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Abstract: Molecular evolution, conventionally rooted in classical evolutionary theory and comparative
biology, has entered a transformative era driven by advances in genomics, bioinformatics, and
computational modeling. This review traces the conceptual foundations of molecular evolution,
beginning with the central dogma and codon degeneracy, and explores how variations such as single
nucleotide variants (SNVs) shape protein structure and function. It highlights the evolutionary
implications of codon usage bias, substitution models, and the mutation and selection balance in across
genomes. Recent advances in artificial intelligence (Al), machine learning, biostatistics, and
mathematical modeling have revolutionized our understanding of molecular evolution. Al-driven
approaches and mathematical algorithms enhance analyses of genetic variation, protein evolution, and
evolutionary dynamics. Updated computational platforms such as IQ-TREE 2, RAXML-NG, BEAST
2, PAML, and HyPhy, along with R and Python-based pipelines, have revolutionized evolutionary
studies by enabling accurate modeling of mutation dynamics, phylogenetic reconstructions, and
selection analyses.Additionally, the chemistry of amino acid exchangeability introduces new
perspectives in evolutionary studies. This convergence of computational biology with mathematics,
chemistry, and data science has transformed evolutionary biology into a multidisciplinary and
collaborative research area to solve long standing biological queries. This opens up opportunities for a
successful career in multidisciplinary research in evolutionary biology.

Keywords: Molecular evolution; Single Nuelcotide Variations; Selection; Codon Usage Bias;
Computational Biology

1. Introduction

The central dogma of molecular biology itself integrates biology of gene expression,
likelihood of mutation dynamics, and the chemistry of protein folding. With only a few
exceptions found in extranuclear DNA, nearly all life forms adhere to the standard genetic code
[1] (Figure 1). Gene expression begins with a non-reactive DNA and results into the formation
of a functional polypeptide, outlining the fundamental process described by the central dogma
of molecular biology [2-4]. Proteins are synthesized from DNA via the genetic code, making
it one of the cell’s most complex molecular processes. This fundamental process of gene-to-
protein translation laid the molecular foundation for understanding how genetic variation drives
evolutionary change. In the mid-1800s and early 1900s, as biologists sought to understand the
factors influencing phenotypes, Darwin’s theory of evolution by natural selection became a
foundation of evolutionary biology [5,6]. Ronald Fisher later integrated Mendelian inheritance
with natural selection, advancing Neo-Darwinism [7-10]. By the 1990s, evolutionary biologists
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and population geneticists explored allele frequencies in populations [11,12] speciation [13,14]
micro and macroevolution [15,16] fossil evidence of homologous and analogous structures
[17,18] and genetic drift [19]. The discovery of DNA’s double-helix structure [20]
revolutionized molecular genetics, by shifting focus to molecular evolution as scientists
recognized nucleotide sequences (A, T, C, G) as key determinants of phenotypes.

In the present day, biological sciences welcome approaches from diverse domains like
mathematical and data sciences to solve long standing biological questions. The integrative
approach of researchers from non-biological background is also vital for an in-depth
understanding of molecular evolution. Beyond the traditional doctrine of evolutionary
biologists on fossil evidence and carbon dating, modern research highlights the capabilities of
retrieval of molecular data in uncovering evolutionary signatures in inter and intra species
studies. Molecular evolution, as a multidisciplinary field, deciphers genetic information to
reconstruct evolutionary history through various cladistics tools. Furthermore, cutting-edge
high throughput sequencing technologies of biomolecules (nucleic acid and amino acid) have
proven as a gateway of new era of multidisciplinary biological research.

U Cc A G
U uUuu ucu UAU Y uGuU Cc U
uucC F ucc S UAC uGC Cc
UUA UCA UAA STOP UGA STOP A
UuG UCG UAG UGG w G
C Ccuu L CCcu CAU CGU U
CucC CcC P CAC H CGC R Cc
CUA CCA CAA CGA A
CUG CCG CAG Q CGG G
A AUU | ACU AAU AGU U
AUC ACC T AAC N AGC 3 Cc
AUA ACA AAA AGA A
AUG M ACG AAG K AGG R G
G GUU GCU GAU GGU U
GuUC Vv GCC A GAC b GGC G Cc
GUA GCA GAA GGA A
GUG GCG GAG E GGG G

Figure 1. A standard genetic code table displays all 64 codons, including 61 sense and three stop codons, and
their assigned amino acids. It consists of 16 boxes, split into eight split and eight family boxes, illustrating codon
degeneracy. For instance, UUU and UUC code for phenylalanine (Phe, F), GUN codons code for valine (Val).
Except for minor variations in the start codon, E. coli follows the standard genetic code.

This article highlights the significance of an interdisciplinary approach in
understanding molecular evolution. Recent advancements such as AlphaFold [21] that
optimized artificial intelligence (Al) to solve the long-standing mystery of protein folding,
exemplify the power of computational methods in biological data interpretation and prediction.
The availability of extensive genomic data across species in various databases has further
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transformed molecular evolution research, allowing for deeper insights into evolutionary
patterns. Multidisciplinary approaches, integrating Al, machine learning (ML), and
mathematical modelling, have enabled researchers to tackle complex biological problems more
effectively. Computational inference has become a crucial tool for studying molecular
evolution, offering new perspectives and greater precision in analyzing genetic variation,
evolutionary forces, and functional genomics. This integration of computational techniques can
be further expanded to explore molecular evolution in even greater detail.

2. The importance of codon assignment and usage bias

Since amino acids are the building blocks of proteins, their codon assignments
emphasizes their significance since prebiotic Earth. The assignment of 61 sense codons to 20
amino acids, known as codon degeneracy, is a fundamental aspect of the genetic code [22]. In
the standard genetic code, degeneracy ranges from zero to six, with some amino acids encoded
by a single codon while others have multiple synonymous codons (e.g., Phe: UUU, UUC).
However, certain synonymous codons are preferentially used, a phenomenon called codon
usage bias (CUB), varies by species [23]. CUB is influenced by factors such as GC content,
tRNA abundance, gene expression, and growth temperature [24-26]. Studies in E. coli also
reveal distinct CUB patterns in high (HEG) and low (LEG) expressed genes [27]. CUB is
analzsed through base substitutions rather than insertions/deletions, with point mutations
classified as transitions (ti) or transversions (tv), based on purine (R) and pyrimidine (Y)
interchanges [28,29]. Despite more possible tv pathways, ti occurs more frequently—about
four times higher in E. coli neutral regions [30,31], shaping DNA sequence evolution.
Additionally, codon reassignment challenges the conventional genetic code, impacting protein
synthesis and function [32].

3. Single nuelcotide variations (SNVs) and their discrepancies among codons

Point mutations, whether transitions (ti) or transversions (tv), can have either
Synonymous or non-synonymous consequences in genes. Synonymous mutations do not alter
the encoded amino acid, whereas non-synonymous mutations lead to changes in the amino acid
sequence of the resulting polypeptide [33-36]. The impact of single-nucleotide variants (SNVs)
can be analyzed across the 61 sense codons through theoretical calculations and observations.
Since each nucleotide within a codon can be substituted by three alternative nucleotides, every
triplet codon has the potential to generate nine different codon combinations due to SNV
[37,38]. These nine codon variants can be classified based on their synonymous or non-
synonymous effects. For example, in the case of the codon UUU, substituting the third
nucleotide results in the codons UUC, UUA, and UUG. Among these, UUU->UUC is a
synonymous transition (Sti), but UUU->UUA and UUU->UUG are non-synonymous
transversions (Ntv). By extending this analysis to the remaining two positions of the codon, the
total number of possible synonymous transitions (Sti), synonymous transversions (Stv), non-
synonymous transitions (Nti), and non-synonymous transversions (Ntv) can be determined. For
UUU, these values are calculated as 1 Sti, 0 Stv, 2 Nti, and 6 Ntv. However, these values are
not uniform across all degenerate codons. Two-fold degenerate (TFD) and four-fold degenerate
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(FFD) codons exhibit different substitution patterns (Figure 2). Notably, TFD codons have no
possibilities for Stv, which differs from FFD codons [97]. A comprehensive table summarizing
the number of possible SNVs and their corresponding effects is presented in the genetic code
table (Table 1) [97].
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Figure 2. The expected values of Sti, Stv, Nti, and Ntv are calculated for two different types of degenerate codons.
For instance, UUU, a TFD codon, has expected values of one Sti, zero Stv, two Nti, and six Ntv. Contrarily, GGU
(FFD codon) has expected values of 1 Sti, 2 Stv, 2 Nti, and 4 Ntv. Notably, TFD codons do not allow for
synonymous changes through tv. As a result, their distribution in coding sequences plays a crucial role in
estimating transition bias.

Table 1. Estimated Sti, Stv, Nti and Ntv for all the codon

Codon Sti Stv Nti Ntv Codon Sti Stv Nti Ntv Codon Sti Stv Nti Ntv Codon Sti Stv Nti Ntv
Uuu 1 0 2 6 ucu 1 2 2 4 UAU 1 0 2 4 UGU 1 0 2 5
uuc 1 0 2 6 ucc 1 2 2 4 UAC 1 0 2 4 UGC 1 0 2 5
UUA 2 0 1 4 UCA 1 2 2 2 UAA X X X X UGA X X X X
UuG 2 0 1 5 UCG 1 2 2 3 UAG X X X X UGG 0 0 1 6
Cuu 1 2 2 4 CCuU 1 2 2 4 CAU 1 0 2 6 CGU 1 2 2 4
CcucC 1 2 2 4 CCC 1 2 2 4 CAC 1 0 2 6 CGC 1 2 2 4
CUA 2 2 1 4 CCA 1 2 2 4 CAA 1 0 1 6 CGA 1 3 1 3
CUG 2 2 1 4 CCG 1 2 2 4 CAG 1 0 1 6 CGG 1 3 2 3
AUU 1 1 2 5 ACU 1 2 2 4 AAU 1 0 2 6 AGU 1 0 2 6
AUC 1 1 2 5 ACC 1 2 2 4 AAC 1 0 2 6 AGC 1 0 2 6
AUA 0 2 3 4 ACA 1 2 2 4 AAA 1 0 2 5 AGA 1 1 2 4
AUG 0 0 3 6 ACG 1 2 2 4 AAG 1 0 2 5 AGG 1 1 2 5
GUU 1 2 2 4 GCU 1 2 2 4 GAU 1 0 2 6 GGU 1 2 2 4
GUC 1 2 2 4 GCC 1 2 2 4 GAC 1 0 2 6 GGC 1 2 2 4
GUA 1 2 2 4 GCA 1 2 2 4 GAA 1 0 2 5 GGA 1 2 2 3
GUG 1 2 2 4 GCG 1 2 2 4 GAG 1 0 2 5 GGG 1 2 2 4

4. Emergence of substitution models in molecular evolution

The structural similarity between nucleotides facilitates the preferential selection or
retention of transitions (ti) over transversions (tv) during the proofreading stage immediately
following DNA replication. Additionally, the pairing of purine:purine (R:R) or
pyrimidine:pyrimidine (Y:Y) is typically disallowed due to its potential to distort the DNA
backbone structure [39]. It is well established that transitions and transversions do not occur at
equal frequencies, despite transversions having more possible mutation pathways than
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transitions. In neutral regions of E. coli, transitions have been observed to occur approximately
four times more frequently than transversions [30,31]. To quantify this transition bias, several
substitution models have been proposed over time. The first such model, introduced by Jukes
and Cantor in 1969, assumed an equal probability of all four nucleotides undergoing
substitutions, with uniform rates of substitution between any two nucleotides [40].
Subsequently, the widely recognized Kimura two-parameter model (K80) was introduced,
highlighting the unequal substitution rates between transitions and transversions in genomes
[41]. The most widely accepted codon substitution model (CSM) emerged in 1994, proposed
by Muse and Gaut. This model distinguishes between synonymous and non-synonymous
substitution rates and accounts for the effects of purifying selection on non-synonymous
substitutions [42].

5. Mutation and selection act as central forces in evolutionary dynamics

Since all population contain wild types as the most common form of allele, they also
do contain variations in them, which are commonly known as variants or alternatives of the
most common types [43]. Variants are the consequences of genetic mutations. Among different
types of genetic mutations or chromosomal aberrations, SNVs are the most prevalent form of
base substitutions observed across all populations [44]. Mutations are recognized as the
primary instigator of variations in the DNA base sequence, playing a pivotal role not only in
the evolutionary process [45] and in the development of complications such as cancer [46].
Nevertheless, mutation alone is inconsiderable, the selection of mutations is an essential step,
particularly concerning the fitness of organisms, making it a pivotal driving force in the process
of molecular evolution [47]. Most of the variations are unnoticeable to us as the variations first
undergo the process of selection. The variations having an enhancing in fitness of the organism
are usually selected and others are purged out of the population. Between the two types of
selections (positive and negative), positive selection refers to the variant in a population
providing higher fitness and reproductive success than the individuals carrying the non-variants
[48]. Negative selection refers to the selective removal of the harmful or deleterious genetic
variants from the population [49]. However, the concept of mutation-selection balance explains
about the introduction of new deleterious mutations and purging out of the harmful mutations
through purifying section [50,51]. But such fundamental understanding of mutation and
selection did not contemplate to the neutral theory by Motto Kimura [52]. As Kimura explained
the majority of the variations in the populations are nearly neutral, meaning they do not confer
to the fitness of the organism to a large extent; hence the variations are due to genetic drift in
smaller populations where chance events play a pivotal role in shaping the fate of the variants
[52,53]. Non-synonymous substitutions are generally considered more deleterious to an
organism's fitness than synonymous ones [54,55]. However, they can also enhance fitness by
facilitating beneficial amino acid exchanges [56], with advantageous mutations shaping
selection forces. Interestingly, recent studies suggest that even synonymous mutations can alter
protein folding [57,58].
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6. Strand-asymmetry, mutation bias, and GC content variability in prokaryotic genomes

Chargaff's first parity rule was crucial in supporting Watson and Crick's proposed DNA
double-helix model [59,60]. Unlike the first rule, the second parity rule has known violations
but generally applies to double-stranded sequences with similar substitution and selection
patterns [61,62]. Local deviations arise due to replication and transcription pressures [63].
During DNA replication, the leading strand (LeS) and lagging strand (LaS) are synthesized
differently [64], with the LeS experiencing greater single-stranded exposure [65]. Cytosine
deamination in sSDNA occurs with a half-life of ~200 years [66], contributing to strand-
dependent mutations, known as asymmetric directional mutation pressure [67]. Cytosine
deamination and guanine oxidation are key sources of base substitutions, particularly G>T
mutations [68,69]. A similar process occurs during transcription, where the non-template strand
is exposed, leading to C=>T/G-> A mutations [70,71]. These transitions significantly contribute
to polymorphism in both coding and non-coding regions. Since mutations tend to be AT-biased
(Hershberg & Petrov, 2010), GC content variability in bacteria has been widely debated. GC%
varies across prokaryotic genomes, from 13% in Zinderia insecticola to 75% in
Aneromyxobacter dehalogenans [72]. While selectionist views have largely been rejected, the
mutationist perspective, which attributes GC content to mutational pressure [73], is widely
accepted. In prokaryotic genomes, where protein-coding genes dominate, GC mutational
pressure is influenced by selective constraints. Weaker selection in neutral regions amplifies
the impact of GC mutational pressure on genome composition [74].

7. Multidisciplinary integrative approach into evolutionary biology

Prior to the emergence of molecular evolution, evolutionary biologists primarily studied
evolutionary history through inter-species comparisons and fossil records. However,
statistics/mathemetical frameworks provided stornger backbone to both molecular as well as
evolutionary genetics. Eminent researchers like Ronald Fisher’s contribution in statistics
provided a strong foundation for the theoretical biological research. It bridged the gap among
different fields and fine-tuned population genetics and studies. However, the nascent phase of
molecular evolution was traditionally viewed as an inter-species process, with researchers
using phylogenetic methods like maximum likelihood, maximum parsimony, and Bayesian
inference to trace evolutionary history and common ancestry [75]. Some methods rely on prior
data to generate posterior data, each with their own advantages and limitations. The
incorporation of algorithms like Markov chain Monte Carlo (MCMC) significantly enhanced
Bayesian phylogenetics [76]. These methods have also influenced modern taxonomy [77].
Since mutation drives evolution [78], many unnoticed mutations shape genetic diversity. The
rise of bioinformatics/computational biology and databases like DDBJ,NCBI, EMBL, and
UniProt [79-84] have enabled large-scale genetic analyses. Phylogenetic analysis now plays a
key role in studying strain-level evolution and genetic diversity. Eventually, tThe development
of protein folding pattern prediction algorithms and programs has significantly enhanced
researchers' understanding of these functional biomolecules in recent times.
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8. Emerging computational opportunities and challenges in molecular evolution

Molecular evolution is increasingly driven by computational tools that enable large-
scale analysis, modeling, and interpretation of genetic data. Several updated tools and platforms
have recently emerged, significantly improving the accuracy and speed of evolutionary studies.
For example, 1Q-TREE 2 and RAXML-NG allow efficient construction of phylogenetic trees
from genome-scale datasets using maximum likelihood approaches. BEAST 2 supports
Bayesian inference for evolutionary time estimation and population dynamics, while HyPhy is
extensively used for detecting selection pressure at the molecular level. Tools like PAML
continue to offer robust methods for estimating substitution rates and evolutionary parameters,
and MEGA12 remains a widely used, user-friendly platform for sequence alignment, model
testing, and tree reconstruction among researchers [85-90]. Several R packages are widely used
for molecular evolution, covering tasks such as phylogenetic analysis, sequence alignment,
selection detection, evolutionary rate estimation, and comparative genomics, Model testing &
ancestral reconstruction and data visualization. Simialrly, core python libraries like Biopython,
ETE Toolkit, DendroPy, tree construction and visualization have been found to be helpful in
evolutionary studies [91,92]. However, several custom pipelines can be made using different
scripting tools for different purposes like sequence alignments, phylogeny study and to perform
various evolutionary analyses.

Despite these advances, several computational challenges remain and offer exciting
opportunities for multidisciplinary exploration. One essential requirement is the development
of scalable algorithms for analyzing high-throughput phylogenomic data. There is also growing
interest in integrating Al-ML with evolutionary models to predict functional outcomes of
mutations or to classify gene families more accurately. Another emerging frontier is the
simulation of protein structural evolution, which remains a computationally intensive task.
Lastly, the integration of multi-omics data (genomics, transcriptomics, proteomics, and
metabolomics) poses both a challenge and an opportunity. Therefore, construction of advanced
pipelines could better offer exciting findings and help us better understand how organisms
adapt and evolve at the molecular level.

9. Conclusions

Robustness is a ubiquitous property among biological systems (Kitano, 2004). The
genetic code is considered robust because it exhibits redundancy and is tolerant to most harmful
mutations [93]. This ensures genetic fidelity and preserves both biological information and
function. However, some codons are susceptible to nonsense mutations, leading to truncated
proteins. To maintain functional integrity, purifying selection plays a crucial role in eliminating
deleterious mutations. The assignment of amino acids to codons remains debated, particularly
regarding the impact of non-synonymous changes through ti or tv. In split codon boxes, ti is
facilitated by the adjacent placement of purines (U&—>C) and pyrimidines (A<->G).
However, the rationale for the amino acid placement in neighbouring boxes is unclear. The
amino acid exchangeability patterns across a wide range of organisms can be interesting to
study, as all the organisms share the same genetic code table to a great extent. Furthermore,
factors such as gene localization, strand bias, and gene expression influence mutational spectra
[94], while context-dependent mutations remain a growing research focus [95,96]. Despite the

98



Multidisciplinary Research Journal Volume 1, Issue 3, 2025
ISSN (Online): Applied for July — September 2025

near-universal applicability of the standard genetic code, studying homologous genes in
prokaryotes and eukaryotes may reveal deeper insights into the genetic code’s evolution and
protein essentiality.

Therefore, modern-day molecular evolution research offers ample multidisciplinary
opportunities to unravel the mysteries of evolutionary forces underlying our existence. This
can be utilized in personalized medicine and biomedical research to study the evolutionary
prospects of different diseases, ultimately contributing to more effective prevention and
treatment strategies. In the Indian context, integrating molecular evolution into undergraduate
education would inspire younger generations to explore multidisciplinary research, fostering
future scientific advancements.

Multidisciplinary Domains

This research covers the domains: (a) Biology, (b) Computer Science
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