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Spatial Omics to Predict Disease Trajectories 

Nikolaus Rajewsky 

Max Delbrück Center for Molecular Medicine - Berlin, 
Germany 

Abstract 
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Uncovering Underlying Physical Principles and Driving 

Forces of Cancer from Single-Cell Transcriptomics 

Jin Wang 

Stony Brook University, USA 

Abstract 

Cancer has been a serious disease for human health. Genetic mutations have often been 
thought to be mainly responsible for the cancer formation. More evidences have been 
accumulated that cancer emergence is not just caused by individual gene perturbation 
but also from the whole network or state of the system. This shift of thinking demands 
global quantification and physical understanding of the underlying mechanisms for 
cancer formation. Here, we develop cancer models from the underlying gene regulatory 
networks either based on the available low throughput or the recent high throughput 
sequence experimental studies [1][2][3]. Cancer landscape can be quantified and cancer 
can be revealed as attractors representing cancer states. The landscape barrier and 
switching time become the measures of how difficult to transform from normal to 
cancer state. Furthermore, the cancer formation process can be quantified by the 
optimal paths between the normal state and cancer state. Due to the presence of the curl 
flux as the nonequilibrium driving force, the forward path and backward paths for 
cancer formation and normal state restoration are distinctly different. The global 
sensitivity analysis based on the landscape topography and nonequilibrium driving 
forces identify key genes and regulations responsible for the cancer formation. We 
further identify the nonequilibrium indicators through the curl flux, entropy production 
and time irreversibility as the early warning signals for the cancer formation. This helps 
to design practical strategy for cancer prevention and treatment. 

References: 
[1] Ligang Zhu and Jin Wang*, Quantifying Landscape-Flux via Single-Cell Transcriptomics
Uncovers the Underlying Mechanism of Cell Cycle. Adv. Sci. 2024, 11, 2308879 (2024) 
[2] Ligang Zhu, Songlin Yang, Kun Zhang, Hong Wang, Xiaona Fang*, and Jin Wang*.
Uncovering underlying physical principles and driving forces of cell differentiation and 
reprogramming from single-cell transcriptomics. Proc. Natl. Acad. Sci. USA 121: 34, 
e2401540121 (2024) 
[3] Ligang Zhu and Jin Wang*, Deciphering physical mechanism of cancer from single cell
transcriptomics and lieage-tracing. Submitted. 
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Dynamical Systems Theory Modeling in the Big Data Era

Jianhua Xing 

Department of Computational and Systems Biology, 
Department of Physics and Astronomy, 
University of Pittsburgh, Pittsburgh, PA, USA 

Abstract 
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Emergent Properties of Muscle Stem Cells During Muscle 

Regeneration 

Thomas A. Rando 

Eli and Edythe Broad Center of Regenerative 
Medicine and Stem Cell Research
University of California, Los Angeles, USA 

Biography 
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A Mathematical Theory of Aging and Its Implications for 

Healthspan Extension 

Yifan Yang 

Westlake University, China 

Abstract 

E. coli
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Feedback between F-actin organization and active stress 
govern criticality and energy localization in the cell 

cytoskeleton 

1 Department of Physics, Yale University, 217 Prospect Street, New Haven, Connecticut 
06511, USA 
2 Systems Biology Institute, Yale University, 850 West Campus Drive, West Haven, 
Connecticut, 06516, USA 
3 Integrated Graduate Program in Physical and Engineering Biology, Yale University, 
New Haven, Connecticut 06520, USA 
4 Institute for Physical Science and Technology, University of Maryland, College Park, 
MD, USA 
5 Biophysics Program, University of Maryland, College Park, MD, 20742, USA 
6 Chemical Physics Program, University of Maryland, College Park, MD, USA 
7 The James Franck Institute, The University of Chicago, Chicago, Illinois, 60637, USA 
8 Department of Chemistry and Biochemistry, University of Maryland, College Park, 
MD, USA 
9 Department of Biomedical Engineering, Yale University, 55 Prospect Street, New 
Haven, Connecticut 06511, USA 
*Corresponding author. Email address: michael.murrell@yale.edu .

Abstract 

in vitro

References 
Sun et al., Nature Physics (Accepted, April 15th, 2025) 
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Competition and Warfare in Bacteria and the Human 

Microbiome 

Kevin R Foster 

University of Oxford, UK 

Abstract 

. 
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Quantitative Ecology of Host-Associated Microbiomes 

Lei Dai 

Shenzhen Institutes of Advanced Technology, 
Chinese Academy of Sciences, China

Abstract: 
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Short Abstract — Bacterial metabolism is dependent on the 
nutrient environment and variable across species. To what 
extent can this complexity be explained by simple quantitative 
principles? Here, we show that in complex nutrient 
environments, the growth of a species is proportional to the 
number of nutrients it utilizes, both experimentally and in 
genome-scale metabolic models. To uncover the network 
features underlying this proportionality, we coarse-grained the 
models using representation learning and identified efficient 
pathways between reaction clusters that enable high growth at 
low proteome cost. These efficient coarse-grained pathways 
underlie synergistic nutrient interactions and emerge as key 
determinants of growth across species and environments. 

I. PURPOSE

ACTERIA regulate their metabolism to grow in diverse 
nutrient environments. In simple environments such as 

defined laboratory conditions with only one or two carbon 
sources, growth regulation strategies like co-utilization and 
diauxie have been extensively studied and can be 
quantitatively understood through mathematical models of 
enzyme kinetics and gene regulation. Less understood is 
growth in complex environments with many nutrients such as 
human guts and other natural contexts. A central challenge is 
that it is unclear how to generalize the principles for growth in 
simple environments to diverse metabolic networks with 
thousands of metabolites and reactions. We recently made a 
curious experimental observation that provides a hint: For 
phylogenetically diverse bacterial species grown individually 
in a complex medium, biomass yield is proportional to the 
number of nutrients utilized. This proportionality suggests 
that there exist coarse-grained network features shared across 
species that dictate growth in complex environments. Here, 
we search for these emergent principles in silico. 

II. RESULTS

A. Optimization under proteome constraints gives rise to
proportionality between growth and nutrient count
We hypothesized that the proportionality arises because 

every species implements a universal regulation strategy to 
maximize growth rate while minimizing proteome cost. 
While the molecular mechanisms of this regulation likely 
varies across species, the end result on growth rate and 
metabolic fluxes can be predicted from network structure 

alone. This framework is known as flux balance analysis 
(FBA) and is widely used for metabolic circuit design. We 
applied FBA to a collection high-quality metabolic networks 
for more than two hundred phylogenetically diverse species. 
When all possible nutrients are provided, the predicted 
growth rate is indeed proportional to nutrient count, 
recapitulating the experimental observation. 

B. Environment complexity promotes nutrient synergy
To further quantify how nutrients contribute to growth, we

recasted FBA-derived fluxes into reaction-based graphs in 
which an edge between two reactions represent the mass flow 
between them mediated by a shared metabolite. These mass 
flow graphs (MFGs) highlight major metabolic routes, in part 
by reducing the confounding influence of highly connected 
hub metabolites. By tracing nutrient-to-biomass paths on 
MFGs, we quantified the mass flow mediated by specific 
nutrients through metabolic subsystems. The resulting 
decomposition revealed that nutrients are either 
multifunctional (involved in many subsystems) or specialized 
(direct biomass contributors) and that the proportion of 
specialized nutrients increases with environment complexity. 

C. Efficient coarse-grained pathways enable nutrient
synergy and are universal across species and environments
If the effects of environment complexity are driven by 

some network features that are shared across species, then 
these features are likely coarse-grained because metabolic 
networks are highly dissimilar across species. To obtain a 
coarse-grained representation, we embedded MFGs based on 
both the local context and the global position of reactions 
using node2vec and clustered the learned embeddings into a 
small number of reaction groups, amounting to an 
unsupervised learning of subsystems. By using this 
coarse-grained representation to perform systematic analyses 
across environments and species, we identified links between 
reactions groups that emerge at high environment complexity. 
These efficient coarse-grained pathways can also be activated 
by specific nutrient combinations, indicating that they 
represent network features that enable nutrient synergy. 
Remarkably, the number of activated pathways is strongly 
linearly correlated with growth. 

1Center for Interdisciplinary Studies, Westlake University, Hangzhou, 
China. Email: poyiho@westlake.edu.cn  

Emergent simplicity in bacterial growth under 
complex nutrient environments  

Aoyu Zhu1 and Po-Yi Ho1 

B
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Short Abstract — Real-time nanopore sequencing allows 
selective rejection of reads to enrich targets. We present a 
dynamic adaptive sampling (DAS) method that combines 
real-time database querying with de Bruijn graph-based 
decision-making to prioritize sequencing of rare and novel 
species in metagenomic samples. DAS dynamically evaluates the 
expected benefit of each read and reallocates sequencing efforts 
accordingly. Our strategy achieved 48–135% enrichment of 
rare species and significantly accelerated their detection in both 
simulated and real-world experiments, including hospital 
wastewater and standardized gut microbiome samples. 

Keywords — dynamic adaptive sampling, nanopore 
sequencing, metagenomics, de Bruijn graph 

I. BACKGROUND

II. SUMMARY
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Cell Rheology, Revisited 

David Weitz 

Dept. of Physics and SEAS, Harvard University, 
Cambridge MA USA

Abstract 
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Stay Smooth or Buckle: Coordination of Cell Growth across 

the Arabidopsis Sepal 

Adrienne Roeder 

Cornell University, USA 

Abstract 

Arabidopsis
as2-

7D ASYMMETRIC LEAVES 2 AS2
AS2 

as2-7D 
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Inter-Agent Information Entropy Transfer 

from Bacteria to Cyborgs

Robert H. Austin1, Shengkai Liu1, Trung Phan2 and Liyu Liu3

1Department of Physics, Princeton University
2Dept. of Chemical Engineering, Johns Hopkins University
3Institute of Physics, Chinese Academy of Sciences 

The early realization that quorum sensing information transfer in bacteria was a key 

way that bacteria collectively communicated with each other has expanded our 

understanding of information entropy exchange between biological agents as a over-

arching concept in biology. This idea of inter-agent information entropy can be 

expanded to recent attempts where we embed synthetic systems with biological 

properties (cyborgs) and utilize information entropy as the primary means of collective 

computation.

I. PURPOSE The emergence of the importance of quorum sensing in bacterial

communities [1] transformed our understanding of the complexity of the 

communication between even “simple” organisms such as bacteria. At first quorum

sensing was considered to be confined to bacteria where they communicated via 

signaling molecules their local presence, but this idea has been expanded in the 

realization that many other organisms exhibit collective population density dynamics

[2]. While it is interesting to model these collective dynamics from a purely physics 

perspective, presumably these organisms have a fitness reason for their collective 

behavior, and this can be addressed from a information entropy perspective.

Perhaps more intriguingly, we now are at the point technologically where we can

begin to embed in non-biological entities (originally robots) more of the attributes 

normally considered to be exclusively in the realm of biology [3], that is, synthetic life.

But biological constructs, such as brain organoids, still have potential capabilities in 

terms of information processing that eludes synthetic life. By embedding brain

organoids in synthetic life constructs, which we here call cyborgs, we will see the 

merging of biology information processing, which seems to be primarily non-bit related

as we see in quorum sensing, with the digital world of the robot.

We will present 3 examples from our own work which span this progression of

information entropy transfer from bacteria to cyborgs.

II. EXAMPLES 1) We introduce an experiment using a hydrodynamic information

sink but metabolic source linked to a semicircular arrangement of confined bacteria to 
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probe bacterial information exchange. The sink removes auto-inducer signaling 

molecules from an enclosed colony of E. coli but provides fresh nutrients. We show 

that a collective spatial population inversion, that is, fewer bacteria where there is more 

nutrient but less auto-inducer signal, emerges at the information sink, even with the 

pumping action of funnels to the information sink. We reproduce this population 

inversion using both a set of partial differential equations and an agent-based 

simulation of the depletion of the auto-inducer signaling fields and their motility 

response [1]. 2) We are conducting an experimental and theoretical investigation of

intelligent active matter, where robotic agents, equipped with multimodal sensors, 

artificial intelligence chips, and reinforcement learning algorithms, exhibit adaptive 

behavior models driven by the complex and dynamic environment. These agents 

undergo allosteric swarm strategy transitions and exhibit goal-oriented swarm 

intelligence evolutions. This work demonstrates that the coupling between internal 

information processing and energy dissipation can drive the emergence of collective 

structures and dynamics, thereby constructing evolvable and adaptive swarm 

intelligence [2]. 3) We record electrophysiological signals from cerebral organoids 

using microelectrode arrays and associate them with the kinematic behavior of robots

to control robotic actions. Interactions between robots are then fed back to the

corresponding organoids via electrical stimulation, thus forming a closed-loop system 

with one-to-one mapping. The collective behavior of the robot swarm can characterize 

pathological features of the cerebral organoids and can further be used to test the

therapeutic effects of drugs on the organoids.

CONCLUSION The general phenomena and analysis presented here showing the

importance of quantitive aspects of information entropy transfer can be modified more 

generally to many aspects of the social dynamics of populations, including the world 

of cyborgs which is being rapidly developed. 

REFERENCE
[1] S. Ro, B. Guo, A. Shih, T. V. Phan, R. H. Austin, D. Levine, P. M. Chaikin, and S. Martiniani,
Model-free measurement of local entropy production and extractable work in active matter, Physical 
review letters 129, 220601 (2022).
[2] G. Wang, T. V. Phan, S. Li, M. Wombacher, J. Qu, Y. Peng, G. Chen, D. I. Goldman, S. A. Levin,
R. H.Austin, et al., Emergent field-driven robot swarm states, Physical review letters 126, 108002 
(2021).
[3] Smith A, Jones B, Simpson C Tentative title of manuscript in preparation,  in preparation.
[4] Smith A, Jones B (in press) Title of a paper in press. J Mol Biol. optional doi:code and/or link
[5] Who RU, Smith A, Jones B (2005) Please abbreviate author list only when there are four or more
authors. PNAS 100, 5403-5407.
[6] Big MR, Rocky Mountain Town, Santa Fe, NM, private communication.
[7] CNLS web site, optional date, http://cnls.lanl.gov/
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Learning without Neurons in a Single Cell

Wallace Marshall

University of California San Francisco, USA

Abstract
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Foundation Models for Genomics: From Predictive Modeling 

to Biological Design, towards AI Scientists and Future 

Ke Li 

University of Exeter, UK

Abstract 

∼
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Self-Organizing Dynamics in Cellular and Multi-Cellular 

Systems 

Michael Shelley 

Center for Computational Biology, Flatiron Institute & 
Courant Institute, NYU, USA 

Abstract 

A lot of fascinating and important biophysics involves the multiscale interaction of 
many active subunits with the result being dynamical, sometimes functional, large-scale 
structures. Canonical examples are the self-assembly of cellular spindles from 
cytoskeletal components, and the formation of system-scale flow structures in active 
suspensions. I’ll discuss these and some non-canonical examples such as the collective 
dynamics of ultra-long sperm cells and the appearance of cell-spanning active flows in 
developing egg cells. All involve coarse-grained micro-macro models, active material 
stresses, transport, large-scale simulation, and very close interaction with quantitative 
experiment. 
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Algorithms for Creating Form 

Sean Megason 

Department of Systems Biology, 
Harvard University, USA

Biography 
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Universal Laws Emerging from Competition between Genes 

for Limiting Resources 

Jie Lin 

Center for Quantitative Biology, 
Peking University, China 

Abstract 
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Short Abstract — Apical constriction, driven by actomyosin 
contractility, generates in-plane contractile stress in epithelial 
tissues. How this leads to out-of-plane deep folding remains 
unclear. Combining optogenetics, laser ablation, tissue 
reconstruction and computational simulations, our results 
suggest that in-plane compression from the surrounding 
ectoderm facilitates mesoderm invagination by triggering 
buckling of the mesoderm epithelium. 

Keywords — Contractility, Epithelium folding, Drosophila  

I. PURPOSE

Drosophila melanogaster

II. RESULTS

A. Experimental Observation

B. Model Simulation

in vivo

Drosophila

Development

Nature

Drosophila
Development

Nat. Rev. Mol. Cell Biol

Drosophila eLife

Front. Cell Dev. Biol.
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Division of labor within populations is a game-changer for 
complex functions in synthetic biology, dramatically bolstering 
system efficiency, stability, and robustness. However, different 
functions inevitably introduce different burden, resulting 
different fitness of different functional subgroups, which 
destabilizes the system. Inspired by the real-world 
“conscription” systems, we propose a “synthetic conscription” 
strategy: by resetting the population to a homogeneous state for 
labor re-division after stimulus response, the whole population 
would collectively share the burden that division of labor might 
bring to subgroups, thereby ensuring long-term stability. To 
achieve this goal, we first formalized the steady-state and kinetic 
requirements for “synthetic conscription”. We then 
exhaustively enumerated all feasible two-node transcriptional 
regulatory topologies satisfying these criteria. Leveraging 
parameter configurations enabling essential dynamics identified 
through this systematic search, we engineered a gene circuit 
implementing the optimal topology. The resulting circuit 
enables robust, high-fidelity division of labor across repeated 
stimulus cycles. Stochastic simulations coupled with global 
sensitivity analysis identified critical parameters governing the 
functional details of the conscription strategy, with 
experimental validation. Finally, integrating this circuit into 
probiotic Escherichia coli Nissle 1917 enabled targeted drug 
delivery and effective mitigation of inflammatory bowel disease 
(IBD). This proof-of-concept demonstration underscores the 
potential of synthetic conscription for chronic disease 
intervention. 

I. INTRODUCTION

II RESULTS 

A. Topology enumeration

B.Genetic Circuit Construction and Characterization

E. coli

B. Autonomous Therapeutic Systems for IBD
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Short Abstract — Localizing and navigating toward a signal

source in noisy environments remains a fundamental challenge
in robotics. Similarly, cells in tissues must navigate noisy,
fragmented molecular gradients, shaped by fluid flow and
extracellular matrix interactions. We show that cells can
perform source localization using a biophysical implementation
of a computational algorithm called Bayes filtering. Specifically,
the spatial distribution of molecules encodes a probability
distribution over source location, and intracellular transport
processes update this distribution. Unlike conventional Bayes
filtering, the cellular implementation can adjust the weight of
past observations based on current environmental signals.
When translated to traditional robotics algorithms, this
signal-aware learning rate significantly improves navigation
performance in high-noise conditions, revealing how biological
mechanisms can advance engineered systems.

Keywords—Cell navigation, bayesian filtering, robotics

I. BACKGROUND

II. CONCLUSION
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Nonequilibrium Thermodynamics in Living Systems: Towards 
Aanswering Schrödinger’s Question 

Yuhai Tu 

Center for Computational Biology &  
Center for Computational Neuroscience
Flatiron Institute
New York, NY10010, USA 

Abstract 
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Overflow metabolism originates from growth optimization 

and cell heterogeneity 

  

School of Physics, Sun Yat-sen University, Guangzhou, China 

Abstract 

References 
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Discovery of highly bioactive peptides through
hierarchical structural information and molecular

dynamics simulations

Shu Li1,#, Lu Peng2,#, Liuqing Chen3,#, Zengru Di2, Yu Liu2,∗

Abstract— We developed PepHiRe, an innovative computa-
tional framework that uses hierarchical structural information
to design peptides with high bioactivity. Our method leverages
the principles of Ladderpath Approach (which is under the
umbrella of Algorithmic Information Theory) to generate novel
peptides targeting Myeloid Cell Leukemia-1 (MCL-1), a protein
crucial in various cancers. Using a limited dataset of eight wild-
type BH3 peptides, PepHiRe efficiently produces peptides with
substantially improved binding affinities, achieving IC50 values
between 28.13 and 167.42 nM. This study underscores the po-
tential of integrating advanced computational tools like multi-
conformational docking and molecular dynamics simulations
in drug design, enhancing both the accuracy and efficiency of
therapeutic peptide development.

Index Terms— Peptide inhibitors, Ladderpath theory, Molec-
ular dynamics simulations, Bioactive peptides

I. INTRODUCTION

THis study addresses the challenges of designing peptide

inhibitors for protein-protein interactions (PPIs), crucial

in cellular functions and disease states when dysregulated[1].

We develop PepHiRe, a novel approach using the Ladderpath

Approach (which is under the umbrella of Algorithmic

Information Theory) to generate peptides from minimal data

efficiently[2], [3].

PepHiRe was used to create BH3-like peptides targeting

Myeloid Cell Leukemia-1 (MCL-1), an anti-apoptotic protein

involved in various cancers[4]. Using a small dataset, we

developed peptides that demonstrated high affinity for MCL-

1 with IC50 values from 28.13 to 167.42 nM, suggesting

significant therapeutic potential.

This method advances peptide-based drug design, provid-

ing a scalable approach to generate therapeutically relevant

peptides.

#These authors contributed equally: Shu Li, Lu Peng, Liuqing Chen
∗Email: yu.ernest.liu@bnu.edu.cn
We thank Dr. Weiyi Qiu from Swarma Research for her fruitful discus-

sions and insightful comments.
1Centre of Artificial Intelligence driven Drug Discovery, Faculty of

Applied Science, Macao Polytechnic University, Macao SAR, 999078,
China.

2Department of Systems Science, Faculty of Arts and Sciences, Beijing
Normal University, Zhuhai, 519087, China.

3Shenzhen Institutes of Advanced Technology, Chinese Academy of
Sciences, Shenzhen, 518055, China.

II. METHODS AND MATERIALS

A. Peptide Generation Using PepHiRe and Laddergraph

The PepHiRe algorithm, integrated with laddergraph cal-

culations from reference [5], was utilized for generating

and screening peptides. This process involved visualizing

hierarchical structures of peptide sequences to inform design

choices.

B. Molecular Dynamics and Energy Calculations

Molecular dynamics simulations were conducted using

GROMACS 2022 with the AMBER99SB-ILDN force field,

providing insights into peptide-MCL-1 complex stability.

Binding free energies were calculated using gmx-MMPBSA,

integrating molecular mechanics with solvation effects.

C. Protein Handling and Competitive Assay

Mcl-1 was expressed in E. coli, purified using a Ni-NTA

column, and employed in competitive binding assays using a

TR-FRET-based technique to measure peptide affinities and

determine IC50 values.

III. CONCLUSION

Our study develops PepHiRe, a novel peptide design

strategy using the Ladderpath approach to generate peptides

with high affinity for Myeloid Cell Leukemia-1 (MCL-1),

showcasing potential therapeutic benefits. PepHiRe operates

independently of large datasets, enhancing its flexibility for

designing peptides for lesser-studied targets. This method

combines evolutionary insights with practical drug design,

promising new avenues for developing peptide-based thera-

peutics.
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Short Abstract — Living systems maintain their structural 
and functional stability while adapting to environmental 
changes. Existing frameworks such as self-organization theory 
can not measure system-environment interaction at the causal 
level. In this article, we propose a new causal indicator to 
measure the ability of a system to flexibly respond to the 
environment. We showed this indicator satisfies the partial 
information decomposition framework's axiom system. It 
depends on entanglement between system-environment 
variables and noise magnitude. Through experiments on 
cellular automata(CA), random Boolean networks, and real 
gene regulatory networks(GRNs), we validate the indicator’s 
relationship with CA types and Langton parameters, while 
demonstrating that feedback loops in GRNs exhibit exceptional 
flexibility. We also combined machine learning technology to 
prove that this framework can be applied in the case of 
unknown dynamics.

Keywords — synergy, flexibilty, effective information, partial 
information decomposition, gene regulatory networks

I. BACKGROUND

II. RESULTS
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Short Abstract — Bacteria often experience mediated 
interactions that are not constrained by Newton’s third law and 
are therefore inherently non-reciprocal. Here, we consider 
bacterial mixtures interacting via quorum sensing. By explicitly 
connecting microscopic and macroscopic dynamics, we show 
that non-reciprocity may fade upon coarse graining, leading to 
large-scale equilibrium descriptions. This allows us to account 
quantitatively for the rich behaviors observed in microscopic 
simulations including phase separation, demixing, and 
multi-phase coexistence. We also derive the condition under 
which non-reciprocity survives coarse graining, leading to a 
wealth of dynamical patterns. Our work demonstrates that the 
fate of non-reciprocity across scales is an important question.

Keywords — Active matter, quorum sensing, pattern 
formation, non-reciprocal interactions
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Short Abstract — This work presents the first exact solution 

for the full first-passage time distribution (FPTD) in nonlinear 
biochemical networks with second-order reactions like A+B C. 
FPTD is crucial for understanding the timing and reliability of 
biochemical processes but has been difficult to compute due to 
its nonlinearity. Our method overcomes this challenge, 
surpassing existing approximations with an over two-fold 
improvement in accuracy, marking a significant advance in the 
theoretical study of stochastic biochemical dynamics. 

Keywords — nonlinear biochemical networks; chemical 
master equations; arbitrary initial conditions 

I. EXTEND ABSTRACT 
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Short Abstract — Targeting challenges in quantitative sperm 

research, we present a microfluidic device that achieves 
high-throughput, non-destructive sperm capture with 
preservation of unrestricted 2D flagellar movement—critical 
for replicating free-swimming behavior and enabling 
whole-flagellum analysis. Utilizing this device, we investigate 
stimulus-induced modifications in bovine sperm flagellar 
dynamics at single-cell resolution. Our whole-flagellum 
methodology resolves discrepancies in prior partial-flagellum 
studies and enables precise quantification of flagellum-length 
integrated behavioral parameters like flagellar power 
dissipation. We develop an analytical model for calculating 
flagellar power dissipation with enhanced accuracy and 
comprehensiveness compared to previous methods. 

Keywords — microfluidic sperm capture, unrestricted 
flagellum, sperm flagellar dynamics, stimulus response. 

I. BACKGROUND

II. SUMMARY OF RESULTS

III. CONCLUSIONS
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Short Abstract 

Keywords

A. Prolonged heat exposure reduces yeast thermal 
tolerance 

B. Impaired thermal tolerance correlates with 
mitochondrial dysfunction 

rho

rho

C. High temperature alters mitochondrial and vacuolar 
gene expression 

PNAS

Cell

Mol Biol Cell
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Short Abstract — Total macromolecular concentration is 
highly conserved and tightly controlled within cells. Yet, under 
certain physiological or pathological conditions – including 
cellular senescence – macromolecular concentration varies. 
Little is known about the controlling mechanism for 
macromolecular concentration and how concentration links to 
cellular senescence. To address these questions, we developed 
high-throughput methods to measure protein concentrations in 
a genome-wide screen. We aimed at identifying genetic 
regulators that affect cellular macromolecular concentration to 
uncover the genetic basis that connects biomass/volume growth 
with cellular aging. 

Keywords — Macromolecular concentration, homeostasis, 
cellular growth, biomass-volume coordination. 

I. PURPOSE

in 
vitro Xenopus

II. RESULTS
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Universal scaling laws linking protein folding and
native dynamics revealed by AlphaFold Database

Zecheng Zhang1, Weitong Ren2 Jun Wang3 and Qian-Yuan Tang1∗

Abstract— The interplay between protein folding and func-
tioning remains a central question in biophysics. Analyzing
an extensive dataset of AlphaFold-predicted structures, we
discover a fundamental universal scaling law linking contact
order (protein folding) and fluctuation entropy (functional dy-
namics). This law persists across protein lengths and taxonomic
boundaries, revealing a robust negative correlation: long-range
contacts stabilize structures while constraining flexibility. Cross-
organism comparisons show proteins from complex organisms
exhibit lower contact order and higher entropy at similar
chain lengths. These findings establish a quantitative frame-
work connecting folding and functional dynamics, and reveal
physical principles of protein organization implicitly captured
by artificial intelligence — extending beyond static structure
prediction toward insights into proteome evolution and rational
protein design.

Keywords— Protein structure, Protein folding, Dynamics.

I. PURPOSE

FOlding governs the acquisition of a polypeptide’s func-

tional three-dimensional structure (microseconds to sec-

onds) , while native dynamics — the ensemble of postfolding

conformational fluctuations (nanoseconds to microseconds)

enable catalysis, binding, and allosteric regulation. Quanti-

fying this relationship between structural organization and

dynamic behavior is essential for decoding the physical

principles driving protein evolution. Here, we give two key

matrices, quantifies the protein folding and dynamics:

A. Folding: Contact Order (CO)

Contact Order quantifies the non-locality of residue con-

tacts in a protein’s native structure [1]. CO is defined as

the normalized average sequence separation across contacts

of a structure. Proteins with higher CO exhibit a greater

proportion of long-range contacts, which typically results in

longer folding times. Conversely, proteins with lower CO

experience reduced entropic costs and shorter conformational

search times, leading to faster folding, as supported by

theoretical, computational, and experimental evidence [2].

This research was supported by Natural Science Foundation of China (No.
12305052), Research Grants Council of Hong Kong (No. 22302723), Hong
Kong Baptist University’s funding support (RC-FNRA-IG/22-23/SCI/03),
and the grant of Wenzhou Institute, University of Chinese Academy of
Sciences (WIUCASQD2023015).

1Department of Physics, Hong Kong Baptist University, Hong Kong
SAR, China. Email: tangqy@hkbu.edu.hk

2Wenzhou Institute, University of Chinese Academy of Sciences, Wen-
zhou, Zhejiang 325000, China.

3School of Physics, Nanjing University, Nanjing 210093, China.

B. Dynamics: Fluctuation Entropy (S)

Fluctuation Entropy S, quantifies the extent of dynam-

ics around the native structure by measuring the effective

volume of accessible conformational space. We focus on

native-state dynamics dominated by global (slow) modes,

effectively captured by Elastic Network Models (ENM). The

covariance matrix C, defined as Cij = 〈Δ�ri ·Δ�rj〉, captures

the correlated displacements of residues around the native

structure. It is noteworthy that this matrix is inversely related

to the Hessian matrix. The fluctuation entropy directly relates

to the configurational volume, which is given by determinant

of C. Furthermore, this entropy can be decomposed into

contributions from specific mode subsets, providing detailed

insights into mode-resolved dynamics. [3]

II. RESULTS

In summary,we have identified a robust negative correla-

tion between contact order and fluctuation entropy, based

on AlphaFold-predicted structures from 45 taxonomically

diverse organisms available in AlphaFold Database (AFDB)

[4]. This relationship follows a power law across varying

protein lengths and taxonomic groups, revealing fundamental

physical constraints that govern protein folding mechanisms

and dynamic functionality. By comparing proteins of equiva-

lent chain lengths across organisms, we observe that proteins

in more complex organisms tend to fold with fewer long-

range contacts and exhibit greater native-state fluctuations,

thereby providing a structural signature of proteome orga-

nization that aligns with dynamic functional requirements.

Scaling analysis further reveals how protein size influences

this relationship and elucidates the universality of this scaling

law. The observed scale invariance is characteristic of critical

phenomena, supporting the view that a physical—rather than

purely biological—mechanism shapes protein architecture

and motions. Integrating this framework with models of se-

quence variation, protein-protein interactions, and functional

constraints—such as allosteric transitions and ligand bind-

ing—has the potential to enable proteome-scale predictive

biology and advance the field of rational protein design.
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Short Abstract — Cell morphology is the manifestation of the 
physiological states, arising from a combined interplay of the
intrinsic gene regulatory network and external mechanical 
forces. In this study,  we integrate 12 shape descriptors with 412 
gene expression profiles, mapping onto publicly available 
datasets of fluorescently labeled cell membranes from 29 
independent Caenorhabditis elegans embryos. It’s revealed that 
co-asymmetry of morphological and genetic features effectively 
distinguishes key differentiatial events, including body axis 
patterning, germ layer specification and cell fate decision. These 
insights provide a systematic approach not only for identifying 
cell identities but also diagnosing early disease.

Keywords — 3D shape descriptor, gene expression profile,
Caenorhabditis elegans, co-asymmetry, fate differentiation, body 
axis patterning, germ layer specification

I. INTRODUCTION

II. RESULTS
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Short Abstract — The Waddington landscape metaphor has 
inspired extensive quantitative studies of cell fate decisions using 
dynamical systems. While these approaches provide valuable 
insights, the intrinsic nonlinear complexity and the parameter 
dependence limits systematic analysis of fate transitions. Here, 
we introduce the Hyper Solution Landscape (HSL), a minimally 
parameter-dependent methodology showing a comprehensive 
structure of all possible landscape configurations for gene 
regulatory networks. Building on the concept of solution 
landscape that primarily captures the complete stationary 
points in static landscape, HSL connects different solution 
landscapes to reflect dynamic changes in these landscapes 
associated with bifurcations. Applied to the Cross-Inhibition 
with Self-activation motif, HSL analysis identifies key 
hyperparameters driving distinct directional changes in cell fate 
propensity. Importantly, different routes through the HSL 
between the same initial and final states can produce markedly 
different fate distributions. This enables rational design of 
transition strategies. We validate HSL's utility in the seesaw 
model of cellular reprogramming, establishing a powerful 
framework for understanding and engineering cell fate 
decisions. 

Keywords — cell fate decision, Waddington landscape, gene 
regulatory network, solution landscape, hyper solution 
landscape 

I. PURPOSE

II. RESULTS

 

III. CONCLUSION
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Short Abstract — The tumor microenvironment is similar to

an ecosystem, a mixture composed of different types and
quantities of cells. The behaviors of populations and the
structure of the tumor microenvironment can both be explained
by ecological theories, but more high-dimensional data are
needed. Here, we analyzed 48 spatial transcriptomic datasets of
colorectal cancer, defined 16 tumor spatial microniches, and
quantified their neighborhood relationships. At the same time,
we discovered unique spatial periphery distribution of two
malignant cell subtypes, i2 and i3, and explained this
phenomenon using the reaction-diffusion model. Finally, by
analyzing the metabolic interaction between i2 and i3, the
conclusion of the model was further verified.

Keywords—Spatial transcriptomic,Tumor microenvironment,
Reaction-diffusion model

I. BACKGROUND

II. SUMMARY OF THE RESULTS

III. CONCLUSION
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Short Abstract —  The intestinal epithelium exhibits rapid 
turnover, fueled by stem cell proliferation.1 While crypt-base 
Lgr5hi cells classically follow a neutral drift model,23  recent 
studies propose upper crypt Fgfbp1+/Lgr4+ cells as stem cells 
expanding bidirectionally.45 To decipher stem cell positioning 
and dynamics, we employed novel in vivo fluorescence reporters 
for exclusive labeling at distinct locations. 6  Using a suite of 
genetically engineered mouse models, we are assessing 
clonogenic potential and developing enhanced models with 
expanded experimental data. Ultimately, we aim to establish a 
spatiotemporal atlas and mathematical framework of 
homeostatic stem cell proliferation within the intestinal crypt. 

Keywords — Intestinal stem cells, Crypt dynamics, Lineage 
tracing, Computational modeling 
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Short Abstract — We implemented two large-scale 
microbiota-based interventions in maize to explore their 
effects on protein accumulation and rhizosphere 
microbiome assembly. Using whole seed microbiota 
transplantation (n = 179) and variety-specific synthetic 
microbial communities (n = 186), we studied B73 maize 
under controlled conditions. Plant phenotyping and 16S 
rRNA V4 sequencing are complete; in silico analysis for 
phylogenetic diversity and microbial clustering is 
underway. Ongoing work evaluates nitrogen-use 
efficiency and root-microbe interactions using 
microfluidics and metabolic modeling. 

Keywords — maize microbiota, protein accumulation, 
synthetic microbial communities, seed microbiota 
transplantation, nitrogen-use efficiency 

I. PURPOSE

II. METHOD

III. CONCLUSION
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Short Abstract — This work introduces the Hierarchical 
Superposition Pharmacodynamic Model (HSPM), a novel 
method to analyze the complex effects of natural medicine 
formulas, particularly in traditional Chinese medicine (TCM). 
The HSPM leverages human protein-protein interaction 
networks to quantify interactions between drug targets and 
disease proteins, evaluating the impact of drug combinations on 
diseases. The model calculates pharmacodynamic action scores 
to account for drug effect transmission across hierarchical levels, 
considering decay rates and node degree values. Validated 
against extensive datasets, HSPM differentiates between known 
effective and unknown or ineffective drug-disease pairs, 
highlighting its predictive modeling potential. This research 
offering a promising framework for comprehending drug 
combination effects and guiding new therapeutic strategies for 
complex diseases. 

Keywords — Hierarchical Superposition Pharmacodynamic 
Model, Drug Combinations, Complex Disease Treatment. 

Jiajun Huang1,2,Weifeng Liang2, Dingsi Xiang2, Shengli Mi1,2 
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Short Abstract — Recent studies have identified diverse 
hollow biomolecular condensates, characterized by 
biomolecule-depleted interiors surrounded by biomolecule-rich 
shells. Although several formation mechanisms have been 
proposed, a general thermodynamic driving force remains 
elusive. Here, we investigate a well-defined system in which the 
human transcription factor p53 and non-specific 
double-stranded DNA (dsDNA) form biomolecule-rich 
condensates. Introduction of dsDNA containing p53-binding 
motifs induces a morphological transition to hollow structures, 
accompanied by a material state transition from liquid-like to 
gel-like. In vitro assays indicate that the formation of hollow 
condensates is driven by p21 DNA-induced localized gelation at 
the condensate periphery. Guided by these findings, we 
developed a three-component phase-field model that 
quantitatively recapitulates the formation of hollow condensates. 
Simulations show that peripheral gelation leads to gradual 
depletion of protein and Random DNA from the condensate 
core, triggering spinodal decomposition and lumen formation 
inside condensates. Together, these results offer mechanistic 
insights into multi-component hollow condensates. 

Keywords — Biomolecular condensate, hollow condensate, 
dsDNA-protein interactive co-condensate (DPIC), gelation, 
spinodal decomposition 
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Short Abstract — To address the need for efficient
nitrogen utilization in maize, this study aims to construct
high-performance biological nitrogen-fixing synthetic
consortia. We're isolating both diazotrophs and
engineered "helper strains" directly from maize seeds.
Our goal is to enhance crop biological nitrogen fixation
and reduce chemical fertilizer application. Leveraging
single-strain to community-level metabolic network
models, this research accelerates the
Design-Build-Test-Learn (DBTL) pipeline, integrating
strain isolation, genome analysis, model reconstruction,
and intelligent design of community metabolic flux. This
approach endeavors to overcome bottlenecks in
traditional single-strain screening.

Keywords — synthetic microbial consortia,
nitrogen-fixing bacteria, maize microbiota, genome-scale
metabolic model (GEM)
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II. METHOD
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Short Abstract — Both cell mass and cell volume are regulated 

through complex mechanisms, yet cellular mass density - 
defined as the ratio of cell mass to cell volume - remains 
remarkably constant. The mechanism governing the 
coordination between the growth laws of cell mass and cell 
volume is unknown. To investigate the genetic basis of density 
regulation in mammalian cells, we aimed to separate 
multipotent stem cells, expressing a collection of over 100 
transcription factors, into lighter or denser fractions from a 
density gradient centrifugation. Using barcode-sequencing, we 
identified transcription factors that influence cell mass density. 
We plan to conduct differentiation assays, both in vitro and in 
vivo, assessing the differentiation potential of cells with varying 
densities. 
 

Keywords — Cell mass density, transcription factors, 
differentiation potential. 

 PURPOSE

ex vivo 

in vitro in vivo

RESULTS

A. Next-Generation Sequencing (NGS)-based transcription 
factors screening of altered cell mass density 

B. Differentiation assays both in vitro and in vivo 

in vitro in vivo

in vitro

in vivo

Conclusion 

in vitro in vivo
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Short Abstract — Ecological communities with a fixed set of 
species can reach alternative stable states with distinct
properties of the community. However, the factors determining 
whether a community will display multistability, as well as the 
shape of the landscape connecting these multiple states, remain 
poorly understood. Theory predicts that both stable and
fluctuating attractors can coexist within the same community,
but direct observations of such multiple dynamical attractors
remain rare. Here we assemble ~100 bacterial communities to 
show that increasing species interaction strength leads to a 
transition from global equilibrium to alternative stable states, as 
predicted by Lotka-Volterra model. Moreover, our experiments 
revealed two community-level regimes with distinct properties
on biomass and environmental pH. Interestingly, some 
multi-stable communities reach both regimes and with 
compositional multi-stability within a given property regime, 
thus exhibiting “hierarchical multi-stability”. We also found
that a single community can exhibit multiple stable and 
fluctuating dynamical attractors, as predicted by theory. Our 
work demonstrates that increasing species interactions leads to 
a transition from global stable state to multiple attractors in 
microbial communities, revealing a stable landscape driven
synergistically by high-dimensional species interaction networks 
and low-dimensional environmental coupling.

Keywords — alternative stable states, global stability,
environmental coupling, multiple attractors

INTRODUCTION

RESULTS

A. Transition from global stability to multi-stability

B. Community regimes driven by environmental coupling

C. Multiple dynamical attractors in microbial communities
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Short Abstract The spatial organization and translation
efficiency of mRNA are intricately regulated by the biophysical 
properties of the cellular environment. Yet, the relationship 
between mRNA spatial dynamics and translation dynamics 
remains poorly understood. In this study, we systematically 
measure mRNA diffusion and translation efficiency across a 
range of molecular sizes and cytoplasmic conditions. Our 
findings reveal how mRNA size and cytoplasmic physical 
properties jointly regulate mRNA translation, providing a 
quantitative framework for understanding the spatiotemporal 
mechanisms of protein synthesis. 
Keywords — Protein translation, mRNA, molecular diffusion, 

cytoplasmic environment 

I. PURPOSE

EXPERIMENTAL PROGRESS
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Decoding stochastic dynamics from single-cell snapshot data:

towards therapeutic target identification in type 2 diabetes

Jinchao Lv1,2, Yunhui Kong3, Gaowei Wang3, Chunhe Li2,1,4

Abstract— Quantitative analysis of stochastic biological sys-
tems requires high-resolution data, but single-cell sequencing
lacks temporal resolution for reconstructing underlying land-
scapes. Here we present LAPIS (Landscape reconstruction And
Parameter Inference from Single-snapshot data), a method
integrating single-cell snapshot data with stochastic differen-
tial equation modeling to estimate gene-associated parameters
and noise intensities. LAPIS preserves both data fidelity and
biophysical realism, validated on in-silico 2-dimensional mutual
inhibition self-activation and 52-dimensional human embryonic
stem cell systems. Applied to in-vivo single-cell snapshot data
in type 2 diabetes, LAPIS reconstructs landscapes for healthy
and diseased populations, identifying NEUROD1 and ATF6
as therapeutic targets. Overall, LAPIS enables biologically
meaningful predictions for exploring therapeutic strategies in
complex diseases.

Index Terms— energy landscape, dynamics inference,
stochastic dynamics, gene regulatory networks, type 2 diabetes

I. PURPOSE

I
ntegrating model- and data-driven methods to quantita-

tively characterize the stochastic dynamics of gene reg-

ulatory networks is a challenging problem. Our aim is to

utilize existing snapshot experimental data to better estimate

the unknown parameters in the model and noise intensities

(rather than arbitrarily assigning them). Existing methods

employ linear models to model regulatory interactions [1],

[2], despite the strong nonlinearity inherent in gene regula-

tion. This allows for the reconstruction of landscapes through

differential equation simulations, in order to quantify the

roles of individual genes and provide potential biological

predictions.

II. MODEL AND METHODS

The evolution of gene expression is described by a refined

additive model:

dxi

dt
=gi − gi

max1≤i≤N

{
∑N

j=1 D ji

} ·
N

∑
j=1

D ji × xn
j

Sn
j + xn

j
− kixi+

Gi −gi

max1≤i≤N

{
∑N

j=1 Cji

} ·
N

∑
j=1

Cji × xn
j

Sn
j + xn

j
+ζi(t).
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4School of Mathematical Sciences, Fudan University, Shanghai, China.

gi: basal production rate, Gi: maximum production rate, ki:

degradation rate, n: Hill coefficient, S j: regulation thresh-

old, Cji/D ji: activation/inhibition strength (correlation coef-

ficient),
〈
ζi(t),ζ j (t ′)

〉
= 2dδi jδ (t − t ′) (d: diffusion coeffi-

cient).
We aim for the model-predicted steady-state distribution

to fit the observed data distribution as accurately as possible:

minLoss = min
M

∑
j=1

β jKL(p j(x)‖q j(x))+
λ
2
‖α −β‖2,

α j/β j: the jth state weight obtained by the model/data, p j/q j:

the jth state density function estimated from the model/data,

λ : trade-off parameter.
Under the assumption that the steady-state distribution

can be approximated as Gaussian using truncated moment

equations, the gradient of the KL divergence with respect to

all parameters can be computed explicitly:

∂
∂θ

KL
(

p j(x)‖q j(x)
)
=
(

μ p −μq

)T
Σ−1

q
∂

∂θ
μ p−

1

2

1

det(Σp)

∂
∂θ

det(Σp)+
1

2

N

∑
k=1

N

∑
j=1

(
Σ−1

q
)

k j ·
∂

∂θ
(Σp) jk ,

The step size in LAPIS is determined using the Barzilai-

Borwein method, while simulated annealing (Metropolis cri-

terion) is incorporated to mitigate the issue of local minima.

III. RESULTS AND CONCLUSION

• With appropriate initial parameter settings, LAPIS is ca-

pable of achieving accurate parameter inference, almost

fully reconstructing the system’s stochastic dynamics

and landscape from in-silico data.

• Based on optimal control, it is possible to achieve the

transition from diseased to healthy state by continuously

modulating all production rate-related parameters.

• By integrating single-parameter sensitivity analysis, we

effectively identified critical therapeutic targets and po-

tential combination strategies. Among them, HNF4A,

HNF1A, and NEUROD1 are well supported by ex-

perimental evidence, while NFIA represents a novel

prediction generated by LAPIS.

REFERENCES
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L. Pinello, “Dictys: dynamic gene regulatory network dissects de-
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specific gene regulation from single-cell transcriptome data,” Molecular
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Short Abstract Bacterial metabolism is dependent on the
nutrient environment and variable across species. However, to
what extent this complexity can be explained by simple, 
quantitative principles remains unclear. Here, we show that the 
number of nutrients utilized emerges as a key determinant of 
growth under complex environments, both experimentally and 
in silico. By optimizing growth under proteome constraints, we 
obtained flux solutions for genome-scale metabolic networks 
across diverse species. Notably, we find that with increasing 
environmental complexity, more nutrients directly support 
biomass precursor synthesis. To uncover the network features 
underlying this trend, we coarse-grained metabolic networks 
using representation learning and found efficient pathways 
between reaction clusters that support high growth at low 
proteome cost. The activation of these pathways is highly 
correlated to the number of nutrients utilized, not specific 
metabolites, and predicts growth across environments and 
species.

I. PURPOSE

II. RESULTS

A. Bacterial growth across diverse species is proportional
to the number of nutrients utilized in complex environments

B. Environmental complexity promotes nutrient
specialization and synergistic interactions

E.coli

omnipotent specialized

C. Nutrient synergy drives activation of efficient pathways
supporting proportional growth in complex environments

III. CONCLUSION

551

9
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Short Abstract — Mitochondria in Saccharomyces cerevisiae 
form a dynamic and highly branched network, where the spatial 
distribution of surface proteins is closely associated with 
mitochondrial function. To investigate how proteins are 
organized within this complex structure, we developed a 
multi-scale modeling framework that combines high-resolution 
imaging, graph-theoretical reconstruction, and physical 
simulations. Our findings demonstrate that protein distribution 
patterns emerge from constrained Brownian motion within a 
geometrically and topologically realistic mitochondrial scaffold. 
This framework reveals the coupling between protein 
localization and mitochondrial architecture, offering new 
insights into organelle-level regulation. 

Keywords — mitochondria, protein distribution, 3D modeling, 
Brownian motion, graph theory, molecular simulation 

I. PURPOSE

II. PREPARATION OF ABSTRACTS

 

III. CONCLUSION
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Short Abstract
Beyond traditional strategies targeting A Amyloid and Tau
proteins, metabolic treatments for Alzheimer s disease
AD —including ketogenic diets, semaglutide, and low-protein

diets—have demonstrated notable effectiveness in animal
models. These treatments present promising benefits due to
their safety, cost-effectiveness, and accessibility. owever, the
specific metabolic pathways targeted by these therapies are not
well understood, hindering the optimization of their therapeutic
effects. To address this, we utilize stable isotope metabolic flu
analysis MFA in an AD mouse model to e plore body-level
metabolic responses to these treatments. By analyzing the flu
interactions, we aim to uncover systematic metabolic alterations
across various organs, providing valuable insights to improve
e isting metabolic treatments and guiding the development of
new therapeutic strategies.

Keywords — Alzheimer s disease, Metabolic Flu Analysis
MFA , ketogenic diet, semaglutide, low-protein diet,

Multi-organ metabolic network .

I. BACKGROUND

II. RESEARC MET ODS

III. CONCLUSION
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Short Abstract — Obesity leads to significant metabolic 
rewiring of carbohydrates, lipids, and amino acids across 
various organs. Despite the commercial success of treatments 
such as GLP-1 receptor agonists (GLP-1RAs) and bariatric 
surgery, the underlying mechanisms remain poorly understood. 
This lack of clarity hinders improvements in treatment efficacy 
and the mitigation of side effects, such as muscle loss. To address 
this, we utilize in vivo stable isotope-based metabolic flux 
analysis (MFA) in mice to construct a quantitative map of 
metabolic alterations in organs throughout obesity development 
and treatment. This approach will reveal systemic metabolic 
rewiring and identify specific flux changes in pathways such as 
central carbon metabolism, amino acid metabolism, ketogenesis, 
and lipid metabolism. Our goal is to provide a detailed 
mechanistic understanding of obesity and its treatments, paving 
the way for the development of combination therapies that 
maximize weight loss while minimizing side effects. 

Keywords — Obesity, Metabolic Flux Analysis (MFA), GLP-1, 
Bariatric Surgery, Sleeve Gastrectomy, Combination Therapy 

I. BACKGROUND 

II. EXPERIMENT DESIGN & HYPOTHESIZE RESULT 

 

III. CONCLUSION 
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Short Abstract — We investigated the topological properties 
of the cellular cholesterol regulatory network using Boolean and 
RACIPE modeling. Both approaches reveal the existence of 
stable states. By analyzing transcriptome data from the HPA 
database, we inferred SREBP2 and LXR activity and performed 
clustering with key cholesterol-related genes. The results 
suggest three distinct regulatory modes of cholesterol 
homeostasis, consistent with RACIPE-derived steady states.

Keywords — Cholesterol homeostasis, Boolean modeling, 
RACIPE, regulatory network, transcriptome

I. PURPOSE

II. PREPARATION OF ABSTRACTS

A. Boolean modeling reveals a global cyclic attractor

B. RACIPE modeling identifies multiple regulatory modes

C. Transcriptome analysis supports model predictions
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Short Abstract —Circadian rhythms rely on transcription
-translation feedback loops (TTFLs) to generate robust 24-hour
oscillations. Phase-separated condensates have recently
emerged as important regulators of cellular biochemistry, but
their role in circadian timing remains unclear. Using
mathematical modeling, we show that static condensates, while
enhancing translation, suppress transcription and limit clock
coherence. In contrast, dynamically oscillating condensates can
amplify protein levels while preserving mRNA expression,
thereby maximizing clock robustness. This requires condensates
to oscillate autonomously while remaining phase-aligned with
the TTFL. Our results reveal a design principle for circadian
control: dynamic condensates enhance rhythmic precision
through self-sustained, clock-coupled regulation.

Keywords — phase separation, dynamic condensates,
translation, circadian clock, oscillating system, amplitude 
enhancement, robustness.

I. INTRODUCTION

II. RESULTS

.

Science
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Short Abstract — Cryptococcus neoformans is a

life-threatening fungal pathogen, particularly in
immunocompromised individuals. To characterize its metabolic
potential and identify antifungal targets, we reconstructed and
validated a genome-scale metabolic model (GEM) for strain H99,
named iCNG99. The model accurately captured nutrient
utilization and simulated the essentiality of known drug target.
Integration with transcriptomic and metabolomic data enabled
iCNG99 to capture condition-specific metabolic adaptations,
including resistance-associated drug targets, and lipid
metabolic reprogramming. This work provides a systems-level
platform for investigating C. neoformans metabolism and
supporting antifungal development.

Keywords — genome-scale metabolic model, Cryptococcus
neoformans, drug targets, condition-specific metabolic
adaptations

I. BACKGROUND

Cryptococcus neoformans

C. neoformans

C. neoformans grubii

II. SUMMARY OF THE RESULTS

Cryptococcus neoformans grubii

III. CONCLUSION

Cryptococcus neoformans grubii

C. neoformans

�

Cryptococcus neoformans
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Short Abstract — Bacillus subtilis employs probabilistic 
switching between motile and sessile states to colonize root 
patches optimally under fluctuating nutrient conditions. Using 
microfluidic assays, we measured state durations and developed 
a stochastic survival-game model demonstrating that 
simultaneous tuning of both state-switch rates markedly 
improves colonization efficiency versus single-parameter 
strategies. Model predictions closely match experimental 
switching patterns, revealing an adaptive bet-hedging 
mechanism. Our findings elucidate how dynamic two-state 
regulation enables robust biofilm initiation and precise root 
targeting in variable soil environments. 

Keywords — Bacillus subtilis, two-state model, bet-hedging 
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Bacillus subtilis 
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Short Abstract — Amino acids serve not only as protein

building blocks but also as key players in metabolism and
epigenetics. Their biosynthesis incurs varying metabolic costs,
shaping proteome composition through evolutionary pressures.
This study explores whether human metabolic enzymes
preferentially use lower-cost amino acids compared to
non-metabolic enzymes, and whether these patterns align with
dietary amino-acid profiles. By introducing the concept of
metabolic economics, we aim to reveal how cells balance
resource efficiency and functional demands. Our findings may
provide new insights into metabolic optimization, dietary
design, and therapeutic strategies.

Keywords — Metabolic economics; Proteome; Human
dietary; Amino-acid cost

I. BACKGROUND II. RESULTS
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Short Abstract —The nematode Caenorhabditis elegans (C. 
elegans) is well-known for its invariant cell lineage and 
spatiotemporal pattern during embryogenesis, providing an 
excellent opportunity to delve deep into the design principles of 
development. We now have a detailed mechanical tool: a phase 
field model, to precisely simulate its early embryogenesis. Yet 
we still don’t understand how gene expression regulates 
morphogenesis through mechanics. To bridge the gap, we use an 
adjoint method, which enables efficient parameter optimization 
for complex PDE systems, to estimate the main mechanical 
parameters from experimental images of wild-type and mutant 
embryos. Combining scRNA-seq data, we will gain a deeper
understanding of the process of embryogenesis.

Keywords — Caenorhabditis elegans, embryogenesis, phase 
field model, parameter optimization
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Short Abstract — Assessing whether organisms exhibit 

premature aging is critical for anti-aging research and drug 
discovery. We developed a high-precision anatomical structure 
recognition model for C. elegans and established a standardized 
age-image dataset. By segmenting and reconstructing nematode 
bodies based on their anatomical segments, we eliminated 
posture-induced variability. The extracted features enabled an 
image-to-biological-age regression model, which further served 
as a framework to quantify premature aging phenotypes. Our 
analysis revealed distinct correlations between multitask 
phenotypic signatures and biological aging. 
 

Keywords — Aging, C. elegans, CNN 

I. PURPOSE 
ging is a complex biological process with profound 
implications for health and disease. The ability to 

accurately assess premature aging (progeria) is crucial for 
understanding its mechanisms and developing interventions. 
The nematode Caenorhabditis elegans (C. elegans) serves as 
a premier model organism in aging research due to its short 
lifespan and conserved aging pathways. However, current 
methods for C. elegans anatomical recognition often lack 
precision and offer only rudimentary functionality. To 
address these limitations, we 1)developed a segmentation and 
tracking model for C. elegans anatomical structures; 2) 
constructed a standardized age-image dataset to enable 
biological age prediction. 

II. METHODS 
Under synchronized standard cultivation conditions, we 

collected a dataset comprising >30,000 annotated C. elegans 
images. Each specimen was meticulously labeled for head, 
tail, pharyngeal pumping, and egg presence, with 
chronological cultivation age serving as ground-truth 
biological age. For age regression modeling, we implemented 
a three-stage computational pipeline[1]: 1) Whole-worm 
segmentation, 2) Anatomical substructure partitioning based 
on body segments, and 3) Parallel CNN training using 
segment-derived image frames as distinct feature channels. 

 
†Authors contributed equally to this work. 
1Laboratory of Aging Research, School of Medicine, University of 

Electronic Science and Technology of China, Chengdu 611731, China. 
E-mail: yanpan@zohomail.com (Y.P.) 

*Correspondence: xianbo@uestc.edu.cn (B.X.); 
  

III. RESULTS 
The NemaNet model achieved high accuracy in predicting 

C. elegans biological age (R² = 0.85). To validate its progeria 
identification capability, we performed single-worm 
quantitative RT-PCR (qt-qPCR) and lipofuscin quantification 
on synchronized, size-matched worms classified by NemaNet 
as progeric, normal, or delayed-aging. Progeric worms 
exhibited a 20% upregulation of daf-2 expression and a ~50% 
increase in lipofuscin accumulation compared to controls, 
confirming that NemaNet surpasses human visual assessment 
in detecting aging states and aligns with established 
molecular biomarkers. 

 

 
Fig. 1. Regression analysis between NemaNet-predicted biological age 

and single-worm qRT-PCR measurements in C. elegans. 
 

While lipofuscin has been conventionally regarded as a 
passive biomarker of cumulative cellular damage in aging 
organisms[2], our findings provocatively suggest its potential 
role as an early indicator of progeria. The 50% elevation in 
lipofuscin in NemaNet-classified progeric worms, prior to 
detectable morphological aging, implies its accumulation 
may reflect specific dysregulation of autophagy-lysosomal 
pathways (ALP) rather than generalized aging. 

Furthermore, we analyzed age-related motility patterns by 
computing real-time head/tail acceleration. Even after 
removing temporal information, trajectory-derived 
morphological features (e.g., head/tail movement sequences) 
retained significant aging signatures, suggesting that 
locomotion dynamics encode latent biological age 
information. 

REFERENCES 
[1] Yan Pan; Zhihang Huang; et. al. International Journal of Molecular 

Sciences 2024, 25, 9675 . 
[2] Yan Pan; Hongxia Cai; Fang Ye; et. al. Aging Cell 2025, e70116 .

Discovering C. elegans Aging Phenotypic 
Signatures Using NemaNet   

Yan Pan1, , Dan Wu1, , Hongxia Cai1, Li Fan1 and Bo Xian1,* 
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 Abstract—The complexity of Gene Ontology (GO) poses
challenges for cellular process comprehension. Here, we
developed a classification strategy by analyzing shared genes
among terms, reducing cellular process terms to 12
major-terms. The 54 GO Slim terms can be embedded within
these 12 major-terms, demonstrating their effectiveness in
interpretating core cellular process. Term-associated proteins
interaction networks were further analyzed and revealed
small-world topology and scale-free properties. This work
provides a simplified GO annotation system and demonstrats
its complex network properties.

Keywords—Gene Ontology, STRING, complex network

I. GENERATION OF 12 MAJOR-TERMS OF CELLULAR

PROCESS

II. STRUCTURAL PROPERTIES OF TERM-ASSOCIATED

PROTEIN INTERACTION NETWORKS

III. CONCLUSION
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Short Abstract — Cysteine serves as the primary intracellular 
antioxidant provider. Depletion of cysteine triggers ferroptosis 
in cancer cells, rendering tumors more susceptible to diverse 
therapeutic interventions. In this study, we demonstrate that 
cysteine depletion amplifies the efficacy of immunotherapies in 
colorectal cancer. Employing a combination of quantitative 
metabolomics and single-cell transcriptomics, we observed that 
cysteine depletion rewires the metabolism of cancer cells and 
modifies the nutrient composition of the tumor 
microenvironment. This alteration impedes the activation and 
function of immune-suppressive regulatory T (Treg) cells, 
concurrently promoting the infiltration of cytotoxic CD8+ T 
cells. 

Keywords —Colorectal cancer, Cysteine metabolism, Immune 
microenvironmen. 

I. INTRUDUCTION

II. PESULTS

III. CONCLUSION
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How Isozymes Emerge: Mechanistic Insights from 
Metabolic Network Evolution

Xiangyu Hou1, Ziwei Dai1

Isozymes are distinct enzymes that catalyze the same 
chemical reaction, often sharing a similar catalytic core while 
differing in sequence. The presence of isozymes implies a 
degree of functional redundancy. To investigate their 
evolutionary origin, we analyzed 5,587 genome-scale 
metabolic models (GEMs) constructed using the semi 
automated CarveMe pipeline. We found that certain reactions 
were catalyzed by multiple isozymes in some models, 
whereas the same reactions tended to be catalyzed by a single 
enzyme in others. Only a small subset of isozymes displayed 
high conservation across all models, which was significantly 
different from expectations under random simulation. This 
observation prompted us to explore the underlying 
mechanisms of isozyme emergence from the perspective of 
metabolic network evolution.

Our analyses revealed that isozymes tend to occur in 
reactions involving larger metabolites. Moreover, the 
sequences of isozyme-encoding genes are significantly longer 
than those of non-isozyme counterparts. These findings 
suggest that the emergence of isozymes may be an inevitable 
outcome of molecular evolution driven by genetic mutations: 
when the size of the catalytic core remains constant, longer 

sequences are more prone to mutation, thus increasing the 
likelihood of isozyme formation. A crucial assumption here is 
the frequent occurrence of gene duplication events in 
prokaryotes; however, previous work by Csaba Pál indicates 
that horizontal gene transfer, rather than duplication, is the 
primary driver of metabolic network evolution in prokaryotes. 
Therefore, the mechanistic origins of isozymes in metabolic 
network evolution warrant further investigation.

In addition to their mutational origin, isozyme distribution 
appears to be non-random. For example, studies by Simran 
Kaur Aulakh and colleagues have shown that isozymes are 
more likely to bind metal ions, and that approximately half of 
the proteome and most major signaling pathways are 
responsive to changes in metal availability. We further 
applied concepts from control theory to metabolic networks 
and found that isozymes are more likely to serve as control 
points. Collectively, these lines of evidence suggest that the 
seemingly redundant presence of isozymes in biological 
systems may follow an evolutionary directionality and be 
closely linked to the regulatory architecture of metabolic 
networks.

.

1School of Life Sciences, Southern University of Science and Technology, ShenZhen, China
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Short Abstract — It is always an essential issue to build 

mathematical models with both interpretability and predictive 
ability for high-dimensional biological data. We process input 
data with variational autoencoders to obtain a low-dimensional 
representation. Then we make a bridge between the data 
distribution on the latent space and any given prior distribution 
by reversible transformations, so that we can apply simple low-
dimensional models to high-dimensional data. 

Keywords — Dimension Reduction, Dynamical Modelling, 
Variational Autoencoder, Flow Matching, Single Cell RNA-seq 

I. BACKGROUND

II. METHOD

 

A. Dimension scanning

B. Prior distribution

C. Inversible Transformation

III. RESULT
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Short Abstract — MotY homologs are present in a variety of 
monotrichous bacterial strains and are thought to form an 
additional structural T ring in flagellar motors. In this study, we 
investigate the role of MotY in P. aeruginosa, elucidating its 
interactions with the two sets of stator units (MotAB and 
MotCD) using Förster resonance energy transfer (FRET) assays. 
Employing a newly developed bead assay, we characterize the 
dynamic behavior of flagellar motors in motY mutants, 
identifying MotY as the key functional protein to affect the 
clockwise bias of naturally unbiased motors in P. aeruginosa. 
Our findings reveal that MotY enhances stator assembly 
efficiency without affecting the overall assembly of the flagellar 
structure. Additionally, we demonstrate that MotY is essential 
for maintaining motor torque and regulating switching rates. 
Our study highlights the physiological significance of MotY in 
fine-tuning flagellar motor function in complex environments. 

Keywords — Stator, FRET, Bead assay, Flagellum, Bacterial 
motility. 

I. INTRODUCTION

P. aeruginosa

II. SUMMARY OF RESULTS

A. MotY interacts with both stator proteins MotB and
MotD

B. Absence of MotY results in lower motor speed and
higher motor switching rate

motY

C. T ring is the structural basis for ensuring the unbiased
motor characteristics

motY

motY
P. aeruginosa

D. Stator assembly efficiency, but not overall flagellar
assembly efficiency, is affected by MotY deletion

motY

III. CONCLUSION

P.
aeruginosa

P. aeruginosa

J Bacteriol 188

Trends Biochem Sci 47

Annu Rev Microbiol. 57

Mol Microbiol 62

Pseudomonas aeruginosa
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Short Abstract — This research investigates the relationship 
between epithelial-to-mesenchymal transition (EMT) of cancer 
cells and the infiltration of CD8+ T lymphocytes across multiple 
solid tumor types. Though both EMT and CD8+ T cell 
infiltration are established prognostic indicators, their 
interaction remains unclear. We performed gene set enrichment 
analysis (GSEA) on The Cancer Genome Atlas (TCGA) data, 
revealing that EMT features are associated with lower CD8A 
expression in various cancers. Furthermore, we plan to explore 
tumor microenvironment factors influencing this association 
through cell-cell communication analysis, aiming to enhance 
therapeutic strategies targeting cancer plasticity and immune 
evasion. 

Keywords — epithelial-to-mesenchymal transition, CD8⁺ T 
cell infiltration, gene set enrichment analysis, tumor 
microenvironment 

I. PURPOSE
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Short Abstract — Microbes produce a wide range of 
metabolites that support both fundamental physiological 
processes and specialized ecological functions. We define 
co-functional metabolites (CFMs) as a class of compounds 
whose biological function requires specific interactions with 
cognate recognizers (Recs)—such as selective transport, 
targeted modification, or self-protection—which further leads 
to coordinated molecular evolution. Such highly specific 
pair-wise recognitions are essential to precise interspecies 
interactions, holding great potential for targeted control of 
microbiomes. However, predicting CFM–Rec pairing 
relationships directly from genomic data remains challenging. 
Here, we present a general computational framework to solve 
this problem by the co-evolution between CFMs and recognizers. 
We introduced a statistically grounded index that robustly 
quantifies the evolutionary association between different 
CFM–Rec pairs. Based on this metric, we designed a 
computational framework to cluster CFMs and recognizers into 
functionally equivalent groups that specifically interact with 
each other. We applied our algorithm across three bacterial 
families to the siderophore-receptor system, a key mechanism of 
microbial iron acquisition. Our method can automatically 
decode the iron-mediated interaction networks. 

Keywords —metabolite, recognizer, co-evolution 

OVERVIEW 
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Short Abstract — Cell fate decisions are dynamically

orchestrated by transcription factors TFs and corresponding
gene regulatory networks GRNs . However, TFs are lowly
e pressed with their functions beyond the transcriptional level
and varied across tissues lineages and its multiple isoforms. To
this end, we showcased that the metric of transcription factor
activity TFA renders high-fidelity regulatory relationships
compared to e pression. We integrated a consensus regulome
database derived from human embryonic stem cell ESC with
isoform resolution, and leveraged TFA to characterize
functional switching between isoforms, and enrich regulatory
modules during human preimplantation. Together, our work
highlights the utility of TFA for distilling regulatory networks,
and further facilitates the isoform-level investigation of TFs.

Keywords — Gene Regulatory Network, Cell Fate Decision,
Transcription Factor Activity, Master Regulator, Alternative
Splicing, Isoform Switching, Hematopoiesis, Regulon Database

I. BACKGROUND

II. RESULT

A. T A enables high fidelit inference of T regulator
relationships

B. Integration of comprehensive regulome specific to
embgr onmic development ith isoform resolution

C. Application of isoform level T A reveals germ la er–
specific regulators in human earl development
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Short Abstract — Mammalian cells rely on various 
intercellular signals to coordinate essential physiological and 
developmental processes; however, previous reported synthetic 
small molecule signals often suffer from lower sensitivity and 
impose significant metabolic burdens due to the biosynthesis of 
their precursors. We here developed a super-sensitive (EC50 ~ 
10-9 mol/L) and low-burden cell-cell communication system,
consisting of de novo designed sender and receiver modules. We
also introduced a degradation module by systematically
screening degradation enzymes. We finally applied the
engineered intercellular communication system for precise and
robust morphogen gradient formation over long distances.

I. BACKGROUND

II. RESULTS

braO
braI

III. CONCLUSION

de novo 
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