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Abstract

The continuous mutation of viruses poses a persistent and severe challenge to global public health security,
disease prevention and control, and biomedical research and development. The accurate prediction and in-
depth analysis of viral mutation trends and their potential impacts are of critical strategic importance for
constructing effective epidemic early warning systems and guiding the targeted development of vaccines and
drugs. In recent years, the rapid development of artificial intelligence and high-throughput sequencing
technologies has significantly enhanced our ability to monitor and infer viral evolutionary paths. In particular,
the application of machine learning models in predicting mutation hotspots and functional impacts has opened
new avenues for research. Moreover, interdisciplinary approaches combining genomics, structural biology,
and computational modeling provide deeper insights into the mechanisms driving viral evolution. This paper
aims to systematically review the evolution of methods for viral mutation prediction and analysis, delve into
frontier technological breakthroughs in the field, objectively analyze the advantages and limitations of existing
approaches, and provide an outlook on future directions. Furthermore, the integration of real-time surveillance
data with predictive models is emphasized as a key factor in improving the timeliness and accuracy of mutation
alerts. The goal is to offer a comprehensive and valuable reference for scientific research and practical
applications in related fields, thereby assisting human society in better responding to the complex problems
arising from viral variation.
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1. Introduction

Since the global pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), although
its severity and mortality rates have declined in some regions, the increasing emergence of new variants has
led to frequent “breakthrough infections”-the phenomenon of reinfection in vaccinated or previously infected
individuals. Rapid mutation of the virus not only presents significant obstacles to existing vaccines and
therapeutic interventions but also markedly increases the potential risk of future pandemics. Consequently, the
forward-looking prediction of viral mutations has become exceptionally important.
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However, existing models for predicting SARS-CoV-2 mutations still face numerous challenges. A core
difficulty lies in effectively integrating the regularity and inherent stochasticity of viral mutations while
satisfying the real-world demands for minimal data and rapid response. From an evolutionary biology
perspective, viral evolution is often characterized by “few-site mutations” and “rare beneficial mutations.”
This implies that most mutations may be neutral or even deleterious, with only a very small fraction conferring
advantages in aspects such as transmissibility or immune evasion, thereby prevailing through natural selection.
The inability to accurately anticipate these critical evolutionary directions could result in greater harm to
society.

To increase the accuracy of viral mutation prediction and promote the development of new models and
methodologies, this paper consolidates multiple research findings to systematically summarize and review the
current state of research. By synthesizing the experiences and lessons from existing methods, this paper hopes
to provide clear guidance and a solid foundation for subsequent studies, ultimately contributing to the
resolution of the global challenge of viral mutation. In recent years, data-driven approaches, particularly those
combining large-scale genomic sequencing data with complex computational models such as machine learning,
have demonstrated immense potential. Such methods can continuously monitor and analyze viral genomic
sequences to capture early signals of potential high-risk variants, thereby securing valuable time for public
health responses. In the future, the integration of multidimensional data and the development of more advanced
artificial intelligence models will be crucial directions for the field.

2. Evolution of Traditional Methods

2.1 Analysis Methods Based on Sequence Alignment

One of the most widely used methods in viral analysis is the Basic Local Alignment Search Tool (BLAST).
BLAST actually uses a local alignment algorithm that finds the matching segments with the highest similarity
between two sequences. Its simple working flow includes the following steps.

It is used to discover the new coronavirus. In the whole process, researchers first acquire the complete
genomic sequence of SARS-CoV-2 and then submit it as a query on the online website of the National Center
for Biotechnology Information (NCBI) through the online BLAST tool. After that, the system will complete
the following steps of algorithms to quickly identify similar sequences in the database. Finally, similar
sequence alignment results can be obtained. The result will mark the similarity score, query coverage, E value
(expected value), percent identity, etc., to represent the statistical similarity between them [1].

As shown in Figure 1, researchers can also use BLAST to perform comparative genomic analysis of
coronavirus disease 2019 (COVID-19). Specifically, the ribonucleic acid genome of SARS-CoV-2 was
compared with the RNA genomes of other human coronaviruses. Through the comparison of BLAST results,
this study identified the highly conserved genomic regions of different coronaviruses and predicted the degree
of viral immune escape [2].

Figure 1: Sequence alignment analysis of the spike protein [3]
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2.2 Phylogenetic Analysis

Phylogenetic analysis is a method used to identify the evolutionary path of a virus and predict its future
behavior by visualizing the evolutionary relationships among different species (or other types of populations).
A phylogenetic tree is a diagram showing the evolutionary relationships among various groups of organisms-
be they species, subspecies, or even genes. The method principle is that the more similar the genes of the virus
are, the closer they will be on the tree and the more likely they are to have diverged from a more recent common
ancestor. There are generally three main steps involved in the construction of phylogenetic trees: sample
collection and sequencing, multiple sequence alignment and tree inference.

This approach was applied in early studies of SARS-CoV-2 in Iran to determine the origin of this virus and
the pathway of transmission, identification and typing of variant sites and inference of evolutionary
relationships and divergence times. In this study, the authors constructed a phylogenetic tree on the basis of
alignment of viral genomes from Iranian samples to a set of global reference genomes (e.g., all downloaded
reference genomes from the GISAID database). Multiple nucleotide variant sites were subsequently obtained
by aligning these sample sequences to a reference genome (e.g., Wuhan-Hu-1), as shown in Figure 2.

The topology of the obtained tree clearly shows that viral strains with specific mutations are clustered in
one another and thus generate different evolutionary clades or lineages. Phylogenetic analysis can be applied
to the temporal data of sample collection, and time-scaled Bayesian phylogenetic analysis can be used to
reconstruct the divergence times of different lineages of viruses and the age of time to the most recent common
ancestor (TMRCA) to understand the virus’s evolutionary history and the transmission timeline of this virus
in the human population [4].

Figure 2: Analysis of the phylogenetic tree of coronaviruses [3]
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2.3 Statistical Models

The prediction and analysis of virus changes are not just hypothetical. They can be exact matches. Two
methods are called maximum likelihood and Bayesian inference.

During the COVID-19 pandemic, scientists have studied virus family trees. This was very important. It
helps track the virus in real time. It also helps predict dangerous new variants several weeks before normal
health checks find them. By looking at the virus’s family tree, researchers can see how the virus moves. They
can also see how it changes from person to person. This gives real clues. These clues can help guide public
health choices.

CoVerage is an automated tool. It was made by the Helmholtz Centre for Infection Research in Germany.
It keeps watching how the SARS-CoV-2 virus has changed over time. It learns from how different versions of
the virus spread among people. The system uses a math method named Bayesian inference. This method turns
growth patterns into numbers. These numbers show how the virus spreads. In simple terms, raw gene data are
used to obtain clear results. Public health workers can use these results directly [5].

3. Frontier Technology Breakthroughs

3.1  Multi-Omics Fusion Analysis

This method mixes different kinds of data. It uses data from genomics, transcriptomics, proteomics, and
other similar fields. The goal is to learn how mutations truly work at a tiny level. For example, scientists can
look at changes in the spike protein of a virus. They can also see how these changes affect RNA messages.
Then, they run experiments to determine how tightly the virus binds. Together, this allows them to see more
than just one type of data. However, this approach is not perfect. It’s like trying to combine many different
puzzles at once. Additionally, you need very powerful computers to make it work. In addition, sometimes, the
results can surprise you.

3.2 Machine Learning and Deep Learning

Machine learning models, such as random forest and support vector machines (SVMs), have been used to
forecast the antigenic changes of influenza viruses, but the performance of these models relies largely on
feature engineering. On the other hand, deep neural networks (DNNs), long short-term memory (LSTM)
networks, transformers and other deep learning approaches are capable of capturing complicated features
automatically from raw data and have been applied to predict conformational changes in the SARS-CoV-2 S
protein, for example. However, these models usually exhibit “black-box” characteristics and require large
amounts of training datasets.

In a recent study entitled “Quantitatively characterizing the host adaptation process of SARS-CoV-2
variants through a deep learning-based prediction model” published in Cell Discovery, a team from the Chinese
People’s Liberation Army Center for Disease Control and Prevention, the Chinese Academy of Medical
Sciences, Southeast University, and other institutions developed a model labeled ARNLE that can quantify the
host adaptation process of SARS-CoV-2 variants and can accurately classify the viral host with high precision

[6].

33 Molecular Dynamics (MD) Simulation

Molecular dynamics simulations are used to simulate the structural dynamics of viruses at the atomic level
after mutation. The application is the study of mutations in the spike (S) protein of SARS-CoV-2 and how they
affect the binding of antibodies (microlevel functional effects).

In 2022, scientists in Turkey employed computational methods such as molecular dynamics (MD)
simulations to study 13 new SARS-CoV-2 mutations discovered in Turkey. Researchers have successfully
characterized and studied the effects of newly discovered mutations on protein dynamics. This study offers an
important theoretical basis for understanding the molecular mechanisms of viral variation and demonstrates
the strong potential of MD simulations for rapidly assessing the potential effects of newly emerging mutations.
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Effect: This method is mainly used to study the effects of new mutations on the structure, stability, and
binding affinity of viral proteins to target host cell surface proteins such as angiotensin-converting enzyme 2

[7].

4. Future Directions

4.1 Fusion of Interdisciplinary Methods

This idea is about bringing together different areas, such as biology, computer science, mathematics, and
physics. It uses the best parts of each method. For example, deep learning is good at finding features, and
dynamic simulations can model objects at the molecular level. Combining these factors helps make better
predictions for virus mutations. Mathematics can also help improve algorithms for integrating multiomics data.
This makes data usage more efficient.

4.2 Real-time Dynamic Monitoring and Prediction Systems

Leveraging the power of rapid genetic sequencing, large-scale data systems, and machine learning, this
study proposes a framework capable of tracking and forecasting viral mutations in real time. Such a system
enables continuous collection and interpretation of global data on viral evolution, improving our capacity to
recognize emerging patterns in how viruses change. Crucially, it supports public health decision-making by
delivering timely, science-backed recommendations for outbreak response-for example, issuing early warnings
when new variants emerge that demonstrate heightened transmissibility or immune evasion.

At the University of Nevada, Las Vegas, a research team developed an innovative tool named independent
component analysis of variants, which integrates multifaceted data to improve the detection and surveillance
of SARS-CoV-2 variants. Their approach involves regular wastewater sampling and analysis across diverse
urban and rural settings. This offers a unique window into how the virus evolves within different communities.
By applying independent component analysis (ICA), a computational method designed to separate blended
signals, researchers can isolate and track specific mutation signatures-even within highly complex wastewater
samples containing mixed variant populations. Between late 2021 and 2023, this system consistently identified
major variants, including Delta, Omicron, and several recombinant forms [8].

4.3 Deep Fusion of Multiomics and Al

The continuous mutation of viruses poses a persistent and severe challenge to global public health security,
disease prevention and control, and biomedical research and development. The accurate prediction and in-
depth analysis of viral mutation trends and their potential impacts are of critical strategic importance for
constructing effective epidemic early warning systems and guiding the targeted development of vaccines and
drugs. This paper aims to systematically review the evolution of methods for viral mutation prediction and
analysis, delve into frontier technological breakthroughs in the field, objectively analyze the advantages and
limitations of existing approaches, and provide an outlook on future directions. The goal is to offer a
comprehensive and valuable reference for scientific research and practical applications in related fields,
thereby assisting human society in better responding to the complex problems arising from viral variation.

Since the global pandemic of SARS-CoV-2, although its severity and mortality rates have declined in some
regions, the incessant emergence of new variants has led to frequent “breakthrough infections”-the
phenomenon of reinfection in vaccinated or previously infected individuals. Rapid mutation of the virus not
only presents significant obstacles to existing vaccines and therapeutic interventions but also markedly
increases the potential risk of future pandemics. Consequently, the forward-looking prediction of viral
mutations has become exceptionally important.

However, existing models for predicting SARS-CoV-2 mutations still face numerous challenges. A core
difficulty lies in effectively integrating the regularity and inherent stochasticity of viral mutations while
satisfying the real-world demands for minimal data and rapid response. From an evolutionary biology
perspective, viral evolution is often characterized by “few-site mutations” and “rare beneficial mutations.”
This implies that most mutations may be neutral or even deleterious, with only a very small fraction conferring
advantages in aspects such as transmissibility or immune evasion, thereby prevailing through natural selection.
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The inability to accurately anticipate these critical evolutionary directions could result in greater harm to
society.

To increase the accuracy of viral mutation prediction and promote the development of new models and
methodologies, this paper consolidates multiple research findings to systematically summarize and review the
current state of research. By synthesizing the experiences and lessons from existing methods, this article hopes
to provide clear guidance and a solid foundation for subsequent studies, ultimately contributing to the
resolution of the global challenge of viral mutation. In recent years, data-driven approaches, particularly those
combining large-scale genomic sequencing data with complex computational models such as machine learning,
have demonstrated immense potential. Such methods can continuously monitor and analyze viral genomic
sequences to capture early signals of potential high-risk variants, thereby securing valuable time for public
health responses. In the future, the integration of multidimensional data and the development of more advanced
artificial intelligence models will be crucial directions for the field.

5. Conclusion

This paper comprehensively surveys the evolution of predictive and analytical approaches for viral
variation, ranging from conventional techniques such as sequence alignment, phylogenetic analysis, and
statistical modeling to recent breakthroughs, including multiomics integration, machine and deep learning, and
molecular dynamics simulations. This paper outlines the core principles, applications, strengths, and
constraints of each method, offering a holistic perspective on the current state of viral mutation research.

The ongoing emergence of novel viral variants, such as SARS-CoV-2, highlights the urgent need for
accurate and timely prediction of viral evolution. Although traditional approaches have established an essential
foundation, the sheer complexity and speed of viral mutation demand more advanced tools. Emerging
technologies-especially those combining large-scale genomic data with sophisticated computational models-
provide unmatched potential for detecting subtle evolutionary patterns and anticipating the rise of high-risk
variants.

Moving forward, the field is set to progress through the integration of interdisciplinary strategies, the
creation of real-time dynamic prediction systems, and deeper merging of multiomics data with artificial
intelligence. These synergistic approaches will refine our molecular-level insight into viral adaptation, increase
the accuracy of forecasting models, and yield practical guidance for public health decision-making. Ultimately,
enhancing our ability to predict and analyze viral changes will strengthen global health security, speed up the
development of precise vaccines and antivirals, and improve our capacity to curb the effects of future
pandemics. Such scientific advancements are indispensable for humanity’s proactive stance against the
enduring threat of viral evolution.
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