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Cellular phenotypes emerge from the collective dynamics of biochemical networks, yet
understanding how such networks give rise to diverse and stable behaviors remains a fun
damental problem in systems biology. A major obstacle is that many existing approaches
rely on detailed kinetic information, which is often unavailable or unreliable. Consequ
ently, this dissertation examines how the structure of biochemical networks alone encod
es dynamical bifurcation behaviors and phenotypic representations. Rather than focusing

on model—-specific simulations or parameter estimation, the dissertation adopts a struc
tural perspective and develops theoretical frameworks that extract dynamical and phenot
ypic information directly from network topology.

The dissertation is organized into two main parts in Chapters 3 and 4. The thesis con
sists of five chapters: Chapter 1 outlines the research background and objectives in bi
ology and mathematical science, while Chapter 2 summarizes conventional structural theo
ry.

In Chapter 3, I established a topology—based framework for analyzing qualitative dyna
mical transitions in biochemical networks. This part extends the theory of Structural B
ifurcation Analysis (SBA) to systems with conserved quantities, thereby broadening its
applicability to realistic intracellular networks. The theory provides a principled met
hod for identifying which parameters can induce bifurcations, which chemical species ex
hibit bifurcation behaviors, and under what topological conditions such bifurcations ca
n occur—remarkably, all determined solely from network architecture. The extended theor
y establishes an exact correspondence between a structurally determined matrix and a Ja
cobian matrix freed from conservation constraints, thereby extending SBA and connecting

it to classical bifurcation theory. A protocol derived from this framework is applied
to the M1/M2 macrophage polarization network, where the topology-based analysis explain
s the enhanced M2 features observed in SOCS3 mutants and predicts that KLF4 deletion ca
n produce an intermediate polarization state

In Chapter 4, I addressed the representation of phenotypic diversity at steady state
This chapter develops a structural theory for identifying indicator species—chemical s
pecies whose concentrations are sufficient to distinguish all steady—state phenotypes p
ermitted by a network. By positioning this theory as a form of mechanistically grounded
dimension reduction, the chapter clarifies how high—dimensional biochemical data can b
e reduced without loss of phenotypic information. The relevance of this framework is di
scussed in the context of single—cell metabolomics, where experimental and analytical 1
imitations motivate the need for such structurally informed reduction.

Taken together, the dissertation positions network topology as a unifying determinant

of both dynamical transitions and phenotypic representation in biochemical systems. By
explicitly delineating what can be inferred from structure alone, the dissertation pro




vides a coherent conceptual framework for the analysis of large biochemical networks an
d offers guidance for both theoretical investigation and experimental design.
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