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Abstract: Pan-genomics, a holistic approach to genomic analysis, has become a powerful tool with diverse applications in biomedical and
environmental sciences. This offers a valuable understanding of genetic variation, adaptation, and evolution highlighting the presence of
genes associated with specific traits like disease resistance and the ability to thrive in different environments. The integration of pan-
genomics and metagenomics helps understanding the microbial diversity and functional characteristics of microbial communities. In crop
improvement, pan-genomics accelerates genetic enhancement through tools like the Rice Pan-genome Genotyping Array, which leverages
wild species for improved crop traits. Additionally, pan-genomics is crucial in vaccine development, with efforts focused on creating
universal vaccines against Klebsiella and Streptococcus infections. In drug development, it supports the identification of drug targets,
proved by research previously focused on Clostridium botulinum and Yersinia pseudotuberculosis. Furthermore, pan-genomics contributes
significantly to public health by revealing unique genomic features in pathogens like Escherichia coli and Mycobacterium tuberculosis,
shedding light on virulence mechanisms and potential therapeutic targets. This exploration underscores the wide-ranging impact and

relevance of pan-genomics across multiple scientific domains.
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1. Introduction

Pan-genomics is a transformative approach in genomics that
extends beyond the study of individual genomes to encompass the
full genetic diversity within a species or group of microorganisms.
This approach recognizes that each genome contains unique
variations, including single-nucleotide polymorphisms (SNPs) and
structural differences. Advancements in sequencing technologies
have enabled researchers to efficiently explore these genetic
landscapes, providing a comprehensive understanding of a species’
genetic makeup, including both shared and unique genes. This
broad approach reveals how genetic variations influence traits and
offers broad implications across various fields, including medicine,
agriculture, and environmental science. The study of microbial
genetic diversity has been greatly facilitated by recent developments
in sequencing technology. Pan-genomics involves analyzing the
collective genes of microbial communities (the pan-genome) and
understanding how these genes vary and evolve. Concurrently, the
genetic material of these communities can be analyzed directly from
their environmental contexts (metagenomes). In pan-genomics,
“open” and “closed” pan-genomes describe the genetic diversity
within a species. A closed pan-genome has a finite gene pool, with
few new genes discovered as more genomes are sequenced,
indicating limited genetic diversity in stable environments. In
contrast, an open pan-genome features a continuously expanding
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gene repertoire, reflecting high genetic diversity and frequent gene
acquisition through horizontal gene transfer or adaptation to
changing environments. Understanding these concepts is essential
for studying a species’ evolutionary dynamics and adaptability. Pan-
genomics provides valuable insights into genetic diversity and
evolutionary processes, with significant applications in plant and
animal breeding. For instance, in plant improvement, pan-genomics
captures the genetic variability essential for understanding species
evolution, domestication, and crop enhancement, even though
challenges such as high computational costs and data integration
persist [1]. A study on Lycopersicon the tomato clad utilized pan-
genome analysis to identify structural variants (SVs) linked to
important traits such as yield and flavor, aiding in crop breeding by
highlighting genetic diversity [2]. Similarly, graph-based pan-
genomics addresses missing heritability issues by uncovering
structural variations not detected by traditional genome-wide
association studies (GWAS). This advancement enhances breeding
strategies for traits such as stress tolerance and flavor in maize
crops [3]. Furthermore, pan-genome analysis has improved genome
editing in maize by revealing chromosomal pattern that hinder
recombination, allowing the CRISPR-Cas9 system to target and
reinvert these regions to access beneficial genes [4]. Additionally, in
the dairy industry pan-genomics has significantly advanced our
understanding of Lactobacillus delbrueckii subsp. bulgaricus. By
sequencing multiple strains of this bacterium, researchers have
identified core genes essential for survival and accessory genes
responsible for strain-specific traits. Key findings include the loss of
certain metabolic pathways as L. bulgaricus adapted to milk, as
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well as genes crucial for lactose metabolism, lactic acid production,
and exopolysaccharide production, all of which affect yogurt
fermentation, taste, and texture. Additionally, stress resistance genes
have been identified that enhance survival during fermentation and
in the gastrointestinal tract. These insights are instrumental in
developing L. bulgaricus strains with improved fermentation
characteristics and product quality [5].

2. Combined Aspect of Pan-Genomics and
Metagenomics Approaches

The integration of metagenomics and pan-genomics represents a
sophisticated approach to understanding the genetic diversity within
microbial communities. This technique involves expanding distinct
gene clusters from various microbial genomes to encompass
diverse ambient microbial communities. One effective strategy is
to identify gene clusters from genomes isolated from their
environments or from existing databases, infer relationships
between pan-genomes, and use metagenomic data to monitor the
frequency and abundance of individual genes. For instance, this
approach has been applied to identify genomic fragments of
Latescibacteria and Bacillus species [6]. An alternative method for
reconstructing pan-genomes across populations involves binning
co-abundant genes. This reference-free approach allows for the
identification of a community’s core and variable genes, providing
insights into the genetic diversity and population dynamics of
environmental microorganisms. A pan-genome study revealed that
species exist either as an open or a closed pan-genome, reflecting
their genetic diversity and its adaptableness. Species with an open
pan-genome, such as Streptococci, Meningococci, Salmonellae,

Helicobacter pylori, and Escherichia coli, typically colonize
diverse environments and possess mechanisms for frequent genetic
exchange. This genetic flexibility enables them to continually
acquire new genes, contributing to an expanding pan-genome.
Conversely, species with a closed pan-genome, including Bacillus
anthracis, Mycobacterium tuberculosis (Mtb), and Chlamydia
trachomatis, are more genetically stable and inhabit more in
isolated environments with limited gene exchange. Their reduced
capacity for horizontal gene transfer results in a more conserved
and restricted pan-genome [7]. An extreme case of genome
stability was observed in Buchnera aphidicola, an endosymbiont
of aphids, which has undergone no significant genomic
rearrangements or gene transfer over the past 50 million years,
representing the most stable pan-genome documented to date
[8].The concept of the pan-genome was introduced to define the
complete set of genes within a bacterial species, including both the
core genome (genes shared by all strains) and the accessory
genome (genes found in only some strains). This distinction
between open and closed pan-genomes has been used to analyze
pathogenic bacteria such as Streptococcus agalactiae, Escherichia
coli, Pseudomonas aeruginosa, Mtb, and Vibrio cholerae. Such
analyses reveal genes related to virulence, antibiotic resistance, and
environmental adaptation, contributing to a deeper understanding
of bacterial evolution and aiding in the development of targeted
vaccines and treatments, thereby enhancing public health strategies
for combating infections and reducing resistance [9]. Table 1
interprets the integrated pan-genomics with metagenomics studies
enabling the identification of novel genomic diversity and
relationship within microbial communities. The overall pan-
genome analysis is demonstrated in Figure 1 [10].

Table 1. Summarizes the pan-genome approaches to microbial communities

Study
Microorganism Study method year  Key features Drawbacks References
Methanobrevibacter By forming syntrophic interactions with 2011  Shows metabolic Limited to interactions [11]
smithii other bacterial species, M. smithii plasticity through with specific microbial
strains leverage the variability of adhesin-like proteins species
adhesin-like proteins repertoires to
produce changes in their metabolic
environments
Escherichia coli To determine the microbial profiles at the 2016  High resolution of strain- Complexity of analyzing [12]
strain level in complex E. coli level differences in diverse strain
communities microbial communities populations
Bacillus There are notable variations in the 2017  Highlights strain-specific Genomic variations make [13]
function and genomic fingerprints of functional diversity in generalization difficult
core and strain-specific genes among Bacillus species
Bacillus species
Bacteroides In a prospective birth cohort of 44 2018  Detailed tracking of Limited scope and [14]
newborns and mothers, bacterial strains bacterial transfer requires larger cohorts
among different families were between mother and to confirm findings
examined. A high-resolution mother- child
to-child bacterial transfer events with
newborn gut colonization were
observed
Escherichia coli The substantial genetic diversity of 2018  Reveals significant High computational [15]
E. coli isolates and gut microbial genetic diversity in requirements to analyze
populations was shown by pan-genome human gut large datasets
networks derived from 760 human gut microbiomes
microbiomes and five pathogenic
strains of the bacteria
(Continued)
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Table 1. (Continued)

Study
Microorganism Study method year  Key features Drawbacks References
Prochlorococcus Meta pan-genome analysis showed core 2018  Identified sugar Genomic islands are not [16]
genes were highly associated with metabolism pathways always fully
sugar metabolism found in genomic crucial to core gene understood in terms of
islands of Prochlorococcus species functions ecological impact
Proteobacteria Binning co-abundant genes across 2019  Fast and efficient Potential loss of [17]
metagenomic samples especially identification of gene resolution for rare
Proteobacteria revealed gene repertoires across microbial species
repertoires of 1661 microbial species microbial species
are effectively delineated in a matter of
few hours, exhibiting comparable
specificity and increased sensitivity.
Aeromonas In 29 Aeromonas significant degree of 2019  Highlights high genome  Can lead to increased [18]
genome plasticity with hundreds of plasticity and virulence, challenging
gene expansion, and horizontal gene horizontal gene transfer  for clinical applications
transfers were identified. Numerous
virulence factors were found in
microbial isolates
Ruminococcus, Reassembly of 92,143 genomes from 2019  Substantially increases High number of [19]
Alistipes, 11,850 human gut microbiome understanding of uncultured bacteria can
Eubacterium. uncovers 1,952 uncultured bacteria. human gut microbial complicate functional
These result in 281% increase in diversity studies
phylogenetic diversity
Bacteroides The study discovered 34,205 genomes 2019  Uncovers Limited knowledge about [20]
with existence of several taxa from underrepresented the role of newly
under-sampled phyla including bacterial phyla in discovered bacteria
Saccharibacteria and Elusimicrobia in human microbiomes
gut and oral microbiome
Haemophilus The bacteria showed common genomic 2020  Provides insights into Focuses on specific [21]
parainfluenzae, content from tongue dorsum, shared bacterial subpopulations,
Rothia supragingival plaque, and buccal functions across oral potentially missing less
mucosa. For the tongue subgroup, an environments abundant bacterial
operon encoding oxaloacetate functions
decarboxylase was shown to be
indicative
Lactobacillus Although Gardnerella vaginalis has 2020  Highlights genomic Open-meta genomes [22]
gasseri, hundreds of metagenomes accessible, openness and closure make it difficult to
Gardnerella this significant species has open-meta- in different bacterial predict functional traits
vaginalis genome, whereas Lactobacillus gasseri species
has nearly closed meta-genome
network
Verminephrobacter — Their symbiotic relationship supports 2020 Key role in maintaining ~ Limited application [23]
eiseniae embryogenesis and normal homeostasis host health and beyond the host-
thereby focusing on the development development through specific relationship
and overall fitness of the host symbiosis
healthcare system
Pseudomonas Pseudomonas parafulva OS-1 encodes 2023  Potential for biomass Limited to specific [24]
parafulva OS-1 glycoside hydrolases and involves in degradation and enzymes involved in
lignocellulose breakdown suggesting biofuel production lignocellulose
the strain possesses biomass breakdown
degradation potential.
Bacillus The bacteria was found to be involved in 2023  Potential for antibiotic Strain-specific insights, [25]
paralicheniformis bacitracin, and bacillibactin synthesis. and secondary not easily generalized
The strain BP9 also reduces spore metabolite production
germination.
Corynebacterium The pan-genome revealed 2070-1899 2023  Phage identification Phage regions may [26]
striatum core gene clusters. A total 115 phage provides insights into complicate genomic
species were identified with 44 intact bacterial defense analysis due to
prophage regions. mechanisms horizontal gene transfer

(Continued)

03



Medinformatics Vol. 00 Iss. 00 2024

Table 1. (Continued)

Study
Microorganism Study method year  Key features Drawbacks References
Rhodococcus A gene from genus Rhodococcus was 2024  Provides functional Limited application [27]
engaged in the benzoate pathway insights into pollutant outside of benzoate
degradation. degradation pathway studies
Synechococcus Circular episomal elements and CRISPR- 2024  Offers potential for Episomal elements may [28]
elongatus associated protein genes were the CRISPR applications have limited
unique features that were found and episomal genetic functionality depending
studies on environmental
conditions
Xanthomonas The presence of XopG1, CES, XopD, and 2024 Identifies key virulence  Limited to specific [29]
fragariae GT2 virulence strains plays vital role factors for early strains, may not be
in early infectious process of Chinese infection stages generalizable to all
strains infections
Cobetia It was determined that the Cobetia L2471 2024  Novel species Taxonomic [30]
strain belongs to an entirely novel identification and reclassification can lead
species. In addition, C. pacifica should taxonomic to confusion in existing
be a part of C. marina, and C. litoralis reclassification literature
should be included in the C. amphilecti
species
Bacillus Probiotic, antibiotic, and secondary 2024  Ofters potential for Requires further [31]
metabolite enrichment were observed health applications and validation for specific
in Bacillus licheniformis, Bacillus secondary metabolite probiotic health
paralicheniformis, and Bacillus production in benefits
spizizenii. probiotics
Selection of Genome of
Interest
Genome sequencingand| | Computariona tchaiques| | —> | Pan-Genome amalysis
« ~
‘ CLOSED PAN-GENOME
OPEN PAN-GENOME |
Accessory
genome
Individuals
Accessory
= A
Individuals
Agc:sz:gl(;y Accessory
Accessory genome
genome
Accessory
genome
Accessory
Individuals Individuals Individuals genome Individuals

Figure 1. Overview of pan-genome analysis. The process involves selecting genomes of interest, followed by genome sequencing and
assembly. This is then followed by computational methods for pan-genome analysis. The analysis determines whether the pan-genome
is open or closed, with individuals represented as follows: human in brown, plants in green, and microbial communities in yellow and
red color.

04



Medinformatics Vol. 00 Iss. 00 2024

3. Human Pan-Genome

In 2010, the first human pan-genome study compared the
genomes of an Asian and an African individual to the reference
genome, uncovering millions of base pairs of novel sequences
specific to populations or individuals [32]. This pioneering work
demonstrated the significant genetic diversity that exists beyond
the reference genome, highlighting the need for a comprehensive
human pan-genome. Subsequent studies have reinforced the
importance of developing a human pan-genome. For instance, a
2015 study generated a Danish pan-genome from the genomes of
10 trios, identifying hundreds of thousands of novel single-
nucleotide variants and insertions or deletions [33]. In 2017,
GenomeDenmark sequenced and assembled the genomes of 50
family trios, establishing a population-specific reference genome
and further emphasizing the value of including diverse genomic
data [34]. A study expanded the scope by sequencing 910
individuals of African descent and creating an African pan-
genome. This research identified 300 megabases of novel
sequences unique to African populations, revealing that the
African pan-genome contains approximately 10% more DNA than
the GRCh38 human reference genome [35]. Another study further
advanced the field by analyzing 338 high-quality genome
assemblies from genetically diverse human populations. Their
analysis uncovered more than 400,000 previously unmapped reads
from genomes with approximately 40X coverage, successfully
aligning them with a reference sequence using the Human
Diversity Reference [36]. This work underscored the progress in

capturing and integrating genomic diversity into reference
sequences, advancing our understanding of human genetic variation.

4. Plant Pan-Genome

It took approximately a decade for scientists to elucidate the
pan-genomes of plants following the initial studies of bacterial
pan-genomes. This delay was due in part to the high cost of data
collection and the assumption that gene presence and absence
would exhibit minimal variation among higher organisms like
plants, which do not exchange genes as freely as bacteria. The
term “pan-genome” was first applied to plants in 2007, when
researchers identified small, variable regions in the genomes of
rice and maize. However, at that time, the understanding of gene
presence or absence was limited due to the lack of detailed
genome maps for multiple individuals within the same plant
species. With advancements in technology and the reduction in
DNA sequencing costs, scientists developed three primary
methods to compare whole genomes within plant species. The
first method involves assembling and comparing the complete
genomes of different individuals within a species, allowing for the
identification of variations in gene presence and absence. The
second approach involves aligning individual DNA sequences
with a reference genome, identifying discrepancies, and adding
these variations to a growing database of genetic differences. The
most recent technique involves constructing maps that illustrate
the diversity of plant genomes, which facilitates the identification
of genes present or absent across various individuals. Table 2

Table 2. Summary of the pan-genome studies conducted in different plant species

Study Core Accessory/dispensable

Plant species year Genome construction approach genome genome References
Oryza sativa 2014 De novo assembly 37,200 3162 [37]
Brassica oleracea 2016 Iterative mapping and assembly 49,895 11,484 [38]
Brachypodium distachyon 2017 De novo assembly 13,408 17,195 [39]
Medicago truncatula 2017 De novo assembly 24,000 50,700 [40]
Oryza sativa 2018 De novo assembly 12,770 9050 [41]
Oryza sativa and Oryza 2018 De novo assembly 26372 16,208 [42]

rufipogon
Sesamum indicum 2019 De novo assembly 15,409 15,890 [43]
Solanum lycopersicum L. 2019 Presence/absence variation analysis 29,938 1287 [44]
Helianthus annuus L. 2019 Targeted de novo assembly 32,917 2464 [45]
Glycine max 2020 Graph-based de novo assembly 20,623 28,679 [46]
Cucumismelo L. 2022 PAV-GWAS analysis 603 106 [47]

For resistance gene analogs

Delftia tsuruhatensis 2022 Whole-genome sequencing 4045 9856 [48]
Soybean 2023 Hi-C sequencing 708 3797 [49]
Solanum tuberosum L. 2023 De novo sequencing 23,055 1,09,300 [50]
Setaria 2023 [llumina sequencing 17,499 56,027 [51]
Lactiplantibacillus plantarum 2024 Roary analysis 1436 15,475 [52]
J. nigra, Juglans 2024 [llumina, Pacbio, and Hi-C 11,759 13,019 [53]

regia, Juglans microcarpa, technologies

Castanea mollissima, and

Carya cathayensis
Arabidopsis thaliana 2024 Whole-genome sequencing 19,721 7195 [54]
Vigna unguiculata L. 2024 DNA sequencing and de novo 26,026 35,436 [55]

assembly
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reviews the advancements in pan-genome analysis across diverse
plant species, highlighting the progress made in understanding
plant genetic diversity and its implications.

5. Pan-Genomics in Crop Improvement

5.1. Unlocking rice genetic diversity: The role of
the rice pan-genome genotyping array (RPGA) in
crop improvement and resilience

The RPGA is a tool developed to study the entire genetic
variation present in different types of rice plants. This genetic
variation contains unique genes that contribute to the diversity
seen in rice crops. By studying the genetic variations in different
types of rice plants, we can identify specific genes responsible for
desirable traits, such as larger grain size, better taste, or resistance
to pests [56]. This information is crucial for breeding rice varieties
that meet the preferences and needs of farmers and consumers.
The RPGA helps to analyze 80,000 specific genetic differences in
various types of rice. These differences could be like tiny changes
in the DNA code called SNPs or differences in whether certain
genes are present or absent. The RPGA addresses a limitation
seen in traditional methods that rely on studying only one specific
type of rice as a reference. This single-reference approach can
introduce bias, as it might not capture the full genetic diversity
present in different rice varieties. The RPGA tackles this issue by
examining a wide range of rice types, ensuring a more
comprehensive understanding of genetic variations. This will help
to see a clearer and more complete picture of what makes
different types of rice special when it comes to their genetics [57].
This tool will also help scientists map out specific genes
connected to important features of rice. The RPGA also helps
figure out how different types of rice plants are related, leading to
the creation of resilient rice varieties. Pan-genomics also enables
the identification of novel genes or gene variants that can improve
crop traits. Thus, by incorporating diverse genetic information
from pan-genomes, crop breeding programs can develop improved
and more resilient varieties with desirable characteristics.

5.2. Unraveling genetic traits of cultivated rice
(O. sativa) and wild type (O. rufipogon):
Implications for domestication, modern breeding,
and climate adaptation

Research emphasized the rich genetic diversity in cultivated rice
(O. sativa) and its wild relative O. rufipogon and its implications for
domestication, modern breeding, and adaptation to ecological and
agronomic conditions. The pan-genome analysis of 66 divergent
accessions of O. sativa and O. rufipogon species revealed
23 million sequence variants including many quantitative trait
nucleotides. Both domestication and contemporary breeding have
benefited greatly from the enormous genetic diversity of both
cultivated and wild rice. This will eventually meet the future
demands for food and genetic advancement brought on by climate
change. A significant variation among rice accessions would
advance the evolutionary and functional aspects of rice. The
research also delved into genetic improvement by identifying
functionally diverse alleles and presence or absence of variation of
coding genes. The authors conducted whole-genome de novo
assemblies of 66 rice accessions and identified 16,563,789 SNPs,
5,549,290 small insertions with deletions (indels), and 933,489
SVs [58]. A study determined potential introgression events and
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identified SNPs with highly differentiated alleles between indica
and temperate japonica, implying introgression from indica into
tropical japonica [59]. The rich genetic diversity in rice, as
revealed by the pan-genome dataset, is anticipated to be useful in
GWAS, genetic mapping of complex traits, and functional
genomics studies. These studies provide valuable insights into the
genetic makeup of rice, its potential for genetic improvement, and
its significance in addressing the challenges posed by global
climate changes and increasing food demand.

6. Pan-Genomics in Vaccine Development

6.1. Developing a universal vaccine against
dangerous Klebsiella pathogens through the
application of pan-genomics

Klebsiella bacteria, often found in hospitals, are a common
cause of infections. Among them, Klebsiella pneumoniae is
especially important, causing various infections like urinary tract
infections, pneumonia, and blood infections acquired during
hospital stays [60]. These bacteria mainly spread through the gut
and the hands of hospital staffs, leading to outbreaks in healthcare
settings due to their rapid transmission ability. Additionally,
Klebsiella is known for its resistance to many antibiotics, making
treatment challenging [61]. These bacteria are on the World
Health Organization’s critical list for new therapeutics due to their
association with high mortality rates and limited treatment
options. Employing the principles of pan-genomics, a broad-
spectrum vaccine capable of targeting all Klebsiella species was
designed. Pan-genomics aids in the comprehensive exploration of
the Klebsiella genus, allowing the identification of common
genetic features shared among different types of bacteria. These
shared elements are then used as a basis for picking out important
proteins that could be targeted to create a vaccine that works
against multiple species of Klebsiella. Two promising vaccine
candidates were identified through an in-depth analysis of
the core proteins shared among the bacteria. The two proteins,
TonB-dependent  siderophore  receptor and  siderophore
enterobactin receptor FepA, play crucial roles in vaccine
development. These proteins fulfill essential vaccine parameters,
making them promising candidates for an effective vaccine
against Klebsiella. Thus, the application of pan-genomics in
vaccine development lies in the identification of conserved genes
through pan-genome analysis [62]. This approach allows for the
creation of broad-spectrum vaccines targeting shared elements in
the core genome, effectively addressing the genetic diversity of
pathogenic bacterial strains and enhancing vaccine efficacy.

6.2. Development and evaluation of recombinant
vaccines against Streptococcus agalactiae in tilapia:
Insights from genomic diversity, adhesin
characterization, and cross-protective immunity

A study focused on the development of a recombinant vaccine
against Streptococcus agalactiae infection in tilapia. The study
performed pan-genome analysis and investigated the genetic
diversity of S. agalactiae precisely in piscine strains [63]. A study
found that tilapia from Honduras and marine fish and rays
from Queensland showed distinct host-adapted lineages of
S. agalactiae. Additionally, they characterized the ST-261 adhesins
and determined their expression levels in different conditions [64].
The researchers identified the adhesins and found that their
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expression was affected by culture conditions. They investigated if
adhesins were able to elicit cross-protective immune responses to
different S. agalactiae serotypes in fish models. They found that
the recombinant ST-261 adhesins were not as effective as an
injectable vaccine against Streptococcus in tilapia. This research
highlights the importance of understanding the genomic diversity
of S. agalactiae and characterizing adhesins for the development
of effective vaccines against Streptococcal infections in tilapia.
However, the recombinant ST-261 adhesins tested in this study
were not found to be protective against infection. Further research
is needed to explore other potential vaccine candidates [65].

7. Pan-Genomics in Drug Development

7.1. Utilizing pan-genome analysis and docking
techniques for drug target identification against
Clostridium botulinum: A computational approach
to anti-bacterial drug development

Clostridium botulinum a spore-forming bacteria produces
strong neurotoxins which can act as bioweapons. A pan-genome
analysis was carried out to find possible therapeutic targets of C.
botulinum. Seven proteins were selected as targets and docked
against 105 anti-bacterial compounds. From each protein, the top
10 compounds that had the highest interactions with binding
affinity were preferred. Additionally, the study identified
compounds that showed high binding energies with multiple
proteins, resulting in a total of 39 compounds. In vitro analysis
could be carried out for validation of these compounds and may
continue for clinical trials. The study highlights the effectiveness
of computational approaches in identifying targets for drug
development against disease-causing pathogens. While no specific
details about individual proteins or compounds are provided, the
study emphasizes the potential of using pan-genome analysis and
docking techniques to identify promising drug targets [66].

7.2. Pan-genomics for screening natural product
inhibitors against Yersinia pseudotuberculosis

Pan-genome openness is valuable in bioprospecting for
enzymes, bioactive compounds, or genes with biotechnological
applications. This bacterium can spread globally and produce both
sporadic and pandemic infections, exclusively in colder conditions
[67]. It possesses a virulent piB plasmid with a single circular
chromosome. Virtual screening, a swift method for identifying
inhibitors against pathogens, has demonstrated its utility in
isolating beneficial compounds from extensive collections of
antimicrobial agents across various pathogens in the past [68]. In
a study, they used a virtual screening method with special
emphasis on phytochemical inhibitors against Yersinia
pseudotuberculosis, instead of other drugs. This study involved
genomic data from 23 genomes to identify essential proteins and
drug targets. The multidrug resistance protein mdtC was selected
for analysis; however, its function in Yersinia was indefinite.
Computational modeling and screening against phytochemical
libraries were performed. The results show that the open
pan-genome of Y. pseudotuberculosis indicates a sympatric
lifestyle. There are 85 druggable targets in the core genome of
Y. pseudotuberculosis. The top-hit phytochemicals did not show
any mutagenicity or cytochrome p450 enzyme inhibition over
ADMET analysis. By targeting the efflux pump component of the
bacterium, which was identified through gene virulence analysis

and shown to have no relationship with the human host or gut
microbiota, the study provides valuable insights for selective
control of pathogens. Moreover, the identification of top-scoring
compounds, including Nilotinin D3 and Punicalaginin, which are
recognized as generally safe, underscores their potential as
effective treatments for the Y. pseudotuberculosis infections [69].
These findings highlight the importance of integrating pan-
genome analysis with traditional medicine research to identify
novel therapeutic targets and develop effective treatments against
bacterial pathogens.

8. Pan-Genomics in Public Health

8.1. Pan-genome analysis of Escherichia coli
strains and identification of tailocin specific for
pandemic ST131

Disease outbreaks related to foodborne contamination and
gastrointestinal infections have been long-term associated with
E. coli and the gut microbiome. In recent times, certain strains of
E. coli, notably the ST131 variants, have rapidly emerged as
widespread and pandemic, exhibiting resistance to multiple drugs
[70]. It has been shown that A, B1, B2, C, D, E, F, and G are the
major phylogroups of E.coli [71]. The study provided valuable
insights into the genetic composition and functional features of
E.coli particularly in BIl, B2, and E phylogroups. This
comprehensive analysis provides a robust framework for
understanding the evolutionary dynamics and biological features
of E. coli strains, which have significant implications for public
health. By systematically analyzing 1324 complete genomes, the
study reveals that the softcore genome, comprising approximately
3000 gene families, is invariant in different strains, irrespective of
the total number of genomes. The most important and
evolutionarily conserved classes of gene families are represented
by softcore genome which provides critical insights into the
genetic makeup of the species. For example, the unsupervised
clustering of E.coli phylogroups in the existence or absence of
gene families uncovers the distinct bi-lineage nature of
phylogroup B1, the variation of secretion and iron acquisition
systems in ST11 (E), and the integration of a highly conserved
prophage into the ST131 genome (B2). Notably, the study
identifies a tailocin specific to ST131 strains, which is
hypothesized to play a crucial role in inter-bacterial competition
and contribute to the upsurge of the E. coli ST131 pandemic [72].
These findings have significant implications for public health
applications. Firstly, considering the genetic diversity and
functional traits of E. coli strains can help in the development of
effective diagnostic tools and targeted therapies for combating
pathogenic diseases. By identifying specific genetic markers
associated with virulence or antibiotic resistance, healthcare
professionals can better assess the risk posed by different strains
and tailor treatment strategies accordingly. Furthermore, insights
into the evolutionary dynamics and population structure of E. coli
can inform epidemiological surveillance efforts. By tracking the
prevalence and distribution of different phylogroups and genetic
variants, public health authorities can anticipate emerging threats,
monitor the spread of antibiotic resistance, and implement timely
interventions to prevent outbreaks and mitigate the impact of
infectious diseases caused by E. coli. The study underscores the
importance of pan-genome analysis in elucidating the genetic
basis of microbial diversity and its implications for public health.
By providing comprehensive datasets and insights into subtypes,
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this research helps to develop strategies for disease prevention,
surveillance, and control.

8.2. Pan-genomics insights into Mycobacterium
tuberculosis: Uncovering core genes, super core
genes, and strain-specific variations

Since 2014, tuberculosis (TB) has overtaken HIV as the world’s
most infectious disease. A pan-genome study revealed the genetic
composition of Mtb. The study revealed 3,679 core genes as
primary genes, secondary genes, and strain-specific genes from Mtb
strains. Additionally, there were 1,122 dispensable genes and 964
strain-specific genes, contributing to the individual characteristics of
Mtb strains. Furthermore, the study focused on identifying “Super
Core Genes” (SCGs) that are crucial in Mtb pathogenicity. 28 SCGs
encode antigens, PE/PPE proteins, transposes, and virulence factors,
all of which are known to be crucial for Mtb’s pathogenicity. The
research also unveiled 48 specific single-core genes that differentiate
Mtb from Mycobacterium bovis, another related bacterium. In short,
the pan-genome study offers a significant understanding of the
genetic foundation and development of Mtb strains, shedding light
on the different gene categories and their roles in Mtb’s
pathogenicity and diversity [73].

9. Future Direction of Pan-Genomics

The future of pan-genomics is poised for groundbreaking
advancements, driven by the evolution of sequencing technologies
and computational methodologies. As we progress into the era of
pan-genomics, the current one-dimensional approach, focused
solely on sequence analysis, is transitioning towards a three-
dimensional paradigm. This shift involves not only capturing all
sequence variations within a species or genus but also encoding
their spatial organization and interrelationships. With emerging
technologies facilitating three-dimensional pan-genome inference,
we anticipate a revolution in how we perceive and analyze genetic
data. The pan-genomics will see the convergence of genomic and
spatial data, offering a wide view of genetic diversity and its
structural implications. This multidimensional approach will open
avenues for exploring intricate biological phenomena such as
chromatin organization, genome architecture, and functional
genomics within a spatial context. Moreover, it will enable us to
unravel complex regulatory networks and understand the dynamic
nature of genetic interactions within and between genomes [74].
In this trajectory, computational pan-genomics will play a pivotal
role in developing novel algorithms and tools tailored for three-
dimensional data analysis. The integration of machine learning,
artificial intelligence, and spatial genomics techniques will
empower researchers to extract meaningful insights from vast and
complex pan-genomic datasets. Collaborations across disciplines,
including biological science, computer science, and engineering,
will drive innovation and propel pan-genomics into a new era of
comprehensive genome analysis and interpretation.

10. Pan-Genome Challenges and Solutions

Pan-genome studies present several challenges related to the
characteristics of Big Data, including the vast volume of data
generated and the heterogeneity from various sequencing
technologies. The need for rapid processing speeds, ensuring data
accuracy and reliability, and leveraging cloud computing for scalable
storage and processing further complicate the analysis. Additionally,
visualizing complex relationships and homology across multiple
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genomes poses significant challenges, requiring advanced
mathematical and graphical techniques. Key challenges in pan-
genomics include homology analysis, software development for data
analysis, and the management of large-scale datasets. Addressing
these challenges requires collaborative efforts, advancements in
computational methodologies, and the development of innovative
tools specifically tailored for pan-genome analysis and visualization.
Developing advanced algorithms, utilizing cloud computing, and
creating innovative visualization tools are crucial steps in overcoming
these obstacles and enhancing pan-genome analysis capabilities [74].

11. Conclusion

In conclusion, pan-genomics represents a powerful and versatile
toolset for genomic analysis, with extensive implications across various
fields of study. By integrating with metagenomics, pan-genomics
provides invaluable insights into microbial communities and their
interactions with the environment. In crop improvement, it facilitates
the identification of genetic variations crucial for enhancing plant
resilience and productivity. In the realm of public health, pan-
genomics enables precise tracking of pathogen evolution and
outbreak monitoring, contributing to more effective responses to
infectious diseases. Its role in vaccine development promises the
creation of tailored solutions against emerging pathogens, while in
drug development, it accelerates the identification of novel
therapeutic targets and compounds. Embracing pan-genomics fosters
a comprehensive understanding of genetic diversity and adaptation,
revolutionizing approaches in both biomedical and environmental
sciences for the advancement of global health and sustainability.

This review article is structured as follows: the introduction
provides a comprehensive overview of pan-genomics, categorizing
it into open and closed pan-genome frameworks while highlighting
its practical applications. The subsequent section discusses the
integration of metagenomics and pan-genomics, elucidating their
roles in understanding genetic diversity within microbial
communities. The article then progresses thematically, with
dedicated sections on human and plant pan-genomics. The plant
pan-genome section reviews relevant literature, emphasizing its
implications for crop improvement, modern breeding practices, and
adaptation to climatic conditions. Additionally, the review
addresses the applications of pan-genomics in vaccine and drug
development. A section also explores the insights gained from pan-
genomics in the context of public health. Finally, a separate section
addresses the current challenges faced in the field and offers
potential solutions. The conclusion reflects the overarching trends
identified throughout the review and outlines directions for future
research, emphasizing key areas that require further exploration.
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