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Abstract 

Background: Recent advances in transcriptomics have provided new insights to analyze a wide range of 

biological data. RNA sequencing (RNA-Seq) is a common method used to study the complete set of RNA 

molecules (the transcriptome) in different cell types, genetic backgrounds, and environments. While many 

computational tools exist for analyzing large RNA-Seq datasets, there is still a need to thoroughly compare 

methods used to separate mixed cell populations (deconvolution). 
Materials and Methods: This review highlights recent software and database improvements for processing 

RNA-Seq data, including steps like matching sequences to the genome, reconstructing RNA molecules, and 

measuring RNA abundance. 

Results: We examine how well different methods work under various experimental conditions and discuss 

important factors such as data quality, sequence alignment, data visualization, identifying gene expression 

differences, and data standardization. A novel approach is also introduced: an ensemble learning-based 

deconvolution method combining multiple techniques to improve accuracy, mitigate data contamination, and 

reduce errors. Our findings provide valuable guidance for using omics tools effectively and developing better 

analysis methods. This review offers detailed instructions for planning and evaluating Illumina sequencing 

experiments. 

Conclusion: We cover basic concepts, RNA-Seq analysis steps, computational workflows, and potential 

difficulties. 
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Introduction 

Recent technological advances have made it possible 

to measure different biological molecules quickly and 

accurately. This has led to extensive studies of genes, 

allowing scientists to compare how molecules vary 

under different conditions. RNA sequencing (RNA-

Seq) is a powerful method that accurately measures the 

RNA transcript level. It combines finding new RNA 

molecules with measuring their levels efficiently. 

However, variation in the results is a significant 

challenge due to different protocols. Therefore, we need 

to develop and follow detailed guidelines to help obtain 

reliable results.  

New sequencing technologies focus on studying 
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individual cells in genomics, transcriptomics, and 

epigenomics. For example, single-cell RNA 

sequencing (scRNA-Seq) can identify rare and 

complex cell types. 

Recent technological advances have made it possible 

to measure different biological molecules quickly and 

accurately through high-throughput methods. RNA 

sequencing (RNA-Seq) is a powerful technique for 

measuring RNA transcript levels, combining finding 

new RNA molecules and measuring their levels 

efficiently. It has become invaluable in biological 

research1,2. However, variation in the results is a major 

challenge due to different protocols. Therefore, we 

need to develop and follow detailed protocols and 

guidelines to help obtain reliable results3. In 

genomics, transcriptomics, and epigenomics, Next-

Generation Sequencing (NGS) technologies are 

increasingly focused on characterizing individual 

cells, with single-cell RNA sequencing (scRNA-Seq) 

being particularly valuable for identifying rare and 

complex cell populations. 

RNA sequencing (RNA-Seq) outperforms 

microarrays for studying gene activity because it can 

analyze all RNA molecules simultaneously (complete 

transcriptome sequencing) and offers a wide range of 

computational tools for mapping, assembling, and 

quantifying RNA sequences. In contrast, microarrays 

can only look at a limited set of RNA molecules, 

which gives limited profiling through hybridization. 

RNA-Seq is essential for detecting differentially 

modulated transcripts, splice variants, and non-coding 

RNAs (e.g., miRNA, lncRNA, pseudogenes). The 

large amount of information from RNA-Seq is 

valuable for many scientific domains, including 

toxicity prediction, mechanistic investigations, and 

biomarker discovery, ushering in a new era of 

molecular exploration4–6. 

Single-cell RNA sequencing (scRNA-Seq) is a 

revolutionary technique that explores tissue 

complexity and cell characteristics at the molecular 

level. Scientists can learn more about cell types, how 

cells respond to different conditions, and how genes 

are regulated by analyzing the transcriptome of single 

cells. This technology has become essential for 

answering many biological questions, including 

identifying distinct cell types, understanding cellular 

diversity in responses, revealing gene expression 

variability, and deducing gene regulation networks 

within cell populations. There are pipelines for 

computational and library-based scRNA-Seq data 

analysis  (Figure 1)7–10. These innovations will pave the 

way for a new era of genetic research and medical 

breakthroughs11. 

Properly planning an RNA-Seq experiment is important 

but often overlooked. A well-designed experiment is 

essential for answering biological questions accurately. 

Critical factors in RNA-Seq experiments include the 

choice of library type (single end/paired-end), 

sequencing depth (number of reads), and the inclusion 

of an adequate number of replicates for each condition. 

Transcriptome deconvolution is a technique to 

determine the types of cells in a tissue sample (RNA 

sample) based on the genes turned on or off in that 

sample (gene expression). This helps correct 

differences between samples. Scientists have developed 

computer programs to estimate the number of different 

cell types in a tissue sample using RNA-Seq data. This 

allows researchers to learn more from large studies like 

The Cancer Genome Atlas (TCGA) and the 

International Cancer Genome Consortium12,13. 

Sample collection: In the fast-paced world of scientific 

research, collecting and analyzing samples are crucial 

for understanding complicated phenomena, generating 

creative solutions, and pushing improvements across 

numerous disciplines. Traditional sample-collecting 

procedures have frequently been tedious, time-

consuming, and prone to human error. However, the 

introduction of computer analysis and strong 

computational tools has transformed how we approach 

sample gathering.  

By exploiting the potential of computational tools, 

researchers may simplify and optimize the collecting 

process, resulting in more accurate, efficient, and 

insightful studies 14,15. 

Advantages of computational technologies in sample 

collection  

Efficiency, Accuracy, and enhanced sample 

diversity: Computational technologies enable 

unparalleled speed and precision in sample collection, 

dramatically lowering human error and enhancing 

overall efficiency. Automated robotic systems with 

modern sensors and machine learning algorithms can 

accurately gather and handle samples with minimum 

human interaction. These technologies provide uniform 
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and repeatable data capture, avoiding the 

discrepancies commonly associated with manual 

collection 16–18. Furthermore, real-time data 

processing capabilities enable researchers to make 

instant tweaks or revisions throughout the gathering 

process, resulting in higher-quality data and more 

reliable analysis8,1920. 

Customized Sampling Techniques: Computational 

analysis offers a significant advantage in sample 

collection through the development of tailored 

sampling strategies. Advanced algorithms enable the 

optimization of sample acquisition based on specific 

research objectives and constraints. Researchers can 

employ computational tools to identify optimal 

sampling parameters within budgetary and temporal 

limitations21 by considering sample size, location, and 

frequency. This personalized approach ensures the 

collection of highly relevant and representative 

samples, enhancing the precision and impact of 

subsequent analyses22. 

Data-driven Insights: Computational analysis 

significantly accelerates the sample collection while 

enhancing data analysis capabilities. Advanced 

analytical techniques like machine learning and data 

mining can uncover latent patterns, correlations, and 

trends within collected samples. These derived insights 

facilitate predictive modeling, hypothesis formulation, 

and the generation of novel research directions23. 

 
Figure 1. Systematic flow chart of transcriptomics analysis, including Upstream and downstream analysis. 
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Researchers can maximize data utility and deepen 

their understanding of complex phenomena by 

integrating computational methods with traditional 

scientific inquiry. 

RNA extraction and cDNA library preparation: 

Continuous advancements in technology and 

methodology characterize the dynamic landscape of 

genetic research. Central to the elucidation of gene 

expression and regulation are RNA extraction and 

cDNA library construction. Computational tools have 

revolutionized these foundational processes, 

enhancing efficiency, accuracy, and reproducibility in 

genetic studies24. 

RNA extraction, a critical initial step in gene 

expression analysis, was traditionally laborious and 

error-prone. However, computational approaches 

have streamlined this workflow. Researchers can 

assess sample quality, detect contaminants, and 

optimize extraction protocols25 by analyzing raw 

sequencing data. This enables the consistent and rapid 

production of high-quality RNA, a prerequisite for 

subsequent downstream analyses26, 27. 

A) Optimizing cDNA Library Preparation: 

Constructing complementary DNA (cDNA) libraries 

is vital for investigating gene expression profiles. 

Historically, cDNA library preparation has been a 

challenging process that has often yielded biased and 

low-quality results. However, computational 

advancements have significantly improved cDNA 

library construction28. Sophisticated algorithms 

facilitate the optimization of primer selection, reverse 

transcription conditions, and experimental design, 

thereby mitigating biases and enhancing the 

representativeness of the final cDNA library. This 

technological progress empowers researchers to 

capture the full complexity of gene expression 

patterns accurately. 

B) Data Integration and Analysis: Computational 

tools are instrumental in streamlining RNA extraction, 

cDNA library preparation, and subsequent data 

integration and analysis stages. The vast quantities of 

genetic data generated necessitate sophisticated 

computational approaches to extract meaningful 

insights. By employing advanced bioinformatics 

methodologies, researchers can identify differential 

gene expression patterns, uncover complex regulatory 

networks, and correlate findings across multiple 

datasets29. Furthermore, integrating RNA-Seq data with 

other omics data types, such as proteomics and 

epigenomics, provides a holistic perspective on gene 

expression dynamics. 

C) Driving Scientific Discoveries: The synergistic 

interplay between computational tools and RNA 

extraction/cDNA library preparation has catalyzed 

groundbreaking discoveries across diverse scientific 

domains. Researchers are empowered to elucidate 

disease etiologies, investigate developmental 

processes, and identify potential therapeutic targets 

with unprecedented precision. Integrating 

computational methodologies with experimental 

approaches has accelerated research timelines, fostered 

reproducibility, and facilitated collaborative knowledge 

sharing within the scientific community30. 

Library preparation procedure care to reduce 

contamination for Transcriptome analysis on a 

molecular level  

The RNA-Seq sample preparation process is 

susceptible to biases, including mRNA enrichment and 

RNA fragmentation, which can compromise data 

accuracy. Adherence to rigorous laboratory protocols, 

encompassing sterile equipment and high-quality 

reagents, is essential to mitigate contamination and 

enhance data quality. Moreover, the complex 

composition of biological samples, such as tick organs, 

necessitates additional considerations, including 

applying complementary techniques like fluorescence 

in situ hybridization (FISH) to overcome interference 

and address potential contamination issues31. 

Recent advancements in computational capabilities and 

reduced sequencing costs have facilitated extensive 

genomic reconstruction from diverse sample types. 

However, the rapid accumulation of draft genomes has 

outpaced the capacity for comprehensive annotation 

regarding the recovery of microbial genomes from 

complex environmental samples. Ensuring the accuracy 

of these reconstructed genomes is essential for 

downstream analyses. CheckM2 is a state-of-the-art 

machine learning tool designed to assess the quality of 

microbial genomes, including those derived from 

isolates, single cells, and metagenomic-assembled 

genomes (MAGs)32. Distinguishing itself from its 

predecessor, CheckM2 accurately predicts genome 

completeness and contamination without relying on 

taxonomic information, especially excelling in 
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evaluating genomes from understudied lineages 

characterized by compact genome sizes.  

Contaminant data tools are crucial for maintaining 

data integrity in scientific research. Implementing 

extraction and no-template controls, coupled with 

advanced bioinformatic techniques, facilitates 

identifying and removing contaminant sequences. 

These rigorous measures ensure data reliability and 

enhance the overall quality of research outcomes33. 

Researchers should incorporate additional strategies 

to minimize contamination in RNA-Seq experiments, 

including control sequences, careful sample size 

estimation, and meticulous attention to batch effects. 

These precautionary steps collectively contribute to 

the generation of high-quality and reproducible data. 

Additionally, specialized bioinformatics tools and 

databases have been developed for detecting, 

removing, and verifying contaminants within whole 

genome sequencing (WGS) data (Table 1).   

Additionally, to mitigate potential contamination, 

sequences exhibiting significant homology to both the 

horse and human genomes were excluded from the 

analysis unless designated explicitly for human 

contamination filtering. All human matches, including 

potential paralogs, were retained as a conservative 

measure for Illumina sequencing data. Alternatively, 

putative horse sequences were filtered based on edit 

distance, excluding those more similar to the human 

genome (hg19) than the horse genome (EquCab2) to 

safeguard data integrity34. HTS of cDNA enables the 

identification of many RNA molecules in a cell or tissue 

at a particular temporal point. 

Next-generation sequencing: NGS has become the 

predominant technology for the sequencing and 

analysis of mRNA and small RNA due to its cost-

effectiveness and efficiency. Prominent NGS platforms 

include the Roche 454, Illumina Solexa, and ABI 

SOLiD systems48. 

NGS has revolutionized genomic research by enabling 

rapid and precise genome analysis. However, the 

massive volume of data generated presents significant 

computational challenges. Typically, NGS produces 

tens of millions of short sequence reads (100-200 base 

pairs) derived from longer DNA fragments (200-400 

base pairs)49. 

A primary advantage of computational techniques in 

next-generation sequencing is their capacity for 

managing large-scale datasets. The advent of high-

throughput sequencing technologies has enabled the 

generation of terabytes of sequencing data from a single 

experiment in a timely and cost-effective way50. 

Sophisticated computational tools are essential to 

analyze and interpret these immense datasets 

effectively. By leveraging parallel processing, 

Table 1: Major tools for Reducing contamination from RNA-seq data and genome data. 

Database Function-Based Contamination Reduction References 

Cleanseq Python-Based Pipeline 98% 35 

BLAST Python, Linux, And Windows Depending Upon Raw/Short 

Sequences 

36 

Burrows-Wheeler Aligner (BWA) Python/ Galaxy/ Cloudbiolinux 86.4% 37 

Sequence Alignment/Map (Samtools) Mac, Linux, Or Windows 60-80% 38 

The Genome Analysis Toolkit (GATK) Linux, Macos X, Java 1.8 97- 99% 39 

Checkm Python 90% 32 

Kraken Linux 98-99.1% 40 

Confindr Python-Based Pipeline Approximately 95.5% 41 

Fastq Screen Perl, Linux-Based Approximately  89.4% 42 

Mutscan R Package, C++ Detection And Remove 
Duplication 

43 

Decontaminer Perl 90% 44 

Microdecon R Package 98.1% 45 

Haplocheck Windows 97% 46 

Deconseq Perl, Linux/Unix, Or Mac O 64-72% 47 
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advanced algorithms, and optimized data structures, 

these tools facilitate extracting meaningful biological 

insights from raw sequencing data51. 

Additionally, computational tools exhibit remarkable 

versatility in processing next-generation sequencing 

data. Their functional repertoire encompasses various 

analyses, ranging from basic quality control and read 

alignment to complex tasks such as variant calling, de 

novo assembly, and transcriptome analysis. This 

flexibility allows researchers to tailor computational 

pipelines to specific research objectives39. Moreover, 

the seamless integration of these tools with existing 

bioinformatics infrastructure facilitates data 

management and interoperability. 

Moreover, computational methods are necessary to 

address the inherent challenges of NGS data, 

including sequencing errors, biases, and complex 

genetic variants. Advanced algorithms and statistical 

models facilitate identifying and correcting 

sequencing inaccuracies, mitigating library 

preparation biases, and precisely detecting genetic 

variations such as single nucleotide polymorphisms 

(SNPs), insertions, deletions, and structural variants. 

Moreover, these computational approaches enable the 

functional characterization of genetic variants by 

assessing their impact on protein structure, gene 

expression, and disease phenotypes52, 53. 

Interestingly, computational technologies have 

significantly contributed to the democratization of 

genomic research. User-friendly interfaces, 

comprehensive documentation, and active online 

communities have facilitated accessibility to NGS 

technologies and complex data analysis for 

researchers with diverse backgrounds54. This 

democratization fosters collaboration, knowledge 

sharing, and accelerated scientific discovery, 

ultimately advancing our understanding of the genome 

and driving the development of personalized 

medicine. These tools are crucial collaborators in the 

era of next-generation sequencing. Their capacity to 

manage vast datasets, their versatility in data 

processing, and their proficiency in addressing NGS-

specific challenges position them as invaluable assets 

in genomic research. By harnessing the power of 

computational tools, researchers can fully exploit the 

potential of NGS data, driving groundbreaking 

discoveries and transformative applications across 

diverse fields39. 

The rapid advancement of sequencing technology has 

led to the development of multiple next-generation 

sequencing platforms. A standard workflow for data 

analysis and processing, often utilizing publicly 

available bioinformatics tools, is depicted in Figure 1. 

These platforms generate vast quantities of short-

sequence reads at high speed. For instance, the 

Illumina-Solexa system can produce approximately 50 

million short reads (30-50 nucleotides) in 

approximately three days55. The ABI-SOLiD system 

offers comparable throughput using a different 

technology56., while the Roche-454 system generates 

fewer but longer reads. The sequencing throughput 

continues to increase rapidly, highlighting the dynamic 

nature of this field57. 

Raw Data Processing and Quality Assessment: The 

transcriptomic RNA-seq data processing can be divided 

into three steps. 

Quality control (QC): Data excellence is crucial in 

bulk and single-cell RNA sequencing analyses 58. Bulk 

RNA sequencing entails evaluating RNA quality, with 

subpar samples excluded from sequencing. The quality 

of initial sequencing data is assessed through 

parameters like read count and read quality scores. An 

essential metric is the mapping quality score, indicating 

the likelihood of post-read alignment misplacement and 

providing an overall data quality measure. This 

assessment covers per-base and per-sequence quality, 

duplicate identification, GC content, and the detection 

of overrepresented sequences or adapters. Notable tools 

for swift diagnostics include FastQC (for Illumina) and 

NGSQC (platform-independent). Subsequently, the 

removal of low-quality reads and bases, as well as 

adapter trimming, can be efficiently executed using 

tools such as FASTX-Toolkit and Trimmomatic59. 

Mapping: In RNA-seq studies, data can be aligned to 

the genome or a pre-existing transcriptome. Genome 

alignment is chosen when the aim is to discover new 

isoforms, enhancing our understanding of gene 

expression diversity. For a typical high-quality human 

sample library, >70% of the mapping rate to the human 

genome is expected. TopHat2   and STAR  are popular 

algorithms (spliced aware mapper, i.e., accounting for 

splice junctions during mapping) for genome 

mapping60. Meanwhile, transcriptome-based mapping 

can be performed using bowtie2/bwa61,62vav. 
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Transcriptome-based mapping yields a lower 

percentage of reads mapped due to a lack of sequences 

of unannotated transcripts. When a reference genome 

is unavailable (for non-model organisms) or 

incomplete, de novo transcriptome assembly should 

be performed. RapMap gives rapid results; more ever, 

it is a sensitive and accurate tool for mapping RNA-

seq reads to transcriptomes63. Trinity64, Oases65, and 

SOAP denovo-Trans66 are popular algorithms for 

transcriptome assembly. Longer reads or paired-end 

reads will aid in the de novo assembly. All the reads 

from multiple samples should be combined, and then 

the combined assembly is done to generate the 

reference set of contigs. These reference contigs can 

be used for mapping, expression quantification, and 

comparison across different groups. 

Quantification: The important step in RNA-seq data 

analysis is to estimate gene and transcript abundance. 

HTSeq 2.0  or featureCounts67,68, quantify the 

abundance by aggregating the number of mapped reads 

in each exon (determined by Gene Transfer Format 

[GTF] file), as desired. In addition to aggregating the 

raw counts, various per-sample normalization methods 

have been developed to account for feature-length and 

library sizes. RPKM (reads per kilobase of exon model 

per million reads), FPKM (Fragment per kilobase of 

exon model per million reads), and TPM (Transcript 

Per Million) are common measures of expression 

provided by various analysis tools: cufflinks69, RSEM70, 

eXpress71 and Kallisto. FPKM is used for paired-end 

read sequencing, and RPKM is used for single-end 

reads. 

Meanwhile, unlike RPKM, TPM skips normalization 

for gene length after sequencing depth normalization. It 

makes the sum of all TPMs in all samples the same and 

aids in comparing expression profiles among different 

samples. Transcript abundance is computed as an 

average of a normalized abundance of exons in the 

transcript. 

Besides, RNA-Seq by Expectation-Maximization 

(RSEM) software is precise and easy to use for 

calculating transcript abundances from RNA-Seq 

data70. Additionally, RSEM has provided invaluable 

advice for the economical design of quantification 

experiments using the currently pricey RNA-Seq 

technology. With de novo transcriptome assemblies, it 

is especially helpful for quantification because it does 

not rely on the existence of a reference genome. 

Transcriptome analysis and list of the most 

commonly used bioinformatics pipelines/resources:  

RNA-seq analysis can be grouped into two types: those 

using a reference genome and those not relying on one. 

Regardless of the approach, the RNA-seq workflow 

consists of four main stages: aligning and assembling 

the data, quantifying it, normalizing, and performing 

differential expression (DE) analysis, which helps 

identify the genes showing differing expression 

between two sets of samples (Figure 2)73. The software 

and input files needed vary for each phase depending 

on the specific analytical method chosen. Noteworthy 

pipelines and their alternatives can be found in Table 2.  

 
Figure 2. A systematic flow chart representation of the six procedures for RNA-seq analysis was compared. 
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Phase 1, the alignment and assembly phase, begins 

with data files in the FASTQ format containing raw 

sequenced reads74. This involves aligning these reads 

to a reference genome and linking them to transcripts. 

The software tool HISAT75, an advanced version of 

TopHat76, is widely used due to its efficiency and 

lower computing requirements than STAR. These 

programs use unique algorithms to accurately align 

the reads to neighboring exons in the reference 

genome, enhancing the mapping success. They can 

even work with incomplete reference genome 

annotations by filling the gaps and assembling exon-

intron structures. Given the massive data generated, 

specialized algorithms are needed for mapping short 

sequences to the genome, where tools like BLAST and 

BLAT fall short36. Several recent programs utilize 

techniques like hashing and short key indexing, with 

MAQ standing out as the top choice due to its time-

saving, contamination reduction, and low error rate77. 

Check Table 3 for a rundown of these essential tools. 

Phase 2, in the first step, gene expression levels are 

assessed by analyzing how sequencing reads align 

with the reference genome. This crucial process 

provides insights into the activity of genes and their 

transcripts, forming a foundational step in genomic 

research. Commonly used quantification tools include 

Rcount, HTseq68, StringTie75, and Cufflinks69. Table 2 

Gene expression analysis tools can be categorized into 

two groups, hinging on the assessment criteria of either 

counts or FPKM values. Tools like Rcount, HTseq, and 

Kallisto operate based on counts, while StringTie and 

Cufflinks rely on FPKM values. Both HTseq and 

Rcount exclusively tally reads uniquely mapped to a 

single gene, discarding those aligned to multiple 

positions or overlapping with more than one gene. This 

dichotomy in evaluation methods enhances precision 

and diversity in gene expression studies, providing 

scientists with powerful options for their research 

endeavors68, while Rcount assigns weights to each 

alignment of a multiread75. Therefore, Rcount is better 

at counting multireads and gene-overlapping regions.  

Phase 3, normalization step in which a matrix of 

expression values can be modeled to determine which 

gene or transcript features are likely to have altered 

expression levels. This step may have a major impact 

on the results of the DE analysis. 

In phase 4, the primary task in RNA-seq data analysis 

is to identify shifts in gene expression.  

Table 2: List of bioinformatics pipelines/resources for transcriptome analyses, mapping sequences, reconstruction and 

quantification. 

Method Tools Data input format References 

 

Mapping Sequences 

STAR FASTA or FASTQ 84 

Stringtie Gene Transfer Format (GTF) 75 

ZOOM FASTA, FASTQ, CFASTA 83 

MicroRazerS FASTA 100 

TopHat FASTA, FASTQ, GFF 76 

SpliceMap FASTA, FASTQ 102 

RNA-Mate CFASTA 103 

mrsFAST FASTA, FASTQ 104 

VASA-seq single cell 99 

Reconstruction 

Cuffl inks Galaxy (function) 69 

eXpress FASTA 105 

StringTie multi-FASTA 106 

VASA-seq single cell 99 

Quantifications 

RSEM FASTA, FASTQ 70 

Sailfish FASTA 107 

Express FASTA 105 

Alevin-fry sc/snRNA 108 

VASA-seq single cell 99 
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Once gene and transcript expression levels are 

approximated, statistical methods are applied to 

pinpoint variations in expression across different 

experimental groups, helping to distinguish genuine 

gene expression changes from random fluctuations. 

These tests evaluate the significance of changes based 

on specific assumptions about random errors' 

distribution, distinct from errors linked to 

experimental variables, and these cannot be rectified 

through normalization. Key software tools for this 

analysis stage include DESeq295, edgeR96, limma, 

Ballgown61, Cuffdiff97, and Sleuth98. 

VASA-seq is a cutting-edge technique for single-cell 

transcriptome analysis. Its exceptional sensitivity, 

complete RNA coverage, and high throughput make it 

a standout method. VASA-seq's efficient RNA 

processing and compatibility with various 

experimental setups, including plate-based and droplet 

microfluidic, enhance its applicability. Notably, it has 

provided valuable insights into alternative splicing 

during mammalian development, shedding light on 

critical processes like blood development and heart 

morphogenesis99. VASA-seq is compatible with plate-

based and droplet microfluidic systems, making it 

highly versatile. Importantly, it provides 

comprehensive insights into alternative splicing, 

particularly in critical biological processes such as 

blood and heart development99. The specialized tool 

MicroRazerS offers a fast and flexible solution for 

mapping small RNA sequences to reference genomes, 

outperforming traditional methods like MegaBLAST in 

speed and efficiency100. 

For small RNA analysis, MicroRazerS100 is a 

specialized tool designed for mapping sequences onto 

reference genomes. It offers a significant speed 

advantage over traditional methods like Mega BLAST 

while maintaining comparable accuracy. 

MicroRazerS's enhanced sensitivity, manageability, 

Table 3: Tools and databases used for illumine seq data preparation and assessment. 

Data BASE Link Function-based Reference 

RMAP http://rulai.cshl.edu/rmap/ Python 78 

MAQ http://maq.sourceforge.net C++, Perl 79 

CloudBurst http://cloudburst-bio.sourceforge.net/ Python 80 

SeqMap http://biogibbs.stanford.edu/~jiangh/SeqMap/ Linux 81 

SHRiMP http://compbio.cs.toronto.edu/shrimp/ Linux 2.6 82 

ZOOM http://www.bioinfor.com/zoom Desktop application 83 

SOAPv1 https://github.com/aquaskyline/SOAPdenovo-Trans command-driven program 66 

PASS- http://pass.cribi.unipd.it/ Command-line tool 84 

MOM http://mom.csbc.vcu.edu/ Command-line tool 85 

NovoAlign http://www.novocraft.com/ Command-line tool/Linux-64, OSX-64 86 

ProbeMatch http://www.cs.wisc.edu/~jignesh/probematch/ Command-line tool 87 

BFAST http://genome.ucla.edu/bfast Command-line tool/ GPL-3.0 88 

NovaSeq 6000 https://www.illumina.com/systems/sequencing-

platforms/novaseq.html 

command line  instrument 89 

SOAPv2 http://soap.genomics.org.cn/ Command-line tool 66 

Trans-Abbys https://www.bcgsc.ca/resources/software/trans-

abyss 

Galaxy/ CloudBio Linux 90 

BUSCO https://busco.ezlab.org/ Command-line tool 91 

DOGMA https://domainworld-services.uni-

muenster.de/dogma/ 

Web application 92 

TransRate https://github.com/blahah/transrate Command-line tool 93 

CD-HIT http://weizhongli-lab.org/cd-hit/ Linux, C++ 94 
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and adjustability contribute to its effectiveness in 

small RNA analysis. 

Overcoming the Challenge of Duplicated Genomic 

Regions in RNA Sequencing: Analyzing large RNA 

sequencing datasets presents a challenge with 

duplicated genomic regions, which can complicate the 

accurate alignment of sequencing reads due to 

multiple suitable alignment sites. This ambiguity can 

lead to inaccurate quantification of genes or 

transcripts. As a result, various methods have been 

developed to address the presence of multireads, each 

requiring distinct strategies for precise 

quantification(summarized in Table 2) 101.  

Downstream analysis 

A) Analyzing the Functional Relevance of 

Differentially Expressed Genes and Gene Modules: 

Understanding the functional significance of 

differentially expressed genes (DEGs) and gene 

modules is essential for interpreting RNA-Seq data. 

By analyzing pathways (like KEGG)109,  Gene 

Ontology terms, and existing gene signatures such as 

MSigDB, GeneSigDB, and DSigDB, researchers can 

identify the biological processes, molecular functions, 

and cellular components associated with these genes. 

Statistical tests like Fisher's exact and KS tests are 

commonly used to determine if a particular module is 

enriched for genes related to a specific function110. For 

DEGs from RNA-Seq data, GO-seq is a recommended 

tool that addresses gene length bias, providing more 

accurate identification of differentially expressed 

genes. 

B) Analyzing gene modules and interactions and 

Biological Systems: Genes do not function in 

isolation; other genes influence their activities within 

the cell. Transcription factors, for example, regulate 

the expression of downstream genes. Effective gene 

collaboration is essential for various cellular 

processes, including DNA replication, growth, and 

cell death. To understand these interactions, 

researchers systematically analyze biological systems. 

By identifying sets of genes associated with specific 

biological conditions using techniques like clustering, 

biclustering, and differential network analysis, they 

can uncover functional relationships and gain insights 

into the complex interplay of genes within cells111. 

C) Clustering and Network Analysis in 

Bioinformatics: Clustering is an unsupervised 

machine-learning technique to group similar data 

points. Bioinformatics commonly identifies patterns 

within gene expression data, such as grouping genes 

with similar expression profiles or clustering samples 

based on their shared characteristics. Hierarchical 

clustering and K-means clustering are two widely used 

algorithms for this purpose112. 

Biclustering is a dynamic approach different from 

traditional clustering in that it identifies groups of genes 

and samples that are co-expressed or co-regulated. 

Unlike traditional clustering, biclustering considers 

gene and sample dimensions simultaneously, allowing 

for the discovery of hidden patterns and relationships 

within large datasets. The Biclustering package113  

provides researchers with various biclustering 

algorithms to explore different types of biclusters, 

offering valuable insights into complex biological 

systems114. 

Differential network analysis is a supervised machine 

learning technique used to identify changes in gene 

coexpression patterns between different conditions or 

time points. Analyzing gene expression data can reveal 

new and evolving relationships between genes, such as 

discovering changes in musical harmonies over time. 

Differential network analysis provides valuable insights 

into the dynamic nature of biological systems and helps 

researchers understand how gene interactions change in 

response to various stimuli or conditions115,116 

(D) functional annotations and pathways inferences: 

Metabolic pathways can be enriched with insights from 

leading databases and web servers. KEGG 

(https://www.genome.jp/kegg/) offers a pathway 

analysis tool that aids researchers in interpreting gene 

lists within a biological context. This platform provides 

valuable insights into the roles of genes and proteins 

within intricate cellular networks109, METACyc 

(https://metacyc.org/) contains metabolic pathways and 

enzymes spanning many organisms. It is invaluable for 

studying metabolic processes and uncovering metabolic 

pathway associations within different biological 

systems117. MetaboAnalyst 

(https://www.metaboanalyst.ca/) is an advanced web 

application that enables metabolomics data analysis. It 

assists researchers in comprehending complex 

metabolic profiles, identifying biomarkers, and 

extracting meaningful insights from large datasets118. 

Metascape (https://metascape.org/gp/index.html) is a 

https://www.genome.jp/kegg/
https://metacyc.org/
https://www.metaboanalyst.ca/
https://metascape.org/gp/index.html
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web server for gene annotation and functional 

enrichment analysis. It aids in identifying enriched 

biological functions, pathways, and processes within 

gene sets, allowing researchers to glean deeper 

insights into the functional implications of their 

data119. PlantCyc (https://plantcyc.org/) is a curated 

database on plant metabolic pathways and enzymes. It 

offers a comprehensive resource for studying plant-

specific metabolic processes, contributing to a better 

understanding of plant biology and biochemistry; 

Reactome (https://reactome.org/) for human's 

knowledgebase of biological pathways and reactions, 

catering to diverse organisms. Its pathway analysis 

tool aids researchers in unraveling the 

interconnectedness of genes and proteins, shedding 

light on complex cellular mechanisms, plant reactome 

for plants120, MonaGO (https://bio.tools/monago) 

identifies significant Gene Ontology terms, 

highlighting essential biological functions, 

WikiPathways (https://www.wikipathways.org/)121 

similarly Gene Set Enrichment Analysis (GSEA) 

available at https://www.gsea-

msigdb.org/gsea/index.jsp122, Cytoscape 2.0 

(https://cytoscape.org/) Cytoscape visualizes 

molecular networks, clarifying complex interactions 

in pathways9,123, similary  genome.jp 

(https://www.genome.jp/), Pathway Commons 

(pathwaycommons.org) aggregates pathway data, 

simplifying exploration of intricate networks, BioCyc 

(https://biocyc.org/) encompasses diverse organisms' 

pathways, offering comprehensive insights17,124–126, 

Human Protein Reference Database 

(https://www.hprd.org/) HPRD offers comprehensive 

information on human proteins, including their 

interactions, post-translational modifications, and 

associated diseases. It contributes to our 

understanding of protein functions in health and 

disease127. HumanCyc (https://humancyc.org/) 

focuses on metabolic pathways and enzyme-catalyzed 

reactions in humans, and It aids researchers in 

exploring the intricate metabolic processes occurring 

within the human body128, and the NextProt platform 

(https://www.nextprot.org/) 7,15,27,129. These resources 

provide comprehensive information through 

enrichment analysis, offering valuable insights into 

specific pathways. Among the databases and web 

servers listed, KEGG is a leading resource for 

pathway enrichment analysis, offering valuable insights 

into the biological pathways of various organisms. 

Reactome, in contrast, is influential in delivering 

detailed information on gene expression, focusing on 

human biology. Both databases are essential for 

understanding complex biological processes, but each 

specializes in distinct research areas. 

Gene ontology and pathway analysis: The Gene 

Ontology (GO) knowledgebase is a vast hub of gene 

function information vital for humans and machines. It 

is crucial for analyzing extensive molecular biology and 

genetics experiments in biomedical research 

(http://geneontology.org/) 130. similarly, The Generic 

GO Term Finder 

(https://go.princeton.edu/GOTermFinder/GOTermFind

er_help.shtml) is a user-friendly tool that quickly 

identifies significant GO terms shared among a list of 

genes from any organism. With the modern LAGO 

implementation and the GO Term Mapper, users can 

gain further insights into functional relationships 

between genes and bin genes into broad categories 

similar to BUSCO (https://busco.ezlab.org/) and 

OrthoFinder 

(https://github.com/davidemms/OrthoFinder)131. These 

tools are essential to any researcher or 

bioinformatician's toolkit for analyzing gene function 

and relationships. However, the most common use is 

PantherDB (https://pantherdb.org/)132. Nevertheless, 

KEGG, METACyc, Reactome, WikiPathways, 

Pathway Commons, and BioCyc provide 

comprehensive insights into molecular interactions, 

cellular processes, and organismal pathways, aiding 

researchers in understanding gene and protein roles 

within complex biological networks. 

Conclusion 

Transcriptomic studies continue to be a cornerstone of 

biomedical research. This review emphasizes the 

significance of robust analytical approaches for 

interpreting transcriptomic data. By highlighting the 

importance of careful experimental design and the use 

of advanced data analysis techniques in addition to 

summarization of different deconvolution methods and 

ensemble learning approaches, this review contributes 

to improving the accuracy and reliability of 

transcriptomic analysis. The insights offered in this 

https://plantcyc.org/
https://reactome.org/
https://bio.tools/monago
https://www.wikipathways.org/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://cytoscape.org/
https://www.genome.jp/
https://biocyc.org/
https://www.hprd.org/
https://humancyc.org/
https://www.nextprot.org/
http://geneontology.org/
https://go.princeton.edu/GOTermFinder/GOTermFinder_help.shtml
https://go.princeton.edu/GOTermFinder/GOTermFinder_help.shtml
https://busco.ezlab.org/
https://github.com/davidemms/OrthoFinder
https://pantherdb.org/
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paper will be instrumental in advancing our 

understanding of gene expression and its role in health 

and disease. 
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