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Abstract
The rapid development of biotechnology and information technology has ush-
ered life sciences into a new era of data explosion, wherein traditional research
paradigms struggle to elucidate the fundamental principles of complex biologi-
cal systems amidst the ever-growing deluge of biological big data. As artificial
intelligence (AI) continues to achieve disruptive breakthroughs in life sciences
research, an AI-driven new paradigm is imminent. Through in-depth analysis
of exemplary cases of AI-driven life sciences research, this article proposes the
connotations and key elements of this new paradigm, and elaborates on and dis-
cusses the research frontiers under this new paradigm as well as the challenges
confronting China.

Full Text
Preamble
Feature: Vigorously Promote the Transformation of Scientific Re-
search Paradigms

Citation: Li X, Yu H C. A new paradigm of life science research driven by
artificial intelligence. Bulletin of Chinese Academy of Sciences, 2024, 39(1):
50-58, doi: 10.16418/j.issn.1000-3045.20231211001.

Authors: Li Xin1,2, Yu Hanchao3*
1Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
2ChinaXiv
3Bureau of Frontier Sciences and Education, Chinese Academy of Sciences, Bei-
jing 100864, China

*Corresponding author

chinarxiv.org/items/chinaxiv-202403.00359 Machine Translation

https://chinarxiv.org/items/chinaxiv-202403.00359
https://chinarxiv.org/items/chinaxiv-202403.00359


Abstract
The rapid development of biotechnology and information technology has ush-
ered life sciences into a new era of data explosion, where traditional research
paradigms struggle to reveal the fundamental principles of complex biological
systems within ever-growing biological big data. As artificial intelligence (AI)
continues to achieve disruptive breakthroughs in life science research, an AI-
driven new paradigm is emerging. This article proposes the concept and key
elements of this new paradigm through in-depth analysis of typical examples,
elaborates on the research frontiers under this new paradigm, and discusses the
challenges China faces.

Keywords: scientific research, life science, artificial intelligence, big data, sci-
entific paradigm

1. Typical Examples of AI-Driven Life Science Research
Life is a complex system characterized by multiple hierarchical levels, multiple
scales, dynamic interconnections, and mutual influences. Traditional life sci-
ence research paradigms, when confronted with such extreme complexity, multi-
scale spanning, and spatiotemporal dynamics, typically approach problems from
a local perspective, establishing limited associations between biomolecules and
phenotypes through experimental verification or restricted-level omics data anal-
ysis. However, even at enormous cost, these approaches usually discover only
single linear associations under specific conditions, which differ significantly in
complexity from the nonlinear nature of biological activities [1], making com-
prehensive understanding of entire networks difficult.

AI technologies, particularly deep learning and pre-trained large models, demon-
strate superior pattern recognition and feature extraction capabilities. With
vast parameter stacking, they can surpass human rational reasoning to better
understand complex biological system patterns from data. Modern biotechnol-
ogy continues to generate exponential growth in life science data, and the global
research community has accumulated substantial experimentally described and
validated data, creating a foundation for AI to decipher the underlying princi-
ples of life [2]. When equipped with sufficient high-quality data and life-science-
appropriate algorithms, AI models can predict “high-dimensional” information
and patterns from “low-dimensional” data across multiple hierarchical levels,
achieving leaps from low-dimensional data like gene sequences and expression
to high-dimensional complex biological processes. This enables the parsing of
complex nonlinear relationships, such as the generation patterns of biological
macromolecules, gene expression regulation mechanisms, and even complex bi-
ological systems involving multiple intersecting factors like individual develop-
ment and aging. Under this trend, life science has recently witnessed several
typical examples of AI-driven research, including protein structure prediction
and gene regulation pattern analysis.
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1.1 Protein Structure Prediction

Proteins, as key functional executors in organisms, have structures that directly
affect vital biological processes including transport, catalysis, binding, and im-
mune functions. While sequencing technology reveals amino acid sequences, any
known protein chain could theoretically fold into an astronomical number of pos-
sible conformations, making accurate structure determination a long-standing
challenge. Traditional techniques like nuclear magnetic resonance, X-ray crystal-
lography, and cryo-electron microscopy require years to map a single protein’s
shape, are expensive and time-consuming, and offer no guarantee of success.
Capturing the underlying principles of protein folding for accurate structure
prediction has thus remained a major challenge in structural biology.

AlphaFold 2 employs attention mechanism-based deep learning algorithms
trained on vast protein sequence and structure data, integrating prior knowledge
from physics, chemistry, and biology to construct a protein structure prediction
model comprising feature extraction, encoding, and decoding modules [3].
At the 2020 Critical Assessment of Protein Structure Prediction (CASP14),
AlphaFold 2 achieved remarkable results, with protein 3D structure prediction
accuracy comparable to experimental methods. This breakthrough brings three
major transformations to life sciences.

First, it directly impacts drug discovery. Most drugs exert effects by binding
to specific protein domains to alter protein function. AlphaFold 2 can rapidly
calculate structures of numerous target proteins, enabling targeted drug design
for effective binding [4].

Second, it enables rational protein design. Once AI deeply understands protein
folding principles, this knowledge can design protein sequences that fold into
desired structures. This allows biologists to freely design and modify proteins or
enzymes according to needs, such as creating more active gene-editing enzymes
[5] or even entirely novel protein structures not found in nature [6]. It also
advances understanding of how genetic code information projects onto protein
structures, greatly enhancing humanity’s ability to engineer life.

Third, AlphaFold 2 fundamentally transforms the research paradigm in protein
structure determination, shifting from time-consuming traditional experimental
techniques to a new paradigm of low-barrier, high-precision, high-throughput
prediction. This demonstrates that combining protein knowledge with AI can
extract and learn high-dimensional, complex knowledge, promoting deeper un-
derstanding of protein physical structures and functions.

1.2 Gene Regulation Pattern Analysis

The Human Genome Project, one of the three major scientific projects of the
20th century, unveiled the prelude to life’s mysteries. Although genetic informa-
tion is stored in DNA sequences, each cell’s fate and phenotype vary dramati-
cally due to unique spatiotemporal contexts. This complex process is controlled
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by sophisticated gene expression regulation systems, and exploring universal
gene regulatory mechanisms represents one of the most important questions
in life sciences following the genome project. Different cells’ gene expression
profiles provide an ideal window for understanding gene regulatory activities
within biological systems. However, comprehensively interpreting gene regula-
tion mechanisms through biological experiments alone requires capturing control
experiments across different individuals, cell types, and environmental contexts.
Traditional bioinformatics methods can only process small datasets and strug-
gle to capture complex nonlinear relationships in large-scale, high-dimensional
biological data lacking accurate annotations.

Recent breakthroughs in natural language processing, particularly large lan-
guage models, offer new solutions by enabling models to understand human
language-described knowledge through training data. Several international re-
search teams have applied this approach to life sciences, constructing life foun-
dation models capable of understanding gene dynamic relationships based on
tens of millions of human single-cell transcriptome profiles and massive computa-
tional resources. These models—including GeneCompass [7], scGPT [8], Gene-
former [9], and scFoundation [10]—use advanced algorithms like Transformer
and diverse biological knowledge. Trained on underlying life activity informa-
tion such as gene expression, these models learn to understand associations be-
tween “low-dimensional” life science data and complex “high-dimensional” mech-
anisms like gene regulatory networks and cell fate transitions, enabling effective
simulation and prediction from low-dimensional data to high-dimensional infor-
mation. This simulation of gene regulatory networks demonstrates excellent
performance across broad downstream tasks, providing entirely new pathways
for understanding gene regulation patterns.

These successful AI-driven life science research cases demonstrate that AI can
break through traditional methodological limitations, construct theoretical pro-
jection systems from basic biological levels to entire life systems, and further
advance life sciences to higher stages, heralding a new research paradigm.

2. Connotation and Key Elements of the New Paradigm
With continuous biotechnology advancement and rapid life science data growth,
AI has demonstrated deep understanding and generalization capabilities for
life science knowledge, elevating research scope and depth while propelling life
science from the experiment-dominated first paradigm into an AI-driven new
paradigm—the fifth paradigm (Figure 1 [Figure 1: see original paper]).

Through deep analysis of AI-driven life science research examples, we propose
that the new paradigm resembles an intelligent new energy vehicle. Analo-
gous to core automotive systems like battery, electronic control, motor, driver
assistance, and chassis, the new paradigm requires five key elements: life sci-
ence big data, intelligent algorithm models, computing platforms, expert prior
knowledge, and interdisciplinary research teams (Figure 2 [Figure 2: see origi-
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nal paper]). Just as the battery system provides energy, life science big data
provides fundamental resources; algorithm models function like intelligent elec-
tronic control systems, enabling deep understanding of biological system mech-
anisms; computing platforms serve as the motor system, processing massive
scientific data and complex computational tasks; expert prior knowledge acts
as the driver assistance system, providing directional guidance and implemen-
tation experience; and interdisciplinary research teams function as the chassis,
integrating diverse domain knowledge and skills through cross-disciplinary col-
laboration to enhance research efficiency and drive life science development.

2.1 Key Element 1: Life Science Big Data

Life science big data forms the “battery system” of the new paradigm vehicle.
With new biotechnology development, life science big data characterized by
multi-modality, multi-dimensionality, distributed storage, hidden associations,
and multi-level integration has gradually emerged. Only through effective in-
tegration and innovative AI-driven data mining can we break through human
cognitive limitations, generate new discoveries, and expand exploration bound-
aries. Examples include medical vision large models [11-13] that integrate multi-
source, multi-modal, multi-task medical imaging data to enable various applica-
tions under few-shot and zero-shot conditions, and cross-species life foundation
model GeneCompass [7], which effectively integrates global open-source single-
cell data to achieve panoramic learning of gene expression regulation patterns
across over 120 million single-cell training datasets.

2.2 Key Element 2: Intelligent Algorithm Models

Intelligent algorithm models constitute the “electronic control system” of the
new paradigm vehicle. Extracting new patterns and knowledge from vast life
science big data requires innovative AI algorithms and models. Developing
life-science-appropriate AI algorithms, extracting effective biological features,
and constructing large-scale dynamic biological process models represent central
challenges [14]. Early examples include Gerstein team’s application of Bayesian
network algorithms to predict protein-protein interactions, published in Science
and establishing a foundation for classical machine learning in bioinformatics
[15]; graph convolutional neural networks analyzing protein-protein interaction
networks [16] and gene regulatory networks [17]; and AlphaFold 2’s use of Trans-
former models for rapid, high-accuracy protein structure calculation—all demon-
strating the critical importance of AI algorithm models in the new paradigm.

2.3 Key Element 3: Computing Platforms

Computing platforms serve as the “motor system” of the new paradigm vehi-
cle. Computing power forms the foundation for AI implementation. The con-
tinuous development of AI algorithm models suitable for life science research,
such as deep learning and large models, demands increasingly powerful and
efficient computing platforms. Future development should focus on building
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hardware platforms supporting AI-enabled life science research, including high-
speed, high-capacity storage systems, specialized chips for life science data pro-
cessing, and dedicated processors for accelerating biological model inference and
training. This will provide efficient, reliable computing capabilities to handle
massive life science data and meet complex model construction requirements,
ensuring AI application and innovation in life sciences.

2.4 Key Element 4: Expert Prior Knowledge

Expert prior knowledge functions as the “driver assistance system” of the new
paradigm vehicle. In the new paradigm, existing life science knowledge provides
valuable training constraints, important background information, and feature re-
lationships for AI algorithms, helping interpret life science data complexity and
validate AI applications. This knowledge plays crucial guiding roles in algorithm
design and model construction, promoting more accurate and efficient solutions
to life science problems. For instance, embedding life science expert prior knowl-
edge and human-annotated information encoding in novel gene expression pre-
training models [7] enhances interpretation of complex feature associations in
biological data, demonstrating superior model performance.

2.5 Key Element 5: Interdisciplinary Research Teams

Interdisciplinary research teams form the “chassis system” of the new paradigm
vehicle. Under the new paradigm, a multidisciplinary team comprising AI ex-
perts, data scientists, biologists, and medical scientists is essential for achieving
breakthrough life science discoveries. Diverse backgrounds and close collabora-
tion integrate specialized knowledge across AI, biology, and medicine, providing
multiple perspectives and methods. This creates a solid foundation for com-
prehensively understanding complex mechanisms, offers more possibilities for
innovative solutions, and drives breakthrough discoveries in life sciences.

3. New Paradigm-Enabled Frontiers and China’s Chal-
lenges
Traditional research paradigms explore life like looking at a leopard through a
tube, with biologists working in isolation across different subfields. As the new
paradigm develops, life science research will embrace a novel modality character-
ized by AI prediction, guidance, hypothesis generation, and verification, giving
rise to rapidly advancing frontier research directions.

3.1 Frontier Research Directions Enabled by the New Paradigm

Structural Biology. Current AI applications like AlphaFold remain at
the “sequence-to-structure” stage for protein structure prediction and design
[6,18,19], unable to simulate and predict protein structure and function under
complex physiological conditions. The emergence of higher-quality, larger-scale
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protein data and novel algorithms will enable systematic analysis of biomacro-
molecular structure and function across different physiological states and
spatiotemporal conditions, achieving intelligent structure determination and
precise design from “sequence-to-function” and even “sequence-to-multi-scale
interactions.”

Systems Biology. Current omics data analysis remains limited to lower-
dimensional biological observations, without forming full-dimensional observa-
tions from gene level to cellular, individual, or even population levels. The
new paradigm will integrate multi-dimensional, multi-modal biological big data
with expert prior knowledge, extract key phenotypic features, construct multi-
scale biological process models, and reconstruct underlying operational rules of
complex biological systems, forming fundamental and broadly applicable new
systems biology research paradigms.

Genetics. With multi-omics data accumulation and novel gene large models,
genetics has entered a rapid development phase driven by the new paradigm.
Self-supervised pre-training large models based on gene expression profile data
will become powerful tools for parsing gene regulation patterns and predicting
disease targets [9], expanding genetics research boundaries.

Drug Design and Development. With AlphaFold and molecular dynamics
models, AI is already used for predicting and screening drug candidates. The
new paradigm will further advance this field toward AI-assisted full-process
drug design and development systems capable of autonomously optimizing drug
structure and properties, simulating efficacy and safety, and generating efficient
synthesis and production protocols, greatly accelerating drug development.

Precision Medicine. AI technologies including computer vision, natural lan-
guage processing, and machine learning have permeated subfields like biological
imaging, medical imaging, intelligent disease analysis, and target prediction. For
example, AI diagnostic systems can already match or even exceed experienced
clinicians in accuracy [20]. However, current models suffer from data bias, poor
robustness, and low generalizability. New paradigm-driven universal precision
medicine models will enable faster, more accurate disease diagnosis, molecular
mechanism parsing, and therapeutic target discovery, improving human health.

3.2 Challenges Facing China’s Life Science Research New Paradigm

Despite increased investment in life sciences, China faces significant challenges
in establishing and promoting the new paradigm, including lack of high-quality
life science data resource systems, insufficient AI key technologies and infras-
tructure, and scarcity of cross-disciplinary innovation ecosystems.

Lack of High-Quality Life Science Data Resource Systems. Chinese
scientists still rely on foreign high-quality data in some frontier fields, while
domestic data construction and utilization lag behind. China’s life science data
resources suffer from uneven distribution, requiring better coordination and
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integration for efficient aggregation and systematic improvement. Additionally,
data security, particularly biological data privacy and safety, urgently needs
strengthening during collection, transmission, and storage.

Insufficient AI Key Technologies and Infrastructure. China lacks core
technologies for the AI-driven new paradigm, with original algorithms, models,
and tools requiring substantial development. Advanced computing and analysis
methods for massive, high-dimensional, sparsely distributed life science big data
are urgently needed. Future development should create hardware, software, and
new computing media more suitable for life science applications, exploring novel
computing-biology interaction modes. The new paradigm demands new compre-
hensive capabilities for data, networking, and computing, requiring accelerated
development of next-generation information infrastructure to solve computing
power bottlenecks.

Scarcity of Cross-Disciplinary Innovation Ecosystems. Current
AI-driven life science research mostly follows a “small workshop” model of spon-
taneous group combinations, lacking the cross-disciplinary environment needed
for new paradigm development. The U.S. National AI R&D Strategic Plan
(2023 update) emphasizes the importance of interdisciplinary AI research. The
new paradigm should encourage broader multi-disciplinary “grand crossing”
and “grand integration,” establishing novel research modes combining dry and
wet lab work, theory and practice, while continuously cultivating high-level
interdisciplinary research talent.

China has begun widely deploying and promoting interdisciplinary development,
as highlighted in the 14th Five-Year Plan for National Economic and Social De-
velopment and Long-Range Objectives Through 2035. Integrating AI-enabled life
science paradigm transformation into China’s national development vision will
create comprehensive effects and establish more open new research ecosystems.

4. Conclusion
Life sciences are experiencing unprecedented transformation driven by biotech-
nology, information technology, and especially AI advancement. This shift
moves from traditional hypothesis- and experiment-driven paradigms toward big
data- and AI-driven research. This evolution will broadly transform scientific
research activities across multiple levels, including epistemology, methodology,
research organization, economics, and ethics.

We stand in an era of transformation and promise, where life science innovation
and technological progress jointly map a future of deeper exploration into life’s
mysteries. With further development of general AI, life science research will
soon achieve a new mode integrating dry and wet lab work with human-AI
collaboration, ushering in a scientific era where AI autonomously abstracts new
knowledge and patterns—“predicting what humans have not seen, thinking what
humans have not thought.”
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