



Unlocking the Potential of Nanopore Sequencing: Principles, Advances, and Challenges


[bookmark: _GoBack][image: ]
Abstract 
DNA sequencing is nowadays considered as the most effective technique for detecting genetic differences among populations of a species at the molecular level. There are 3 (Three) generations of sequencing available, which can be efficiently utilized to determine genetic variations. Among all the generations of DNA sequencing, nanopore sequencing technology is anticipated to attain all the standard goals of molecular biology. Deamer, Branton, and coworkers in 1961 first demonstrated the DNA translocation using the α-hemolysin nanopore. In 2014, Oxford Nanopore Technologies' MinION sequencer, a cutting-edge revolutionary sequencing prototype, flourished in pre-release form. This device is capable of reading mega-bases and has a streaming mode of operation allowing real time read processing. By electrophoretically forcing molecules in solution via a nanoscale pore, a nanopore-based device provides analytical capabilities and aids in single-molecule detection. The ability of nanopore sequencing to enable long reads, real-time outcomes, and flexibility makes it a versatile tool, although challenges like data processing and its accuracy can still be inconsistent. This review highlights the history of nanopore technology, technological advancements to the time to improve the accuracy, coverage and utility in vast areas.
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Introduction:
A single DNA molecule is used in the third-generation sequencing method known as nanopore sequencing. Oxford Nanopore Technologies (ONT) created MinION, the first nanopore sequencer, which eventually makes fundamental and applied scientific research easier (Deamer et al., 2016 and Jain et al., 2016). This technique uses a protein called a "nanopore" at those functions as a biosensor and is embedded in a polymer membrane that is electrically resistive. (Deamer et al., 2016 and Van Dijk et al., 2018). In contrast to conventional sequencing techniques, nanopore sequencing generates data without the use of chemical tagging or amplification by using biological or solid-state nanopores to detect nucleotides as they move through the pore.
The movement of negatively charged single-stranded DNA or RNA molecules from the negatively charged cis side of the nanopore to the trans side is guided by the voltage in the electrolyte solution. The speed at which a molecule can travel is determined by the motor protein, which also possesses helicase activity that degrades double-stranded DNA or DNA-RNA hybrids and controls the translocation of single-stranded molecules. The goal of sequencing has long been to use a voltage-biased nanoscale pore in a membrane to measure the passage of a linear, single-stranded (ss) DNA or RNA molecule through that pore (Deamer et al., 2016).
The base sequences of the molecule are decoded using computer algorithms on real time basis. The review delves intothe core principles of nanopore sequencing technology, recently developed data analysis methods, and the challenges and future prospects. This technology has strong promise for the transformation of genomic research and precision medicine in years to come.
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Fig.1. Schematic diagram of Nanopore sequencing technology

The fundamentals of nanopore sequencing:
Nanopore sequencers, which first appeared in fourth-generation sequencing technology, have several advantages, including quick detection, real-time detection, and portability. As industry demands for DNA sequencing advancement, nanopore sequencing technologies have emerged as the next-generation sequencing technology. Nanopore sequencers have advanced in terms of technological performance, usability, and functionality after more than a decade of development.
Nanopore sequencing technology detects the base sequence of DNA, RNA, or single protein molecules directly, eliminating the need for PCR, GeneChip, or other biological amplifications. Its sample preparation is simple and rapid single-molecule detection can save time and widen the field of scientific inquiry. The interaction of a single nucleic acid molecule with biological or artificial hybrid nanopores resulted in the measurement of the alteration of the ionic current going through the nanopore, causing the molecule to migrate within it. A base can then be recognized using the discrete signal in the signal sequence. Electrophoresis is then utilized to force the polynucleotide strand through the nanopore, allowing the sequence to be read.
The thorough sequencing of biological polynucleotides is made possible by the capacity to precisely identify DNA and RNA bases while moving transversely to the pore complex. To broaden the range of potential applications and take into account the implications of nanopore technology, a discussion on how to enhance the detection signal in four different ways is given, along with a straightforward description of this nanopore signal sequencing detection (MacKenzie & Argyropoulos, 2023). The overall goal is to reduce noise and enhance the signal for writing, speeding up reading, or enabling a more informative polynucleotide capture. 
History and technological advancement of nanopore:
In the year 1980s the idea behind the nanopore sequencing was came into view. In 1998, Church and Deamer et al. submitted a patent proposal that suggested sequencing DNA using nanopore sensors. Stochastic sensing, a method that monitors the change in a current of ions that passes through a nanopore to assess the concentration and identification of a material, was independently developed by Hagan Bayley's team in the 1990s and served as another basis for nanopore sequencing.
The coupled motor protein and the nanopore are the two key components of this technique (Deamer et al., 2016; Yang et al., 2013; Maitra et al., 2012; Leggett et al., 2017; Noakes et al., 2019 and Branton et al., 2008). Isolated from Staphylococcus aureus, the structure of α-hemolysin, the first nanopore, provides information about the principles of membrane interaction and the transport activity of toxins that form β barrel pores. It also shows that a region of a water-soluble protein that is solvent-exposed and rich in glycine can self-assemble to form a transmembrane pore with a specific structure,
and validates the α-hemolysin oligomer's heptameric subunit stoichiometry (Deamer et al., 2016 and Song et al., 1996), exhibited detectable change in ionic current by DNA and RNA (Akeson et al., 1999 and Similar results to α-Hemolysin were obtained by another constructed a nanopore known as Mycobacterium smegmatis porin A (MspA) (Butler et al., 2008 and Derrington et al., 2010), which showed stability against environmental stressors. Additionally, MspA possesses a narrow and short channel constriction, which is intriguing for DNA sequencing since it could allow for better characterization of brief ssDNA molecule segments that are interwoven through the pore (Butler et al., 2008).
[bookmark: _Hlk98830713]Signal-noise ratio can be upgraded by integrating processive enzymes that reduces the speed of the single stranded molecule through nanopore (Benner et al., 2007; Hornblower et al., 2007 and Cockroft et al., 2008). Regulated flow of single RNA or DNA strands is made possible by linking nucleic acid processing enzymes to nanoscale holes (Lieberman et al., 2010 and Cherf et al., 2012). Because of its exceptional processivity and strong affinity for DNA substrates, the bacteriophage phi29 DNA polymerase (phi29 DNAP) is a desirable choice for this technology. Previously conducted DNA translocation test was badly managed (Butler et al., 2008 and Derrington et al., 2010) but with the incorporation of motor protein, data quality was improved by regulating thekinetics in the translocation process. The first nanopore sequencer MinION (Mason and Elemento, 2012) was launched in 2014 by ONT and in the year 2015, it became commercialized (Jain et al., 2016).Other nanopore-based sequencing platforms exist in addition to ONT, including the nanotag-based real-time sequencing by synthesis (Nano-SBS) technology from Genia Technologies, the optipore system from NobleGenBiosciences, and the sequencing by electronic tunneling (SBET) technology from Quantum Biosystems(Wang et al., 2015)ONT is the main focusing area of this review because it has wide applications in most of the peer-reviewed journals.
The ONT system has been continuously modified to create eight different versions that include R6 (June 2014), R7 (July 2014), R7.3 (October 2014), R9 (May 2016), R9.4 (October 2016), R9.5 (May 2017), R10 (March 2019), and R10.3 (January 2020). The Escherichia coli derived Curlin sigma S-dependent growth subunit G (CsgG) nanopore helps to attain more sequencing yield and accuracy in R9 (~87%) compared with R7 (~64%) (Minei et al., 2018) R9 nanopore possesses ~250 bases per s translocation speed; whereas the translocation speeds of R7 are ~70 bases per s (Carter et al., 2017). 
Greater amount of sequencing accuracy i.e ~85–94% (Wick et al., 2019; Gong et al., 2018; Brickwedde et al., 2018and Helmersen and Aamot, 2020) and faster sequencing speed i.e upto 450 bases per s can be achieved by incorporating mutant version of CsgG and a new motor enzyme into R9.4 nanopore. Single DNA molecule was sequenced twice by applying 1D2 sequencing strategy in R9.5 nanopore. There is a problem in sequencing of long homopolymers in R9.4 and R9.5. The problems in sequencing with the homopolymers can be resolved by integrating two sensing regions known as reader heads so to get greater accuracy in R10 and R10.3 (Tytgat 	 et al., 2020 and Huang et al., 2021). The latest R10 flow cell was created especially to increase the consensus accuracy of homopolymers.
Strategies for accuracy improvement:
Motor protein and nanopore, are not the only targets but different types of approaches were adopted for obtaining higher accuracy. By sequencing each dsDNA many times, better quality of the data can be obtained. This is like the ‘circular consensus sequencing’; the sequencing strategy for the long reads of single molecule used in Pacific Biosciences (PacBio) (Rhoads and Au, 2015). Each dsDNA molecule was previously sequenced twice as the basis for ONT sequencing. In this 2D library production method, a hairpin adaptor ligated the two strands of dsDNA, and a motor protein guided the template strand. The template strand, hairpin adapter, and second complementary strand make up the transfer sequence from the cis side of the nanopore to the trans side
(Weirather et al., 2017).1D reads consist of template and complement reads (without hairpin sequence), whereas 2D read is the consensussequence generated from 1D reads. 2D reads has higher accuracy compared to 1D reads. Taking example of R9.4 nanopore, 2D read has accuracy of 94% whereas 1D read has 86% (Gong et al., 2018).In1D2method ligation of special hairpin adapter occurs to each strand individually of dsDNA.ONT combined the R9.5 nanopore technique with the 1D2 method in 2017.
There is an advantage of using the special adapter. A similar consensus sequence for the dsDNA in the 2D library is produced more than 60% of the time when the complement strand is captured through the same nanopore as the template strand. There is up to 95% accuracy can be obtained using 1D2 method in R9.5 nanopore (Seki et al., 2019). There is a problem in 1D2 library. The complement strand does not come after the template strand; as a result, generation of faulty consensus sequences occurs. The 2D and 1D2 libraries are no longer supported by ONT.
ONT only provides 1D DNA sequencing these days. Each strand of dsDNA is merged with an adaptor in the 1D approach, and sequencing is carried out separately for each strand.The development of various models and new base-calling algorithms has increased the accuracy of the data(Rang et al., 2018). 
Increasing read length:
[bookmark: _Hlk94811468]The read length in ONT sequencing depends on the molecular size and the physical process of nucleic acid movement (Gong et al., 2019). ONT possess low accuracy and very high read length. Around 2.273 megabases (Mb) of reads were obtained in 2018 (Payne et al., 2019). For ONT sequencing, high-molecular-weight (HMW) DNA was isolated and purified utilizing a variety of techniques. such as phenol-chloroform extraction was employed, along with the Monarch Genomic DNA Purification kit (New England Biolabs), the NucleoBond HMW DNA kit (Takara Bio), and the MagAttract HMW DNA kit (QIAGEN) for magnetic beads (Quick and Loman, 2019). After extracting high-molecular-weight DNA, shearing the DNA can be done in the method of sonication, needle extrusion and transposae cleavage to get particular sizes of the fragment. Overrepresented small fragments provide lower yield in sequencing because of two reasons-i) adapter ligation efficiency is higher to the small fragments and ii) translocation efficiency is also higher through the nanopore. To overcome with this, different size selection methods were used.
In 2017, the read length obtained was <800kb. With the gradual upgradation in the method of library preparationand nanopore technology, reads up to 2.273Mb was secured in the year 2018 (Payne et al., 2019). In 2014, the very first of MinION discovery, read length was only ~23kb (Deschamps et al., 2018). In 2018, improvement in read lengths has been done due to extraction of HMW DNA and selection of appropriate sizes. But there is inverse relation between the yield and read length. So, the HMW DNA possesses low sequencing yield.
Sequencing of RNA:
Native RNA molecules have also been sequenced using ONT device (Garalde et al., 2018). For thislibrary preparation strategy is different. Adapter ligation in the native RNA follows primer ligation at the 3′ end of the RNA. Another technique involves first converting RNA to cDNA through reverse transcription, after which an adaptor is attached to the RNA-cDNA duplex.
In the first case, sample manipulation is less so time requirement is also less compared to the later on. The latter approach gives increase in yield as because the library is more stable in this case.RNA strand only goes across the nanopore in both the cases. So, generation of consensus sequence does not take place in the direct sequencing of RNA molecules. RNA sequencing gives lower accuracy (83-86%) (Keller et al., 2018 and Pitt et al., 2020) in comparison with DNA sequencing. Directly cDNA can be sequenced by ONT platform without the requirement of PCR amplification. This method eludes the biasness of PCR amplification. It has disadvantages like requirement of higher inputs and library preparation time. Gene isoforms can be identified and quantified using ONT sequencing of RNA, cDNA and PCR-cDNA (Chen et al., 2021).

Throughput increment:
Not only sequencing length and accuracy but also throughput is one of the key points to think in the case ONT sequencing technique. To satisfy the different project requirements, numbers of platforms has been issued by ONT.Throughput has increased from hundreds of megabases upto ~10–15 gigabases in the current time. Read length of R6 nanopore is ~30bases per s. But in the case of R9.4 nanopore it is increased upto 450bases per s. All of these is possible due to faster chemistry, prolong run time and initiation of Rev D ASIC chip. Other than MinION, there is another device PromethION which have both higher number of flow cells and nanopores per flow cell. Single PromethION flow cell yields 153Gb and this is achieved due to sequencing speed of ~430bases per s (Nicholls et al., 2019). Reads about 1,000,000 (1-3Gb) has been obtained in direct RNA sequencing per MinION flow cell. It possesses ~70bases per s sequencing speed which is very low compared to DNA sequencing by MinION.
Analysis of data:
In case of ONT, improvement in base calling, base modification analysis and post assembly rub up were done by finer application of the ionic current signal. For considering increase in error rate, long read lengths were used by different tools. The operating software for ONT devices, MinKNOW, controls data acquisition, sequencing parameter adjusting, sample tracking, real-time data analysis, local base calling, and the output of binary data files in the fast5 layout to collect large amounts of data and read details. This type of fast5 format helps in accessing the details information in a piecewise and nested manner from the multifaceted data. One type of previous versions of MinKNOW is single-fast5 which holds single file of fast5 for each of the single read whereas multi-fast5 is the improved versions of software which keeps one fast5 file for multiple numbers of reads. At the time of performing sequencing experiment if we do base-calling mode then two types of output can generate i.e fast5 and fastq. For compression/decompression of data, alteration betweensingle-fast5 and multi-fast5 format, the ont_fast5_api software is used. Other than official ONT tools different types of third-party software packages (Leggett et al., 2016) are there for different purposes like for conversion of fast5 files into fastq files NanoR (Bolognini et al., 2019) software is there. Poretools (Loman and Quinlan, 2014), NanoPack (De Coster et al., 2018) and PyPore (Semeraro and Magi, 2019) softwares can be used for visualization and investigation of raw ONT data.
Base calling:
Base calling is a technique that uses the electric signals generated by each nucleotide to infer the base sequence of DNA.This is important for identification of modified bases to get perfect data. Base calling procedure passed through four phases (Senol Cali et al., 2019) at different years: (1) At early phase, base calling was done from the separated current data by HMM and in the late 2016, recurrent neural network used for base calling, (2) In 2017, raw current data was used for base calling, (3) In 2018, individual nucleotide was deduced by the use of flip-flop model, (4) In 2019, training customized model was used for base calling. Nanonet, Scrappie and Flappie are the ‘technology demonstrator’ base calling software developed by ONT. Albacore and Guppy are the software packages which include that base calling software. Guppy has some advantage over Albacore. Because the graphics processing unit and central processor unit are integrated in Guppy, base calling has improved.

Thousands of current per second is measured by ONT devices. Gradual passage of the nucleotidemolecule through the nanopore produce specific electric signal which is resolved by multiple succeeding nucleotides known as k-mer. Individuals signals from each of the k-mer is captured on segmental basis in raw current measurement method.Early base callers, such as ONT's cloud-based Metrichor and Nanocall (David et al., 2017), use the natural match between nearby nucleotides to translate the electric signal into a nucleotide sequence.Base-calling accuracy can be enhanced by Nanonet and DeepNano (Boza et al., 2017) which are subsequently applied into Albacore and recurrent neural network respectively. These algorithms help to analyze the event data by deducing k-mers. During base calling, both upstream and downstream directions are used by Nanonets to extract data.The translation of raw current data into event data may result in a loss of information, which could lower base calling accuracy. Firstly, the obtained raw current data were categorized into species specific ONT reads (McIntyre et al., 2016). In later Scrappie, an ONT specific base caller and Chiron (Teng et al., 2018), the third-party software generates nucleotide sequence from raw current data by acquiring neural networks. Eventually, ONT introduced Flappie, a different kind of base caller that uses a flip-flop model and a connectionist temporal classification decoding architecture to identify individual bases rather than k-mers. The program Causalcall aids in the feature of the long-range sequence by fusing the characteristics of a connectionist temporal classification decoder and a modified temporal convolutional network (Zeng et al., 2020). Raw current data faced the problem of long-range dependencies and increase in complexity. To deal with these problem ONT released Taiyaki (implemented into Guppy), which mainly focused on language processing technique and direct it into species-specific base calling models. Taiyaki can identify 5-methylcytosine and N6-methyladenine, modified bases by integrating the 5th output dimension. The R10 and R10.3 nanopore faced the problem of difference in signal characteristics due to presence of two sensing regions. This drawback leads to the introduction of different data accuracy and nucleotide modification methods. Due to its benefits in speed and accuracy, Guppy is currently the most widely used base caller (Wick et al., 2019).

Finding changes in DNA and RNA:
[bookmark: _Hlk98918903]Unmodified bases have current flow different from the modified bases. Based on this property ONT directly identify the modified nucleotide bases (Wang et al., 2019, but the single-molecule gives distinct resolution compared to that of bulk molecule. Different types of tools were introduced for the identification of modified DNA and RNA bases over the years. The first tool identified was Nanoraw which was combined with the Tombo software package, used to detect modified 5mC, 6mA and N4 -methylcytosine (4mC) ONT data (Stoiber et al., 2016). Apart from Nanoraw, other tools for DNA modification were introduced like mCaller (5mC and 6mA) (Liu et al., 2019), DeepSignal (5mC and 6mA) (Ni et al., 2019), signalAlign (5mC, 5-hydroxymethylcytosine (5hmC) and 6mA) (Rand et al., 2017), Nanopolish (5mC) (Simpson et al., 2017), DeepMod (5mC and 6mA) (Liu et al., 2019) and NanoMod (5mC and 6mA) (Liu et al., 2019). At the level of single molecule (Yuen et al., 2021), Megalodon, Deepsignal and Nanopolish gave improved accuracy for 5mC detection. Detection of 5mC was occurred with higher accuracy in ONT compared with PacBio but in the case of 6mA it gave the opposite result (Amarasinghe et al., 2020).
In the year 2012, PacBio detected modified m6A in RNA directly (Saletore et al., 2012). Robust data was generated at appropriate quality by ONT guided RNA sequencing. EpiNano (m6A) (Liu et al., 2019) and ELIGOS (m6A and 5-methoxyuridine (5moU)) (Jenjaroenpun et al., 2020) and MINES (m6A) (Lorenz et al., 2020) determine the RNA modifications at bulk-level by analyzing the profiles for error distribution. Resolution at single-nucleotide and single-molecule level for RNA modification detection has yet to reveal.
Correction of error:
[bookmark: _Hlk98925741][bookmark: _Hlk98926480]Compared to ONT sequencing's 1D, 2D, and 1D2 reads, next generation sequencing produces short reads with greater accuracy and lower error rates. Different downstream application like identification of gene isoforms and assembly of genome require error correction. This error correction is important for saving the reads from high sensitiveness like mappability (Fu et al., 2019) and increasing the result’s quality like detection of break point resolution at single-nucleotide level (Viehweger et al., 2019).Mainly two kinds of algorithms are there for error correction ((Fu et al., 2019: (1) In ‘self-correction’ algorithms, consensus sequences are produced from different molecules but of same origin like LoRMA (Salmela et al., 2017) and Canu (Koren et al., 2017), whereas in case of 1D2 and 2D reads are produced from the same molecule. (2) "Hybrid correction" methods use alignment-based techniques like LSC (Au et al., 2012), graph-based techniques as LorDEC (Salmela and Rivals, 2014), and Nanocorr (Goodwin et al., 2015) to correct long reads with small reads of improved accuracyand both graph/alignment-based algorithms like HALC (Bao and Lan, 2017).Curretly, two studies proved that hybrid error correction tools such as FMLRC (Wang et al., 2018), LSC and LorDEC has the efficiency of reducing error rate of ~1–4% similar both for long as well as short reads (Fu et al., 2019), whereas self-correction has efficiency of reducing error to ~3–6%(Lima et al.,2020).
Aligners for error-prone long reads:
Long reads are full of errors. To solve this problem, different types of alignment tools are evolved. Small number of long reads generated from sanger sequencing were treated with BLAST (Altschul et al., 1990) aligners at the very early time. With the improvement in next generation sequencing techniques, growth in alignment methods has also been observed to get accurate short reads from illumina sequencing. At first, PacBio used those error-prone aligners, thereafter those were utilized by ONT data. With current nanopore-based sequencing data, GraphMap, the first mapping approach designed for high precision, allows consistent mapping with BLAST-like sensitivity and improved runtime when mapping sequencing reads from various technologies (e.g., Illumina, PacBio, or ONT) (Sovic et al., 2016. In case of ONT data, for treating the read length greater than 100 kb, minimap2 used seed-chain-align procedure (Li, 2018). A current study proved that minimap2 has higher speed compared to other long-read aligners such as LAST (Kielbasa et al., 2011), NGMLR (Sedlazeck et al., 2018) and GraphMap without compromising with the accuracy (Zhou et al., 2019). Minimap2 was not only used for alignment of error-prone long reads but it was also applied for cDNA or direct RNA-sequencing using splice-aware alignment of ONT reads. 
Other than minimap2; a modified version of STARwas applied to short reads (Dobin et al., 2013) but now it has been there for the alignment of transcriptome long reads using splice-aware alignment. Graphmap2 deSALT (Liu et al., 2019) and (Marić et al., 2019) are the aligners for the transcriptome ONT data. Graphmap2 has greater speed of alignment compared with the minimap2 if high base modifications are considered for RNA-sequencing reads (Begik et al., 2021).
Hybrid sequencing (Long and short reads):
Long and short reads are both necessary for hybrid sequencing, which is utilized in many bioinformatics applications. Various algorithms and pipelines were created to address specific biological issues and combine the benefits of both long and short reads. Presence of both types of reads has certain advantages. The long reads help in detecting the large-range genomic complexity and non-biased alignments. The short reads are highly accurate and higher in throughput so these are used in distinguishing specific local features such as identification of splice site and resolution of single-nucleotide. Hybrid sequencing outperformed either long reads with high inaccuracy or short reads with high accuracy alone in the genome, (Giordano et al., 2017), transcriptome (Weirather et al., 2017), and metagenome (Bertrand et al., 2019) assembly.
De novo genome assembly:
Error-prone long reads were used for de novo genome assembly. The two types of assemblers that employ overlap-layout-consensus algorithms are Miniasm (Li, 2016) and Canu (Koren et al., 2017). Based on the overlapping similar sequences, the assemblers construct a graph and used for sequencing error (Senol Cali et al., 2019). To enhance the accuracy and eliminate the errors of the long reads, furnishing of the assembled draft was done before and after assembly independently. If only genome-polishing was done using Nanopolish (Loman et al., 2015), then accuracy and speed was less compared with draft genome treated with both Nanopolish, the genome-polishing software and Medaka i.e neural network-based approach.
These approaches consider both general as well as specific aspects (for an example, complex genomic areas and computational intensity) of genome assembly. By the formation of assembly graph using concatenated dissociated segments of genome (Kolmogorov et al., 2019), improvement in assembly of genome at long and highly repetitive regions has been performed using Flye, whereas Miniasm apply ultrafast assembly (Li, 2016) using self-mapping of all-versus-all read. To get the higher accurate data, postassembly polishing is also become necessary. The assembler wtbdg2 which is lately evolved gives faster results in comparison with other tools without compromising with accuracy (Ruan and Li, 2020).
SVs and repetitive regions:
Study of SVs and haplotypes in the genome of the ONT data can be possible with greater accuracy using the reference genome. Picky (Gong et al., 2018), Nanovar (Tham et al., 2020) and Sniffles (Sedlazeck et al., 2018) are the tools developed for SV identification. Picky detects both regular SVs as well as short-span SVs of ~300bp in the repetitive regions of the genome. Different types of variations like SNVs and SVs can be seen in the single long reads. So different types of bioinformatics software have been required to analyze the haplotype (Bowden et al., 2019) and multiploidy genomes. WhatsHap is a tool for haplotyping (Schrinner et al., 2020), and LongShot (Edge and Bansal, 2019) is the software for SNV identification.
Transcriptome complexity:
Traphlor (Kuosmanen et al., 2016), StringTie2 (Kovaka et al., 2019), TALON (Wyman et al., 2020) and FLAIR (Tang et al., 2020) are the different types of transcriptome assemblers particularly constructed for the error-prone long reads and IDP (Au et al., 2013) for the data obtained from hybrid sequencing. For transcriptomic analysis and identification of complex transcriptional events (Volden et al., 2018), gene isoforms of total length are rebuilt using clustering and assemblying of ONT reads and also alignment with reference genome was performed. IDP-denovo (Fu et al., 2018) and RATTLE (de la Rubia et al., 2021) assemblers performed de novo transcriptome assembly. Transcriptome-wide study of native RNA (Workman et al., 2019) can be possible due to availability of ONT direct RNA sequencing.
Challenges and Future Prospects:
 The technology is a popular option because of its unique benefits, which include its portability, compact size, and single-molecule detection capacity (Chen et al., 2023). To maximize nanopore sequencing, a number of present technical challenges must be resolved. Isolating biological background noise is one of the main challenges. Low-frequency signals can be eliminated for better data streaming, and compensatory techniques that are resistant to large amplification artifacts are available to preserve sequence correctness.
The low signal-to-noise ratio reported in solid-state nanopores can be accounted for by selecting a larger nanopore diameter, as well as differences in salt-induced ion current measurements. It is vital that additional efforts be undertaken to expand the high-throughput capabilities of nanopore sequencing, particularly in the findings. More work is needed to increase nanopore signal-processing efficiency for single-molecule DNA detection, with a particular focus on expanding computational technologies (MacKenzie & Argyropoulos, 2023). The distinct characteristics of each biological nanopore have influenced the development of more specialized nanopores with desired properties. Nanopore Sequencing Technology can detect a wide range of analytes, which can alter the shape and amplitude of the ion current signal, allowing for information that standard DNA sequencing cannot provide. 
To obtain a wide range of specialized experimental information, a number of analytical methodologies and technologies can now be integrated with nanopore DNA sequencing to fully exploit its exceptional performance. These include atomic force microscopy, biotin-streptavidin, optical microscopy, fluorescence labeling, DNA hairpins, and DNA origami-anchored Nanopore Sequencing Technology. Different types of single-molecule sensors employed in Nanopore Sequencing Technology can be coupled as a collection of distinct technologies, resulting in the construction of an integrated nanopore detection system capable of detecting a wide range of analytes.
Conclusion:
Because nanopore sequencing allows for long-read, real-time sequencing with little samplepreparation, it has completely changed the genomics industry. Applications in precisionmedicine, environmental research, and clinical diagnostics have increased as it can immediately sequence DNA and RNA without the need for amplification. Read length and sequencing accuracyhave been greatly increased over time by developments in base-calling algorithms, errorcorrection techniques, and nanopore technology. Continuous improvements in data processingtechniques and nanopore design have improved its reliability despite issues like error-pronereadings and homopolymer resolution. Its potential for comprehending intricate genomic andepigenomic landscapes is further highlighted by the combination of transcriptomic analysis withhybrid sequencing techniques. Nanopore sequencing might develop into a crucial technological advancement for extensive genetic studies as research advances, propelling advancements inenvironmental sciences, biotechnology, and healthcare.
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