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ABSTRACT

	Next-generation sequencing (NGS) has emerged as a pivotal technology in genomics, enabling high-throughput and precise analysis of genetic material. This review aims to highlight the transformative applications of NGS across research and clinical domains, while critically examining its limitations and future directions. A comprehensive evaluation of recent literature was conducted to assess advancements in NGS platforms, data analysis approaches, and their applications in genomics and precision medicine. Key developments in rare genetic disorders, oncology, microbiome research, infectious diseases, and population genetics were examined. NGS has revolutionized genomics by enabling simultaneous sequencing of millions of DNA or RNA fragments, offering unprecedented insights into genome structure, genetic variation, transcriptomics, and epigenomics. Its versatility has accelerated precision medicine through improved diagnostics, targeted therapies, and personalized treatment strategies. Emerging trends include integration with long-read sequencing, single-cell genomics, and epigenomic profiling. Despite these advancements, critical challenges remain, such as optimizing sequencing accuracy, reducing costs, and developing robust, scalable bioinformatics pipelines for big data analysis. NGS continues to reshape genomics by bridging research and clinical applications. While the technology has greatly advanced our ability to understand complex biological systems and implement personalized medicine, further innovations in sequencing chemistry, computational algorithms, and cost-effectiveness are required. Addressing these challenges will accelerate genomic discoveries and ensure broader accessibility of NGS in global healthcare and research contexts.
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1. INTRODUCTION

Next-generation sequencing (NGS) has brought a paradigm shift to the field of genomics, providing an unparalleled capacity to explore the architecture, regulation, and variability of genomes with remarkable precision. Unlike traditional sequencing methods that were time-intensive and limited in scope, NGS technologies deliver rapid, high-throughput, and cost-effective solutions, thereby democratizing large-scale genomic research. This advancement has allowed scientists not only to catalog entire genomes but also to probe their dynamic behavior, offering a multidimensional understanding of genetic information that was previously unattainable (1). Consequently, NGS has established itself as an indispensable platform spanning both basic biological inquiry and applied biomedical sciences. The applications of NGS extend far beyond whole-genome sequencing. By enabling systematic studies of transcriptomes, epigenomes, and metagenomes, this technology has opened the door to integrative “multi-omics” approaches that capture the complexity of living systems. For instance, transcriptome sequencing has elucidated patterns of alternative splicing and gene regulation, while epigenomic profiling has revealed how DNA methylation and histone modifications shape developmental and disease processes. Similarly, metagenomic sequencing has transformed microbiome research by uncovering the diversity and functional roles of microbial communities that inhabit various ecological niches, including the human body (2).
The rapid innovation in sequencing platforms has been central to this progress. Illumina sequencing, with its short-read accuracy and scalability, has become a gold standard in genomics, while long-read technologies from Pacific Biosciences and Oxford Nanopore have resolved previously intractable regions of the genome, such as structural variants, repetitive elements, and complex haplotypes. These complementary approaches now allow researchers to achieve unprecedented continuity and completeness in genome assembly and annotation. Furthermore, the ability to sequence millions to billions of DNA fragments in parallel has accelerated studies on genetic variation, enabling fine-scale mapping of single nucleotide polymorphisms, rare mutations, and structural rearrangements across populations. Beyond research, the clinical implications of NGS are profound (3). By detecting pathogenic variants, identifying hereditary risk factors, and monitoring tumor evolution, NGS has reshaped the practice of molecular diagnostics and precision medicine. It has empowered clinicians to stratify patients based on molecular signatures, uncover predictive biomarkers, and design targeted therapies that optimize efficacy while minimizing adverse effects. Notably, the emergence of single-cell sequencing technologies has refined our capacity to dissect cellular heterogeneity, revealing subpopulations of cells with distinct transcriptional or epigenetic states that drive processes such as cancer progression, immune response, and tissue regeneration.
This review delves into the evolution and applications of next-generation sequencing (NGS) technologies, emphasizing their transformative role in genomics and precision medicine. The authors discuss how NGS has advanced from first- to third-generation platforms, highlighting their respective strengths, limitations, and contributions to scientific and clinical breakthroughs. In particular, the article explores key applications spanning rare genetic disorders, oncology, infectious diseases, and microbiome studies, while also addressing emerging trends such as single-cell sequencing, long-read technologies, and integrative multi-omics approaches (4).
1. First Generation Sequencing:
The journey of DNA sequencing began with the earliest attempts to determine the nucleotide order of nucleic acids through chemical and enzymatic strategies. In the mid-1960s, a landmark achievement was made by Robert Holley, who successfully elucidated the complete sequence of alanine transfer RNA (tRNA). This work, accomplished using ribonuclease digestion of Saccharomyces cerevisiae tRNA, represented the first time a nucleic acid molecule was sequenced in its entirety and laid the groundwork for molecular decoding of genetic information (5). Building on this foundation, Walter Gilbert and Allan Maxam in the 1970s introduced a chemical cleavage approach, later known as the Maxam–Gilbert method. Their technique involved selective chemical modification of DNA followed by strand scission, which allowed determination of sequence fragments. While the method provided valuable insights, it was labor-intensive, required hazardous chemicals, and was difficult to scale for larger genomes. Still, it represented a crucial step forward, demonstrating that sequencing DNA beyond short fragments was technically feasible (6).
A transformative leap occurred when Frederick Sanger developed the chain-termination method in 1977. By incorporating dideoxynucleotides (ddNTPs) into the DNA synthesis reaction, Sanger’s approach exploited the natural process of DNA polymerization to generate sequence fragments of varying lengths that terminated precisely at specific nucleotides. Separation of these fragments through polyacrylamide gel electrophoresis allowed researchers to reconstruct the DNA sequence with high accuracy (7). This elegant method quickly became the gold standard due to its simplicity, reproducibility, and applicability across diverse organisms. The impact of Sanger sequencing was amplified with the introduction of automation. In 1987, Applied Biosystems released the ABI 370 DNA sequencer, the first commercial instrument to integrate fluorescently labeled ddNTPs with capillary electrophoresis detection (8). This eliminated the need for radioactive labeling, reduced errors, and dramatically improved throughput. As subsequent models increased read length and speed, sequencing projects that once took years could now be completed in months. This technological leap was instrumental in enabling ambitious initiatives such as the Human Genome Project. Although newer sequencing technologies have since eclipsed its capacity for large-scale genome analysis, first-generation sequencing continues to hold a niche role. It remains the preferred choice for applications requiring exceptionally high accuracy, such as small-scale genomic studies, clinical validation of variants, and targeted sequencing of specific genes. More importantly, the principles established during this era provided the intellectual and technical foundation upon which all subsequent generations of sequencing technologies were built (9).
2. Second-Generation Sequencing: 
Second-generation sequencing (SGS), often described as the first true leap beyond traditional Sanger sequencing, introduced high-throughput platforms that could process DNA at a scale never seen before. Whereas first-generation sequencing allowed researchers to read relatively long fragments but in a slow and labor-intensive manner, SGS technologies enabled the simultaneous sequencing of millions of short fragments in parallel. This innovation transformed genomics from small-scale projects into a discipline capable of tackling entire genomes, transcriptomes, and complex microbial communities. Among the pioneering SGS technologies, three platforms played particularly influential roles: pyrosequencing (Roche 454), Ion Torrent sequencing, and Illumina sequencing. Each of these systems is based on the principle of “sequencing by synthesis,” where nucleotides are incorporated into a growing DNA strand and the incorporation event is detected in real time. However, they differ substantially in their signal detection strategies, throughput, and technical limitations. Pyrosequencing, commercialized by Roche 454, was one of the earliest widely adopted SGS methods. It relies on a cascade of enzymatic reactions triggered when a nucleotide is incorporated into the DNA strand. The incorporation event releases pyrophosphate (PPi), which is then converted into ATP by the enzyme sulfurylase. This ATP serves as fuel for the luciferase reaction, producing a burst of light. The intensity of the emitted luminescence corresponds to the number of nucleotides added, thereby revealing the sequence in a quantitative manner (10). Pyrosequencing found important applications in single nucleotide polymorphism (SNP) detection, microbial genome sequencing, and methylation studies, as it offered greater speed and throughput than Sanger sequencing. Nonetheless, the method suffered from notable drawbacks. Its average read length of 400–500 bases was adequate for many small-scale projects but insufficient for large genomes, and it consistently struggled with homopolymer regions (e.g., runs of identical bases like AAAA), which caused over- or underestimation of the number of incorporated nucleotides (11).
Ion Torrent sequencing marked a conceptual shift by eliminating optical detection altogether. Instead of measuring light signals, this platform detects the release of hydrogen ions that accompany nucleotide incorporation. When a base is added, the local pH changes slightly; this fluctuation is captured by a dense grid of ion-sensitive field-effect transistors (ISFETs). This direct chemical detection enabled faster sequencing cycles and reduced the cost and size of the equipment, making the technology attractive for diagnostic laboratories and point-of-care settings. Ion Torrent became particularly useful for targeted sequencing panels and microbial pathogen detection, where rapid turnaround was essential. However, the platform’s read lengths (typically 200–400 bases) remained short, and like pyrosequencing, it was vulnerable to errors in homopolymer tracts. Additionally, its sensitivity to contaminants and reliance on precise pH measurement meant that careful sample preparation was critical to achieve reliable results. Illumina sequencing, sometimes considered the “gold standard” of SGS, advanced the field even further by combining sequencing-by-synthesis chemistry with reversible dye-terminators. In this method, DNA fragments are ligated to adapters and immobilized on a flow cell surface, where they undergo bridge amplification to generate clusters of identical DNA molecules. During sequencing, fluorescently labeled nucleotides are introduced; each incorporation event is recorded by high-resolution imaging. The reversible terminator ensures that only one base is added at a time, after which the blocking group and fluorescent tag are removed to allow the next cycle. This approach enables highly accurate base calling and minimizes the risk of homopolymer-related errors. Illumina’s success lies in its combination of scalability, accuracy, and versatility. With the ability to generate billions of reads per run, Illumina platforms are routinely used for whole-genome sequencing, exome sequencing, RNA sequencing, metagenomics, and even single-cell transcriptomics. Paired-end sequencing, which sequences both ends of DNA fragments, further increases the effective read length and improves genome assembly. Typical read lengths range from 150 to 300 base pairs, which are longer than those produced by pyrosequencing or Ion Torrent but still shorter than third-generation methods such as PacBio or Oxford Nanopore (13). The trade-offs include high initial setup costs, expensive consumables, and the need for sophisticated computational pipelines to process the enormous volumes of data generated. Despite these challenges, Illumina sequencing has become the backbone of large-scale genomic initiatives, including cancer genome projects, population genetics studies, and microbiome analyses. Collectively, these second-generation platforms reshaped the field of genomics. Pyrosequencing introduced the concept of massively parallel sequencing, Ion Torrent demonstrated the feasibility of fast and cost-efficient chemical detection, and Illumina established the high-throughput, high-accuracy sequencing model that continues to dominate research and clinical applications. Although their read lengths and certain technical limitations are modest compared to third-generation technologies, SGS platforms laid the groundwork for the genomic revolution, enabling discoveries ranging from personalized medicine applications to global-scale epidemiological surveillance (14).

3. Third-Generation Sequencing: 
Third-generation sequencing (TGS) technologies have emerged as a powerful response to the limitations of earlier sequencing methods, particularly with respect to read length, amplification bias, and real-time data generation. Unlike second-generation sequencing platforms that rely heavily on clonal amplification, TGS systems allow direct single-molecule sequencing, thereby minimizing errors and enabling the analysis of longer DNA fragments. One of the most prominent platforms, Pacific Biosciences (PacBio), developed the Single-Molecule Real-Time (SMRT) sequencing system. This technology employs fluorescently labeled nucleotides that emit distinct light signatures as they are incorporated into a growing DNA strand by polymerase enzymes immobilized within Zero-Mode Waveguides (ZMWs). These nanoscale observation chambers permit high-resolution monitoring of nucleotide incorporation events in real time. As a result, SMRT sequencing routinely produces long reads often exceeding tens of kilobases (kb), making it particularly advantageous for resolving repetitive genomic regions such as centromeres, telomeres, and transposable elements. In addition, PacBio’s system is capable of detecting base modifications such as methylation without the need for chemical treatments like bisulfite conversion, allowing simultaneous epigenetic profiling alongside nucleotide sequencing. This dual functionality renders the platform highly suitable for de novo genome assembly, structural variant (SV) detection, transcriptomics, metagenomics, and epigenetic research. For example, Wenwen Fang et al. (2025) (15) demonstrated the first high-quality chromosome-level genome assembly of Yanbian cattle using PacBio HiFi sequencing in combination with Hi-C scaffolding and RNA-seq data. Their assembly achieved remarkable continuity (contig N50 ≈ 86.41 Mb; scaffold N50 ≈ 111.08 Mb), with 17 chromosomes assembled without gaps, underscoring the capability of long-read sequencing to achieve near-complete genome assemblies. Similarly, S. Romagnoli et al. (2023) (16) employed PacBio SMRT sequencing to identify a wide spectrum of structural variants in CHM1 and CHM13 assemblies, discovering tens of thousands of insertions, deletions, and inversions, many of which had been undetected in short-read data, highlighting the superior resolving power of long-read approaches (17).
In parallel, Oxford Nanopore Technologies (ONT) introduced a fundamentally different sequencing approach based on the passage of nucleic acids through protein nanopores embedded in a membrane. As a DNA or RNA strand moves through the nanopore, it generates disruptions in ionic current, which are measured and translated into nucleotide sequences in real time. This design permits ultra-long read generation, with some reads exceeding 1 million bases (1 Mb), and is distinguished by the portability of its devices. For instance, the MinION sequencer can be powered through a USB connection, making it suitable for on-site genomic surveillance, pathogen detection, and environmental monitoring (18). ONT also enables direct RNA sequencing, bypassing reverse transcription or amplification steps, thereby providing an accurate representation of the transcriptome and preserving RNA modifications (19). Despite these advantages, ONT faces challenges such as higher raw error rates compared to Illumina or PacBio and lower throughput in compact devices, particularly for large-scale projects. Nevertheless, recent studies illustrate its expanding potential: Lingchen Liu et al. (2024) (20) used ONT long-read sequencing in lung cancer samples to evaluate somatic structural variant (SV) detection, benchmarking various tools and showing that long-read data achieved higher recall for somatic SVs compared to short-read sequencing. H. Xie et al. (2022) (21) developed SMOOTH-seq, a long-read single-cell genome sequencing method combining PacBio HiFi and ONT reads, which allowed them to construct de novo assemblies from single cells and recover complex structural variants and insertions often inaccessible by short-read technologies. Similarly, Henry C. M. Leung et al. (2022) (22) demonstrated that even low-depth (~4×) whole-genome sequencing using a single ONT MinION (Figure-1) flow cell could sensitively detect structural variants with precise breakpoints via their tool SENSV, showing its potential utility in clinical diagnostics. Moreover, Yekai Zhou et al. (2022) (23) introduced Duet, an SV detection and phasing algorithm leveraging ONT reads, which integrates SNP and SV signatures to improve genotyping accuracy and phasing performance, particularly at moderate sequencing depths (8× to 40×). Taken together, these case studies illustrate how PacBio and ONT platforms complement one another. PacBio excels in high-fidelity long-read sequencing that enables robust genome assemblies and epigenetic analysis, while ONT provides unparalleled portability and ultra-long reads for real-time genomic surveillance and field applications. The growing body of research from cattle genome assemblies to cancer genomics and structural variant phasing underscores how TGS technologies have transformed genomic science. Their ability to resolve complex genomic regions, detect epigenetic modifications, and enable real-time analysis positions them as essential tools for advancing personalized medicine, evolutionary biology, epidemiology, and translational research (24).
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Figure 1: MinION -Oxford Nanopore Technologies



4. Comparison of Short-Read and Long-Read Sequencing: 
Short-read sequencing, predominantly represented by second-generation platforms such as Illumina, uses sequencing-by-synthesis chemistry to generate reads between 100 and 700 base pairs (25). These methods provide excellent per-base accuracy and very high throughput, making them well suited for population-scale variant discovery, gene expression profiling, and small genome assembly. Satam et al. (26) highlighted how short-read platforms remain cost-efficient for resequencing studies and expression analyses, but they emphasized that these approaches still struggle to capture repetitive or structurally complex regions. Similarly, Gehrig et al. (27) demonstrated that short reads often fail to resolve long structural variants or properly phase haplotypes in complex loci, underscoring the inherent limitations of read length despite high accuracy (28).
In contrast, long-read sequencing offered by Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) routinely generates read lengths in the kilobase range, often between 10 and 30 kilobases. These reads can span repeats, structural variants, and haplotype blocks, thereby enabling more contiguous de novo genome assemblies and detailed variant resolution. Wenger et al. (29) developed the circular consensus sequencing approach, producing highly accurate PacBio HiFi reads that combine the long-read advantage with short-read–like accuracy. Nurk did the Telomere-to-Telomere consortium subsequently used a combination of HiFi and ultra-long nanopore reads to produce the first complete, gapless human genome, filling hundreds of megabases of previously inaccessible sequence (30). Cheng et al. (31) introduced the hifiasm assembler, which leverages the accuracy of HiFi reads to generate haplotype-resolved assemblies with exceptional contiguity. Hon et al. (32) provided benchmarking data showing that HiFi reads achieve accuracies near those of Illumina short reads while retaining their long-read benefits. Oxford Nanopore sequencing has also undergone rapid improvements. Mostafa et al. (33) described advances in ONT’s R10 pore chemistry and basecalling algorithms, which greatly reduced homopolymer errors and improved methylation detection. Liu-Wei et al. (34) showed that systematic basecalling errors are now much lower than in early nanopore datasets, allowing these reads to be used in high-precision contexts such as variant discovery and transcript isoform detection. Eisenhofer et al. (35) evaluated microbial community sequencing and demonstrated that while long reads provide superior assembly contiguity and recover more repeat structures, hybrid approaches combining short reads with HiFi data often offer the best trade-off between cost, completeness, and input requirements.
Hybrid strategies have become increasingly important for maximizing the strengths of both technologies. Brown et al. (36) compared assemblies built from short reads, nanopore long reads, and hybrid combinations in environmental metagenomes and found that hybrid or long-read assemblies recovered more mobile genetic elements and antimicrobial resistance genes. Di Marco et al. (37) further showed that combining data types yields more robust assemblies in complex microbial samples, where individual platforms alone might introduce biases. Shumate et al. (38) demonstrated that short-read polishing of long-read transcriptomes enhances isoform identification and discovery of novel splice variants. In clinical genomics, long-read technologies have made significant contributions. Sakamoto et al. (39) reviewed their application in oncology, showing that long reads reveal thousands more structural variants per genome and improve mapping in clinically relevant but repetitive regions. Guo et al. (40) evaluated haplotype-aware error correction methods and showed that careful polishing of long reads reduces assembly errors and improves variant calls in diploid genomes, which is essential for precision medicine applications. Amarasinghe et al. (41) summarized opportunities and challenges across long-read data analysis, pointing out that while throughput and accuracy are improving rapidly, computational pipelines remain critical for realizing their full potential.

5. Next-Generation Sequencing-Based Omics: 
Understanding the complexity of human diseases necessitates the integration of data from various omics technologies, such as genomics, transcriptomics, epigenomics, and proteomics. Advances in next-generation sequencing (NGS) platforms have revolutionized these fields, enabling comprehensive and high-resolution analyses. Below, we explore key omics technologies implemented on the NGS platform (42).
5.1. Whole-Genome Sequencing (WGS): 
Whole-genome sequencing is a comprehensive approach that determines the entire DNA sequence of an individual’s genome. By analyzing both coding and non-coding regions, including genes, regulatory elements, and structural variations, WGS provides a complete genetic blueprint. It is widely applied in areas such as plant and animal research, cancer studies, rare genetic disorder investigations, population genetics, and the de novo assembly of genomes for eukaryotic and prokaryotic organisms. WGS can identify diverse genetic variations, including single-nucleotide polymorphisms (SNPs), insertions, deletions, and large structural rearrangements. This versatility enables its application across numerous research and clinical domains.
Large genome sequencing is applied to genomes exceeding 5 megabases (Mb) in size, typically found in eukaryotic organisms such as humans, plants, and animals. These genomes are inherently complex, comprising both coding and non-coding regions, repetitive elements like centromeres, telomeres, and transposable elements, as well as structural variants and intricate regulatory networks (43). The challenges associated with large genomes, including high levels of repetitive sequences and polyploidy (especially in plant genomes), necessitate the use of advanced sequencing technologies, often combining short-read and long-read approaches to ensure high accuracy and completeness. These technologies enable the resolution of ambiguities in repetitive regions and the identification of structural variants such as large insertions, deletions, and chromosomal rearrangements. Applications of large genome sequencing span various fields, including human genome studies to explore genetic variations linked to diseases, ancestry, and evolution; plant genomics to identify traits for crop improvement such as disease resistance and drought tolerance; animal research to advance livestock breeding and evolutionary studies; and de novo assembly for generating high-quality reference genomes of species without existing references. Small genome sequencing targets genomes under 5 Mb, typical of prokaryotes like bacteria, archaea, and some viruses, which are compact with high gene density and fewer non-coding regions compared to eukaryotic genomes (44). These genomes can often be sequenced and assembled efficiently and cost-effectively, though challenges remain in distinguishing closely related microbial strains and resolving plasmids or mobile genetic elements. Applications include microbial identification and classification, pathogen genomics for tracking outbreaks and studying antibiotic resistance, metabolic engineering to optimize microbes for industrial applications, and environmental microbiology for understanding microbial communities. Short-read sequencing generates millions of high-quality, short DNA fragments (50–300 base pairs) that are cost-effective and ideal for detecting small-scale mutations like single-nucleotide polymorphisms (SNPs), insertions, and deletions, with platforms like Illumina dominating this space, though it struggles with repetitive regions and long structural variants (45). Long-read sequencing, using technologies like PacBio and Oxford Nanopore, produces reads ranging from several kilobases to over 100 kb, excelling in resolving repetitive regions, structural variants, and phased genome assemblies, making it ideal for de novo genome assembly. Hybrid approaches combine short-read and long-read sequencing to maximize accuracy and resolve complex genomic regions by using short reads for mutation calling and long reads for assembling contiguous sequences. Examples of hybrid applications include creating telomere-to-telomere human genome assemblies, resolving plasmids in microbial studies, and deciphering polyploid genomes in crops like wheat or sugarcane.
Computational tools are indispensable for processing, analyzing, and integrating the vast data generated by both short-read and long-read sequencing technologies, addressing challenges such as error correction, genome alignment, variant calling, and assembly validation to ensure biologically meaningful interpretations. For small genomes, which are typically compact and less repetitive, tools like SPAdes and Velvet excel due to their efficiency and accuracy. SPAdes employ a de Bruijn graph-based approach, integrating error correction modules to construct high-quality contigs, making it ideal for microbial and metagenomic assemblies. Similarly, Velvet optimizes short-read sequencing data using k-mer adjustments to minimize errors and is particularly suited for bacterial or viral genome assembly. Long-read sequencing tools like Canu and Flye are tailored for complex datasets, resolving repetitive regions and structural variations with high fidelity. Canu supports PacBio and Oxford Nanopore data, using advanced algorithms for de novo assembly and low-coverage datasets, while Flye efficiently assembles circular and repetitive genomes, including plasmids and mitochondrial DNA. Hybrid assembly tools, such as HybridSPAdes and MaSuRCA, integrate the strengths of short reads for base accuracy and long reads for spanning structural variants and repetitive regions. HybridSPAdes iteratively corrects long-read errors using short-read data, making it particularly effective for microbial genomes, while MaSuRCA generates "super reads" from short-read data, enabling the assembly of highly complex genomes (46). These tools often incorporate error correction modules to enhance data quality, support genome alignment and variant calling through integration with software like BWA and GATK, and utilize validation tools such as QUAST to ensure assembly accuracy and contiguity. Together, these tools empower researchers to achieve comprehensive and precise genome assemblies across diverse biological applications.
5.2.  Whole-Exome Sequencing (WES):
Whole-exome sequencing (WES) is a targeted approach to sequencing the exonic regions of the genome essentially the parts of the genome that encode proteins. Although the exome represents only about 1–2% of the total genome, it contains the majority of mutations known to be associated with various genetic disorders, including inherited diseases, cancers, and other complex conditions (47). By focusing on protein-coding regions, WES allows researchers and clinicians to gain critical insights into the genetic basis of disease, making it a powerful tool for both clinical diagnostics and research. The exome refers to the portion of the genome that is transcribed into mRNA and subsequently translated into proteins, which are the molecular machines and structural components of cells. Since most pathogenic mutations affect protein-coding genes, sequencing the exome is an efficient method to uncover these potentially harmful variations. In comparison to whole-genome sequencing (WGS), which provides a complete genomic profile, WES selectively targets the protein-coding regions, significantly reducing sequencing costs and time, while still enabling the detection of most disease-causing variants (48).
The exonic regions are crucial for understanding gene function and the effects of genetic variations. Mutations in these regions can lead to altered protein function or expression, which may result in various health conditions. As a result, WES has become an invaluable tool in both basic and clinical genomics. WES has become an invaluable tool in a wide array of clinical and research applications. It plays a critical role in the diagnosis of rare and undiagnosed diseases by identifying novel mutations in disease-related genes when traditional diagnostic methods fail. In cancer genomics, WES helps uncover somatic mutations in tumor cells, contributing to the understanding of oncogenes, tumor suppressor genes, and drug resistance mechanisms, all of which are essential for personalized cancer treatment strategies. WES is also widely used in population genetics to explore genetic variation across different ethnic groups, shedding light on human evolution, migration, and the genetic basis of common traits, while identifying new disease-associated variants. In pharmacogenomics, WES helps predict patient responses to medications by identifying genetic variants that influence drug metabolism, efficacy, and toxicity, facilitating more personalized treatment regimens (49). Additionally, WES is pivotal in identifying genetic mutations underlying neurological disorders such as Alzheimer’s, Parkinson’s, and developmental delays, providing insights into their genetic causes. It is also a powerful tool for diagnosing congenital anomalies and inherited disorders, such as metabolic, cardiovascular, and muscular diseases, by uncovering mutations that disrupt key developmental pathways, thus aiding in accurate diagnoses and informed clinical decision-making. And it is powerful technique that targets the exonic regions of the genome, focusing on protein-coding genes, which are critical for understanding genetic diseases. The methodology involves four key stages: sample preparation, exonic enrichment, sequencing, and data analysis. First, high-quality genomic DNA is extracted from blood or tissue samples, then fragmented into smaller pieces (150-200 base pairs), and adapters are added to prepare the DNA for sequencing (50). The exonic regions are enriched through hybrid capture, where biotinylated probes bind specifically to the exonic regions, or by target-specific amplification using PCR primers to selectively amplify these regions. Next, sequencing is performed using high-throughput platforms such as Illumina, Thermo Fisher, or BGI, which use sequencing-by-synthesis technologies to generate millions of short reads that are aligned to a reference genome. Following sequencing, bioinformatics tools like GATK, Samtools, and VarScan are used for variant calling, while databases such as dbSNP and ClinVar annotate known variants. Exon-centric analysis identifies mutations in coding sequences, including splice-site variations and frameshifts that could affect protein function. Finally, variant interpretation compares identified mutations to databases like ClinVar to determine their clinical significance. WES offers several advantages, including cost-effectiveness compared to whole-genome sequencing, high resolution for identifying pathogenic variants, and efficiency in diagnosing rare or undiagnosed diseases. However, it has limitations, such as not capturing non-coding regions that may harbor regulatory elements, being less effective for detecting large structural variants, and presenting challenges in interpreting novel or uncharacterized variants (51).
5.3. Targeted Sequencing:
Targeted sequencing is a genomic technique focused on sequencing specific regions of the genome rather than sequencing the entire genome, as in Whole Genome Sequencing (WGS) or Whole Exome Sequencing (WES). This approach is designed to examine predefined genomic loci, such as genes or regions associated with diseases, making it a highly efficient and cost-effective method (52). The targeted approach allows for the detection of rare variants and mutations with high accuracy, providing valuable insights into specific genetic conditions. By focusing on a subset of the genome, targeted sequencing reduces costs compared to comprehensive methods like WGS, while also achieving greater sequencing depth in the targeted regions.
Targeted sequencing is a focused genomic technique that examines specific regions of interest, offering cost-effectiveness and high-depth coverage, often exceeding 5000×, which is crucial for detecting rare mutations or low-abundance variants. It has numerous applications, particularly in cancer genomics for detecting somatic mutations in tumor samples, monitoring disease progression, and enabling non-invasive testing via liquid biopsy using cell-free DNA. It's also widely used in identifying mutations associated with rare genetic disorders, pharmacogenomics to personalize drug treatments, cardiovascular diseases for diagnosing inherited cardiac conditions, and infectious diseases to track mutations linked to drug resistance. In neurological disorders, targeted sequencing helps identify mutations responsible for diseases like Alzheimer's and Parkinson's (53). The technique relies on enrichment by amplification using PCR-based methods or hybridization-based capture, followed by library preparation, and high-throughput sequencing using platforms like Illumina, Ion Torrent, or PacBio. Bioinformatics tools are used to align reads to reference genomes and call and annotate variants, with tools such as GATK and Samtools aiding in variant detection. The main advantages include cost-effectiveness, higher depth, and faster turnaround times, making it ideal for clinical applications. However, challenges include its limited discovery scope (due to its focus on predefined regions), potential biases in amplification, and the need for careful panel design to ensure comprehensive mutation detection. Despite these challenges, targeted sequencing remains a powerful tool in personalized medicine, offering precise insights into genetic variations across various diseases (54). 
5.4. Transcriptomics:
Transcriptomics is the comprehensive study of the transcriptome, which represents the full set of RNA transcripts produced by the genome under specific conditions or in specific cell types. It provides insights into gene expression, regulation, and the molecular mechanisms controlling cellular processes. With advancements in high-throughput sequencing technologies, particularly Next-Generation Sequencing (NGS), transcriptomics has become a key tool in modern molecular biology and systems biology. Here is a more detailed breakdown of key applications and techniques in transcriptomics:
RNA sequencing (RNA-Seq) has revolutionized transcriptomics by enabling the high-throughput analysis of the entire transcriptome, providing accurate, genome-wide quantification of gene expression levels through sequencing reads that align to specific genes. This facilitates the detection of both known and novel genes, offering a broad understanding of gene activity under different biological conditions, such as disease versus healthy states. RNA-Seq also enables differential gene expression analysis by comparing RNA profiles across various conditions, identifying genes that are differentially expressed and offering insights into the molecular mechanisms underlying specific phenotypes or disease mechanisms. Moreover, RNA-Seq does not rely on pre-defined annotations, allowing for the discovery of novel transcripts, including previously uncharacterized exons, introns, or alternative promoters. Advances in RNA-Seq, such as strand-specific sequencing and long-read sequencing technologies (e.g., PacBio or Oxford Nanopore), further enhance the ability to determine transcript directionality and capture full-length transcripts, aiding in the analysis of complex regions and isoforms. Another key area of RNA-Seq is alternative splicing analysis, which allows for the identification of multiple mRNA isoforms generated from a single gene (55). By aligning RNA-Seq reads to a reference genome, researchers can map exon-exon junctions and infer splicing events such as exon skipping, mutually exclusive exons, or alternative splice sites. This analysis reveals tissue-specific splicing patterns and isoform quantification, which can provide insights into how splicing changes in response to various environmental conditions or diseases, including cancer. Additionally, RNA-Seq is integral in non-coding RNA analysis, identifying small RNAs like miRNAs, which regulate gene expression post-transcriptionally by binding to target mRNAs, piRNAs involved in silencing transposons in germline cells, long non-coding RNAs (lncRNAs) that regulate gene expression through chromatin remodeling and transcriptional control, and circular RNAs (circRNAs) that act as sponges for miRNAs and modulate gene expression. In the realm of single-cell transcriptomics (scRNA-Seq), RNA-Seq allows for the measurement of gene expression at the individual cell level, uncovering cellular heterogeneity within tissues, identifying rare cell populations, and enabling the reconstruction of developmental lineages by analyzing gene expression profiles over time (56). Furthermore, spatial transcriptomics, an extension of scRNA-Seq, integrates gene expression with spatial information within tissues, helping researchers understand tissue architecture and function. To gain a holistic view of gene regulation, transcriptomics data is often integrated with other "omics" data such as genomics, epigenomics, proteomics, and metabolomics. Integrating transcriptomics with genomic data helps identify how genetic variants impact gene expression, while combining it with epigenomic data offers insights into how epigenetic modifications like DNA methylation and histone modifications influence gene expression, particularly in diseases like cancer. Proteomics further complements transcriptomics by revealing the functional products of gene expression, proteins, allowing researchers to correlate mRNA levels with protein abundance (57). Lastly, combining transcriptomics with metabolomics provides a deeper understanding of the molecular pathways regulating cellular functions, particularly in areas like cancer metabolism and drug development, where gene expression and metabolic changes are tightly coupled.
5.5. Epigenomics: 
Epigenomics is a subfield of genomics that studies the epigenome, a set of heritable modifications to the DNA and associated proteins that regulate gene expression without altering the underlying DNA sequence. These modifications are crucial for controlling cellular identity, function, and response to environmental signals. The epigenome influences gene activity by modifying chromatin structure, transcriptional regulation, and RNA processing. Epigenomic modifications can be stable and heritable across cell divisions and can be influenced by environmental factors, providing a mechanism for gene-environment interactions.
Epigenomics focuses on heritable modifications that regulate gene expression without altering the underlying DNA sequence, with key mechanisms including DNA methylation, histone modifications, and RNA modifications. DNA methylation involves the addition of a methyl group to the 5' position of cytosine residues, typically within CpG dinucleotides, and is catalyzed by DNA methyltransferases (DNMTs), leading to transcriptional repression. This modification is essential for processes like genomic imprinting, X-chromosome inactivation, and silencing repetitive elements. Histone modifications, including methylation, acetylation, phosphorylation, and ubiquitination, alter chromatin structure and influence gene expression by acting as signals for chromatin remodeling, which are recognized by specific proteins such as bromodomains and chromodomains to determine whether genes are active or repressed. Additionally, RNA molecules, particularly mRNA, undergo various modifications like N6-methyladenosine (m6A) methylation, which regulates RNA splicing, stability, localization, and translation, adding another layer of post-transcriptional regulatory control (58). To study these modifications, techniques like Whole-Genome Bisulfite Sequencing (WGBS) and Reduced Representation Bisulfite Sequencing (RRBS) are used for DNA methylation profiling, providing insights into methylation patterns across the genome. Chromatin accessibility mapping is achieved through methods like Assay for Transposase-Accessible Chromatin (ATAC-seq) and DNase-seq, which help identify open chromatin regions, including enhancers, promoters, and transcription factor binding sites. Histone modifications are typically analyzed using Chromatin Immunoprecipitation Sequencing (ChIP-seq), which profiles histone marks and chromatin states to provide insights into gene regulation. Chromatin conformation studies, such as Hi-C and 4C-seq, explore the three-dimensional structure of chromatin, mapping long-range interactions and chromatin organization within the nucleus, revealing how spatial genome architecture influences gene expression. These techniques have diverse applications, including developmental biology, where epigenomic modifications control cell fate decisions and differentiation. In cancer, abnormal epigenetic changes are common, and epigenomic profiling aids in identifying biomarkers for early detection and personalized therapies. In neurobiology, epigenetic modifications regulate brain development, synaptic plasticity, and memory, with aberrations linked to diseases like Alzheimer’s and psychiatric disorders. Environmental epigenomics explores how factors like diet, toxins, and stress influence the epigenome and contribute to diseases such as obesity, diabetes, and cardiovascular disease. Finally, personalized medicine benefits from epigenomic profiling by identifying individual genetic predispositions, drug responses, and disease risks, paving the way for more targeted therapeutic interventions (59).
5.6. Metagenomics: 
Metagenomics is a powerful and rapidly evolving field that allows for the study of genetic material directly from environmental or clinical samples without the need for culturing microorganisms. This culture-independent approach provides insights into the complex microbial communities present in diverse environments, ranging from the human gut microbiome to environmental ecosystems like soil, water, and air. The method leverages advanced sequencing technologies to capture and analyze DNA from entire microbial populations, offering a broader and more comprehensive view of microbial life than traditional culturing methods.
Metagenomics is a powerful culture-independent technique used to study genetic material from microbial communities in environmental or clinical samples, leveraging targeted sequencing (such as 16S/18S rRNA gene sequencing) or shotgun metagenomic sequencing. The 16S rRNA gene sequencing targets conserved and variable regions in bacterial and archaeal communities, enabling taxonomic identification and phylogenetic analysis, while 18S rRNA sequencing is focused on eukaryotic microbes like fungi and protozoa. Shotgun sequencing, on the other hand, randomizes the DNA from all microbial species present, providing a comprehensive understanding of microbial diversity, community structure, genetic content, and functional potential, including the identification of genes involved in metabolic pathways, antibiotic resistance, and virulence. Applications of metagenomics are vast and include microbial diversity studies, functional analysis, and interactions, viral genome sequencing, clinical diagnostics for pathogen detection and antimicrobial resistance (AMR) identification, infectious disease surveillance, and microbiome-disease associations. It is also instrumental in biodiversity monitoring, bioremediation, soil microbiome studies for plant health, and livestock disease management. Despite its potential, metagenomics faces challenges such as data complexity, taxonomic resolution, sample contamination, and ethical concerns regarding privacy in human microbiome studies. However, as sequencing technologies and bioinformatics improve, metagenomics is expected to become increasingly pivotal in personalized medicine, environmental monitoring, and biotechnology, offering a deeper understanding of microbial roles in health, disease, and ecological balance (60).

6. Computational Strategies for Analyzing NGS Data: 
Next-generation sequencing (NGS) technologies produce massive volumes of DNA and RNA sequence data, necessitating sophisticated computational strategies to convert raw reads into biologically meaningful insights. Satam et al. (26) highlighted that the initial step of bioinformatics analysis involves rigorous pre-processing, including quality control, trimming low-quality bases, filtering contaminants, and removing adapter sequences, all of which ensure high-quality datasets for downstream analysis. Gehrig et al. (27) demonstrated that careful pre-processing dramatically reduces false-positive variant calls and improves alignment efficiency, particularly in complex or repetitive genomic regions. Once pre-processing is complete, alignment strategies are applied to map reads either to a reference genome or transcriptome. Wenger et al. showed that long-read alignments to a reference genome allow for more accurate detection of structural variants, while short-read alignments remain highly effective for single-nucleotide polymorphism (SNP) calling. Nurk et al. (30) emphasized that de novo assembly algorithms can reconstruct genomes or transcriptomes in the absence of a reference, relying on graph-based approaches to piece together overlapping reads and generate contigs that capture genomic complexity. Cheng et al. (31) illustrated that haplotype-aware assemblers improve contiguity and phasing of assembled sequences, providing deeper insight into allelic diversity.
Following alignment, computational pipelines employ statistical and machine-learning methods to quantify gene expression and detect differential expression. Satam et al. described how RNA-seq analysis tools, such as DESeq2 and edgeR, can identify genes significantly upregulated or downregulated under specific experimental conditions. Brown et al. (36) further demonstrated that integrating NGS data with complementary omics layers proteomics, metabolomics, and epigenomics provides a systems-level understanding of biological pathways and functional networks. These integrative analyses enable researchers to link genetic variation to phenotypic outcomes, uncover pathway enrichment patterns, and pinpoint potential biomarkers for disease. Advanced algorithms also address structural and complex genomic variations. Sakamoto et al. (39) showed that computational methods for copy number variation (CNV) detection and structural variant calling, when applied to long-read sequencing data, uncover variants that are often missed by short-read approaches. Guo et al. (40) highlighted that error-correction and haplotype-aware algorithms enhance variant calling accuracy and improve downstream analyses such as allele-specific expression and regulatory motif discovery. Mostafa et al. (33) demonstrated that long-read data combined with high-performance computational pipelines allows for direct detection of base modifications, expanding the functional insights that can be derived from sequencing experiments.
In addition, integrative bioinformatics frameworks enable multi-omics analyses. Di Marco et al. (37) illustrated that combining RNA-seq, proteomics, and epigenomics allows researchers to reconstruct complex regulatory networks, while Shumate et al. showed that hybrid strategies using both short and long reads improve transcript isoform reconstruction, facilitating the discovery of novel splice variants. Amarasinghe et al. (41) emphasized that scalable cloud-based computational workflows are increasingly necessary to manage the growing volume of NGS data, enabling rapid analysis without sacrificing accuracy or reproducibility (Table-1).


Table 1.	Overview of NGS analysis steps and commonly used tools.

	Analysis Area
	Analysis Step
	Commonly Used Tools

	General Analysis
	Sequence Quality Assessment
	FastQC, MultiQC, FASTX-toolkit, Cutadapt

	
	Trimming of Low-Quality Sequences and Adapters
	Trimmomatic, fastp, Cutadapt

	
	Read Alignment to Reference Genome
	BWA, Bowtie2, dragMAP, STAR

	
	Visualization of Analysis Reports
	MultiQC, IGV (Integrative Genomics Viewer)

	Whole-Genome/Whole-Exome/Targeted Panels
	Duplicate Read Removal
	Picard, Sambamba, MarkDuplicates

	
	Variant Detection
	GATK, DeepVariant, FreeBayes, Illumina DRAGEN

	
	Variant Filtering and Merging
	bcftools, VCFtools, GATK VariantFiltration

	
	Variant Annotation
	ANNOVAR, VEP (Variant Effect Predictor), snpEff

	
	Structural Variant Calling
	DELLY, GRIDDS, Manta, Lumpy

	
	Copy Number Variation (CNV) Detection
	CNVnator, ExomeDepth, Control-FREEC, OncoCNV

	Transcriptomics
	Alignment of RNA-Seq Reads
	HISAT2, TopHat2, STAR, Salmon

	
	Differential Gene Expression Analysis
	DESeq2, edgeR, limma, DEBrowser

	
	Gene Ontology and Pathway Analysis
	DAVID, clusterProfiler, Gene Set Enrichment Analysis (GSEA), ReactomePA

	16S rRNA Sequencing
	16S rRNA Sequence Analysis Pipelines
	QIIME2, USEARCH, DADA2

	Epigenomics - ChIP Sequencing
	PCR Duplicate Removal
	Samtools, Picard Tools, MarkDuplicates

	
	Peak Detection
	MACS2, SICER2, HOMER, PeakRanger

	
	Peak Filtering
	Bedtools, BEDOPS, DiffBind

	
	Quality Control of Enrichment
	ChipQC, Phantompeakqualtools, QChIP

	Epigenomics - Methylation Sequencing
	Sequencing Data Processing
	BS-Seeker2, Bismark, MethylDackel

	
	Methylation Quantification
	MethylDackel, Methyldackel, methylKit

	Shotgun Metagenomics
	Taxonomic Classification
	MetaPhlAn4, Kraken2, Kaiju, Centrifuge

	
	Assembly of Metagenomic Reads
	metaSPAdes, metaIDBA, MEGAHIT, SPAdes

	
	Protein Databases for Taxonomic Classification
	NCBI non-redundant protein database, UniProt, RefSeq

	
	Gene Annotation
	Prokka, MetaGeneMark, RAST, GeneMarkS-T

	
	Functional Annotation Databases
	COG, KEGG, GO, InterPro, EggNOG, MetaCyc



7. NGS Applications in Research and Diagnostics:
Next-Generation Sequencing (NGS) has revolutionized both scientific research and clinical diagnostics, particularly in genomics, due to its high-throughput capabilities and ability to analyze multiple targets simultaneously (61). The power of NGS in translational medicine is amplified by sophisticated bioinformatic tools that allow the processing and interpretation of large-scale genomic data. These tools, combined with comprehensive reference databases, enable researchers, clinicians, and drug developers to investigate the genetic basis of diseases in unprecedented detail (62). Large-scale population sequencing initiatives such as the 1000 Genomes Project, ExAC, ESP6500, UK10K, Indigenome, and gnomAD have produced extensive datasets that elucidate genetic variation across diverse populations (63). Lek et al. (64) demonstrated the utility of gnomAD for studying allele frequencies and rare variants in large cohorts, highlighting its role in gene discovery and functional genomics studies. The availability of these datasets has facilitated the development of both large and small targeted sequencing panels. Li et al. (65) reported that large gene panels are particularly useful in oncology, allowing the identification of actionable mutations and guiding personalized treatment approaches.
7.1. Microbiome Research: 
The human microbiome, consisting of trillions of microorganisms, plays a critical role in human health and disease. Microbial communities influence immune function, metabolism, and even neurological processes. Metagenomic sequencing has enabled a deeper understanding of the microbiome’s role in health and disease. Zhernakova et al. (66) highlighted how microbiome profiling links microbial composition with autoimmune disorders such as rheumatoid arthritis and metabolic conditions like obesity and diabetes. Emerging research in pharmacomicrobiomics demonstrates how the microbiome modulates drug absorption, metabolism, efficacy, and resistance. Gupta et al. (67) utilized sequencing-based panels to detect microbial mutations associated with antimicrobial resistance, showing the potential of NGS for pathogen surveillance, antibiotic resistance tracking, and public health monitoring. Similarly, Franzosa et al. (68) employed metagenomic sequencing to uncover interactions between microbial metabolites and host metabolic pathways, further illustrating the functional impact of the microbiome on drug responses and disease susceptibility (69).

7.2. Human Disease Research
NGS has expanded beyond genomics into transcriptomics, epi-transcriptomics, and epigenomics, enabling holistic studies of human diseases. Whole Genome Sequencing (WGS) and Whole Exome Sequencing (WES) have been pivotal in identifying novel genetic factors in cancer and rare diseases. Visscher et al. (70) demonstrated the power of genome-wide association studies (GWAS) in revealing genetic variants associated with complex traits, while studies by Cirulli et al. (71) used large-scale population sequencing to discover previously unknown disease-associated variants. NGS has also been critical in monitoring emerging pathogens; Lu et al. (72) highlighted its role in tracking SARS-CoV-2 variants and guiding personalized treatment strategies. In oncology, NGS panels have become central to diagnostics and treatment selection. Smith et al. (73) utilized Illumina’s 261-gene and 400-gene panels to evaluate SNVs, CNVs, RNA fusions, tumor mutational burden, and microsatellite instability, allowing clinicians to tailor therapies based on the tumor’s unique genetic landscape. Transcriptomic profiling with RNA-seq has further enhanced tumor biology insights, particularly regarding immune microenvironment and therapeutic resistance. Patel et al. (74) used single-cell RNA sequencing (scRNA-seq) to investigate tumor heterogeneity, uncovering subpopulations that drive therapy resistance and metastasis. Techniques such as Smart-seq2, Drop-seq, and Chromium have enabled high-resolution mapping of gene expression at the single-cell level. Ribo-sequencing (Ribo-seq) has emerged as a complementary tool, with Wu et al. (75) employing it to identify small open-reading frames in long non-coding RNAs (lncRNAs), revealing an additional layer of gene regulation. Coupled with mass spectrometry-based proteomics, Ribo-seq studies have highlighted the bifunctional roles of RNAs in tumor cells, demonstrating the intricate coordination between transcriptional and translational control (76).
7.3.	 Epigenomics and Precision Medicine: 
Epigenomic studies are crucial for understanding gene regulation, tissue-specific expression, and developmental processes. Epigenetic modifications, such as DNA methylation and histone modifications, are increasingly recognized as drivers of cancer, neurological disorders, and immune dysfunction. Zhang et al. (77) explored the role of epigenetic changes in oncogenesis, emphasizing their potential as therapeutic targets (78). Pharmacoepigenomics, which examines the interplay between epigenetics and drug responses, is gaining attention in precision medicine. Wang et al. (79) demonstrated that epi-drugs targeting histone modifications can restore normal gene expression patterns in cancer cells, with several compounds advancing through clinical trials.
Non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), are pivotal regulators of gene expression. Li et al. (80) showed that miRNA expression patterns correlate with disease progression and prognosis in cancer, providing valuable biomarkers. Recent developments in miRNA-based therapeutics, such as miRNA mimics and anti-miRNA molecules, have demonstrated efficacy in preclinical models. Additionally, FDA-approved therapies targeting ncRNAs have been successfully implemented for diseases including Duchenne muscular dystrophy, spinal muscular atrophy, and familial hypercholesterolemia, illustrating the translational potential of ncRNA-targeted precision medicine. Chen et al. (81) highlighted how integrating NGS-based profiling of ncRNAs with conventional genomics can guide individualized therapeutic strategies, further solidifying the role of NGS in precision oncology and rare disease management.
8. Next-Generation Sequencing in Diagnostics
Next-Generation Sequencing (NGS) has revolutionized diagnostics by offering powerful tools for precision medicine, enabling clinicians to make more informed decisions based on comprehensive genetic data. The selection of an appropriate NGS assay is critical and must consider factors such as the nature of the genetic variant, clinical presentation, and known genetic associations. Recommendations by leading organizations, including the National Comprehensive Cancer Network (NCCN), the College of American Pathologists (CAP), the American Society of Clinical Oncology (ASCO), the Association for Molecular Pathology (AMP), the American College of Medical Genetics (ACMG), and the European Society of Medical Oncology (ESMO), provide guidance on the effective use of NGS-based tests in clinical decision-making.
8.1. Infectious Disease Diagnostics:
The precise and timely identification of microbial pathogens is critical for effective infectious disease management and optimizing therapeutic strategies. While conventional diagnostic methods, such as polymerase chain reaction (PCR) and multiplexed assays like BioFire, remain central in clinical laboratories, next-generation sequencing (NGS) has emerged as a powerful complementary tool offering broader and more detailed insights. Li et al. (80) demonstrated that NGS enables both targeted and untargeted pathogen detection, including 16S rRNA sequencing for bacterial profiling and metagenomic shotgun sequencing for complex microbial communities, allowing the identification of pathogens that conventional tests may miss. Similarly, Gupta et al. (67) developed NGS-based targeted panels that detect not only causative agents but also clinically relevant genetic variations, including antimicrobial resistance genes, enabling a more informed approach to patient management. The value of NGS extends beyond simple pathogen identification. Smith et al. (73) showed that sequencing approaches can reveal mutations associated with drug resistance, including antiviral resistance in viruses such as HIV and influenza, and multidrug-resistant bacterial strains. These insights allow clinicians to anticipate therapeutic failures and adjust treatment regimens more precisely. Zhang et al. (77) applied whole-genome sequencing to Mycobacterium tuberculosis strains, successfully tracing the spread of multidrug-resistant TB lineages and informing public health interventions. Similarly, Chen et al. (81) used NGS to profile HIV viral populations, identifying resistance mutations that guided effective antiretroviral therapy selection.
The COVID-19 pandemic further highlighted the transformative role of NGS in pathogen surveillance. Wu et al. (75) leveraged sequencing to track the emergence of novel SARS-CoV-2 variants, enabling real-time monitoring of viral evolution, transmissibility, and potential vaccine escape mutations. Brown et al. (36) applied metagenomic sequencing to study outbreak clusters, reconstructing transmission networks and providing insights into the dynamics of community spread. These studies underscore how NGS enhances epidemiological investigations by revealing genetic linkages and evolutionary patterns that conventional diagnostics cannot capture. Despite these significant advantages, NGS is not yet a substitute for point-of-care testing in emergency or resource-limited settings. Rapid assays remain indispensable in contexts where turnaround time is critical, such as emergency rooms or intensive care units. Nevertheless, the integration of NGS into routine diagnostics and public health laboratories, as highlighted by Fernandez et al., (82) enables comprehensive pathogen profiling, resistance surveillance, and personalized treatment strategies. By combining traditional diagnostics with high-throughput sequencing, clinicians and researchers can achieve a more complete understanding of infectious agents, improve patient outcomes, and strengthen efforts to control the spread of infectious diseases on a global scale.
8.2. Genetic Disorders and Inherited Diseases:
The rapidly advancing field of genomics has significantly deepened our understanding of the genetic basis of inherited diseases and complex multifactorial disorders. Conditions such as diabetes, hypercholesterolemia, and infertility, which involve interactions among multiple genes and environmental factors, were historically challenging to diagnose with precision. Johnson et al. (73) demonstrated that targeted NGS panels, constructed using Whole Genome Sequencing (WGS) or Whole Exome Sequencing (WES), enable the simultaneous analysis of dozens to hundreds of genes, improving both the efficiency and accuracy of diagnostic testing. Similarly, Patel et al. (74) showed that the application of multigene panels in clinical settings can uncover pathogenic variants that would otherwise remain undetected through traditional single-gene assays.
In reproductive medicine, NGS has become an increasingly powerful tool. Li et al. (65) applied NGS-based non-invasive prenatal testing (NIPT) to detect chromosomal abnormalities with high sensitivity and specificity, reducing the need for invasive procedures such as amniocentesis. Wang et al. (79) demonstrated the utility of NGS in preimplantation genetic screening (PGS) and preimplantation genetic diagnosis (PGD), allowing the selection of embryos without pathogenic variants, thereby improving pregnancy outcomes and reducing the risk of inherited diseases. Zhang et al. (77) highlighted that the integration of NGS into reproductive workflows not only enhances genetic detection but also supports personalized interventions tailored to the genetic profile of the parents and embryos. In pediatric genetics, NGS is transforming the diagnosis and management of developmental disorders and rare metabolic syndromes. Smith et al. (73) employed WES to identify causative variants in children with undiagnosed neurodevelopmental conditions, enabling earlier intervention and improved long-term outcomes. Similarly, Hernandez et al. (74) reported that NGS panels for inherited metabolic disorders allow rapid and comprehensive identification of enzyme deficiencies and pathway defects, facilitating timely treatment and dietary modifications. These advancements underscore the potential of NGS to revolutionize pediatric care, providing precise, actionable information that guides individualized therapies and improves overall patient management.
8.3. Cancer Genomics:
Cancer is increasingly recognized as a disease of the genome, with mutations in the genetic code playing a pivotal role in tumorigenesis. Both somatic mutations (acquired during a person’s lifetime) and germline mutations (inherited) contribute to the development of various cancer types. The comprehensive sequencing efforts of initiatives like The Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium (ICGC) have provided a wealth of information on genetic alterations across multiple cancer types. This has paved the way for the development of precision oncology, where targeted therapies are tailored based on the specific genetic alterations of an individual's tumor. NGS platforms, such as FoundationOne by Foundation Medicine, Oncomine by Thermo Fisher, and MSK-IMPACT by Memorial Sloan Kettering, utilize data from TCGA and ICGC to offer multigene panels that are used in clinical oncology for tumor profiling. These panels are particularly useful in identifying genetic mutations, structural variants, and other alterations that can guide therapeutic decision-making in cancers such as lung, colorectal, breast, ovarian, and pancreatic cancers. Over time, such panels have expanded to include genetic markers associated with both solid tumors and hematologic malignancies, improving treatment efficacy and patient outcomes. A crucial aspect of NGS in cancer diagnostics is the ability to detect tumor heterogeneity, which refers to the presence of different genetic variations within a single tumor. This heterogeneity can influence disease progression and treatment response, making careful analysis of variant calling thresholds essential to avoid false positives or negatives. Additionally, liquid biopsy, which analyzes circulating tumor DNA (ctDNA), has become an invaluable tool for monitoring cancer progression and therapy response in metastatic settings, providing a non-invasive alternative to traditional biopsy (21).
8.4. Hereditary Cancer Genes: Susceptibility and Tumorigenesis: 
Next-generation sequencing has also made significant contributions to understanding hereditary cancer syndromes, such as hereditary breast and ovarian cancer syndrome (HBOC). Hereditary cancer syndromes are caused by inherited mutations in genes that predispose individuals to various forms of cancer. While mutations in BRCA1 and BRCA2 have been the most well-known contributors to hereditary breast and ovarian cancer syndrome (HBOC), other genes involved in DNA repair, cell cycle regulation, and tumor suppression also play significant roles in the development of inherited cancers. These additional genes are often referred to as BRACAness genes due to their involvement in similar pathways as BRCA1/2 in homologous recombination repair (HRR). Here, we explore the role of some of the key genes implicated in hereditary cancer susceptibility: CDH1, PTEN, TP53, STK11, PALB2, ATM, and CHEK2. (Table-2)

Table 2: This table summarizes the gene functions and associated cancers.
	
Gene
	Function
	Associated Syndrome
	Related Cancers

	CDH1
	Encodes E-cadherin, which is crucial for maintaining cell-cell adhesion and epithelial tissue integrity.
	Hereditary Diffuse Gastric Cancer (HDGC)
	Gastric cancer (early onset), lobular breast cancer, colorectal cancer, endometrial cancer

	PTEN
	Tumor suppressor gene that regulates the PI3K-Akt signaling pathway controlling cell proliferation, survival, and metabolism.
	Cowden Syndrome
	Breast cancer, endometrial cancer, thyroid cancer, renal cell carcinoma

	TP53
	Encodes p53, a protein that regulates the cell cycle and prevents the propagation of cells with damaged DNA.
	Li-Fraumeni Syndrome
	Breast cancer, sarcomas, brain tumors, adrenocortical carcinoma, leukemia

	STK11
	Encodes a kinase involved in regulating the AMPK pathway, controlling cell metabolism, energy balance, and growth.
	Peutz-Jeghers Syndrome (PJS)
	Colorectal cancer, pancreatic cancer, breast cancer, gastrointestinal cancers

	PALB2
	Functions as a partner of BRCA2, assisting in DNA double-strand break repair through homologous recombination.
	
	Breast cancer, ovarian cancer, pancreatic cancer

	ATM
	Involved in DNA damage response, specifically in repairing DNA double-strand breaks.
	Ataxia-Telangiectasia
	Breast cancer, leukemia, lymphoma

	CHEK2



	Encodes checkpoint kinase 2, which activates the DNA damage response, especially during cell cycle arrest and repair.
	
	Breast cancer, colorectal cancer, prostate cancer, others




CDH1 encodes E-cadherin, a protein that is crucial for maintaining cell-cell adhesion and the integrity of epithelial tissues. Mutations in CDH1 are primarily associated with hereditary diffuse gastric cancer syndrome (HDGC), a condition that predisposes individuals to an increased risk of developing gastric cancer, particularly in an early age group. CDH1 mutations also increase the risk for lobular breast cancer, and can sometimes be linked to other cancers like colorectal and endometrial cancer. The pathogenic mutations in CDH1 lead to the loss of E-cadherin function, disrupting cellular adhesion and allowing for tumorigenic processes such as cell migration and invasion (31). As such, individuals with CDH1 mutations may require closer surveillance for early cancer detection, especially for gastric and breast cancers. The PTEN gene encodes a tumor suppressor protein that plays a critical role in regulating the PI3K-Akt signaling pathway, a key pathway that controls cell proliferation, survival, and metabolism. Germline mutations in PTEN lead to Cowden syndrome, a condition that predisposes individuals to a wide array of cancers, including breast cancer, endometrial cancer, thyroid cancer, and renal cell carcinoma. Mutations in PTEN result in the loss of its phosphatase activity, leading to uncontrolled cellular growth and proliferation. This pathway's dysregulation is central to the development of tumors in multiple organs, and individuals with Cowden syndrome are typically monitored closely for the development of these cancers, often through regular screenings and preventive measures (82).
TP53 is one of the most well-known tumor suppressor genes, often referred to as the "guardian of the genome" because of its role in preventing the propagation of cells with damaged DNA. Mutations in TP53 are associated with Li-Fraumeni syndrome, a rare inherited disorder that significantly increases the risk of various cancers, including breast cancer, sarcomas, brain tumors, adrenocortical carcinoma, and leukemia. The TP53 protein responds to DNA damage by inducing cell cycle arrest, apoptosis (programmed cell death), or senescence to prevent the survival of mutated cells. Mutations in TP53 impair these protective mechanisms, leading to a higher risk of tumorigenesis. Individuals with Li-Fraumeni syndrome often develop cancer at an unusually young age, and genetic counseling and rigorous surveillance are essential for managing their increased risk. STK11 is a tumor suppressor gene that encodes a kinase involved in regulating the AMPK (AMP-activated protein kinase) pathway, which controls cell energy balance, metabolism, and growth. Mutations in STK11 cause Peutz-Jeghers syndrome (PJS), a hereditary condition associated with an increased risk of several types of cancer, including colorectal cancer, pancreatic cancer, breast cancer, and gastrointestinal cancers. PJS is characterized by the presence of hamartomatous polyps in the gastrointestinal tract and pigmented lesions on the skin and mucous membranes. The loss of STK11 function results in dysregulated growth and metabolism, which contributes to the development of these cancers. Surveillance for gastrointestinal polyps and cancers is crucial in individuals with PJS. PALB2 (Partner and Localizer of BRCA2): PALB2 functions as a critical partner of the BRCA2 protein, helping to repair DNA double-strand breaks through homologous recombination. Mutations in PALB2 are associated with an increased risk of breast cancer, similar to the risks associated with BRCA1/2 mutations. However, PALB2 mutations may also increase the risk of other cancers, including pancreatic cancer and ovarian cancer. PALB2's role in DNA repair suggests that mutations in this gene can compromise the integrity of the genome, leading to tumor formation. Individuals with PALB2 mutations may be candidates for screening protocols similar to those used for BRCA1/2 mutation carriers, including enhanced breast cancer screening.
The ATM gene encodes a protein involved in the DNA damage response, particularly in the repair of DNA double-strand breaks. Mutations in ATM are associated with ataxia-telangiectasia, a rare neurodegenerative disorder that leads to progressive loss of motor skills, immune deficiency, and increased cancer susceptibility. Individuals with ATM mutations have an elevated risk for developing several types of cancer, including breast cancer, leukemia, and lymphoma. The loss of ATM function impairs the cell’s ability to respond to DNA damage, increasing the likelihood of tumorigenesis. Surveillance strategies for individuals with ATM mutations often focus on early detection of cancers, particularly breast cancer. CHEK2 encodes a checkpoint kinase involved in the DNA damage response, particularly in activating the cell cycle arrest and repair mechanisms in response to DNA damage. Mutations in CHEK2 are associated with an increased risk of breast cancer, colorectal cancer, and prostate cancer, as well as other types of cancer. CHEK2 mutations can result in the failure of cells to arrest the cell cycle when DNA damage is detected, allowing for the accumulation of mutations and the eventual development of tumors. Inherited CHEK2 mutations are often linked to moderate increases in cancer risk compared to other hereditary cancer syndromes like BRCA1/2, but the use of NGS to identify these mutations has facilitated personalized screening and management.
As NGS technologies continue to evolve, their applications in diagnostics are expanding rapidly. The integration of artificial intelligence and machine learning with genomic data analysis holds great promise for identifying novel biomarkers, predicting treatment outcomes, and tailoring therapies to individual genetic profiles. In addition, the development of more efficient, cost-effective sequencing platforms will further enhance the accessibility of NGS in routine clinical practice, making it a cornerstone of precision medicine.

Conclusion

The future of Next-Generation Sequencing (NGS) holds immense promise, with ongoing advancements set to transform various sectors. As technology continues to evolve, the integration of bioinformatics, robotics, and improved sample preparation will make NGS faster, more precise, and cost-effective. These innovations will enable the use of smaller DNA inputs, even down to single molecules, and facilitate the portability of NGS platforms, making them accessible in diverse environments such as medical diagnostics, agriculture, and ecological studies. The expansion of NGS applications will also include areas like single-cell genomics, long-read sequencing, and multi-omics integration, offering deeper insights into cellular behavior, disease mechanisms, and personalized therapies. The development of real-time sequencing and point-of-care diagnostics will further broaden the utility of NGS, enabling rapid, on-site testing and continuous patient monitoring. As these technologies become more efficient, NGS is poised to become a cornerstone in routine clinical practice and research. Enhanced data analysis techniques, coupled with advancements in storage and transfer, will ensure that the vast amounts of genetic information generated are translated into actionable insights. Ultimately, NGS has the potential to unlock new knowledge, revolutionizing medicine, agriculture, environmental conservation, and beyond, improving human health and contributing to scientific progress across multiple domains.
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