthesized and assembled, then
introduced into the host microorganism.

e Test: The performance of the engineered strain is quantitatively characterized using high-throughput
assays to measure the desired output (e.g., fluorescence, metabolite production).

e Learn: The experimental data from the Test phase are analyzed and compared with the predictions
from the Design phase. Discrepancies between prediction and reality are used to update and refine the
underlying model, providing new knowledge that informs the next iteration of the cycle.

While powerful, traditional DBTL cycles are often slow, labor-intensive, and low-throughput.’® The
integration of
Artificial Intelligence (AI) and Machine Learning (ML) is set to revolutionize this process, creating a
paradigm of data-driven biological engineering.”’ ML models, particularly deep neural networks, excel at
learning complex, non-linear relationships directly from data.”® In the context of the DBTL cycle, ML can
be applied to learn a direct mapping from a DNA sequence (the design) to its functional output (the test
result) by training on data from large-scale experiments. This trained model can then be used in the Design
phase to rapidly screen millions of potential designs

in silico, identifying novel and high-performing candidates far more efficiently than is possible with

manual design or first-principles models alone. This integration of ML promises to dramatically accelerate

the pace of biological engineering, enabling the design of increasingly complex and sophisticated synthetic

systems.*®
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5. From Silico to Scale-Up: Models in Industrial Microbiology

The ultimate goal of much of synthetic and systems microbiology is the development of engineered

microorganisms that can serve as efficient and sustainable "cell factories" for the industrial production of

fuels, chemicals, materials, and pharmaceuticals. Mathematical modeling plays a crucial role in translating
fundamental biological understanding into tangible industrial applications, guiding both the engineering
of the microbial strain and the optimization of the bioprocess in which it operates.

5.1 Computational Strain Design for Metabolic Engineering

Metabolic engineering is the targeted modification of an organism's metabolic pathways to enhance the

production of a desired chemical.®> While early efforts relied on intuition and knowledge of core metabolic

pathways, the complexity of genome-scale networks necessitates computational approaches to identify
effective and often non-intuitive genetic intervention strategies.®’

The OptKnock framework was a landmark development in this area, providing a systematic method for

identifying gene knockout strategies that lead to the overproduction of a target metabolite.®> OptKnock

employs a

bilevel optimization approach, which nests two optimization problems:

e The inner problem simulates the cell's biological objective by using FBA to maximize the biomass
production rate, given a set of gene knockouts.

e The outer problem searches through the space of all possible gene knockouts to find the set that
maximizes the flux towards the desired chemical product, assuming that the cell is operating at its
maximum growth rate as determined by the inner problem.®

The elegance of this approach lies in its ability to identify designs that enforce growth-coupled
production. In these designs, the production of the target chemical becomes an obligatory byproduct of
cellular growth due to the rewiring of the metabolic network.®> This concept represents a deep principle
of "incentive alignment" in metabolic engineering. Rather than fighting against the cell's powerful
evolutionary drive to optimize for growth—a drive that would typically select against mutants burdened
by producing a non-essential chemical-—growth-coupling strategies cleverly hijack this objective. They
create a scenario where the cell
must produce the desired chemical in order to grow. This transforms the evolutionary landscape, making
the engineering objective congruent with the cell's natural objective. As a result, these strains are often
genetically stable and can be further improved using techniques like adaptive laboratory evolution, where
selecting for faster-growing mutants simultaneously selects for higher-producing ones.®> Numerous
extensions to this framework, such as RobustKnock, have since been developed to identify strategies that
are more robust to competing metabolic pathways.®”

5.2 Dynamic Models for Bioprocess Optimization and Control

While strain design focuses on optimizing the cell itself, bioprocess engineering focuses on optimizing

the environment in which the cells operate, i.e., the bioreactor. Dynamic models are essential for the

design, optimization, and control of industrial fermentation processes, especially for fed-batch cultures.

In a fed-batch process, nutrients are fed to the bioreactor over time, allowing for much higher cell densities

and product titers than in a simple batch culture.®’

The goal of bioprocess optimization is to determine the optimal feeding strategy—the time-varying profile

of nutrient addition—that maximizes a desired performance metric, such as the final product concentration

or the overall productivity of the process.®” This is a classic

dynamic optimization or optimal control problem. It involves using a dynamic model of the
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fermentation process, typically a system of ODEs describing the concentrations of biomass, substrates,
and products, to compute the optimal control policy (the feed rate profile).’® Due to the highly non-linear
dynamics of microbial growth and production, solving these problems requires sophisticated numerical
optimization techniques.®

5.3 Engineering and Modeling Microbial Consortia

An increasingly powerful strategy in industrial microbiology is the use of synthetic microbial consortia,
where the different steps of a complex production pathway are divided among multiple, co-cultured
microbial species.®” This division of labour can significantly reduce the metabolic burden on any single
species, allow for the combination of metabolic capabilities from organisms with vastly different
physiologies (e.g., aerobic and anaerobic), and increase the overall robustness and modularity of the
bioprocess.”’

The rational design of stable and productive consortia is a formidable challenge that relies heavily on
mathematical modeling.”” Models of microbial consortia must capture not only the intracellular
metabolism of each member species (often using GEMs) but also the complex web of

intercellular interactions. These interactions can be competitive (e.g., for a shared nutrient), mutualistic
(e.g., cross-feeding, where one species' waste product is another's food), or communicative (e.g., via
quorum sensing signals).”’ Ecological models, such as the generalized Lotka-Volterra (gLV) equations,
are often integrated with metabolic models to describe the population dynamics and interactions that
govern the overall structure and function of the community.” These integrated models are crucial for
predicting how a consortium will behave and for designing the genetic and environmental interventions
needed to ensure its stability and productivity.

6. Frontiers and Grand Challenges

As systems and synthetic microbiology continue to mature, researchers are pushing the boundaries of what
can be modeled and engineered. The frontiers of the field are defined by efforts to capture biological
complexity at unprecedented scales—from the entire molecular inventory of a single cell to the collective
behaviour of multi-species communities. These ambitions are met with grand challenges, primarily
centered on the immense difficulty of acquiring, integrating, and validating the data needed to build and
constrain such comprehensive models.

6.1 Towards the Digital Organism: Whole-Cell and Multi-Scale Modeling

The ultimate ambition of systems biology is the creation of a whole-cell model (WCM)—a complete in
silico representation of a living organism that accounts for the function and interaction of every one of its
molecular components.”” A WCM is a massive, hybrid model, integrating different mathematical
formalisms appropriate for different cellular processes: for example, a constraint-based model for
metabolism, ODEs for signal transduction, and stochastic algorithms for gene expression, all operating
within a single, unified simulation framework.”®> The first such model was constructed for the minimal
bacterium

Mycoplasma genitalium, and efforts are now underway for more complex organisms like Escherichia
coli.”’

The pursuit of WCMs is fraught with immense challenges. While computational power is a consideration,
the most significant hurdles are more fundamental. The primary bottleneck is the "data-to-knowledge"
gap: the monumental task of collecting the vast and diverse experimental data required to parameterize
and validate a model of such scope.”® This data is often heterogeneous, scattered across thousands of
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publications, measured under different conditions, and stored in incompatible formats. A second major
challenge is theoretical: the difficulty of mathematically and computationally integrating disparate
modeling frameworks that operate on different time and concentration scales.”® The value of the WCM
endeavour, therefore, lies not only in the final predictive model but also in its power to drive the
development of new technologies for high-throughput data acquisition, new standards for data
management and sharing, and new mathematical theories for model integration.

This challenge of integration is formalized in the field of multi-scale modeling, which aims to explicitly
link phenomena across different biological scales of organization—from molecules to cells, tissues, and
whole organisms.”® A key theoretical problem in this field is

coarse-graining: the process of systematically simplifying a detailed, high-dimensional model at a lower
scale into a more abstract, lower-dimensional model at a higher scale, while preserving the essential
predictive features.”” Developing rigorous coarse-graining methods is critical for building predictive
models of complex biological systems that remain computationally tractable.”®

6.2 Data Integration and Model Validation

The predictive power of any model is fundamentally limited by the quality and quantity of the data used
to build and test it. A central challenge in systems biology is the robust validation of models and the
management of uncertainty in their structure and parameters.*’

The explosion of multi-omics data provides an unprecedented opportunity to constrain models and infer
the structure of cellular networks.

Network inference methods use statistical and machine learning techniques to deduce regulatory and
metabolic interactions directly from large datasets of transcript, protein, and metabolite levels.*® These
data-driven approaches are powerful for hypothesis generation but must be carefully integrated with
knowledge-based model reconstructions.

However, even with large datasets, models are almost always underdetermined, meaning multiple different
model structures or parameter sets can explain the available data equally well. This model uncertainty is
a critical issue. For example, the automated reconstruction of GEMs can result in many different, equally
plausible network topologies depending on the specifics of the gap-filling procedure.”* Relying on a single,
arbitrarily chosen model can lead to brittle and unreliable predictions. To address this, approaches like
EnsembleFBA have been developed.”* Instead of using a single reconstruction, EnsembleFBA generates
an entire ensemble of plausible alternative models. Predictions are then based on the consensus or majority
vote of the ensemble, resulting in more robust and accurate outcomes by averaging over the structural
uncertainty of the reconstruction process.”* The development and application of such methods for rigorous
model validation and uncertainty quantification are essential for increasing the confidence and predictive
reliability of models in systems and synthetic microbiology.

7. Conclusion and Future Perspectives

Mathematical modeling has fundamentally transformed microbiology, elevating it from a largely
descriptive science to a quantitative and predictive discipline with powerful engineering capabilities. This
review has traced the trajectory of this transformation, from the foundational frameworks of genome-scale
metabolic models that provide a static blueprint of cellular capabilities, through the dynamic and stochastic
models that capture the time-dependent and probabilistic nature of life at the molecular level. These
models are no longer mere academic exercises; they have become indispensable design tools in synthetic
biology and industrial microbiology, guiding the engineering of novel gene circuits, optimizing strains for
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chemical production, and enabling the rational design of complex microbial communities.

Despite this remarkable progress, significant bottlenecks remain. The parameterization of large-scale
kinetic and stochastic models continues to be a major hurdle, limited by our ability to measure molecular
parameters in vivo. The robust validation of all types of models against experimental data and the rigorous
quantification of their predictive uncertainty are challenges that the field is only beginning to address
systematically.’® Furthermore, as synthetic biology becomes more ambitious, the complex, often
detrimental, interactions between engineered circuits and their cellular hosts present a formidable design
challenge that requires a deeper, more integrated understanding of cellular physiology.

The future of systems and synthetic microbiology will likely be defined by the ever-deeper integration of
mathematical modeling with artificial intelligence and laboratory automation. The continued explosion of
multi-omics data, coupled with advanced machine learning algorithms, will revolutionize the process of
model construction, parameterization, and validation.®” In the realm of synthetic biology, Al will drive the
Design-Build-Test-Learn cycle at an unprecedented pace. We can envision a future of closed-loop,
automated platforms where Al algorithms design novel biological systems, robotic platforms construct
and test thousands of variants in parallel, and the resulting high-throughput data is immediately used to
retrain the models for the next design cycle.’® This synergy between predictive modeling, artificial
intelligence, and automation promises to dramatically accelerate the pace of both fundamental discovery
and biotechnological innovation, enabling the rational engineering of microorganisms to address some of
society's most pressing challenges in medicine, energy, and environmental sustainability.
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