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Long-read sequencing (LRS) technologies have revolutionized transcriptomic research by enabling the comprehensive

sequencing of full-length transcripts. Using these technologies, researchers have reported tens of thousands of novel tran-

scripts, even in well-annotated genomes, while developing new algorithms and experimental approaches to handle the noisy

data. The Long-read RNA-seq Genome Annotation Assessment Project community effort benchmarked LRS methods in

transcriptomics and validated many novel, lowly expressed, often times sample-specific transcripts identified by long reads.

These molecules represent deviations of the major transcriptional program that were overlooked by short-read sequencing

methods but are now captured by the full-length, single-molecule approach. This Perspective discusses the challenges and

opportunities associated with LRS’ capacity to unravel this fraction of the transcriptome, in terms of both transcriptome

biology and genome annotation. For transcriptome biology, we need to develop novel experimental and computational

methods to effectively differentiate technology errors from rare but real molecules. For genome annotation, we must agree

on the strategy to capture molecular variability while still defining reference annotations that are useful for the genomics

community.

[Supplemental material is available for this article.]

Long-read sequencing (LRS) technologies, such as those developed

by Pacific Biosciences (PacBio) andOxfordNanopore Technologies

(ONT), have revolutionized genomic and transcriptomic research.

Their ability to generate very long reads has enabled significant ad-

vancements, including complete sequencing of human chromo-

somes (Nurk et al. 2022) and full-length sequencing of single-

molecule transcripts spanning kilobases (Sharon et al. 2013;

Weirather et al. 2017; Soneson et al. 2019). This unprecedented ca-

pability earned LRS recognition by Nature Methods as theMethod

of the Year in 2022, highlighting its transformative impact on both

fields (Marx 2023). One of the most significant contributions of

long-read methods to the study of transcription is their capacity

to uncover alternative isoforms with a confidence not present in

short-readmethods, which has led to the discovery of tens of thou-

sands of novel transcripts even in well-annotated organisms

(Roach et al. 2020; Glinos et al. 2022; Veiga et al. 2022; Zhang

et al. 2022), and represents a data source of great value for the de

novo annotation of the Earth BioGenome Project (Lawniczak

et al. 2022). Despite its strengths, LRS presents several short-

comings. The quality of long-read RNA sequencing (lrRNA-seq)

can be compromised by factors such as RNA degradation, biases

introduced during library preparation, sequencing errors, and in-

accurate bioinformatic processing during mapping, transcript as-

sembly, and quantification, which may lead to the incorrect

identification of transcript models, i.e., computational representa-

tions of transcripts depicting their transcription start and termina-

tion sites (TSS and TTS) and intron composition (Amarasinghe

et al. 2020; Marx 2023). Most lrRNA-seq experiments rely on

cDNA libraries, as they provide high sequencing throughput and

accuracy. However, reverse transcription may introduce errors

driven by specific sequences present in the RNA’s primary se-

quence. These sequences can promote single-nucleotide errors

andmispriming, resulting in faulty cDNAmolecules (technical ar-

tifacts) that inaccurately represent structural variations (Verwilt

et al. 2023). TheONT direct RNA-seqmethod can potentially over-

come these issues while also identifying RNAmodifications in the

native molecule. However, sequencing throughput from current

direct RNAprotocols is still relatively lowcompared to cDNA-based

protocols (∼20 M reads in direct RNA protocols [Oxford Nanopore

Technologies 2019] vs. ∼130 M reads in cDNA-based protocols

[Aguzzoli Heberle et al. 2024]), which compromises transcript

identification. Despite these shortcomings, direct RNA holds great

potential for improving transcript identification in the future.

A significant challenge in the analysis of lrRNA-seq data is the

accurate identification of novel transcripts while effectively

distinguishing them from artifacts introduced by the technology.

To address this, various software tools have been created for recon-

structing transcript models from LRS, and recently the technology

has been subjected to rigorous benchmarking (Križanovic et al.

2018; Soneson et al. 2019; Kuo et al. 2020; Dong et al. 2023; Su

et al. 2024; Pardo-Palacios et al. 2024b). The most comprehensive

study to evaluate lrRNA-seqmethods to date is the Long-read RNA-

seq Genome Annotation Assessment Project (LRGASP), a commu-

nity effort aimed at systematically evaluating library preparation,

sequencing platforms, and analysis tools for the identification
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Transcriptomics in the era 
of long-read sequencing

Carolina Monzó    1,2 , Tianyuan Liu    1,2 & Ana Conesa    1

Abstract

Transcriptome sequencing revolutionized the analysis of gene 

expression, providing an unbiased approach to gene detection and 

quantification that enabled the discovery of novel isoforms, alternative 

splicing events and fusion transcripts. However, although short-read 

sequencing technologies have surpassed the limited dynamic range of 

previous technologies such as microarrays, they have limitations, for 

example, in resolving full-length transcripts and complex isoforms. 

Over the past 5 years, long-read sequencing technologies have matured 

considerably, with improvements in instrumentation and analytical 

methods, enabling their application to RNA sequencing (RNA-seq). 

Benchmarking studies are beginning to identify the strengths and 

limitations of long-read RNA-seq, although there remains a need for 

comprehensive resources to guide newcomers through the intricacies 

of this approach. In this Review, we provide a comprehensive overview 

of the long-read RNA-seq workflow, from library preparation and 

sequencing challenges to core data processing, downstream analyses 

and emerging developments. We present an extensive inventory of 

experimental and analytical methods and discuss current challenges 

and prospects.
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Comprehensive genome analysis and variant 
detection at scale using DRAGEN

Sairam Behera    1,5, Severine Catreux    2,5 , Massimiliano Rossi    2,5, 

Sean Truong    2, Zhuoyi Huang2, Michael Ruehle    2, Arun Visvanath2, 

Gavin Parnaby    2, Cooper Roddey    2, Vitor Onuchic2, Andrea Finocchio    2, 

Daniel L. Cameron2, Adam English1, Shyamal Mehtalia2, James Han    2,6 , 

Rami Mehio    2,6  & Fritz J. Sedlazeck    1,3,4,6

Research and medical genomics require comprehensive, scalable methods 

for the discovery of novel disease targets, evolutionary drivers and genetic 

markers with clinical significance. This necessitates a framework to identify 

all types of variants independent of their size or location. Here we present 

DRAGEN, which uses multigenome mapping with pangenome references, 

hardware acceleration and machine learning-based variant detection to 

provide insights into individual genomes, with ~30 min of computation 

time from raw reads to variant detection. DRAGEN outperforms current 

state-of-the-art methods in speed and accuracy across all variant types 

(single-nucleotide variations, insertions or deletions, short tandem repeats, 

structural variations and copy number variations) and incorporates 

specialized methods for analysis of medically relevant genes. We 

demonstrate the performance of DRAGEN across 3,202 whole-genome 

sequencing datasets by generating fully genotyped multisample variant 

call format files and demonstrate its scalability, accuracy and innovation 

to further advance the integration of comprehensive genomics. Overall, 

DRAGEN marks a major milestone in sequencing data analysis and will 

provide insights across various diseases, including Mendelian and rare 

diseases, with a highly comprehensive and scalable platform.

Over the last decade, the advent of genomic sequencing as a com-

mon methodology in genomics, genetics and medical applications 

has enabled multiple discoveries and insights for diseases, popula-

tion diversity, evolutionary mechanisms and personalized medicine 

strategies1–4. This was made possible in large part due to improvements 

in next-generation sequencing (that is, Illumina) in terms of costs, high 

data quality and scalability1. Highly accurate methods for the detection 

of single-nucleotide variations (SNVs) and smaller (<50 bp) insertions 

or deletions (indels) have been at the forefront of variant detection 

and interpretation. Despite the amount of attention that SNVs have 

garnered, they are not the only variant type that differentiates two 

genomes5,6. Recently, an increasing number of studies incorporate 

structural variation (SV)7–9 into their analysis. SVs are often defined to 

be 50 bp or larger and lead to deletions, insertions, amplifications or 

rearrangements of a genome7. Copy number variation (CNV) is another 

genomic variation that arises from deletions (loss of copies) or duplica-

tions (gain of copies) of a specific DNA segment7. Another understudied 

variant type is short tandem repeat (STR) expansions that are mainly 
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Uncalled4 improves nanopore DNA and RNA 
modification detection via fast and accurate 
signal alignment
 

Sam Kovaka    1 , Paul W. Hook    2, Katharine M. Jenike3, Vikram Shivakumar1, 

Luke B. Morina2, Roham Razaghi2, Winston Timp    2,3 & Michael C. Schatz    1,3,4

Nanopore signal analysis enables detection of nucleotide modifications 

from native DNA and RNA sequencing, providing both accurate genetic 

or transcriptomic and epigenetic information without additional library 

preparation. At present, only a limited set of modifications can be directly 

basecalled (for example, 5-methylcytosine), while most others require 

exploratory methods that often begin with alignment of nanopore signal to 

a nucleotide reference. We present Uncalled4, a toolkit for nanopore signal 

alignment, analysis and visualization. Uncalled4 features an efficient banded 

signal alignment algorithm, BAM signal alignment file format, statistics for 

comparing signal alignment methods and a reproducible de novo training 

method for k-mer-based pore models, revealing potential errors in Oxford 

Nanopore Technologies’ state-of-the-art DNA model. We apply Uncalled4 to 

R NA 6 -m et hy la denine (m6A) detection in seven human cell lines, identifying 

26% more modifications than Nanopolish using m6Anet, including in several 

genes where m6A has known implications in cancer. Uncalled4 is available 

open source at github.com/skovaka/uncalled4.

Long-read single-molecule sequencers from Oxford Nanopore Tech-

nologies (ONT) and Pacific Biosciences (PacBio) have increasing utility 

in generating complete genomes and transcriptomes by improving 

resolution of complex DNA and RNA sequences1–3. These sequenc-

ers can also detect nucleotide modifications without any special-

ized library preparation, enabling genome-wide epigenetic profiling 

including within highly repetitive regions that could not be accurately 

aligned to with short reads4. Nanopore sequencing is unique in not 

relying on sequencing-by-synthesis, instead measuring electric current 

that varies over time as nucleotides pass through a pore. While many 

analyses only use the basecalled sequence, inclusion of the electric 

current can improve fidelity in several applications, including error 

correction5,6, real-time targeted sequencing7,8 and nucleotide modifica-

tion detection9. Furthermore, ONT is currently the only commercially 

available platform for directly sequencing RNA without generation 

of complementary DNA (cDNA), enabling detection of epitranscrip-

tomic modifications. Over 150 known RNA modifications are known 

to exist, although only a few can be comprehensively detected at the 

single-nucleotide level, with varying accuracy10.

Early nanopore sequencers exhibited a high error rate, which 

could be improved via signal-based polishing5 or advanced basecalling 

algorithms. However, a combination of improvements to sequencing 

chemistry and computational methods have decreased the average 

ONT DNA sequencing error rate to nearly 1%, making signal-based 

polishing largely unnecessary for DNA. This was achieved, in part, 

by a recent major DNA chemistry update to the r10.4.1 pore, which 

features two ‘reader heads’ rather than the one present in the previous 

standard, r9.4.1 (Fig. 1a). Direct RNA accuracy has lagged behind, where 

signal-based polishing can still improve splice site identification6. On 

the software side, modern basecallers use neural networks trained 
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