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ABSTRACT

Comparative genomics is an inevitable tool for carrying out studies related to evolutionary history of an organism. It
unveils the scientific language of nature residing inside the genome of each organism by creating baseline data which is
helpful in exploration of studies related to proteomics and drug discovery. The present study elaborates the various aspects
associated with comparative genomics by detailing the useful tools available online for this approach. The study also
describes a detailed methodology of comparative genomics involving the comparison of genome structure, coding regions
and non-coding regions. It also encompasses the technical challenge involved in the approach which is the alignment of the
whole genome of organisms. Recommendation has been made for development of tools required for robust comparison of
non-coding regions for the identification of regulatory elements involved in controlling the gene expression of the
organism which may help in providing significant leads for identification of genes associated with diseases and ailments.
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INTRODUCTION

The genes, or the genome as a whole has a foundational
role in all the biological processes of an organism. Owing
to this fundamental function, studying genomes is essential
for advancement of biological studies by revealing the
genetic basis of health, evolution and biological functioning
(Khan et al., 2020) (Charamis et al., 2024; Kobras et al.,
2021). On the other hand, it is claimed that a single
organism's genome does not say much of itself. In the
development of the phylogenetic process of evolution,
genomes and genes must be considered relative, compared
and contrasted with other species (or subspecies, or strains)
to reveal the important functional elements by highlighting
the evolutionary conservation (Clark, 1999). This implies
that the study of individual genome sequences will
meaningfully provide information relevant to the structural

aspect of the genome with limited aspects showing its
functional significance (Miller et al., 2004). Therefore, in
recent years, comparative genomics is a significant
approach for interpreting genomic data resulting in its
superior comprehension by unveiling patterns and insights
that arise only when genomes are compared across various
species or populations (WHO, 2024
https://researchrabbitapp.com/home). A wvast range of
bioinformatics tools and software are used to derive
meaningful insights from genomic comparisons and they
significantly facilitate and accelerate the analysis,
visualization and interpretation of these complex genomic
data.

DNA sequences that are common between two species
and regulates the expression of genes responsible for
similarity in function, shows conservation, whereas the
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sequences that regulate expression of genes that gives rise
to dissimilarity between the species show divergence
(Hardison, 2003). All
eukaryotes, regardless of how distantly they may be related
to humans, have a common ancestor and categorization of
functions inside and across specialized cells (Bornstein et
al., 2023; Koonin, 2010). Conserved regions are a direct
key to unlock phylogenetic association between species.
Comparisons between the genomes of different species, by
first studying the chloroplast genome, provided the
foundation for applying such genome comparisons for
deducing evolutionary relationships as well as functional
insights (Palmer, 1985). It was one of the early studies
employing near to complete genome data for the purpose of
comparison. The analysis of Hox gene clusters among
different animal taxa constitutes a major early comparative
study, which showed the conservation of such crucial
developmental genes thus demonstrating the importance of
comparative genomic studies to unravel evolutionary
process and its relation to functional conservation (Mulhair
& Holland, 2024; Williams & Forey, 2004). Since then, the
genomes of several yeasts, two worms, and three
mammals- human, mouse, and rat have been sequenced,
and compared (Miller et al., 2004). Comparative genomics
explores these conserved DNA sequences across species
which evinces the persistence of these essential biological
functions throughout evolutionary events. It was the
Human Genome Project's completion in 2003 that
transformed comparative genomics.

The human genome project helped scientists advance thei
r understanding of genetic sequences and led to the develop
ment of different innovative methodologies designed to
rapidly analyse large amounts of biological data. It created
new sequencing technologies besides providing a reference
human genome and allowed them to efficiently collect
extensive DNA sequencing data. Such data has led to great
comparative analyses at various levels, including cellular
and molecular (Smith et al., 2012). One of the reasons for
large omics datasets production is the aspiration for a better
understanding of the molecular basis of our uniqueness, the
origin of our species, and life enhancement on earth.
Genomic diversity is observed to be significant in both,
phylogenetically similar species and more distantly related
species. For instance, genetic variation among humans is
around 1%, and this accounts for about 1 million
discrepancies, including Singl Nucleotide Polymorphism
(SNP) and various other modifications. Moreover, around
12% of the human genome is influenced by copy number
variations (CNV), which are seen to vary highly among
individuals and range up to 5 kilobases in most cases. In
addition, complexity is also affected by non-coding
sequences as well as gene-gene interactions. This region,
has provided genomic variation, including both size and
functional complexities (Smith et al., 2012). Thus, it
demands for whole-genome and transcriptome sequencing
to detect all genomic and transcriptomic variations.

Several tools have been developed to aid in comparative
genomics in recent years. A broad array of genome
www.ijzab.com
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comparison tools is currently accessible which can be
broadly categorised into pairwise local alignment
comparison tools, various global alignment tools (inclusive
of pairwise alignment, multisequence alignment and multi-
genome alignment), the substring maximum-exact-match
tools and lastly the alignment viewing tools (Chain, 2003).
The extensive array of tools and technologies used in
comparative genomics has enhanced our understanding
significantly about the structure, function, and evolutionary
processes of genomes. From sequencing and assembly to
functional annotation and visualization, these tools
facilitate the discovery of complexity in genomic variation
and mechanisms of evolution. High-throughput techniques
have transformed comparative genomics by enabling
extensive, cost-effective, and precise examinations of
genetic information across various species that can be
completed in short period of time (Kircher & Kelso, 2010).
With increased data output, comparative genomics has
become approachable and researchers are able to carry out
detailed phylogenetic analyses across different species
(Lemmon & Lemmon, 2013). Advanced Next Generation
Sequencing (NGS) techniques are widely useful in
genomics as they can generate millions of sequence data
very efficiently in short duration of time and are cost-
effective (Sikhakhane et al., 2016). NGS and diverse
‘omics' technologies (including genomics, proteomics,
metabolomics, transcriptomics, and phenomics), present
opportunities for full genome annotation (Sikhakhane et al.,
2016). However, all these technologies have some unique
error characteristics and limitations which are to be
accounted for in selecting appropriate platforms for specific
experiments (Kircher & Kelso, 2010). In the research
undertaken in comparative genomics, highly sophisticated
computational tools are designed, and strategic utilization
of such tools is used for genome-level inspection to arrive
at useful biological inferences (Wei et al., 2002).

The most crucial and challenging problem that
researchers are facing today in the biological science
concerns deciphering the functional meaning of a specific
genomic sequence. One of the most promising strategies
developed so far to face this challenging issue relies on the
comparative technique based on the approach of traditional
biology, currently modified and developed into the
practices of sequence comparison. For effectively
confronting challenges in comparative genomics, a multi-
layered and structured strategy has been designed and
developed for overcoming different problems concerning to
databases, computation, and biological understanding
(Haubold & Wiehe, 2004; Ptacek, 2005). When studying
the genome of a species or a genera, pan genome approach
helps in classifying genes unique to the given species as
well as the core genome and the accessory genome. This
expansion of comparative genomics; the pan genomic
approach focuses on the genomic study of the entire set of
genes in species or genus as a single data structure for
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deeper inference (Carlos Guimaraes et al., 2015). On the
other hand, the study by Haubold and Wiehe (2004) deals
with the thorough analysis of both interspecific and
intraspecific genome, which argues that such approaches
constructed on a solid biological basis, analyses homology
for the identification of conserved regions bearing
functional significance in sequences and is essential for the
exploration of the genome. The researchers also
emphasized the issue of selection in relation to functional
significance and explain how one can determine positive
selection via patterns of mutation. More importantly, the
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authors highlighted the need to use various genomic
information, including SNP assessments and complete
genome-based comparisons, as means to understanding
fully the genomic functions and mechanisms of evolution.
According to the study, computational methods such as
phylogenetic reconstruction and coalescent theory are used
to infer evolutionary relationships from genetic data, yet an
integrative perspective is necessary for a comprehensive
understanding of genomic composition and function
(Haubold & Wiehe, 2004) .
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Figurel. Approaches for a comparative genomic study (taken from Wei et al., 2002).

Comparative genomics approach in a biological system
refers to the analysis and integration of information across
different genomes at biological level. The holistic
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methodology provides a basis through which whole
genomic datasets of different organisms are analysed,
leading to the findings which cannot be attained by isolated
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investigations. It emphasizes understanding relationships
and interactions among various macromolecules as a
function of time through the help of high-throughput
technologies and advanced analytical techniques. It is
expected that collaboration between researchers will
enhance communication, validate the biological relevance
of the results, which in turn may consequently give rise to
new discoveries and predictive models in biological
research (Lin & Qian, 2007). Despite this, comparative
genomics remains largely interdisciplinary, with
researchers from various backgrounds exploring genomic
phenomena, rather than systematically combining methods
and concepts from different disciplines (Sankoff & Nadeau,
2000).

For comparative genomics studies, different approaches can
be followed, however the basic of the study as proposed by
(Wei et al., 2002) is shown at Fig.1. The authors have
categorized the comparative genomics analyses into three
main areas: genome configuration, coding regions, and
non-coding regions. Analysis of the genome structure
comprises evaluation of overall nucleotide content for
parameters such as size, guanine and cytosine (GC)
content, and other aspects including DNA repeats along
with changes in structure because of synteny and break
points. Coding regions are examined for genes; their
composition; their relationships (orthologs and paralogs)
which uncover functional similarity or dissimilarity. At
last, regulatory elements such as the transcription factor
binding sites in the non-coding regions are studied as they
impact gene expression responsible for several biological
processes (Wei et al., 2002). In a study, a genome wide
comparison of four complete eukaryote genomes of
Saccharomyces paradoxus, Saccharomyces mikatae and
Saccharomyces bayanus vs Saccharomyces cerevisiae
resulted in both identification of full set of conserved genes
and regulatory elements (Kellis et al., 2003). Altogether,
the proposed analyses establishes a comprehensible
theoretical framework for studying genetic and functional
variation in organisms.

In a nutshell, comparative genomic studies can be
proceeded with various approaches individually or in
combination to retrieve information regarding the
relationships, evolution and functional insights of a species.
Hence, it was envisaged that a concise review on
comparative genomics should be taken up as it would be
very much helpful in deciphering the hidden language
residing inside the blueprint of life that is DNA. Further it
will help in studies leading to exploration of the genetic
material by generating baseline data which is anticipated to
be helpful in developing novel strategies to tackle the
challenges related to various non-curable diseases and
ailments.

MATERIALS AND METHODS

The standard series of methodology and steps followed for
the examination of genomes of various species for a
comparative genomic study are shown in Figure 2.
Outlining the objectives for the comparative genomics

www.ijzab.com
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study of the target organism is initiated by sequencing the
genome which produces high quality data with the help of
modern and improved sequencing methods evolved due to
the advancement in sequencing technologies and
bioinformatic tools (Ali, 2013; Sivashankari &
Shanmughavel, 2007). Some of the most commonly used
tools employed in Comparative Genomics have been listed
at Table 1. Next, structural assessment of the genome with
the functional assessment of both the coding and non-
coding regions allow for genome annotation (Wei et al.,
2002). Thorough quality checking of the data is essential to
assess its reliability. The identification of conserved and
divergent regions is achieved by combining both
phylogenetic and pan genomic approaches to interpret
obtained data. Evolutionary relationships are established
after analysing the genome by applying multiple
bioinformatic tools and the utilization of biological
databases, aiding researchers in multiple omics integration,
contributing to advancements in the field of evolutionary
biology, medicine and biotechnology. It must be noted that
there are exceptions to general patterns that can still pose
challenges, bioinformatics and computational biology have
developed methods to identify patterns within large
genomic datasets (Commins et al., 2009). However, when
selecting comparative genomics tools, it's crucial to
consider their advantages and disadvantages based on
specific applications, such as detecting pathogens or
understanding gene function and regulation (Chain, 2003).

Genome Data Acquisition

Whole genome sequencing (WGS) has transformed
comparative genomics, allowing the investigation of both
coding and non-coding regions in the genome for
functional elements, ultimately providing a comprehensive
genomic information for further use (Benjak et al., 2015;
Nakagawa & Fujita, 2018; Nobrega & Pennacchio, 2004).
Revelations of conserved sequences that are crucial for
essential biological functions across various species and
identification of key genomic regions associated with
complex traits is possible due to Whole Genome
Sequencing (WGS) techniques (Morrison et al., 2017).
Although Whole Genome Sequencing (WGS) as a tool is
efficient in the detection of genetic distinctions, studies
have demonstrated a variance in outcome that are yielded
by combinations of aligners and variant identifying
algorithms, where rare and novel variants are particularly
susceptible to discrepancies depending on the data analysis
framework adopted (Hwang et al., 2019). When compared
to Whole Exom Sequencing (WES) and targeted gene
sequencing, WGS is more sensitive in regions known to
have high GC content, as it provides more consistent
coverage thus outperforming both (Trudsg et al., 2020).
However, the extent of sequencing determines the accuracy
of variant identification. GATK and SAMtools are toolkits
that perform optimally at low coverage, whereas for high
coverage, CASAVA is most effective (Cheng et al., 2014).
Several tools have been developed, which include
visualization tools like the ECR Browser, transcription
factor analysis tools such as rVista and multiTF, and
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alignment tools like zPicture and Mulan and are employed
in efficient study of the sequences (Loots & Ovcharenko,
2005). The short fragments produced during sequencing
steps are reconstructed to recover the original genome. This
process is known as genome assembly and is performed to
obtain an organisms actual genome makeup. Tools like
PATRIC allow an easy to use experience in genome
assembly, its annotation and the comparative analysis of
the data (Wattam et al., 2018). The structural variant
discovery is possible through a framework that allows the
identification of specific annotation and orthology,
optimization of new genes, and finding isoform by the
Comparative Annotation Toolkit (CAT) which was initially
meant for comparative gene compilation.

Genome annotation process primarily targets the
structural and functional annotation of genome, where
identification of gene elements and allotments of its
functional role is performed respectively. Collaborative
competitions like Assemblathon and Alignathon aim to
unite professionals in order to assess and improve both
genome assembly and annotation process (Fiddes et al.,
n.d.). To lower the human intervention, making genome
annotation a swift process, extensive reliance on
computational tools is omnipresent, however, manual
reviewing is necessary to maintain precision. It is important
for researchers to be knowledgeable about the workings of
the annotation processes so that correct reviewing for the
reliability of the genomic data can be executed in order to
make legitimate inferences (Berriman & Harris, 2004).
Although different genome annotation methods may vary
in operation and are continuously advancing, standardizing
the description of the annotation process is imperative.
Despite that, Standard Operating procedures (SOP) lack
uniformity in both format and substance. This can be
amounted to the lack of a central repository where these
protocols can be exchanged and archived (Angiuoli et al.,
2008).

Data Preparation and Quality Control

Preparation of data for the purpose of comparative
genomics is carried out in steps with the assistance from
different tools. This is precedented with the preprocessing
of the genome in order to avoid issues that may cause
errors. As a result, repetitive, missing or redundant
sequences are screened out. Even as high throughput
sequencing technologies are constantly evolving, strict data
quality is always to be maintained through quality control
measures to ensure accuracy. Various tools together with
robust methodologies are applied by researchers to remove
low quality data before comparative genomic analysis. One
of the approaches involves use of TagCleaner (web
application) for identifying and deleting known and
unknown tag sequences from a metagenomic dataset. It is
efficient in screening of repetitions and short reads
(Schmieder et al., 2010). QUAST is another tool that is
able to evaluate the quality of the genome by providing
statistics and reports for genome assembly comparison,
both with or without a genome to refer to. It is worth
www.ijzab.com
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mentioning that read mapping is not always an efficient
way of identifying misassembled contigs; thus, the
approaches should be used with utmost care (Gurevich et
al., 2013; Lehri et al., 2017). However, as they enhance the
quality of the ensuing genomic and metagenomic data, for
superior upstream and downstream analyses, the
approaches ensure better conclusions.

Genome Alignment

In comparative genomics, whole genome alignment is a
process where DNA sequences are aligned to be compared
on the basis of homology and orthology, to detect
conserved regions irrespective of different rearrangement
and duplication events. The newly sequenced genome is
compared against genomes that have studied before in
order to understand its characteristics in relation to the pre-
existing genomic data. Methods such as progressive
alignment, local alignment and reference free alignment are
followed for genome mapping (Armstrong et al., 2019).
Pairwise alignment plays a role in the process of
determination of evolutionary relations since it permits
more sophisticated form of analysis including orthologous
gene prediction and identification of cases of lateral gene
transfer. Inference of orthology can be done in two ways:
either tree based approach, which involves the construction
of gene trees to understand orthology according to
speciation events, or graph based approach which
highlights orthology based on similarities in sequences
(Kapli et al., 2020). A number of resources that assist in
chordate genome analysis are provided in Ensembl genome
browser. These include gene homology, synteny and whole
genome alignment (Herrero et al., 2016). Whole genome
alignment enables the detection of evolution on a large
scale by means of estimating the occurrence and the
position of structural rearrangements and duplications in
addition to detecting the small scale evolution through
analysis of substitution and indels on the whole genome
level (Dewey, 2019). In a study on measuring the level of
agreement between the alignments and their comparison
based on coverage and accuracy, the researchers have
reported a lack of agreement among the alignments not
only in species far from humans but also in mice, a widely
researched model organism. Further, Pecan was observed
to be most accurate in their study (Chen & Tompa, 2010).
Comparative annotation enhances genome annotations
across multiple genomes by facilitating the transfer of
annotations from a well annotated reference genome to
other genomes that have been aligned with it. This allows
in function prediction for both coding regions and non-
coding regions containing regulatory elements. However,
despite such significant advancements in the process of the
WGA methodology development, there are numerous
challenges that remain unaddressed to date. Arguably, the
construction of reliable whole genome multiple sequence
alignments remains a need in comparative genomics studies
especially when dealing with non-coding regions and
distantly related species (Chen & Tompa, 2010). It is
suggested that further development of tools is required for
exact whole genome alignment and for the identification of
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regulatory elements in the non-coding regions involved in
controlling the gene expression for providing more accurate
results.

Analyses: Structural and Functional

Following genome sequencing and alignment, structural
and functional analysis play an vital role in understanding
genome by integrating insights from structural data (such as
locations of genes, mutations and traits on chromosome)
with functional data (like gene expression profiles) after
which functional prediction is carried out. The structure and
the function of the genome complement each other in
extracting complete information of the genome. Toos like
rVista and eShadow identify conserved regions in the
genome and therefore it is able to relate the architecture of
the genome to its function (Loots & Ovcharenko, 2005).
Comparative genomics also identifies synteny which
reveals gene clusters. Tools like BLASTClust, MCL and
OrthoMCL are used to group the sequences into clusters,
families and evolutionary relationships which are
interpreted using universal protein families and tools like
PhyML. Lastly, gene clusters are studied for conservation
across species by linking them to metabolic pathways
(Alam et al., 2007). Therefore, by analysing similarities
and differences in genome structure, and studying them
with the help of different databases, gene functions and
pathways are compared for interpretation. In a nutshell,
structural genomics deals in providing a framework of the
genome architecture by genome sequencing, mapping and
structural analysis. While, functional analyses uncover the
roles of genes in biological processes which is achieved
through techniques such as gene expression profiling, RNA
sequencing and analysing functions through gene knockout
methods.

Phylogenetic and Evolutionary Studies

Construction of phylogenetic trees based on the similarities
identified during sequence alignment is the next step
adopted in comparative genomics study which are
constructed on the basis of evolutionary relationships.
These trees are studied to observe the evolution and the
accumulation of mutations over time. The shape of a
phylogenetic tree can depict different evolutionary
processes, facilitated by robust statistical methods for
decoding information merely from its shape (Mooers &
Heard, 1997). Reviewing genomes of species or organisms
at various phylogenetic distances, which are represented on
these trees can resolve many questions. In recent times, due
to the improvement in sequencing technologies, generation
of genomic data has witnessed increment. That being said,
it is very possible for the occurrence of errors when
constructing a phylogenetic tree, which can lead
researchers to draw false conclusions. Choosing an
appropriate model for constructing a tree which mitigates
errors is important, otherwise the availability of genomic
data stands redundant. Phylogeny is inferred by different
methods like the distance based methods (UPGMA &
Neighbour Joining), and the character based methods

www.ijzab.com
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(maximum parsimony, maximum likelihood and the
Bayesian inference) (Kapli et al., 2020).The Bayesian
method counters these uncertainties by giving certain
probabilities to each potential tree, the calculations of
which are derived from a likelihood function and a prior
probability distribution. The Bayesian method takes into
consideration the probabilities of all possible trees instead
of one which could be incorrect (Huelsenbeck et al., 2000).
It works on the Markov Chain Monte Carlo (MCMC)
algorithm. However, the choice of a specific tree building
method depends on the type of study, quality of results
needed, the extent of inference expected, and other aspects
such as time defined by the researcher. For maintaining
accuracy, the tree building method chosen can be followed
by bootstrap analysis to check for its reliability.

Data visualization, interpretation and validation

The information of the genome is encoded in its sequence,
whose long- and short-range interactions amongst each
other actually determines its function. Needless to say, in
nature, several biological processes are interconnected
which leads to the generation of genomic data that are
multifaceted (Nusrat et al., 2019). The interpretation of this
complex genomic data is aided by visualization tools which
can visually represent complex genomic data in formats
that are easy to be interpreted by researchers (Siang et al.,
2024). Specified tools are available to carry out different
tasks. Some of them are genome browsers, circular and
space filling layout tools and matrix-based platforms.
Interpretation of the genomic datasets can be specified by
the user in some tools which carries out the analyses
accordingly (Nusrat et al., 2019). Strudel is one such
genomic data visualising application which supports the
interactive comparison of large data sets expanding both
genetic and physical maps (Bayer et al., 2011). Pathline is
another interactive visualization tool which represents the
phylogenetic relationships and biological pathways in a
number of species. It provides linearization of metabolic
pathways, resulting in greater accuracy in topological
comparison. It also allows the comparison of time series
data through its curvemap view (Meyer et al., 2010).

Due to the vast size of ever-increasing genomic data,
individually determining the expression of genes and
thereafter the function of the proteins is impractical.
Computational methods are therefore applied to annotate
the genome. Comparative genomics allows the prediction
of protein function on the principle of ‘homology-based
function prediction’, which involves the identification of
homologous proteins with an experimentally characterized
function to assign annotation. Methods implying genome
context analysis, or assessing properties of proteins such as
psychochemical, interaction, localization are alternatives to
homology based function prediction (A. Maghawry et al.,
2015; Gabaldon, 2008). However, protein function
prediction using structure based computational methods
provide higher accuracy (A. Maghawry et al., 2015).
Databases like PDB and CATH are integrated along with
different tools like CE, CASTp, BioLip, DALI etc to
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perform this. Combining the genomic data with other
multi-omics data is advantageous in obtaining a much

comprehensive interpretation of the function of the

2016).

Int. J. Zool. Appl. Biosci., 10(1), 15-28, 2025

genome. This system biological understanding serves real
life applications in different fields (Suravajhala et al.,
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Figure 2. Steps and methodology involved in a comparative genomics study.

Table 1. List of some commonly used tools in Comparative Genomics.

S. Name URLs Descriptions Reference
no.
Whole Genome Alignment
1. MUMmer4 https://github.com/mum | Itis a quick and simple way to align (Marcais et al.,
mer4/mummer lengthy DNA sequences. It is capable of 2018)
handling partial genomes, huge genome
assemblies, complete genomes, or a
collection of genome reads.
2. Mauve http://gel.ahabs.wisc.ed | It is a software that aligns two or more (Darling et al.,
u/mauve genomes with occurrences rearrangements | 2010)
within it.

www.ijzab.com 21
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3. Mugsy http://mugsy.sf.net. multiple alignments of whole genomes (Angiuoli &
without requiring a reference genome. Salzberg, 2011)
4. MUM&Co https://github.com/SAMt | MUM&Co is a computational tool used for | (O’Donnell &
oBAM/MUMandCo whole genome alignment with a focus on Fischer, 2020)
identifying maximal unique matches
(MUMs).
5. Smash++ https://github.com/smort | The tool is designed for fast whole-genome | (Hosseini et al.,

ezah/smashpp/tree/maste
r/experiment/dataset

alignment, detecting unique subsequences,
efficiently handling both closely and
distantly related genomes, and
incorporating advanced indexing
techniques for efficient memory usage.

2020)

Genome Assembly

1. SPAdes https://github.com/ablab/ | SPAdes allows for the assembly and (Bankevich et al.,
spades analysis of sequenced data. It is mainly 2012)
tailored for handling Illumina sequencing
data.
2. Velvet https://github.com/dzerbi | It is mainly applicable for assembly of de (Zerbino & Birney,
no/velvet novo genome, particularly arising from 2008)
Illumina technology.
3. CANU https://github.com/marbl | Evolved from Celera Assembler, this tool (Koren et al., 2017)
/canu performs de novo genome assembly for
long read data
4, ABySS http:/mww.bcgsc.ca/plat | It helps in efficiently assembling large- (Simpson et al.,
form/bioinfo/software/ab | scale data from sequencing projects. It is 2009)
yss designed for assembling large genomes
using a distributed computing approach.
5. MEGAHIT https://hku- It is a highly efficient and scalable (D. Lietal., 2016)
v1.0 bal.github.io/megabox metagenome assembler, suitable for large

and complex sequencing datasets, short
reads, and whole genome assembly of
single organisms.

Genome Annotation Tools

1.

PROKKA

http://vicbioinformatics.c
om/

It is a software tool which annotates
prokaryotic genome and can generate files
that can be viewed in genome browsers for
further evaluation.

(Seemann, 2014)

AUGUSTUS

http://augustus.gobics.de

It is a software which can predict genes in
eukaryotes and some prokaryotes. Its
functions on the Generalized Hidden
Markov Model. It can predict multiple
splice variants and is the primary ab initio
gene finder to do so. The software also
offers motif searching for user-defined
regular expressions.

(Stanke et al.,
2006)

RAST

http://rast.nmpdr.org/

It is an automatic annotation server for
microbial genomes, built on the SEED
system. RAST consistently produces
annotations comparable to human
annotators and extends them to as many
protein-encoding genes as possible.

(Overbeek et al.,
2014)

InterProScan

https://github.com/ebi-
pf-team/interproscan

It is used for automatic annotation of
protein sequences and genome analysis,
providing reliable characterisation of
sequences for functional annotation.

(Biswas, 2002)

BLAST2GO

http://www.blast2go.de

It is a tool used for Functional annotation
of genomes based on GO terms and
BLAST results. It integrates similarity

(Conesa et al.,
2005)
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searches, statistical analysis along with
visualization which are run on acyclic
graphs, making it suitable for functional
genomics research.

Alignment (Pairwise and Multiple Sequence)

1 BLAST https://ftp.ncbi.nim.nih. | It is a widely used tool for comparison of (Altschul et al.,
gov/blast/db/ nucleotide bases or protein sequences to 1990)
user defined databases, offering fast and
efficient pairwise alignments.
2. Clustalw http://www.bii.a- It is a tool that can be used for pairwise | (K.-B. Li, 2003)
(Pairwise) star.edu.sg/software/clus | alignments. It functions on progressive
talw-mpi/ alignment algorithm.
3. Clustal https://www.ebi.ac.uk/jdi | It is a multiple sequence alignment (MSA) | (Sievers &
Omega spatcher/msa/clustalo program. It is an upgrade of the previous | Higgins, 2014)
Clustal programs.
4. MUSCLE https://www.ebi.ac.uk/jdi | It is a MSA tool known for its accuracy | (Edgar, 2004)
spatcher/msa/muscle?sty | and speed, often recommended for aligning
pe=protein large sequence datasets.
5. MAFFT https://mafft.cbrc.jp/alig | It is a fast and highly accurate tool for | (Katoh & Standley,

nment/software/

aligning multiple sequences using several
algorithms to handle large numbers of
sequences.

2013)

Phylogenetic Analysis

1. MEGA

https://www.megasoftwa
re.net/

It is a tool for constructing phylogenetic
trees using methods like Neighbor-Joining,
Maximum Likelihood, and Maximum
Parsimony.

(Kumar et al.,

1994)

2. RAXML

https://github.com/amko
zlov/raxml-ng

It is a high-performance tool for Maximum
Likelihood-based phylogenetic inference.
It handles large datasets efficiently and
supports a variety of substitution models.

(Rokas, 2011)

3. PhyML

http://atgc.lirmm.fr/phy
ml

It is a web interface to that implements a
fast and accurate prediction of phylogeny
of organism via maximum parsimony
method.

(Guindon et
2005)

al.,

4. BEAST?2

https://www.beast2.org/

It is a cross-platform program. It
reconstructs  phylogenies and  tests
evolutionary hypotheses without a single
tree topology, using Markov chain Monte
Carlo. Utilized for Bayesian phylogenetic
analysis.

(Bouckaert et al.,
2014)

5. IQ-TREE
220

http://www.igtree.org/

It is a phylogenetic inference software that
has been enhanced with new features
which supports DNA, protein, codon
sequences, binary and morphological data,

(Minh et al., 2020)

and supports partitioned and mixed
models.
Data visualization tools
1. VISTA https://genome.lbl.gov/vi | Curve based genome browser that supports | (Frazer et al.,,
sta/index.shtml the interactive comparison of genomic | 2004)
data, allowing users to identify conserved
regions and evaluate genomic data across
species.
2. GenoFig https://forgemia.inra.fr/p | Application that facilities the visualization | (Branger &
ublic-pgba/genofig/- of prokaryotic genomic data Leclercq, 2024)
[tree/main
3. OrthoVenn 3 | https://orthovenn3.bioinf | Platform containing Venn diagrams to | (Sunetal., 2023)

otoolkits.net/

visualize, identify and annotate
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orthologous clusters.

4. BactoGeNIE | https://www.evl.uic.edu/ | Large scale comparative genome analysis | (Aurisano et al.,
research/2038 and visualization tool for bacterial genome. | 2015)
5. PhylomeDB | https://phylomedb.org/ Public database which allows the | (Fuentes et al,

visualization of phylogenetic trees along
with the evolutionary history of genes

2022)

Data integration tools

1. MicrobesOnl | http://www.microbesonli | Website based tool serving as a portal of | (Alm et al., 2005)
ine ne.org/ comparative and  function  genomic
integration for prokaryotes.
2. JCVI https://www.jcvi.org/res | Versatile Python based library containing a | (Tang et al., 2024)
earch/software-tools range of tools integrating genome
assembly, annotation and comparative
analysis across species
3. MOSAIC https://arxiv.org/abs/130 | Integrates methodologically  diverse | (Maher &
9.2319 algorithms which improves detection of | Hernandez, n.d.)
orthologs.
4. mixOmics https://mixomics.org/ Its is a package which supports the | (Rohart et al.,
interlinking and exploration of different | 2017)
types of ‘omics’ data sets.
5. Galaxy https://galaxyproject.org/ | Platform for data integration and | (Goecks et al.,
visualization across various stages of | 2010)

genomic analysis.

For successful interpretation of genomic study, both pre
and post genomic data analysis validation is crucial. Pre
analysis validation of genomic data is achieved in quality
assessment of genomic assemblies. The post analysis data
validation crosschecks the functional predictions and the
inference of the genomic study across species by examining
the elements across known conserved regions. Statistical
methods such as the bootstrapping methods are also
employed to validate derived conclusions. Sometimes
validation encounters misinterpretation of genomic studies.

CONCLUSION

In this technological era, where tremendous amount of
genome sequence data is generated daily and is made
available on the public databases, it has become easier for
researchers to use the obtained data for comparative
genomics approach. Further, the approach is also applied to
newly sequenced genome for its exploration in various
fields such as discovery of phylogenetic history,
proteomics, and drug discovery. Hence, this handy
approach should not be skipped to understand the language
of genomic data which is an important tool for reading the
blue print of life residing in the genome of every organism.
To overcome the problem associated with the alignment of
the whole genome of organisms, it is suggested that further
development of tools is required for robust comparison of
non-coding regions for the identification of regulatory
elements involved in controlling the gene expression of the
organism. It is anticipated that it may help in providing
significant leads for identification of virulent genes related
to diseases and ailments.
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