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Long-read sequencing technologies have improved the contiguity and, as a result, the quality of genome assemblies by gen-

erating reads long enough to span and resolve complex or repetitive regions of the genome. Several groups have shown the

power of long reads in detecting thousands of genomic and epigenomic features that were previously missed by short-read

sequencing approaches. While these studies demonstrate how long reads can help resolve repetitive and complex regions of

the genome, they also highlight the throughput and coverage requirements needed to accurately resolve variant alleles

across large populations using these platforms. At the time of this review, whole-genome long-read sequencing is more ex-

pensive than short-read sequencing on the highest throughput short-read instruments; thus, achieving sufficient coverage to

detect low-frequency variants (such as somatic variation) in heterogenous samples remains challenging. Targeted sequenc-

ing, on the other hand, provides the depth necessary to detect these low-frequency variants in heterogeneous populations.

Here, we review currently used and recently developed targeted sequencing strategies that leverage existing long-read tech-

nologies to increase the resolution with which we can look at nucleic acids in a variety of biological contexts.

There are several applications for which sequencing all the nucleic
acids present in a sample is unnecessary and consumes resources.
Targeted sequencing employs strategies that increase the propor-
tion of specific DNA/RNA fragments in a sample, thus increasing
the overall coverage of these regions of interest (ROIs). These ap-
proaches dramatically change our ability to study the genome by
facilitating higher sample throughput than whole-genome se-
quencing, and improve accuracy by increasing the read depth cov-
erage, which enhances the detection of potentially pathogenic
alleles (Dapprich et al. 2016). Several methods have been devel-
oped for short-read target enrichment (Hodges et al. 2007; Turner
et al. 2009; Mertes et al. 2011; Altmüller et al. 2014; Ballester et al.
2016) and typically rely on multiplexed PCR amplification (Jones
et al. 2008; Tewhey et al. 2009) or oligonucleotide-based DNA hy-
bridization capture (Albert et al. 2007; Hodges et al. 2007; Gnirke
et al. 2009; Cao et al. 2013; Wang et al. 2015; Dapprich et al.
2016; Giolai et al. 2017). Since all these enrichment strategies
were developed for short-read platforms, they involve fragmenta-
tion of genomic DNA (gDNA) before amplification, resulting in
<1000 bp templates.

One of the main advantages of long-read technologies is its
ability to generate highly contiguous sequences of large genomic
regions, including complex and repetitive regions that are difficult
to resolve using short-read technologies. This is particularly useful
for applications such as structural variant (SV) detection, genome
assembly, andhaplotyping (Norris et al. 2016; Vu et al. 2017;Gong
et al. 2018; Nattestad et al. 2018; Sedlazeck et al. 2018; Aganezov
et al. 2022; Altemose et al. 2022; Nurk et al. 2022; Vollger et al.
2022). In complex samples, such as heterogeneous tumor samples,
long reads are crucial for the discovery of low-frequency variants,
such as somatic mutations. Newer long-read sequencing strategies
also deliver highly accurate data, improving the detection of path-
ogenic single-nucleotide polymorphisms (SNPs) and copy number
variation (CNV). Until recently, the lack of long-read compatible

target enrichment strategies made it difficult to study specific
ROIs on the existing long-read platforms. This especially limited
researchers’ ability to fully resolve larger variants such as repeat ex-
pansions and SVs in regions of diagnostic or therapeutic interest.
As long-read sequencing methods have developed, so too have
methods for target enrichment using these platforms. Targeted
long-read sequencing methods are powerful tools for studying ge-
nomic regions not readily accessible via short-read approaches.
Targeted long reads provide enrichment for ROIs while maintain-
ing variant positions within fragments up to 100 kb (Stangl et al.
2020; Iyer et al. 2022) as well as maintaining epigenetic modifica-
tions (Gilpatrick et al. 2020), provided PCR is not used. The preser-
vation of long-range genomic structure is critical for the analysis of
repeats, transposable elements, and regulatory elements (Gersh-
man et al. 2022; Hoyt et al. 2022). This review will discuss targeted
long-read strategies employed on the two main long-read plat-
forms: Oxford Nanopore Technologies (ONT) and Pacific Biosci-
ences (PacBio). It will focus on methods such as long-range PCR,
hybridization, Cas9-mediated approaches, and on-instrument tar-
geted sampling approaches (Table 1).

PCR sequencing

Before “next-generation” sequencing methods revolutionized ge-
nome science, Sanger sequencing of individually amplified targets
was standard for pathogenic variant discovery (Schutte et al. 1996;
Dunlop et al. 1997). Today, PCR methods are frequently used to
generate the gene panels ubiquitously found in many clinical
gene studies (Nagahashi et al. 2019). Amplification-based ap-
proaches using long-range PCR were, therefore, a logical applica-
tion for early long-read sequencing methods. The typical
workflow for long-range PCR long-read sequencing is as follows:
Highmolecularweight (HMW)DNA is first isolated from the target
tissue. While this DNA generally does not need to be ultra-long, it
must be longer than the ROI. Then primers specific to the target
regions are designed such that they anneal to the template
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upstream and downstream from the ROI. Once amplified, the tar-
get(s) can be barcoded if needed, and/or size-selected via gel, then
sequenced on either ONT or PacBio instruments (Fig. 1). Long
amplicons are quite beneficial for highly polymorphic or repetitive
targets for which internal primers cannot be designed and long
reads are needed to preserve intergenic variation (Cumming et
al. 2018; Ciosi et al. 2021). CYP2D6, for example, is a highly poly-
morphic gene with different alleles displaying a wide spectrum of
enzymatic activity related to drug metabolism. Charnaud et al.
(2022) employed the PacBio platform to sequence and phase
CYP2D6 alleles in an isolated population, revealing that as much
as 7% of the populationmay be intermediate or poor metabolizers
for the antimalarial drug primaquine.

Perhaps one of the most common uses of long-range PCR for
targeted long-read sequencing is characterizing the human leuko-
cyte antigen (HLA) region (Santamaria et al. 1993). The HLA loci
play a critical role in the immune system’s ability to recognize and
respond to pathogens. It is known to be highly variable and com-
plex, with high-resolution information about allelic variations and
haplotypes (Rioux et al. 2009). Conventional methods tend to focus
only on the variations in exons 2, 3, and 4, thus variations in the
noncoding regions that regulate RNA expression are not explored
(Ramsuran et al. 2015). HLA typing on the PacBio platformwasdem-
onstratedbyAlbrecht et al. by combininghighlyaccurateMiSeqdata
with lower accuracy full-length RS II data to sequence a long HLA
amplicon. The full-length data provided phasing information that
was corrected with the MiSeq data and resulted in the identification
of 606 novel alleles out of the 1056 genes fully sequenced, which
were not previously characterized (Albrecht et al. 2017).

Like HLA sequences, 16S rDNA sequencing relies on an initial
long-range PCR step to generate an amplicon target for long-read
sequencing. The 16S rRNA gene is a conserved genetic marker
that is present in nearly all bacteria and archaea, and its sequenc-
ing allows for the identification of microorganisms based on the
sequence similarity of their 16S rRNA gene (Tringe and Hugen-
holtz 2008). Mitsuhashi et al. (2017) demonstrated that the ONT
MinION had superior sensitivity to distinguish species level popu-
lation in amockmicrobial community—91%compared to 68%on
an Ion PGM instrument. Additionally, as the accuracy of long-read
methods has improved, the need to supplement with short reads
has largely been eliminated. Long-range PCR-based approaches
for characterizing single genes are now more tenable without the
added cost of additional short-read data. Pairedwith low-cost Flon-
gles from ONT, rapid screening for amplicon targets from patho-
gens like the monkeypox virus is becoming a more viable
method (Israeli et al. 2022).

Transcript populations can also be explored with thesemeth-
ods as demonstrated by Adamopoulos et al. This group performed
mRNA transcript-specific amplification forKRAS,NRAS, andHRAS,
which are regulatory genes commonlymutated in various cancers,
followed by MinION sequencing to characterize the diversity of
transcripts in 40 human cell lines. The analysis of the full-length
reads revealed 39 novel transcripts originating from previously
uncharacterized alternative splicing junctions between the anno-
tated exons of the genes (Adamopoulos et al. 2021).

Droplet-based PCR, which has been used to increase the num-
ber of targets that can be amplified in parallel (Tewhey et al. 2009),
can also be used to enrich for target sequences via sorting. The

Xdrop technology (Madsen et al. 2020),
which uses a multiple displacement ampli-
fication (MDA) approach isolates DNA
fragments up to 100 kb in size into individ-
ual droplets. Target-specific amplification
is performed along with an intercalating
dye to identify which droplets contain
DNA fragments of interest. In one exam-
ple, Grosso et al. (2021) employed Xdrop
for contiguous sequencing of the FMR1 re-
peat expansion on the ONT platform. The
FMR1 expansion is characterized by 5–200
CGG repeats and is indicated inmore than
40 genetic human diseases (Paulson 2018).
To evaluate this region, target-positive
droplets were sorted using fluorescence-ac-
tivated cell sorting (FACS). The sorted drop-
lets were then broken, pooled, and re-
encapsulated to allow for droplet-based
MDA. After debranching, DNA molecules
between 60 and 80 kb were sequenced on
an ONT MinION device, achieving 200×
enrichment over the background.

Long-range PCR is relatively straight-
forward and low cost with many estab-
lished pipelines. However, while useful,
these approaches can have significant lim-
itations. Long-range PCR can be prone to
generating chimeric sequences due to re-
duced specificity during the amplification
of larger fragments. This raises the likeli-
hood of amplifying nontarget sequences,
resulting in off-target fragments. Another

Figure 1. Long-range PCR enrichment. Primers are designed to flank ROI. PCR can be carried out as
single reactions for single targets or with multiple targets in a single PCR reaction. Amplified targets
can be optionally size-selected via gel if the target size is known. Amplicons are pooled together before
library preparation (prep). (Created with BioRender; https://www.biorender.com/)
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drawback is reduced amplification efficiency as specialized poly-
merases required for long-range PCR often have lower processivity
and fidelity. This leads to lower amplification efficiency and yield,
thus reducing the number of targets that can be included in a sin-
gle run (Kanagawa 2003). Further, issues of lower polymerase fidel-
ity can confound results especially when paired with lower
accuracy long-read sequencing strategies (Ammar et al. 2015).
While PCR can improve the accuracy of ONT-based long-read
methods, by removing base modifications (Schatz 2017) it elimi-
nates the ability to explore modified bases in a given study. Mod-
ification-aware basecallers abrogate this limitation somewhat, but
accuratemodeling of modifications is essential (Chiou et al. 2023).
Long-range PCR also requires significant optimization for longer
fragments, requiring users to test multiple enzymes and reaction
conditions to achieve the longest amplicon lengths, which are
generally just over 10 kb. Optimization is further complicated by
the variable performance of each PCR reaction. While targeted re-
gions can exceed 1 Mb (Tewhey et al. 2009), the variable perfor-
mance of each amplicon results in uneven coverage across the
target, requiring excess sequencing to obtain sufficient data from
all amplicons (Mamanova et al. 2010). The need to optimize all
amplicon reactions along with the relatively large DNA inputs
needed to carry out many PCR reactions limits the breadth of tar-
gets that can be explored, with the most complex multiplex PCR
panels limited to no more than 1000 targets (Khodakov et al.
2016). When paired with the number of samples needed for a
meaningful study, the scalability of this approach is notably
hampered.

Hybridization-based capture approaches

After PCR-basedmethods, hybridization-based approachesmay be
the next most widely used means of enriching targets. These ap-
proaches were derived from methods developed for short-read

technologies like panel and exome capture (Hodges et al. 2007).
Long-read capture approaches rely on the hybridization of comple-
mentary probes to ROIs followed by a bead-based pulldown before
sequencing (Fig. 2). Most of these approaches rely on off-the-shelf
or custom panel targets designed for short reads with few to no de-
viations from themanufacturers’ suggested hybridization protocol
(Wang et al. 2015; Lagarde et al. 2017; Lefoulon et al. 2019;
Schuele et al. 2020; Steiert et al. 2022). One such long-read hybrid-
ization method is PacBio-LITS, a large-insert targeted capture se-
quencing method (Wang et al. 2015), wherein DNA is first
fragmented to between 1 and 8 kb. These fragments are then cap-
tured with a hybridization panel customized to the targets of inter-
est. As with the short-read methods, the enriched targets require
amplification, and these amplified fragments are then size-selected
to enrich for the longest amplicons (∼4–6 kb) before PacBio library
preparation.

While many long-read capture methods use the same probes
that would be used for short-read approaches, there is evidence
that fewer probes are needed to effectively capture long DNA frag-
ments. Dapprich et al. explored the density of probe placement
andwhat effectmore dispersed probes would have on long targets.
This group proposed a method using Sanger sequencing called
Region-Specific Extraction (RSE) and found that a spacing of ∼1
kb resulted in a 35-fold enrichment of target sequences over the
background (Dapprich et al. 2016). This is quite different from
short-read methods where probes are tiled completely across the
target region to maximize the capture of small fragments ∼200
bp and improve on target rates (Parla et al. 2011).

Similar to the improved performance seen by increasing
probe spacing, some researchers have capitalized on the nature
of long DNA fragments to enrich for those regions for which spe-
cific probes cannot be designed. One example of this is work by
Ramirez and colleagues looking at human papillomavirus (HPV)
integration using PacBio sequencing. In this case, guides were

Figure 2. Hybridization-based capture. Biotinylated DNA or RNA guides are designed to be complementary to the ROI. The DNA is fragmented to
∼10 kb and amplified if more mass is needed. Next, the probes bind to the denatured DNA. The probe–ROI complex undergoes a bead-based pulldown
to separate the target regions from the rest of the genome. The enriched fragments are amplified and size-selected to maintain the target length. The
amplicons are then prepared for long-read sequencing. (Created with BioRender; https://www.biorender.com/)
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designed specifically to the 8 kb HPV genome and not to the host.
The authors demonstrated that by targeting HPV only, hundreds
of DNA bases upstream and downstream from the integration
site are also enriched. Analysis of the host flanking regions reveals
a complex series of structural events induced by HPV integration
(Ramirez et al. 2021).

Hybridization-based enrichment has also been used to char-
acterize specific transcripts in single-cell applications. Singh et al.
targeted T cell and B cell antigen receptor (TCR and BCR) genes
in unfragmented 10x Genomics libraries derived from human
lymphocytes. TCR and BCR genes undergo rearrangements to in-
crease diversity to address various antigens. Due to the extraordi-
nary diversity of these genes, substantial depth is needed to
characterize the different isoforms, thus an unenriched single-
cell library may not recapitulate the diversity present in the popu-
lation. The authors enriched and sequenced these regions via a
method called Repertoire and Gene Expression by Sequencing
(RAGE-seq). This method splits a full-length cDNA pool into
two, where one half undergoes short-read expression profiling,
and one half undergoes hybridization capture of TCR and BCR
cDNAs for long-read sequencing. The combination of these meth-
ods proved to be effective in characterizing somatic hypermuta-
tion in an immortalized B cell line (Singh et al. 2019).

With the success of various hybridization-based targeted
long-read sequencing strategies, commercial manufacturers are
now releasing predesigned panels for long-read sequencing.
Notably, Twist has released the Twist Alliance Dark Genes Panel
(TADGP) (Mahmoud et al. 2024) and the Twist Alliance Long-
Read PGx panel. The TADGP was developed in collaboration
with researchers to address tagged sequences of the medically rel-
evant and complete autosomal genes. The 389 gene panel was ex-
tensively compared towhole-genome sequencing using 11 control
samples. While the technical performance of the panel using
PacBio yielded good results, the authors noted that 75% of the
genes lacked ClinVar (Landrum et al. 2016) variants. The authors
posit that the inherent complexity of the genes in this panel led
to their underrepresentation in the short-read derived database;
further supporting the need for targeted long-read methods.

Hybridization-based capture provides several benefits over
strictly PCR-based approaches. Perhaps most notably, the num-
ber of targets for the hybridization-based approaches can be in
millions compared to PCR’s tens of thousands (Kozarewa et al.
2015). The DNA input mass required is also typically low since
PCR is used to increase the abundance of preenriched targets, al-
though PCR efficiency remains a limiting factor. The main limi-
tations on the size of the regions targeted are the cost of the
probes and finding unique sequences to which those probes
can bind. Fidelity and amplicon length are still constrained by
the enzymes used for long-range PCR, limiting most contiguous
targets to ∼10 kb, and PCR will eliminate any epigenetic marks
present on the source DNA. Moreover, long DNA fragments are
prone to breakage during the various manipulations necessary
while performing a hybrid-capture approach. Length limitations
also impact the performance of hybrid approaches. Reads that are
only a few kb long do not assemble with the same contiguity as
reads larger than 10 kb (Lang et al. 2020). Capturing repetitive re-
gions from satellite DNA (Vondrak et al. 2020) or telomeres
(Bzikadze and Pevzner 2020), for example, can be quite problem-
atic as each has repeats well above the capturable fragment
length via hybridization, and it is extremely difficult, if not im-
possible, to accurately assemble DNA fragments <10 kb in regions
like this.

CRISPR-Cas9-based enzymatic targeting approaches

The CRISPR–Cas system provides a specific, rapid, and flexible en-
zymology (Jinek et al. 2012; Doudna and Charpentier 2014; Rath
et al. 2015; Sternberg et al. 2016) that has been successfully used
to target and clone genomic sequences in vitro (Jiang et al. 2015;
Lee et al. 2015). The flexibility in design, ease of use, and specificity
of this system make it ideal for targeted long-read efforts (Sander
and Joung 2014; Wu et al. 2014; Adli 2018; Loose 2018; Shola
et al. 2020). In particular, this approach is superior to PCR due to
the large fragment sizes that can be targeted and captured with
very high depths, which aids in variant detection. Unlike hybrid-
ization approaches that tend to be lengthy and complex, Cas pro-
teins require short incubation times at moderate temperatures
(Schultzhaus et al. 2021). Compared to hybridization, these meth-
ods also offer more flexibility in targeting as only the flanking se-
quences are required to be known to target the whole region
(Schultzhaus et al. 2021). CRISPR–Cas-based tools are constantly
evolving with an expanding repertoire of Cas proteins and contin-
uing efforts to minimize off-targets, making this an exciting ave-
nue for sequence-specific targeting and enrichment (Adli 2018).

CRISPR-based long-read targeting strategies typically begin
with HMW DNA extraction, followed by targeting and cleavage
with Cas nuclease, followed by an optional long-target purifica-
tion/separation/size-selection before library preparation for se-
quencing on long-read platforms. While methods vary in DNA
extraction and library preparation, all approaches employ a nucle-
ase (commonly Cas9), multiple target-specific CRISPR RNAs
(crRNAs, also called guide RNAs), and a trans-activating crRNA
(tracrRNA) that together form the RNP (ribonucleoprotein) com-
plex—which acts as the targeting and cleavage unit. We have
grouped themost widely usedCRISPR-based enrichment strategies
as below, highlighting their specific advantages and limitations for
long-read target enrichment.

In-gel Cas9-cleavage and target-specific electrophoresis

purification

One of the first methods to show the power of the CRISPR–Cas sys-
tem for targeting long segments of the genome was the Cas9-
Assisted Targeting of Chromosome segments (CATCH) wherein
the authors performed Cas9 targeting and cleavage in agarose gel
plugs to excise microbial genome segments of up to 100 kb for tar-
geted cloning of gene clusters (Jiang et al. 2015; Jiang and Zhu
2016). CRISPR-mediated isolation of specific megabase-sized re-
gions (CISMRs), developed by Bennett-Baker and Mueller (2017)
further expanded CATCH’s application from cloning to sequenc-
ing. Using the same principle, the authors targeted >2 Mb size re-
gions in gel, separated it from the rest of the sample with pulsed-
field gel electrophoresis (PFGE), excised the desired target band,
and sequenced the purified DNA segments, reporting >100-fold
enrichment of the targeted regions (Bennett-Baker and Mueller
2017). Though CISMR was used for short-read sequencing using
Illumina, it helped set the stage for similar approaches to be adapt-
ed for long-read sequencing.

Gabrieli et al. (2018) extended CATCH and CISMR to enrich
for a 200 kb region around the breast cancer gene BRCA1 in prima-
ry human peripheral blood cells for sequencing using the ONT
platform. In this approach, cells are embedded in agarose plugs,
with cell lysis and Cas9 cleavage of HMW DNA performed in the
gel. Target DNA is separated using PFGE and since the size of the
target is known a priori, the desired target band can be excised
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for library preparation (Fig. 3). Using this approach, Gabrieli et al.
observed ∼240-fold enrichment and close to 70× coverage of
BRCA1 from a single MinION flowcell, making this the first report
of using CATCH for targeted long reads. Variations of this ap-
proach have been used by other groups to target large ROIs using
a partially automated version of CATCH on the SageHLS (HMW
Library System) instrument (Sage Science) for sequencing with
the 10x Genomics Chromium platform (Shin et al. 2019) and
the PacBio Sequel I instrument (Walsh et al. 2021). More recently
CATCH was optimized to enrich extrachromosomal DNA to eval-
uate genetic variation as well asmethylation in parallel with nano-
pore sequencing (Hung et al. 2022).

One major advantage of the in-gel targeting approaches is
that the DNA is protected in the gel, reducing mechanical stress
during the cleavage and purification steps, therefore, preserving
molecule length. CATCH is amenable to large targets in the 100
kb–5 Mb range, with the SageHLS instrument offering a faster
and partially automated option. However, since size-selection is
a critical step in the enrichment process, this approach does not
work well in cases where the target length is variable or unknown
(e.g., repeat expansions). CATCH also takes longer than other Cas-
based approaches (described below), typically taking 24–48 h from

DNA extraction to loading on the sequencer, followed by sequenc-
ing time, greatly increasing the time-to-answer. The reliance on gel
elution to retrieve desired fragments also limits the number and
size of targets that can be grouped together for Cas9 cleavage,
with sample multiplexing likely only possible during the postelu-
tion library preparation step. Lastly, it has been observed that
though extremely large, the targets often constitute a very small
fraction of the genome(s) and sample(s), resulting in low yields af-
ter cleavage and target separation. This typically necessitates a far
higher startingmaterial without which there is a risk of underload-
ing the flowcell unless an amplification step is performed. It
should also be noted that as of 2020, 10x Genomics has discontin-
ued the sale of its ChromiumGenome and Exome products. Since
barcoded linked-reads are no longer available on this platform, it is
not compatible with CATCH at present.

Cas9-based targeted sequencing on the nanopore platform

The next wave of CRISPR–Cas-based enrichment strategies focused
on optimizing in-solution approaches that would provide more
flexibility in the number and size of targets evaluated per reaction.
Briefly, these approaches typically start with gel-free HMW DNA

Figure 3. In-gel Cas9-cleavage and target-specific electrophoresis purification. Cells are embedded in agarose and lysed in gel, maintaining DNA frag-
ment length. Cas9 cleavage is carried out in gel using guides specific to the ROI. PFGE is used to separate the target(s) from background DNA based on size,
which is known a priori. The purified target is then prepared for sequencing on either of the long-read platforms using appropriate adapters/kits. (Created
with BioRender; https://www.biorender.com/)

Iyer et al.

1706 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 22, 2024 - Published by genome.cshlp.orgDownloaded from 

https://www.biorender.com/
https://www.biorender.com/
https://www.biorender.com/
https://www.biorender.com/
https://www.biorender.com/
http://genome.cshlp.org/
http://www.cshlpress.com


extraction, followed by dephosphorylating the gDNA to make
fragment ends unavailable for sequencing adapter ligation.
crRNA guides targeting upstream and/or downstream from the
ROI are designed such thatmultiple guides flank the ROI to ensure
optimal targeting through redundancy and reduce off-target en-
richment. The resultant RNP complex facilitates themelting of du-
plexDNA and base-pairing of the crRNAswith the target sequence,
followed by Cas9 cleavage around the ROI, freeing the target frag-
ments and making their ends available for adapter ligation. Many
different groups have devisedmethods for suchCas9-based enrich-
ment, and since they are very similar in principle, we grouped
these methods to better highlight the optimizations made for dif-
ferent types of research questions.

Double- and single-cut approaches

Initially developed to target short tandem repeat (STR) expansions,
STR identification, quantification, and evaluation (STRique) was
one of the first in-solution Cas-based excision approaches intro-
duced. Through this work, the authors highlighted the benefits
of an initial dephosphorylation step in Cas-based enrichment as
well as the increased targeting efficiency of Cas9 over Cas12a
(Giesselmann et al. 2019). Gilpatrick et al. (2020) in collaboration
with ONT built upon this work and developed nanopore Cas9-tar-
geted sequencing (nCATS), which was available as the SQK-
CS9109 kit from ONT (discontinued early 2024) and is the most
widely used Cas9-based excision approach. nCATS is an amplifica-
tion-free approach wherein targets are excised from dephosphory-
lated gDNA with crRNA guides targeting flanking regions on both
sides of the ROI (Fig. 4). The authors targeted 10 regions between
12 and 24 kb in size across different sample types—cell lines,
cell-line-derived xenograft, normal and paired tumor/normal pri-
mary human breast tissue, and reported median coverage of
675×. Since its introduction, nCATS has been used by several dif-
ferent groups for genetic and/or epigenetic evaluation of ROIs
across different samples and organisms (López-Girona et al.
2020; Wongsurawat et al. 2020; Bruijnesteijn et al. 2021;
McDonald et al. 2021; Mizuguchi et al. 2021; van Haasteren
et al. 2021; Alfano et al. 2022; Fiol et al. 2022; Kirov et al. 2022;
Rubben et al. 2022; Vandiver et al. 2022; Bryant et al. 2023;
Merkulov et al. 2023).

Many groups made modifications to this approach like tiling
guides to cover larger target areas, modifying reagents, changing
incubation times for Cas9 cleavage and sequencing adapter liga-
tion, as well as including flowcell wash and reload steps (López-
Girona et al. 2020; Bruijnesteijn et al. 2021; Mizuguchi et al.
2021; Alfano et al. 2022; Fiol et al. 2022; Rubben et al. 2022;
Merkulov et al. 2023). Some groups have also adapted nCATS for
unique applications by defining unconventional target regions
through their crRNA guide designs (McDonald et al. 2021; van
Haasteren et al. 2021; Vandiver et al. 2022; Bryant et al. 2023).

Fusion genes and large duplications, however, are tricky to
characterize due to their variable configurations and breakpoint lo-
cations. In both cases, typically the sequence of only one flanking
site (upstream or downstream) of an ROI is known with confi-
dence, making it difficult to employ double-ended Cas9-cleavage
enrichment methods that require the knowledge of flanking se-
quences on both ends. Two different groups have described a sin-
gle-ended cleavage variation that leverages ONT sequencing’s
ability to read through long stretches of DNA fragments with an
adapter molecule bound at only one end (Stangl et al. 2020;
Watson et al. 2020). Since Cas9 protects the protospacer adjacent

motif (PAM)-distal end after cleavage and exposes phosphate
groups on the PAM-proximal end for sequencing adapter binding,
crRNAs designed in a strand-directedmanner help define sequenc-
ing directionality. For detecting duplications, Watson et al. de-
signed plus-strand and minus-strand crRNA guides positioned
within the duplicated sequence. Dephosphorylated DNAwas split
into two separate strand-specific cleavage reactions, which were
then pooled, adapters ligated, and sequenced (Fig. 5). Using this
approach, the authors reported close to 500-fold enrichment of
their target regions, identifying a 200 kb duplication involving
several exons in the DMD gene (Watson et al. 2020). Similarly,
Stangl et al. designed crRNA guides to cut only at or near the
known partner of a gene fusion in a method called FUDGE
(Fusion Detection from Gene Enrichment), wherein dephosphor-
ylated DNA is cut either upstream or downstream from the known
gene. By directing reads upstream or downstream from the cut site,
FUDGE facilitates sequencing of the suspected unknown fusion
partner at either the 5′ or 3′ end of the known gene, with the au-
thors reporting an average enrichment of 665× that helped suc-
cessfully identify known and unknown fusion gene partners
across different cancer cell lines and tumor samples (Stangl et al.
2020).

Generally, nCATS and most of its adaptations have been suc-
cessful in enriching targets up to 30 kb in size. Typically, coverage
is inversely proportional to target size, with shorter targets achiev-
ingmuch higher coverage than the longer ones. This is in part due

Figure 4. nCATS. DNA is dephosphorylated to prevent sequencing
adapter ligation. Cas9 RNPs with guides specific to the ROI are used to
cleave the DNA upstream and downstream from the targets. This exposes
phosphate groups at the ends of the target strands to which sequencing
adapters are then ligated. Targets are, therefore, preferentially sequenced
from a sequencing pool consisting of adapter-bound targets and dephos-
phorylated nontarget DNA. (Created with BioRender; https://www
.biorender.com/)
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to the presence of the entire sample DNA—consisting of adapter-
bound targets, Cas9-bound nontargets, and completely dephos-
phorylated nontargets—in the final sequencing pool. The pres-
ence of a large proportion of competing background DNA can
negatively impact not only the length of targets capturable, but
also the overall coverage of (long) targets. Furthermore, it is possi-
ble that boundCas9 could slip from the ends of the nontarget frag-
ments during downstream processing of the cleaved product,
exposing them to adapter ligation as well. Nicks and breaks in
the background DNA could also lead to the sequencing of these re-
gions unintentionally, as the exposed phosphate groups allow for
adapter ligation. These points highlight that the lack of a back-
ground reduction step in nCATS could potentially be amajor draw-
back in this approach. While single-ended cut approaches help
address an important limitation of double-ended cut approaches,
they are also limited by the availability of HMW DNA. While
200 kb duplications were successfully identified by Watson et al.,
Stangl et al. reported that for fusion detection, FUDGE had similar
target length limitations as nCATS (<30 kb target-spanning read
lengths), which could possibly be solved by tiling across larger
breakpoint regions.

Approaches with background reduction

A common artifact observed in ONT sequencing is a strong bias to
sequencing shorter fragments more efficiently (Ebbert et al. 2018;
De Roeck et al. 2019; Giesselmann et al. 2019), the presence of
which is likely due to the general difficulty inmaintaining long frag-
ments all the way to the end of library prep, as well as diffusion
properties affecting how long fragments are delivered to the sur-
face of the flowcell. Therefore, if shorter background DNA is not
eliminated from the sequencing pool, it could compete with longer
targets, reducing depth across the desired long fragments. Re-
cognizing the detrimental role background DNA can play in Cas9-
based target enrichment, three different groups leveraged the
preferential binding of Cas9 for background reduction. Cas9 endo-
nuclease forms a stable complex with its guide RNA and the corre-
sponding target DNA, and remains tightly bound even when
challenged with competing proteins (Clarke et al. 2018). The disso-
ciation of Cas9 from its DNA target occurs only under harsh envi-
ronmental conditions, and has a natural dissociation time of ∼6 h
(Sternberg et al. 2014; Ma et al. 2016; Richardson et al. 2016).

The tight binding of Cas9 to its target was leveraged by two
groups to protect targets of interest while employing exonucleases
for background depletion. Exonucleases have been widely used for
background elimination (Varley and Mitra 2008; Rossi et al. 2018)
and can be used for extensive digestion of nontarget gDNA when
coupled with Cas9 protection of ROI flanks, resulting in PCR-free
enrichment. Unlike hybridization-based approaches, Cas9-based
depletion does not exhibit sequence-specific bias, allowing for
high-level multiplexing of targets. Additionally, since this strategy
does not rely onDNAamplification or fragmentation, it can enrich
for long, native DNA. The two approaches for Cas9-based deple-
tion, while similar, differ primarily in the types of exonucleases
used as well as incubation times for Cas9 RNP formation, Cas9
cleavage, and exonuclease degradation. Both approaches skip the
dephosphorylation step and start directly with Cas9 cleavage of
targets specified by crRNA guides that cut upstream and down-
stream from the ROIs. Steric inhibition from the Cas9/sgRNA com-
plexes “shield” the ends of the DNA targets from exonuclease
degradation, resulting in nontarget DNA depletion and enrich-
ment of double-strand, nonamplified targets compatible with
long-read and native-strand sequencing (Fig. 6A). Negative
Enrichment (NE) developed by Stevens et al. (2019) achieved a
30- to 600-fold enrichment across their targets. Cas9-based
Background Elimination (CaBagE) developed by Wallace et al.
(2021) achieved threefold to 32-fold higher enrichment than NE,
but this could be a function of the number and size of regions tar-
geted per reaction as well as DNA inputmass. Compared to nCATS,
on-target coverage from CaBagE was approximately threefold to
11-fold lower for the same experimental conditions. Targeting
∼4 regions (4–20 kb) per reaction, the authors reported 39–416×
depth. Both groups found no significant coverage difference
when enriching for a single target per reaction versusmultiplexing
targets for the sample in a single reaction.

After cleavage, Cas9 tends to be strongly bound to the PAM-
distal end of the cut site (Richardson et al. 2016), making it easy
to direct its protective binding by defining directionality during
crRNA guide design. Iyer et al. (2022) leveraged Cas9’s preferential
binding to develop ACME—an Affinity-based Cas9-Mediated
Enrichment method that uses the C-terminal 6-Histidine tag pre-
sent on the HiFi Cas9 nuclease to pull down Cas9-bound nontar-
get fragments from the sequencing pool. Through HisTag-based
isolation and pulldown of Cas9-bound nontarget DNA after the

Figure 5. Single cut and read-out approaches. Dephosphorylated DNA
is split into two separate reactions. crRNA guides are designed in a strand-
directedmanner with separate guide pools prepared for guides cutting up-
stream versus downstream from each target. Upstream and downstream
guide pools are then used to cleave dephosphorylated DNA in separate
reactions. After Cas9 cleavage, both reactions are pooled together, and
sequencing adapters are ligated. The prepared library is loaded on nano-
pore flowcells and sequenced. (Created with BioRender; https://www
.biorender.com/)
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Cas9 cleavage step, ACME physically reduces background DNA, al-
lowing a higher proportion of target DNA to enter the flowcell (Fig.
6B). Compared to nCATS, ACME achieved a twofold to 25-fold in-
crease in target coverage, increased target sizes capturable from 30
to 100 kb, and generated a threefold to sevenfold increase in the
number of end-to-end target spanning reads. The authors reported
>60-fold target enrichment, close to 70× coverage, and 3–20 end-
to-end reads spanning a 95 kb target. The main advantage ACME
offers over other Cas9-based nanopore targeting approaches is
the ability to capture several large contiguous reads, up to 100 kb
in size, that span the target from start to end. Since its develop-
ment, ACME has been shown to perform on par with whole-ge-
nome long-read sequencing for SV detection (Iyer et al. 2022)
and substitute bisulfite sequencing to determine methylation pat-
terns across target promoter regions in acute myeloid leukemia
(AML) cancer cell lines (Yang et al. 2021; Wei et al. 2022).

Compared to Cas9-based enrichment approaches like nCATS
and ACME, depletion approaches like NE and CaBagE tend to take
more time, cost more, and result in lower yield (Wallace et al.
2021). While lower yield could be attributed to inefficient exonu-
clease digestion, a more plausible explanation may be the in-
creased sensitivity of these approaches to fragmentation between
Cas9 binding sites i.e., within the targets. Any break inDNAor fail-
ure of Cas9 binding will result in target degradation by exonucle-

ase. Furthermore, the sensitivity to such breakage will likely
increase with increasing target sizes, imposing a limit on pursuing
targets >30 kb. Although, this could be mitigated to an extent by
ultra HMW (UHMW) DNA extraction and nick repair before exo-
nuclease digestion. While ACME successfully increases end-to-
end target sizes capturable from 30 to 100 kb, it struggles to deeply
sequence targets >100 kb in size, with coverage dropouts observed
in the center. As the developers of this approach, we note that one
likely factor contributing to this dropout could be the DNA size,
which may be improved by switching to UHMW DNA extraction
methods. An important limiting factor in the wide application of
ACME is input DNA mass, requiring at minimum 5 µg of starting
mass, with close to 20 µg used for pooled preps that showed higher
target depth. It is also important to note that while ACME takes
nCATS a step further in several ways, it is not amenable to a “single
cut and read out” approach, as the pulling down of Cas9-bound
nontargets after a single-ended cut could result in other target re-
gions being pulled out of solution as well.

Amplification-free targeted sequencing on the PacBio

platform (PacBio PureTarget)

Like ONT, PacBio introduced a Cas9-mediated capture method
called No-Amp Targeted Sequencing (Hafford-Tear et al. 2019;

A B

Figure 6. Approaches with background reduction. (A) NE and CaBagE. DNA is cleaved upstream and downstream from the ROI (dashed lines represent
cut sites) using target-specific crRNPs. Immediately after Cas9 cleavage, 5′ and 3′ exonucleases are used to digest background DNA while target ends are
protected by the bound Cas9. Heat incubation is used to dissociate Cas9 from the targets and inactivate the exonucleases before sequencing adapter li-
gation. The prepared library is loaded on nanopore flowcells and sequenced. (B) Affinity-based Cas9-mediated enrichment (ACME). DNA is dephosphor-
ylated to prevent sequencing adapter ligation and Cas9 RNPs with guides specific to the ROI are used to cleave the DNA upstream and downstream from
the target(s). After cleavage, Cas9 remains bound to the nontarget side of the cut sites (PAM-distal end). The Cas9 enzyme has a C-terminal 6 Histidine Tag.
HisTag Dynabeads are used to pull down Cas9 and the nontarget fragments bound to it from the sequencing pool. Adapters are then ligated to the ex-
posed phosphate groups at the ends of the target strand(s). The prepared library is sequenced on ONT flowcells. (Created with BioRender; https://www
.biorender.com/)
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Wieben et al. 2019; DeJesus-Hernandez et al. 2021; Mangin et al.
2021). Since its introduction in 2019, the No-Amp method has
been re-released as PureTarget; a predesigned panel of 20 genes
known to harbor repeat expansions. Rather than relying on
dephosphorylation to prevent off-target capture, the original
method proposed in 2019 starts with the formation of circular li-
braries, called SMRTbells, from total gDNA. A single Cas9 guide
is then used to create double-stranded breaks at a specific location
within the SMRTbell, thus creating a new ligation site where a new
SMRTbell adapter can be bound. The newly formed SMRTbell is
then enriched via magnetic beads that carry a sequence comple-
mentary to the new adapter. Newer versions of this approach are
more similar to the approaches employed by ONT, wherein DNA
is initially dephosphorylated to prevent adapter ligation followed
by Cas9 cleavage to expose ligation sites proximal to the target re-
gion. Once cleaved, SMRTbells are added to complete the library
(Fig. 7; Tsai et al. 2022).

This method has been successfully used to study repeat ex-
pansions in the Huntington HTT gene (Höijer et al. 2018) and
TCF4 (Hafford-Tear et al. 2019). The authors reported that the
No-Amp method was effective in targeting regions of extreme
GC content (<25%, >65%) as no PCR is required to enrich the
target—an ideal situation for conditions caused by trinucleotide
expansions (Loomis et al. 2013). The accuracy of PacBio sequenc-
ing is also an important feature in repeat expansion targeted se-
quencing. At >99.5% accuracy (Hon et al. 2020) PacBio has been
shown to be more effective in sequencing through complex re-
peats than ONT, as demonstrated by work on the “GGGGCC” re-
peat found in many amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) cases (Ebbert et al. 2018).

Like the ONT-based Cas9 methods, the percent of total reads
matching the target remains very low, typically <10%. It is impor-
tant to note that thesemethods rely on the specificity and efficien-
cy of the Cas9 and the guide RNA, which can be affected by factors
such as guide RNA design, Cas9 activity levels, and the presence of
off-target effects. While such approaches result in a many-fold en-
richment of the targets over background, they are limited in the
number of targets andmultiplexed samples that can be sequenced
in a single run. This issue is further confounded by existing techni-
cal limitations of the PacBio technology. In general, only a handful
of targets can be enriched for at a time and the target length is lim-
ited by the ∼15 kb HiFi read lengths. Each Sequel II cell has 8M
zero-mode waveguide (ZMW) sites where sequencing can occur
and only one molecule can be sequenced in a ZMW—hence the
PacBio label single molecule real-time (SMRT) sequencing. The
SMRT Cell relies on diffusion loading of the ZMW, which is gov-
erned by Poisson statistics. Thus, while there are 8M possible sites
for sequencing, only 4–6 M will generate data. Read length is also
constrained by the ZMWs as larger DNA fragments diffuse slower
and are too large to effectively fit into a single ZMW. These issues
may be ameliorated by the newly available, at the time of writing,
25M ZMW Revio SMRT Cells. Similarly, the curated 20 gene panel
that is part of the PureTarget product has optimized performance
and multiplexing methods for repeat expansions thus improving
the overall efficiency of this tool.

Summary of CRISPR-Cas9-based enzymatic targeting approaches

Cas9-based approaches aremore sensitive than PCR andhybridiza-
tion approaches as they rely on short (20–30 nt) sequences of com-
plementarity and a PAM sequence for cut site detection; therefore,
mismatches in the seed region adversely affect binding (Jiang and

Doudna 2017). Furthermore, regions without adjacent PAM sites
become difficult to target, requiring alternate target specifications,
making guide design an important yet challenging feature of Cas9-
based targeting. In addition to this, the binding efficiency of guide
RNAs tends to be more variable than expected (Liu et al. 2020;
Naim et al. 2020).While this has greater consequences for genome
editing, off-target binding is not particularly detrimental for en-
richment and can be mitigated by stringent guide selection based
on GC content, self-complementarity, efficiency, and number of
potentially mismatched binding sites prevalent in the genome.
Lower binding/cleavage time, ideally 15 min, also greatly reduces
the percentage of off-target binding and cleavage. Of all the ap-
proaches discussed in this section (CRISPR-Cas9-based enzymatic
targeting approaches), the Cas9-based enrichment strategies of-
fered on the ONT platform provide faster, flexible, and more eco-
nomical options to obtain very high coverage of large targets of

Figure 7. Amplification-free targeted sequencing on the PacBio plat-
form (PacBio No-Amp). DNA is dephosphorylated to prevent sequencing
adapter ligation. Cas9 RNPs with guides specific to the ROI are used
to cleave the DNA upstream and downstream from the target(s).
Sequencing adapters are ligated to the cleaved products. Since no back-
ground reduction has been performed yet, nontarget strands protected
by Cas9 on both ends will also likely end up with SMRTbell adapters.
Exonucleases are introduced to digest the rest of the background DNA.
Only those fragments with SMRTbells attached on both sides survive the
exonuclease digestion and make up the sequencing pool that is loaded
on to PacBio flowcells. (Created with BioRender; https://www.biorender
.com/)
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interest. However, all approaches discussed in this section are less
applicable for large projects that survey 100s of targets across 100s
of samples, as these approaches are not easily scalable. Alfano et al.
(2022) evaluated a multiplex Cas9 enrichment approach using
nCATS with ONT native barcoding (EXP-NBD104 kit) and report-
ed >10-fold lower enrichment compared to a singleplex run, with
70% unclassified reads. These results were consistent with similar
tests performed by us as well as other ONT users (https://
community.nanoporetech.com/posts/high-of-unclassified-rea).

The main advantage of CRISPR-Cas9-based enrichment ap-
proaches is the very high depths (>100× for targets <30 kb, up to
60× for targets close to 100 kb in size) that are achievable for targets
of interest, making it easier to resolve and identify low-frequency
variants. Since these approaches are amplification-free and do
not involve shearing of DNA, they allow for the targeting of very
long contiguous regions, especially with approaches like CATCH
andACME. Currently, thesemethods are themainway to generate
long (up to 100–200 kb), end-to-end target-spanning reads with
high depth, provided sufficient DNA mass is available. The long
lengths capturable through these approaches have a distinct ad-
vantage as they help reduce mapping errors due to SVs within tar-
gets, aiding in their detection.

Computational enrichment by adaptive sampling

While the CRISPR-based target enrichment strategies are biochem-
ical approaches, adaptive sampling, also known as selective se-
quencing or “Read Until,” is a computational approach that
“rejects” nontarget reads allowing only target reads to be se-
quenced fully (Loose et al. 2016; Edwards et al. 2019; Kovaka
et al. 2021; Payne et al. 2021; Weilguny et al. 2023). At its core,
adaptive sampling leverages a unique quality of ONT nanopore se-
quencing wherein pore current data can be assessed in real-time to
make sequencing decisions for the same ongoing run. This is pos-
sible because nanopore devices collect data from all channels on a
flowcell simultaneously and can communicate with each channel
independently. Unwanted reads can, therefore, be physically
ejected from the nanopores by reversing the driving voltage across
them. Additionally, library preparation requires minimal speciali-
zations, and the rejected reads are unlikely to be resequenced since
their motor proteins, located at the 5′ end of the molecules being
sequenced, are no longer available once their respective strands are
ejected.

ONT’s Read Until application programming interface (API)
was first developed into an implementable option by Loose et al.
(2016) using dynamic time warping (DTW) to match reads to ref-
erence sequences. This early iteration was computationally exten-
sive, especially for gigabase-size reference genomes, as it tried to
match current trace (“squiggle”-space) data to a reference “squig-
gle” trace directly in order to bypass the slower speed basecallers
of its time. As basecallers improved, Edwards et al. (2019) devel-
oped Read Until with Basecall and Reference-Informed Criteria
(RUBRIC), which was computationally modest by working in the
sequence-space, relying on real-time conventional basecalling us-
ing ONT’s Nanonet basecaller and sequence-based alignment
using LAST (Kiełbasa et al. 2011). This approach was faster, scal-
able, flexible, and efficient in filtering out unwanted reads.
RUBRIC worked well for background depletion, but did not
achieve significant absolute target enrichment.

Adaptive sampling approaches have consistently improved
since these initial examples. Currently, there are four different
ways to implement adaptive sampling—readfish, utility for nano-

pore current alignment to large expanses of DNA (UNCALLED),
adaptive sampling directly through theONTMinKNOW interface,
andbenefit-optimizing short-term strategy for readuntil nanopore
sequencing (BOSS-RUNS) (Table 2).

readfish and UNCALLED mainly differ in how they set two
important parameters for adaptive sampling: speed of sequence
identification–mapping–classification, and average read length
of the prepared library. BOSS-RUNS takes readfish a step further
by incorporating the ability tomake sequencing decisions dynam-
ically, based on the real-time performance of the run.

readfish

Payne et al. (2021) overcame the limitations of the first Read Until-
based approach (Loose et al. 2016) by using the graphics process-
ing unit (GPU)-based ONT basecalling software already integrated
with the ONT sequencers (minIT, Mk1C, GridION, and Prome-
thION). Target enrichment with readfish is achieved through
real-time basecalling, followed bymapping reads as they are gener-
ated usingminimap2 (Li 2018), based onwhich a decision on how
to proceed with the read is made (reject, proceed, or stop receiving
data), all within ∼1 sec of the read starting. readfish (https://www
.github.com/looselab/readfish) is highly customizable, and con-
figurations such as signal chunk durations and desired sample/tar-
get depth can be changed by the user to best suit their
experimental goals. For example, the authors show a 1.6–4× en-
richment of a low-abundance microbial subpopulation by setting
a desired coverage of 40×, which prompted readfish to stop se-
quencing abundant populations once they met this depth and re-
focus sequencing on the low-abundance samples to improve their
relative coverage. In human samples, the authors reported a 2.7×
to 5.4× enrichment of exon targets (mean target depth ∼13–17×)
for a search space of 176 Mb (5% of the genome) and a coverage
of 30–40× when targeting the entire set of 717 Catalogue of
Somatic Mutations in Cancer (COSMIC) genes (Tate et al. 2019)
(search space 89.9Mb, ∼2.7% of the genome). It was also observed
that incorporating nuclease flush and reload steps further helps in-
crease the overall yield as well as on-target coverage of readfish
runs, with the increase proportional to the number of flushes
and reloads. Since its introduction, readfish has been used success-
fully by different groups for adaptive sampling (Giannuzzi et al.
2021; Miller et al. 2021; Patel et al. 2022; Stevanovski et al. 2022).

While readfish is a comprehensive and flexible tool for adap-
tive sampling, it requires access to a reasonably powerful GPU or
device capable of real-time basecalling. Furthermore, the installa-
tion of readfish is nontrivial, with several users, including us, re-
porting multiple issues with setup. Failed install attempts are
common due to the constantly changing MinKNOW software
and associated tool versions (https://github.com/LooseLab/
readfish/issues). Similar issues are also bound to plague BOSS-
RUNS (discussed below), which relies on readfish.

Utility for nanopore current alignment to large expanses

of DNA (UNCALLED)

Basecallers require a large amount of input signal to generate se-
quence outputs and are typically devised to work on fully se-
quenced reads. Recognizing the additional computational
burden imposed by basecalling reads first, Kovaka et al. (2021) de-
veloped a signal-based approach calledUNCALLED (https://github
.com/skovaka/UNCALLED), which is a nanopore current signal
mapper. Using raw signals instead of mapped reads to make se-
quencing decisions, UNCALLED requires less computational
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power and time than readfish, achieving faster ejection of nontar-
get sequences and improved enrichment. With a lighter computa-
tional footprint than older signal-based methods, UNCALLED
maps thousands of base pair signals toMb-sized references per sec-
ond,mapping∼75%of readswithin 1 sec (450 bp),making it faster
than the Read Until API that provides signals at the rate of one
chunk per second. The authors usedUNCALLED to deplete known
bacterial genomes from amockmicrobial community to enrich for
yeast genome sequences by mapping signal data to a 29 Mb refer-
ence containing seven bacterial genomes. UNCALLED retained
>99%of yeast reads and ejected 90%–96%of bacterial reads, result-
ing in a 3.2- to 4.5-fold absolute enrichment of yeast sequences.
Using UNCALLED to enrich for 148 human hereditary cancer
genes (18.6 Mb), the authors mapped >90% of reads and reported
a 29.6× coverage of the target sequences (Kovaka et al. 2021).
UNCALLED also resulted inmore sensitive and precise variant call-
ing, with 100% concordance in SV calls, compared to whole-ge-
nome long-read sequencing. Like with readfish, the authors
observed that nuclease flush improved UNCALLED yields substan-
tially, underscoring the extent of pore blockage caused by the
ejectedDNA. The authors have since released UNCALLED4, which
includes additional visualization and command line tools for
nanopore signal-to-reference alignments.

Despite its lower computational footprint and faster decision
time, UNCALLED is reported to still require considerable com-
putational resources. While more effective with longer reads,
UNCALLED runswith longer DNA fragment lengths are associated
with lower yield. This approach is also limited in its search space,
with a decline in performance observed as references become larg-
er and/or includemore repetitive sequences. At the time ofwriting,
UNCALLED has only been adapted to run on the MinION instru-
ment, with efforts to expand it to the GridION or PromethION in-
struments deemed nontrivial due to variable instrument port
codes and slot specification issues.

Built-in adaptive sampling on the ONT MinKNOW interface

The Read Until programming interface (https://github.com/
nanoporetech/read_until_api), while initially made available to
third-party developers to devise implementation, was eventually
implemented by ONT into its GridION control software in
November 2020 as a user-selectable option. This has since been in-
corporated into the PromethION software aswell. This built-in ver-
sion of adaptive sampling opened up the approach to a much
wider user base, who could now just upload a reference file and
set whether to enrich for or deplete the genomes specified in the

file. Furthermore, along with the reference file users also have
the option to furnish a more specific target file with coordinates
of multiple ROIs, such as genes or exons, to enrich within an up-
loaded reference genome. Like with readfish, reads are basecalled
and mapped live, allowing for a decision to be made to either ac-
cept or reject the read within the first 1–2 sec. Since the adaptive
sampling update has beenmade available on the ONT sequencers,
many groups have reported successfully leveraging it for their tar-
geting goals (Wanner et al. 2021; Marquet et al. 2022; Martin et al.
2022), with some reporting up to 5× enrichment of lowabundance
organisms (∼2% of total sample) (Martin et al. 2022). ONT’s built-
in tool is by far the easiest way to perform adaptive sampling, re-
quiring no computational knowledge to set up and run apart
from generating reference files or making BED files to specify
targets.

While ONT’s adaptive sampling tool functions as a conve-
nient option for enriching or depleting sizable, predetermined tar-
get regions/genomes, it has limited options for customization,
narrowing its scope to specific use case scenarios. At the time of
writing, ONT’s built-in adaptive sampling option does not support
adjusting targets during the run by setting depth limits (like read-
fish) or making dynamic sequencing decisions (like BOSS-RUNS,
discussed below).

Benefit-Optimising Short-term Strategy for Read Until

Nanopore Sequencing (BOSS-RUNS)

BOSS-RUNS (https://github.com/goldman-gp-ebi/BOSS-RUNS)
developed byWeilguny et al. (2023) is the latest adaptive sampling
approach and takes readfish a step further in its optimization. A
data-driven target enrichment approach, here sequencing decision
strategies are dynamically updated in real time during the course of
the run to better optimize flowcell use. BOSS-RUNS interacts with
the ONT sequencing devices through the Read Until API and read-
fish (Payne et al. 2021). Like readfish, basecalled reads are mapped
to reference genome(s) using minimap2 (Li 2018) to make a deci-
sion on how to proceed, but unlike readfish, BOSS-RUNS also
has the ability to adapt the target set and change sequencing prior-
ities throughout the run tomaximize information gain and reduce
uncertainty. BOSS-RUNS avoids wasteful data acquisition by as-
signing higher scores to poorly represented or ambiguous regions,
therefore, prioritizing readsmapped to these loci over reads that do
not add valuable/new information to the region being surveyed.
Unlike other approaches wherein read acceptance/rejection is de-
cided a priori, the dynamic decision strategy employed by BOSS-
RUNS allows for coverage redistribution at any time during the

Table 2. Summary of currently available adaptive sampling approaches

Features readfish UNCALLED ONT built-in BOSS-RUNS

Instrument
compatibility

MinION, GridION, PromethION MinION, GridION MinION, GridION,
PromethION

MinION, GridION, PromethION

Number of
targets

Enrichment: Min. 0.1%–Max. 10% of genome size for targets within same genome, 1%–5% optimal
Depletion: Variable based on proportion in sample

Customizable ✓ ✓ ✓

Dynamic
decisions

✓ ✓

Setup Requires GPU and considerable
computational knowledge

Decent computational knowledge
required

Not required Requires GPU and considerable
computational knowledge

Limitations Nontrivial to install, requires
reinstall for MinKNOW updates

Requires port codes for run initiation,
nontrivial for GridION or PromethION

No dynamic
decision capability

Nontrivial to install, requires
reinstall for MinKNOW updates

Iyer et al.

1712 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 22, 2024 - Published by genome.cshlp.orgDownloaded from 

https://github.com/nanoporetech/read_until_api
https://github.com/nanoporetech/read_until_api
https://github.com/nanoporetech/read_until_api
https://github.com/nanoporetech/read_until_api
https://github.com/nanoporetech/read_until_api
https://github.com/goldman-gp-ebi/BOSS-RUNS
https://github.com/goldman-gp-ebi/BOSS-RUNS
https://github.com/goldman-gp-ebi/BOSS-RUNS
https://github.com/goldman-gp-ebi/BOSS-RUNS
http://genome.cshlp.org/
http://www.cshlpress.com


run by changing what is sampled to positions of greatest value.
Using BOSS-RUNS on a mock microbial community, the authors
showed a boost in coverage of rare species with a more uniform
coverage within each species, reducing low-coverage sites of low-
abundance species (∼1% abundance) by 87.5%. BOSS-RUNS can
be beneficial in pathogen surveillance or in a clinical setting due
to itsmarked reduction in time-to-answer and coverage biaswithin
or across genomes aswell as improved confidence in genotype calls
and variant calling.

While novel and beneficial in reducing time-to-answer in spe-
cific use cases, caution must be exercised when using a dynamic
adaptive sampling approach like BOSS-RUNS, as it tends to skew
relative coverages in a mixture. This can negatively impact the
detection of CNVs due to the loss of underlying coverage informa-
tion. BOSS-RUNS is also currently restricted to prokaryotic or small
eukaryotic genomes due to the computational complexity in-
volved inmodeling every site of the genome. Furthermore, the cur-
rent model does not account for low-frequency variants or
complex variants (large insertions or deletions), limiting its use
for such applications. The authors also reported the use of PCR-
amplification during sample prep, which not only increases prep
time, but also reduces average fragment length and removes native
modification marks.

Summary of computational enrichment by adaptive sampling

Apart from the considerable computational knowledge required to
set up and run most of the adaptive sampling approaches dis-
cussed in this section, there are several other factors that must be
considered when choosing this approach for target enrichment.
(1) The most widely used adaptive sampling approaches rely on
live basecalling tomake sequencing decisions; therefore, the speed
of basecalling plays an important role in the accuracy of adaptive
sampling calls. ONT currently offers three basecalling options—
fast, high accuracy, and super high accuracy, of which the latter
twomodels help reduce the likelihood of incorrect read rejections.
(2) Pore blockages and burnouts are commonly observed in adap-
tive sampling due to the continuous ejection of nontarget reads.
Pores that have been blocked cannot sequence reads for extended
periods of time and can negatively impact overall yields and target
enrichment (Payne et al. 2021). In extreme cases of pore burnout,
seen especially if the flowcell is not washed during the run, the to-
tal yield of the targeted sequences can be lower in adaptive sam-
pling runs than in a robust whole-genome run. Incorporating
multiple nuclease flushes can help resolve these blocks, but will in-
crease the prep time and input DNA required (Shafin et al. 2020).
(3) Since adaptive sampling relies on fast decisions made by evalu-
ating the first few hundred bases, the average length of the library
is an important experimental consideration as it can influence
overall yield as well as target enrichment. While longer fragment
length is desirable to reducemapping errors and sequence ambigu-
ity, it reduces the overall throughput as the number of sequence-
able molecules in the library is lower (Kovaka et al. 2021).
Shorter molecules are detrimental to overall yield and contribute
to faster pore burnouts as they either pass through the pore too
quickly before a decision can bemade, or, by the time the decision
is made almost the entire read may need to be ejected, at which
point sequencing the read is less time consuming than rejecting
it (Martin et al. 2022). DNA sheared to 8–15 kb has been shown
to be best for enrichment with adaptive sampling (Miller et al.
2021; Payne et al. 2021; Stevanovski et al. 2022); however, it can
impact the ability to detect larger variants. (4) It is important to

provide reference sequences that closelymatch the target since en-
richment depends on sequencing decisions that rely heavily on
this reference. Ideally, experiments should be designed such that
target sequences make up 1%–5% of the sample genome. Depend-
ing on the research question, number of targets, target sizes, and
the sample, this range can be expanded to 0.1%–10% of the ge-
nome (https://nanoporetech.com/document/adaptive-sampling).
While this helps preserve pore activity to an extent by reducing ejec-
tions, the higher the proportion of target sequences to total sample
size, the lower is the resultant coverage per target. Adaptive sam-
pling approaches can realistically offer ∼20–30× coverage for most
targets, which is greater than fivefold lower than depths achievable
by chemical enrichment approaches.

The main advantage adaptive sampling offers is time-to-an-
swer, especially in metagenomics and host DNA depletion to en-
rich for low abundance species. This approach is also ideal for
the surveyance of 100s of targets in a single run and is capable of
producing actionable coverage for detection of single-nucleotide
variants, CNVs, and repeat expansions in human samples (Miller
et al. 2021; Stevanovski et al. 2022). Unlike enzymatic enrichment,
these approaches have no additional design, reagent, or equip-
ment costs, and require minimal sample preparation, with ample
flexibility in altering targets or experimental goals for future runs.

Conclusions

Target enrichment can be a highly effective way of reducing se-
quencing costs and saving sequencing time. As long-read sequenc-
ing strategies becomemore ubiquitous, the need to sequencemore
at cheaper costs per sample increases drastically. The choice of a
long-read target enrichment strategy is heavily dependent on the
exact nature of the experimental goals. Long-range PCR is already
an establishedmethod for long-read target enrichment. As the cost
of sequencing decreases, long-read gene panels based on fast and
low-cost long-range PCR may become commonplace, particularly
in the clinical anddiagnostic realm.While a long-read exomepipe-
line may not be realistic nor needed, due in part to most exons be-
ing <200 bp (Sakharkar et al. 2004), hybridizationmethodsmay be
important when only part of the target sequence is known such as
in viral integration events (Ramirez et al. 2021) or transposon po-
sitioning (Hale et al. 2020) or to enrich for low abundance targets
up to 20 kb long (Lagarde et al. 2017; Lefoulon et al. 2019). Cas9-
based methods truly leverage the potential of long-read platforms
by offering strategies to capture whole-target spanning reads with
extremely high depths. Additionally, approaches on theONT plat-
form have the potential to enrich for targets >100 kb while also
maintaining epigenetic modifications. While target and sample
multiplexing options are limited, these approaches allow for accu-
rate SV detection within extremely large regions by generating
depths high enough to catch low-frequency variants in samples.
The newest method presented here, computational enrichment
through adaptive sampling, is potentially the lowest cost and of-
fers the fastest time-to-answer. While generally subject to length
limits (8–15 kb) and requiring computational resources, these ap-
proaches are highly flexible and dynamic, which is especially use-
ful for metagenomic studies or in clinical settings when a whole
catalog of ROIs needs to be surveyed rapidly.

Conversely, there are times when whole-genome sequencing
(WGS) is preferable to targeted approaches. When the genetic
component of a disease is largely unknown, as is in the case of sus-
pected genetic disorders, a more comprehensive genetic picture
may be warranted. While exome sequencing has widely been
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used for diagnosis, in such cases 50% of screened individuals show
no variants via exome sequencing (Mastrorosa et al. 2023). Se-
quencing costs in general have decreased precipitously over the
last 10 years (www.genome.gov/sequencingcostsdata). This shift
has allowed researchers to leverage WGS in many more cases
where it would have been previously cost prohibitive. Multiple re-
ports have supported the notion that whole-genome long-read se-
quencing captures substantially more variation than short-read
approaches (Audano et al. 2019; Nurk et al. 2022). As the costs of
WGS decrease for both long and short reads, the overall cost of
the experiment, in addition to the experimental goals should be
considered. In nearly all cases, excluding adaptive sampling, the
technical methods for target enrichment are more challenging
than preparing a sample for WGS. Additionally, flowcell capacity
and multiplexing limitations should also be considered. At some
number of genomes, the technical challenges and baseline se-
quencing costs of targeted methods outweigh the costs of WGS.
When designing experiments researchers should consider WGS
when the sample size is small or consider if adding more samples
to the study better leverages the power of targeted approaches.

As this field evolves, combinatorial strategies that leverage the
strengths ofmore than one targeting approach could help build an
efficient targeted long-read pipeline that checks the maximum
boxes. For example, since enzymatic methods achieve sufficiently
higher coverage compared to computational approaches while
also maintaining target length, optimizing a combined enzymatic
and computational enrichment approach may be beneficial for
fast and optimal target enrichment. Interestingly, a couple of
groups have tried such a combined approach with mixed reviews.
OHMX.bio reported using a combined approach by first using
nCATS during library preparation followed by further target en-
richment with readfish (oral presentation, ONT London Calling
Meeting—May 2022). With a search space covering the entire
HLA complex (3–4 Mb), they showed improved coverage from
the combined approach over readfish and nCATS individually.
Rubben et al. (2022) tried the same approach to genotype the 28
kb CYP2D6 gene locus and found that the combined approach
did not lead to higher on-target depth, which is consistent with
our own results (SV Iyer, M Kramer, S Goodwin, et al., unpubl.)
on testing combined ACME+UNCALLED, as well as, ACME+
ONT built-in adaptive sampling approaches to target the same re-
gions reported in Iyer et al. (2022). Some factors contributing to
these mixed results may include (1) total size and spacing of re-
gions being targeted—unlike the HLA region, which is sufficiently
large, regions targeted by Rubben et al. as well as by us made up
<0.1% of the genome, which is a known limiting factor for adap-
tive sampling. Furthermore, in the OHMX.bio study, the entire
HLA complex was provided as a single contiguous target block
for adaptive sampling even though nCATS guides were only de-
signed for the genic regions. This inclusion of intergenic regions
in the adaptive sampling search space may be more beneficial
than using gene coordinates only, especially if the latter adds up
to <0.1% of the genome. (2) Insufficient pore occupancy—typical-
ly only ∼10%–20% pore occupancy is observed when products of
enzymatic enrichment are loaded on the flowcell. If pores are not
adequately occupied, adaptive sampling is not optimally engaged.
Multiplexing enzymatic enrichment products could help improve
pore occupancy, but the effects of this on a combinatorial enrich-
ment approach are yet to be explored.

In summary, there are several diverse options for targeted se-
quencing on the long-read platforms currently available for a vari-
ety of experimental goals. Given the rapid evolution of long-read

technologies and the continual expansion of their applications,
the targeted sequencing toolkit specific to these platforms is
bound to grow, constantly adding to the wide array of research
questions answerable in the near future.
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