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Genetic diagnostics is driven by technological advances, forming a tight
interface betweenresearch, clinic and industry, which enables rapid

implementation of new technologies. Short-read genome and exome
sequencing, the current state of the artin clinical genetics, can detecta
broad spectrum of genetic variants across the genome. However, despite
these advancements, more than half of individuals with rare diseases remain
undiagnosed after genomic investigations. Long-read whole-genome
sequencing (LR-WGS) is a promising technology that identifies previously
difficult-to-detect variants while also enabling phasing and methylation
analysis and has the potential of generating complete personal assemblies.
To pave the way for clinical use of LR-WGS, the clinical genomic community
must establish standardized protocols and quality parameters while also
developing innovative tools for data analysis and interpretation. In this
Perspective, we explore the key challenges and benefits in integrating
LR-WGS into routine clinical diagnostics.

Genetic diagnostics is driven by technological advances that have a
close interface between research, clinic and industry. The publica-
tion of the human genome in 2001 (refs. 1,2) started the modern era
of clinical genetics, adding genome-wide screening with increasing
resolution and quality to the rare disease analysis toolbox. Within 15
years, methods such as clinical microarray?, exome sequencing*° and
short-read whole-genome sequencing (WGS)®® were implemented,
enabling more rare disease diagnoses. But even with the best avail-
able analyses, many individuals remain undiagnosed. Depending
oninclusion criteria, WGS has shown diagnostic yields ranging from
20%to over 50%, leaving a substantial proportion of patients affected
by rare disorders without definitive answers®®. Although some may
be explained by other factors, such as infections or environmental
factors, the majority of the unsolved cases are likely to have genetic
explanations that remain beyond the reach of current methodology
and approaches. The low diagnostic yield highlights the limitations
of short-read technologies, such asboth balanced and complex struc-
tural variants (SVs), which are often missed by WGS’ 2. Recent studies
have demonstrated that LR-WGS canreliably detect clinically relevant

variants that are challenging to identify using other technologies'***

and may increase the diagnostic yield by 5-20%'*'® (Box 1).

This Perspective explores the challenges as well as possibilities of
LR-WGS for rare disease diagnostics, highlighting crucial steps toward
replacing the current clinical genetic methods.

Genetic variationin clinical diagnostics

The genetic landscape of rare diseases is complex, involving diverse
genetic alterations ranging from single base pairs to whole chromo-
somes. Common disease variants include single-nucleotide variants
(SNVs) and small insertions and deletions (indels), which can be dis-
ease causing when affecting coding regions or splicing. Many rare
diseases also involve SVs, such as translocations, inversions, copy
number variants (CNVs) and large chromosomal rearrangements,
which may lead to disease through gene dosage, disruption, fusion or
regulatory changes (Fig. 1). Short tandem repeat (STR) expansions, a
subtype of SVs, are primarily linked to neuromuscular, neurodevel-
opmental and neurodegenerative disorders”. Some diseases, such
as imprinting and certain X-linked disorders, arise from abnormal
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BOX1

Summary of LR-WGS platforms and technologies

PacBio SMRT HiFi sequencing

In the Pacific Biosciences (PacBio) single-molecule, real-time
sequencing technology (SMRT) cell, DNA is circularized and
sequenced in repeated passes to ensure high base-calling
accuracy (>99%)°®. Methylation is detected by a delay in the
incorporation of methylated cytosines and adenines®”.

Each SMRT cell contains 25 million wells, called zero-mode
wave guides, with each zero-mode wave guide capable of
sequencing a single circularized DNA molecule per well.
Currently, there is one PacBio sequencing platform available, the
PacBio Revio, which supports sequencing of up to four SMRT cells
simultaneously, generating approximately 90 Gb of data per

cell with read lengths of 10-20 kbp (see the table)". This makes

it suitable for sequencing one human genome per SMRT cell.
Additionally, various kits are available for targeted PacBio
sequencing and multiplexing of multiple samples on a single
SMRT cell. One such provider is Twist Bioscience.

Oxford Nanopore Technologies sequencing

The Oxford Nanopore Technologies (ONT) sequencer is unique in
that it does not rely on DNA synthesis for sequencing. Instead, it
sequences DNA fragments by passing them through nanopores.
As DNA moves through the pore, it disrupts the flow of ions, and
these changes are measured to determine the DNA sequence’.
Methylation is detected based on variations in ion flow. The ONT
sequencer is typically less accurate than PacBio HiFi, offering
90-99% accuracy depending on factors such as the choice of
base caller’ and use of error correction’” as well as the quality
and version of the pores (see the table). In addition, the quality
can be improved further through so-called duplex sequencing,
in which both DNA strands from a single molecule are read

one after another®” through the same pore. Unlike PacBio, ONT

methylation rather than changes in the DNA sequence alone'®, Finally,
anincreasingbody of evidence highlights theimportance of noncod-
ing regions. Recent examples are genetic variants affecting noncod-
ing RNAs such as RNU4-2, which has been found to underlie 0.41% of
neurodevelopmental disorders (ReNU syndrome, MIM 620851)"%°,
and CHASERR (MIM 621012)%.

Therapid evolution of genetic diagnostics fromearly karyotyping
and chromosome banding to the development of fluorescence-based
sequencing and, ultimately, WGS has transformed genetic diagnostics
(Box 2). In the genomic era, variant prioritization is largely driven by
factors, such as predicted protein impact, evolutionary conserva-
tion and variant frequency within the general population. In-house
databases containing variants observed in the local population are
essential for comparing newly observed variants with those previously
identified while also helping to filter out platform-specific sequenc-
ing artifacts’?*. Determining causality also requires the evaluation of
phenotype-genotype correlations and inheritance patterns. Detailed
and standardized phenotyping is crucial for accurate clinical inter-
pretation. Human Phenotype Ontology?*, the PanelApp® and Online
Mendelian Inheritance in Man* are commonly used resources to assess
whetherageneisassociated with a patient’s phenotype and to generate
insilicogene panels. Throughjoint analysis of affected individuals and
their parents (thatis, trio analysis), de novo variants (genetic changes
thatariseinthe affected individual and are absent inboth parents) can
be identified. These variants are responsible for many rare diseases,

performs well with a wide range of molecule lengths, allowing for
read lengths as small as a few hundred bases’ or up to megabases
in length’. ONT offers multiple platforms and flow cells. The
PromethlON flow cell has the highest capacity, generating
approximately 120 Gb*, making it suitable for whole human
genome sequencing. By contrast, the Flongle is the smallest

flow cell, producing less than 1Gb, which is ideal for targeted
sequencing. The PromethlON 48 has the highest overall capacity,
supporting up to 48 PromethlON flow cells in a single experiment,
while the MinlON, with the smallest capacity, is compatible

with various flow cells and can generate between 1and 30 Gb
depending on the configuration.

Emerging technologies

LR-WGS is a rapidly advancing field, with multiple novel and emerging
technologies, including Roche’s Sequencing by Expansion chemistry,
which combines Xpandomer technology with nanopore sequencing
to produce long reads with high base accuracy’”. Other more
experimental platforms include electron microscope-based long-read
sequencing’®, graphene nanopores’’ and new approaches to linked
and synthetic long-read sequencing’®, all of which offer exciting
potential for improving read length and accuracy in genomic studies.

PacBio Revio ONT PromethlON 48

Yield (per flow cell) 90Gb, 120Gb? 120Gb
Maximum flow cells per run 4 48
Molecule lengths 10-20kbp 1kb-4Mbp
Base accuracy 99% 90-99%
Run time 24h 72h

2SPRQ chemistry.

particularly those with severe phenotypes that appear sporadically
in families”.

State-of-the-art sequencingin clinical diagnostics
Exome sequencing and WGS represent the current state of the art in
genetic testing for rare diseases. However, there is no consensus on
whether WGS offers asubstantially higher diagnostic yield than exome
sequencing. Both achieve diagnostic yields of 20-50%%*%, depending
on cohorts and availability of sequencing data from parents. While
both techniques effectively detect coding SNVs and large CNVs, WGS
additionally detects noncoding variation and a wider range of SVs.
With specialized software, WGS can also genotype STR expansions
and identify variants in genes with pseudogenes, such as SMN1
and SMN2 (ref. 29), which are associated with spinal muscular atrophy
(MIM 253300)*. However, the diagnostic value of such analyses varies
by cohort, and noncoding variants remain challenging to interpretin
clinical settings. Furthermore, many diagnostic laboratories through-
outthe world still struggle withimplementing WGS and exome sequenc-
ing, and even those that routinely perform WGS in the clinic seldom
analyze all variant types and do not fully utilize the genomic data® .
Therefore, despite these advancements, a substantial proportion
of patients remain undiagnosed after exome sequencing or WGS?.
This gap includes not only undiscovered monogenic disease genes
but also combinations of pathogenic variants across multiple genes,
which potentially cause digenic, oligogenic or polygenic diseases.
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Fig. 1| Coding and noncoding disease-causing variants. a, Schematic
illustration of how small variants, thatis, SNVs and indels, affect DNA, mRNA
and protein. At the top, agene is depicted with exons in colored boxes (green,
yellow and red), and the variant is highlighted in red. Below, the expected RNA
and protein products are shown in the same color scheme. Shown from left to
right are a missense variant, anonsense variant, a canonical splice variant (an
SNVin the acceptor splice site resulting in exon skipping) and a noncoding deep
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Inversion
intronic variant that generates a cryptic splice site, leading to the formation
of anovel exon (orange). b, Schematicillustration of how SVs affecting both
coding and noncoding regions cause disease. Left, in coding regions, deletions,
duplications and inversions may cause disease through gene dosage imbalances,
gene disruption or the creation of gene fusions. Right, in noncoding regions, SVs
can contribute to disease by causing the gain or loss of regulatory elements or by
rearranging regulatory elements, thereby altering gene expression.

Examples include Bardet-Biedl syndrome (MIM 209900), for which
triallelic inheritance was first described***, and facioscapulohumeral
muscular dystrophy type 2 (MIM 158901), which requires both a
DUX4-permissive haplotype and a SMCHDI variant®. Discovering
more geneinteractions will require large, clinically well-characterized
cohorts. Noncoding variation is another reason for rare diseases
remaining undiagnosed, as several recent studies highlighted the
importance of variants in noncoding RNAs'>***. Other noncoding

elements with potential clinical relevance include topologically asso-
ciated domains, enhancers and regulatory regions that influence the
expression of protein-coding genes®** (Fig. 1).

To enhance diagnostic yields, the potential of multiomic
approaches is being considered. A major challenge is clinical inter-
pretation of variants of uncertain significance (VUS), such as missense
variants and noncoding variants. In such cases, RNA sequencing may
offer an additional 8-36% diagnostic rate after WGS and has been
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BOX2

Historical perspective of genetic diagnosis

Few, if any, fields in science history have undergone such a rapid
development as medical genetics since the 3D structure of DNA
was discovered by Watson and Crick in 1953 (ref. 79). The genetic
revolution reached healthcare rapidly, and clinical testing for
genetic disorders has been part of medical service for many years.
Genetic testing has evolved in three major steps, initiated by new
technologies.

Soon after chromosome number in humans was established
by Tjio and Levan in 1956 (ref. 80), Lejeune, Turpin and Gautier
found that Down syndrome (MIM 190685) was caused by an extra
chromosome®’. This transformed medical genetics from a science
based on statistics to clinical diagnosis by robust laboratory tests.
During the first decade that followed, the link between aneuploidy
and some additional severe developmental disorders was
established. However, cytogenetics improved dramatically after
chromosome banding was developed in 1970 (ref. 82). With this,
structural chromosome aberrations could be linked to constitutional
disorders and reach cancer research as well as clinical pathology.
Although many rare diseases are caused by chromosome aberrations,
karyotyping is usually limited to a resolution of 5-10Mbp, which
means that it can only detect disorders involving large-scale gene
dose alterations affecting many adjacent genes.

The second step in gene testing came after discoveries during
the 1980s. Most important for clinical testing was the development
of labeling nucleic acids with fluorophores®®, which was the basis
for automatic DNA sequencing with chain termination inhibitors®.
With the development of fluorescent in situ hybridization (FISH),
cytogenetics reached a new era in the early 1990s%°. FISH enabled the
detection of specific gene loci and gene dose in fixed tissue slices,
adding a new dimension to clinical pathology by allowing spatial
visualization of chromosomal abnormalities directly within tissue
samples. After the identification of CFTR, the disease gene underlying
the not-so-rare autosomal recessive disease cystic fibrosis (MIM
219700), an avalanche of new Mendelian gene discoveries followed.
Polymerase chain reaction and automatic DNA sequencing were the
basis for positional cloning exploited in the Human Genome Project
and were the backbone of the first drafts of the human genome in
2001. Closely linked to these technologies was the development
of array-based methods, in which oligonucleotides are ‘printed’ on
a solid surface to detect deletions, duplications and higher-order
amplifications®.

The third step in clinical gene testing came from advancement in
computational science and the development of massively parallel
sequencing around 2007. This technology uses fluorescently labeled

CGH array

Karyotype
Sanger sequencing G c
Massively parallel Optical genome
sequencing mapping
Pyrosequencing
ONT Pacific ?
Biosciences
AVa\
_

The evolution of DNA diagnostics. CGH, comparative genomic hybridization.
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(continued from previous page)

nucleotides, polymerase chain reaction and the data from the Human
Genome Project but has taken DNA sequencing to a completely new
level. While the first complete human genome sequence published

in 2001 was based on a handful of individuals analyzed by Sanger
sequencing"?, today, WGS is an everyday tool in modern medicine®.

shown to be particularly effective for analyzing splice variants and
deep intronic variants*’. Proteomics is also emerging as a valuable
toolin these efforts, supporting pathogenicity of specific variants or
pinpointing affected pathways* *>. However, a clear and critical step in
improvingrare disease diagnostics is the implementation of LR-WGS,
which provides both epigenetic and genetic information and has the
potential to replace current genetic methodology".

Analysis of LR-WGS data

LR-WGS pipelines require specialized software for each variant type,
including SNV, SV, CNV, STRs, paralogous regions and methylation
(Fig.2). Some of these analyses, such as SNV and indel calling, are rela-
tively mature, while the detection of other variant types, such as mobile
elements or variants in paralogous regions, is more challenging**. Vari-
ant calling is typically followed by haplotype phasing, a distinctive
feature of LR-WGS data processing. All current phasing tools can phase
SNVs; however, they differ in their capability to phase other variant
types, such as SVs and methylation. Methylation calling is achieved
alongside base calling, and methylation signatures can be manually
inspected in visualization programs, such as the Integrative Genomics
Viewer®. After variant calling and phasing, the annotation of LR-WGS
variants differs depending on variant type. Most WGS annotation and
visualization tools are compatible with the output from LR-WGS SNV
detection tools. Furthermore, because phasing and methylation are
novel features, the downstream analysis software packages, such as
rank-score software and visualization tools, must be updated to fully
use thatinformation. Although thereis progressinthese areas, only a
few tools are fully developed for clinical use*.

Benefits of LR-WGS in clinical diagnostics

The advantages of implementing LR-WGS depend on the current
setup of the diagnostic laboratory. For laboratories that are cur-
rently performing only exome sequencing, transitioning to LR-WGS
may result in substantial additional benefits. By contrast, labora-
tories already using WGS with comprehensive variant calling may
only see minimal to no additional gains in variant discovery rates.
In these cases, the value of LR-WGS lies in its more thorough variant
characterization'. Notably, certain variant types, such as STR expan-
sions, mobile elements, inversions and translocations, often cluster
in difficult-to-sequence regions, such as variable number tandem
repeats and low-copy repeats, and are challenging to detect with WGS.
Although the exact percentage of these variants that can be detected
by LR-WGS remains unclear, LR-WGS has great promise for improving
variant detection. Importantly, for clinical utility, understanding the
genomic context is crucial, for example, determining how a specific
Aluelementisinserted and whether it disrupts a gene. Additionally,
the high accuracy of LR-WGS enables a more comprehensive assess-
ment of de novo mutations. Recent work has shown that LR-WGS
detects more than twice as many de novo mutations per generation
than WGS, largely due toits ability to capture all variant types*’. This
more complete analysis strengthens the evidence that a specific vari-
antis the most likely cause of disease. Below, we highlight four areas
inwhichthe currentlong-read technologies have an advantage com-
pared toshort reads: phasing, SV detection, STR expansion detection
and methylation profiling (Table 1).

The clinical impact of these methods is evident from millions of
pregnant women undergoing non-invasive prenatal tests, which use
low-coverage WGS to find or exclude chromosome abnormalities

in the fetus. These methods are also the backbone of precision
medicine for genetic disorders.

Haplotype phasing

A key advantage of LR-WGS is its ability to phase haplotypes, which is
beneficialin various clinical scenarios. For instance, when two patho-
genic variants are identified in an autosomal recessive gene, phasing
helps determine whether the variants are in cis or trans. This is espe-
ciallyimportant in cases where parental samples are unavailable or
when one of the variants has occurred de novo. In addition, phased
variants can help to distinguish between genes and their pseudogenes,
facilitating the detection of both copy number alterations and SNVs.
Anotable example is the survival motor neuron (SMN) locus on chromo-
some 5q13, whichincludes both SMNI (associated with spinal muscular
atrophy) and its pseudogene SMN2. Accurate assessment of the copy
number of SMN2isimportant, as this affects disease severity and influ-
ences the treatment response to SMN-targeted therapies*®. Further-
more, LR-WGS may also help identify silent carriers who exhibit one
deleted allele and one allele with two copies of SMNI (ref. 48).

SV detection

Another areain which LR-WGSis particularly effective is SV calling. The
longer reads obtained can bridge repetitive regions in the genome,
which enables a more accurate identification and resolution of the
variant structures. From historical diagnostics using karyotyping, we
know that translocations and inversions are more common in indi-
viduals with intellectual disability*>*°. However, their detection has
declined with the shift toward sequencing-based diagnostics. This
may be due, inpart, to the widespread use of exome sequencing, which
lacks the ability to detect such balanced SVs (Table 1), as well asthe lim-
ited availability of bioinformatic tools for their identification. But this
also highlights alimitation of short reads, as they may not span across
breakpoints, an issue that can be overcome with LR-WGS®.. Finally,
LR-WGS detects substantially more SVs: approximately 20,000 SVs
per human genome, compared to 6,000 with WGS***°, The majority
of these SVs are small deletions (<1,000 bp), mobile element indels
and contractions or expansions of repeat sequences. Interpretation
ina clinical setting will depend on SV location and potential impact
on disease-causing genes (Fig.1).

STR expansion detection

The ability of LR-WGS to span repetitive regions, such as variable num-
ber tandem repeats and STRs, enables detailed characterization of
disease-causing STRs*®. Specifically, it allows for haplotype-resolved
sizing of expansions, identification of interrupting repeats and explora-
tion of associated methylation patterns (primarily in noncoding STR
expansions). Suchanapproach has already resulted in novel biological
insights. One exampleis that pathogenic repeats are more polymorphic
than previously thought, many times exhibiting variable expansion
size within one individual*®; however, the clinical relevance of this is
not yet known.

Methylation profiling

In addition to base calling, LR-WGS data include direct detection of
DNA methylation. This has clinical utility, particularly for diagnosing
imprinting and X-linked disorders. For example, LR-WGS can detect dif-
ferentially methylated regionsinindividuals with the known imprinting
disorders Beckwith-Wiedemann syndrome (MIM130650), Prader-Willi
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Fig. 2| Analysis of various genetic variants. a, lllustration of different types

of genetic variants, an SNV, an inversion, aninsertion, a deletion, a duplication
and an STR expansion, on alinear genome (top). Below, variant signaturesin
bothshort-read genome sequencing (WGS) and LR-WGS are shown. The graph
genome representation at the bottom depicts the different variants on separate
haplotypes (teal, pink and red). b, Flowchart of an LR-WGS bioinformatic

WhatsHap, LongPhase, HiPhase

STRBase ‘ ‘
pipeline for comprehensive genome analysis. The input reads, stored in
unaligned binary alignment maps (uBAMs) are first aligned to the reference
genome, followed by variant calling, phasing and annotation. Variant classes are

color coded (yellow, teal, pink and red). See Supplementary Table 1 for currently
used software packages.

syndrome (MIM 176270) and Angelman syndrome (MIM 105830)~".
Additionally, methylation profiling can aid in the interpretation of
both coding and noncoding VUS®®. Episignatures, developed from

methylation arrays, have provided promising results in identifying
disease-specific epigenetic patterns”. These methylation changes can
also be assessed using LR-WGS®.
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Table 1| Detection capabilities of genetic methods

Aneuploidy Balanced SV CNV STR expansion SNV/indel Methylation
Karyotype v v >5-10Mb - - -
Genome wide CMA v - >50kb - - _
OGM v 4 v V) - -
FISH v v v = - -
Sanger sequencing - - - = v _
Targeted
Fragment length v - - v/ - _
MLPA v - v - - v
Panel - - W) - v/ _
MPS Exome sequencing v - ) - v/ -
wGs v ) v ) v -
LR-WGS v v v v/ v v

Brackets, detects in specific cases. CMA, chromosomal microarray; OGM, optical genome mapping; MLPA, multiplex ligation-dependent probe amplification; MPS, massively parallel

sequencing.

Limitations of LR-WGS in clinical diagnostics

To transition toward the use of LR-WGS in routine clinical diagnostics,
both technological advancements and standardization are needed
across key areas, such as laboratory protocols, bioinformatic process-
ingand variantinterpretation. However, because LR-WGS data will be
used for a wide range of clinical questions, the field must establish
standardized quality criteria that focus on clinical outcomes and patient
benefit rather than relying solely on overall parameters, such as aver-
age coverage or read length. Specific criteria for different analyses
and genomic regions will be necessary, enabling maximized use of
limited patient material. Even data that have low quality may be useful
for validation of already detected variants®, variant phasing or variant
detection’®.

DNA extraction

To achieve optimal read lengths, high-molecular-weight DNA is gener-
ally recommended. Although clinical laboratories often favor auto-
mated methods, manual extraction may initially be required, making
the process more costly and time consuming than standard automated
DNA extraction. Protocols exist to isolate high-molecular-weight DNA
from regular DNA by removing smaller fragments (for example, Meg-
aruptor 3), and these are likely to become the preferred approach for
clinical laboratories during the early stages of implementation”, until
automated solutions are introduced.

Cost and throughput

Although reagent and flow cell costs vary between centers, LR-WGS
remains more expensive than WGS, both in terms of cost per base and
cost per genome. This high cost of LR-WGS is partly due to its com-
plex library preparation and sequencing processes, which require
more manual labor than WGS, for which most steps are automated
using liquid handling systems. Additionally, the low throughput
(Box 1), combined with the high price of reagents and flow cells, fur-
ther adds to the cost. The low throughput is also a limiting factor for
clinicalimplementation. A facility aiming to sequence 10,000 human
genomes per year would need toinvest in multiple LR-WGS instruments
beforebeing ableto fully transition from WGS, covering costs for both
instrument procurement and maintenance.

Accuracy

LR-WGS accuracy was initially poor but has steadily improved over
theyears. Currently, base-calling accuracy ranges from 95% to 99% for
ONT*?and 99% for PacBio®® (Box 1). These figures are comparable to
those of WGS but slightly lower than those of newer short-read sequenc-
ers, such as the Element Biosciences AVITI and PacBio Onso, both of

which achieve 99.99% base accuracy®. While LR-WGS accuracy is gener-
ally sufficient for analyzing germline variants, it may pose limitations
inspecific contexts, such as detecting mosaicism or somatic variation.

Coverage

Currently, a PacBio Revio SMRT cell or an ONT PromethION flow cell
can generate approximately 40x coverage**. However, coverage will
depend onfactors such as multiplexing, sequencing time and DNA qual-
ity. Whilea coverage of 30x%, or even as low as 20x, is typically sufficient
for the reliable detection of germline variants, uneven coverage and
coverage dropouts are commonly observed in both platforms. Notably,
consistent dropouts have been reported even with high-quality DNA,
includingin clinically relevant regions, such as the biallelic pentanu-
cleotide repeat expansion in RFCI that causes the cerebellar ataxia
CANVAS (MIM 614575)%.

Data analysis and interpretation

The analysis of LR-WGS data remains complex, and, compared to
WGS, there is still a lack of validated bioinformatic pipelines for
clinical-grade analysis. Additionally, well-established datasets for vali-
dation and comparing pipelines, callers and interpretation software
are limited. While LR-WGS performs exceptionally well in detecting
variant types, such as SVsand STR expansions'", there are currently
very few solutions for effective visualization and interpretation of
these variants*. The lack of comprehensive allele frequency databases
specific to LR-WGS limits the annotation and filtering of SNVs and SVs,
making it challenging to reliably interpret variants from previously
inaccessible genomic regions and to distinguish between sequencing
artifactsand true variation. Regarding methylation, it is alsoimportant
to exercise caution when interpreting signals obtained from emerg-
ing technologies. As arelatively new technology, thereis still arisk of
misinterpreting the resulting data. This is exemplified by the initial
misinterpretation of an N*-methyladenine signal in LR-WGS, later
identified as an artifact originating from cytosine methylation rather
than adenine®.

Cost-effectiveness and funding

Today, WGS and exome sequencing are well-established clinical tests
with fully developed workflows, including gene panels, defined turna-
round times based on clinical urgency and established reimbursement
procedures (which vary between healthcare systems). While many
of these workflows could be directly adapted to LR-WGS, WGS cur-
rently remains the more cost-effective option for most rare disease
applications. As sequencing efficiency and bioinformatics continue
to advance, the cost-effectiveness of LR-WGS is expected to improve.
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Additionally, in-depth studies on its added diagnostic yield and fully
validated workflows will be essential for broader clinical adoption.

The path toward LR-WGS inroutine clinical
diagnostics

Despite its potential, the clinical utility of LR-WGS remains limited.
Some clinical laboratories have started using targeted long-read
sequencing, and, in2024, afew genetic centersannounced planstotran-
sition toward clinical LR-WGS. Which specific tests and which patient
groupsto focus oninitially willdepend on the specific needs of the local
genetic laboratory. Cost considerations must be addressed through
health economicstudies to identify patient groups that would benefit
the most from LR-WGS. Rare diseases and especially those caused by
diverse pathogenic variation such as neurological diseases are likely
tobefirstinline.

In Sweden, to advance the clinical implementation of LR-WGS,
Genomic Medicine Sweden Rare Diseases has conducted several pilot
studies. In 2023, a national project demonstrated the potential of
LR-WGS for resolving complex SVs". Subsequently, over 500 indi-
viduals with unresolved rare diseases as well as challenging variants
have been analyzed by LR-WGS (Box 1). A national LR-WGS pipeline
performs comprehensive variant calling, annotation and ranking™’.
Local LR-WGS frequency databases are continuously populated, and
ranked variants are uploaded into the open-source interpretation tool
Scout, developed at the Genomic Medicine Center Karolinska®. In 2025,
we will use this workflow and prospectively include 1,000 individuals
with neurological disorders newly referred for genetic investigation
whowill be sequenced usinglong-read technologies. We will standard-
ize both laboratory techniques and bioinformatics while providing
financial resources to facilitate cross-country participation.

Thisinitiative outlines one potential path forward toward clinical
LR-WGS. This path will however vary between countries and healthcare
systems. A number of clinical genetic centers are currently working
toward automated processes for DNA extraction, library preparation
and standardized bioinformatics. Of note, the field of LR-WGS bioin-
formaticsisrapidly evolving, with some components already standard-
ized, while new tools for detecting various variant types continue to
be developed. Both ONT and PacBio provide pipelines for analyzing
their respective data, alongside a wide range of publicly available or
custom-built pipelines (Table 1and Supplementary Table 1).

Overall, we anticipate future developments toward more acces-
sible, cost-effective, personal genomes. However, longer reads alone
will not solve the complexities of genome interpretation; progress
will rely onimproved analytical approaches. The use of pangenome
graphs couldimprove SV analysis, partly by including haplotypes and
sequences that may be absent from the linear reference54 (Fig. 2).
De novo assembly is another promising approach for LR-WGS, allow-
ing for improved characterization of repetitive regions’'. While
LR-WGS enables the reliable detection of complex rearrangements
and noncoding variants, the lack of established disease associations
poses challenges for clinical interpretation. Furthermore, integrating
LR-WGS with methylation analysis and episignatures has the poten-
tial to improve variant interpretation and increase diagnostic rates
for individuals with rare diseases. Nonetheless, ongoing discussions
continue to explore the optimal strategies for implementing LR-WGS
ingenetic diagnostics of rare diseases and maximizing the benefits of
this revolutionary technology.

Concluding remarks

By rapidly implementing new technologies into clinical practice, the
diagnostic yields for rare diseases are steadily improving. However,
evenwith WGS, at least half of patients with rare diseases remain undi-
agnosed. To improve these numbers, we need to (1) implement new
methods to analyze longer reads and multiomic data and (2) bridge
the gap between rare and common disorders to better understand

the impact the entire genetic landscape has on disease occurrence.
Large-scale collaborations to standardize interpretation and share
clinicaldatainafindable, accessible, interoperable and reusable (FAIR)
andinclusive manner will pave the way to a more rapid diagnostic odys-
sey for millions of patients affected by rare diseases worldwide. The
ultimate goal is to rank and interpret all omics data collectively.

Thefield of LR-WGSisstillinitsinfancy, and we anticipate contin-
ued rapid advancements in both laboratory techniques and bioinfor-
matic methods in the near future. As the technology matures, we will
see an increasing number of diagnostic tests transition to LR-WGS,
paving the way for a future in which complete, haplotyped personal
genomes replace the full range of cytogenetic and molecular genetic
investigations with asingle test. This will not only enhance diagnostic
yield but also enable truly comprehensive genomic testing, allowing
for the assessment of all variants across the entire genome.
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