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Abstract
Background: The key advantages of latest third-
generation long-read sequencing (TGS) technologies in-
clude the ability to resolve long haplotypes and to char-
acterize genomic regions that are challenging to analyze
with short-read sequencing. Recent advancements in TGS
technologies have significantly improved accuracy, a cru-
cial requirement for the transition from research to diag-
nostic applications. Summary: In the field of immunohe-
matology, the adoption of TGS is still in its early stages and
published applications are scarce. An undeniable utility of
TGS in blood group genomics is the ability to resolve
ambiguous genotype-phenotype blood group results. In
particular, hybrid genes and other large structural var-
iants, as commonly found in the RHD/CE and MNS blood
group systems, cause such discrepant results that can
hardly be resolved by conventional methods. Long-read
sequencing also greatly aids to generate high-standard
reference alleles, establish haplotype sequence databases,
or could even serve for high-resolution genotyping of all
blood groups in parallel. Additionally, TGS holds the potential
to close important knowledge gaps in blood group tran-
scriptomics and epigenetics. Key Messages: The aims of
this review were to examine the prospects of TGS tech-
nologies within the field of immunohematology and to
highlight practical applications. Furthermore, we present a
comprehensive overview of the existing and emerging
wet-laboratory strategies for data generation, as well as

a summary on bioinformatic data analysis methods. Finally,
we provide an outlook on anticipated advancements in the
near future. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

More than 15 years ago, the advent of next-generation
sequencing technologies, or retrospectively more accurate
second-generation sequencing, had revolutionized DNA
sequencing through enabling cheap sequencing of short
fragments in a highly parallelized way [1]. This major
technological breakthrough also opened up new avenues
in the field of immunohematology [2–5]. Using, for
instance, target-specific gene amplification or DNA-
fragment capturing protocols, short-read sequencing en-
abled sequencing a multitude of blood group genes in
parallel [6–9]. Despite its great benefits, applications of
second-generation sequencing in immunohematology
suffered from its intrinsic limitation: the short read
length. Especially, the highly homologous genomics re-
gions underlying the RHD/CE and MNS blood group
systems proved challenging [10]. These complex regions
harbor many structural variants (SVs) including hybrid
genes that are difficult to analyze with short-read
sequencing.

Today, so-called third-generation sequencing (TGS)
technologies, also known as long-read sequencing, are
again transforming the way of sequencing by producing
(ultra-)long, single-stranded sequences. By this, they allow
inferring unambiguous haplotypes, i.e., determining the
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combination of alleles that an individual inherited from
the mother or the father. They also permit identifying
SVs or sequencing complex genomic regions. Thanks to
the great progress TGS technologies have recently made
in terms of sequence accuracy [11, 12], they are now at
the doorstep of moving from research applications into
diagnostic fields.

In this review, we discuss the power of long-read
sequencing technologies for the field of immunohema-
tology and how it already has been applied. We outline
current and emerging methodological strategies for wet-
laboratory data generation as well as provide insights into
bioinformatic data analyses. Finally, we provide perspec-
tives on further applications of TGS in immunohematol-
ogy and future developments.

TGS Technologies in a Nutshell

There are currently two TGS technologies on the
market, one developed by Pacific Biosciences (PacBio)
and the other by Oxford Nanopore Technologies (ONT).
We briefly summarize both technologies in the following
sections and refer to more technical reviews elsewhere
[12, 13]. An overview of key specifications of current TGS
systems is provided in Table 1.

Sequencing by PacBio
PacBio introduced the first TGS technology in 2011,

calling it single-molecule real-time (SMRT) sequencing.
Hairpin adapters, ligated to both ends of digested double-
stranded DNA, enable the formation of a single-stranded
circular DNA template, which is then individually repli-
cated by an anchored DNA-polymerase complex in each
nanowell of a flow cell [15]. Similar to some short-read
sequencing technologies, the sequence is generated from
optical signals by synthesizing a complimentary DNA
strand with fluorescently labeled nucleotides. High accu-
racy is achieved by sequencing both strands multiple
times in a circle before computing the circular consensus
sequence, which represents the single read [12]. Owing to
the finite endurance of the polymerase, this currently
works well for ~15 kb average read length. Current
systems comprise the well-established sequel II/IIe, out-
putting ~25 Gb per day, as well as the novel Revio, which
can produce up to four human genomes a day (360 Gb,
Table 1). The systems are laid out for high-throughput
settings, also given the high costs for machine acquisition.

Sequencing by ONT
The first sequencer launched by ONT was the pocket-

size MinION in 2014. In this technology, flow cells
contain nanopores fixed on a membrane. Single-
stranded molecules of DNA or RNA, carrying previously
ligated sequence adapters with attached motor proteins,

are guided through these nanopores. Ionic currents in the
nanopore resulting by a membrane potential are disrup-
ted in distinctive ways depending on the nucleotides (or
other molecules) passing the pore. These electrical signals
can be translated in real time into a nucleotide sequence
(single read). Read length is only limited by the input
fragment length and can therefore reach megabase scale.
Regarding throughput, nanopore sequencing is highly
scalable as ONT offers solutions from inexpensive flow
cells (Flongle) for single-sample analysis on portable
sequencers up to larger sequencing machines designed
to accommodate several flow cells (GridION and Prom-
ethION, Table 1) allowing sequencing entire human
genomes [16]. Typical output for the mid-size MinION
device is up to ~20 Gb per day (Table 1), whereas the
high-end PromethION 48 system can produce up to 50
human genomes per day.

Sequencing Accuracy
For all sequencing technologies, two main types of

sequencing accuracy need to be differentiated: the single-
read accuracy (accuracy of each single read) and the
consensus-read accuracy (bioinformatically generated based
on all reads covering the same genomic region). High single-
read error rates of 10–15%were for a long time the hallmark
of TGS technologies [17, 18]. However, both technologies
have improved greatly over time, achieving now a high level
of both single-read and consensus-read accuracies. Hence,
the notion that TGS is currently too error-prone for clinical
diagnostics is meanwhile a myth that is, because of the high
initial error rates, fading away only slowly.

PacBio’s single-read accuracy soared when circular
consensus sequencing became feasible for long templates,
which resulted in the term high-fidelity (HiFi) read for
long reads with Q>20 (99%) [12]. Currently, average HiFi
read accuracy is at 99.95% (Q33) (Table 1) [19];
consensus-read accuracy is even higher (Q>50) [19]. In
a variant calling benchmarking study [20], HiFi sequenc-
ing even outperformed the accuracy of Illumina’s short-
read technology (Q>30 for most reads), the current gold
standard for single-nucleotide variant (SNV) calling with
next-generation sequencing technologies.

The increase of ONT’s read accuracy is mainly attrib-
uted to continuous developments in machine learning
algorithms [21] as well as improvements on flow cells and
chemistry. With the newest flow cell, single-read accuracy
currently reaches 99.35% (Q22) (Table 1) and consensus
sequence accuracy Q>45 [22]. Indel calling sensitivity
and precision, however, still lack behind (Table 1) [20].
The lower indel accuracy is mainly attributed to long
homopolymers (sequence stretches of the same base pair)
as the signal in the nanopore is determined from five to
nine consecutive nucleotides combined and translocation
speed is not constant. Promising developments to close
this gap are underway (see Perspectives).
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Why Do We Need Long-Read Sequencing
in Immunohematology?

The main strength of long-read sequencing is that it
finally enables determining long haplotypes and charac-
terizing genomic regions that are difficult to resolve with
short reads. This includes, for instance, low complexity
regions as well as sequences spread to different locations
in the genome by duplication events as is the case of
paralogous genes (e.g., RHD/CE, GYPA/B/E). Long-read
sequencing allows to unambiguously identify SVs,
i.e., variation that affects more than 50 bp encompassing
long insertions, deletions, duplications, inversions, as well
as translocations.

These key advantages of TGS promise essential progress
for the accurate molecular characterization of blood group
antigens. Genetic diversity of blood group systems is very
high and identification of novel alleles occurs at steadily
increasing pace. Currently, 44 blood group systems with
over 350 antigens and thousands of blood group alleles
underlying these antigens are recognized by the Interna-
tional Society of Blood Transfusion (ISBT) [23–25]. Long-
read sequencing offers great power in particular for (1)
uncovering the genetic basis of phenotypes which cannot
be resolved with conventional methodology, (2) resolving
complex genotype-phenotype discrepancies, which are
often associated with novel alleles, (3) sequencing of novel
blood group alleles as full-length haplotypes to obtain
high-standard reference alleles, (4) establishing haplotype
sequence databases for all blood group systems. In the
following, we illustrate in more detail how the aforemen-
tioned assets of TGS can serve in immunohematology.

Excursus: Concept of Resolving Sequences as Haplotypes
Until the advent of TGS, resolving haplotype informa-

tion has been a major challenge. Since humans are
diploid, our cells carry a maternal and a paternal copy
of each chromosome. Such a maternally or paternally
derived sequence is called a haplotype. The haplotype
concept is illustrated in Figure 1, showing an example of a
genomic region with three heterozygous genetic variants.
With this trivial example, there are already eight different
combination possibilities for the maternal and paternal
haplotype, respectively. Resolving haplotypes requires
phasing of the genetic variants, i.e., determining which
allele of the variants lies on the same chromosome (in cis)
and thus constitutes one haplotype and which lies in trans
on two different haplotypes.

Classical Sanger sequencing does not allow phasing
due to the overlapping signals in the chromatogram (Fig.
1), except in the case of laborious allele-specific polymer-
ase chain reactions (PCRs) [26]. Haplotype reconstruc-
tion from second-generation sequencing data works only
marginally better as the distance between two or more
heterozygous variants must not exceed the read length,

which is maximally 400 bases depending on the short-
read technology. In contrast, phasing with read lengths
>10 kb, as provided by TGS, works well as the average
distance between heterozygous positions is usually much
smaller. In this way, haplotypes for entire genes can be
generated and even much larger haplotype blocks of
several megabases can be assembled, which built the
scaffold for completely phased telomere to telomere
reference chromosomes [27, 28].

Reference Sequences and Haplotype
Sequence Collections
Being able to resolve blood group gene alleles as full-

length haplotype sequences offers great potential for
many aspects of blood group genetics. So far, such
sequences remained scarce [29]. For the vast majority
of blood group alleles currently curated by the ISBT,
sequence data are limited to exonic gene regions and are
lacking phase information. With TGS technologies, se-
quencing (new) blood group alleles as complete gene
haplotypes could become the emerging standard [30, 31].

Also, the availability of entire haplotype sequence
collections of blood group gene alleles has gained im-
portance [29]. Comprehensive collections of population-
specific haplotypes build, for example, the base of stat-
istical phasing. This is required for inferring haplotypes
from genotyping data based on probability as well as for
imputing unmeasured genetic variants from genome-
wide array data [32]. Such array data are getting increas-
ingly produced in blood donor screening programs [33,
34]. Comprehensive haplotype sequence collections
would also greatly aid in designing and validating blood
group genotyping assays to reduce risks of unnoticed
allelic dropout [35, 36]. Furthermore, genetic diversity
patterns identified with haplotype collections can greatly
help in resolving complex genotype-phenotype discrep-
ancies in routine diagnostics (e.g., defining breakpoints of
hybrid genes) [29]. Finally, such haplotype collections
would lower error rates in bioinformatic analyses of
reference-based read mapping (see Bioinformatic Anal-
yses of Sequencing Data) [37].

Improved Phenotype Prediction
In blood group genetics, direct phasing of novel var-

iants (e.g., variants causing null alleles) to the respective
allelic background enables improved blood group phe-
notype prediction [38, 39]. Indeed, haplotype-resolved
sequences are often crucial for interpreting functional
consequences of detected variants [40–42]. For instance,
variants causing deleterious gene expression or affecting
protein function may silence one haplotype while the
other remains intact. Such variants, if located in trans,
could even affect both haplotypes, resulting in compound
heterozygosity, which often alters phenotypes muchmore
seriously [40–42].
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Resolving Challenging Loci: Paralogous Genes and
Hybrid Alleles
Long-read sequencing technologies have particularly

high potential for resolving challenging loci such as
paralogous genes and hybrid alleles, as found in the
most complex blood group systems RHD/CE and
MNS. The RHD and RHCE genes are both over 50 kb
long and consist of 10 exons each, arranged in an anti-
parallel way, with complete concordance of exons 8, 10,
and, in the case of the common RHCE*C allele, exon 2.
Their encoded transmembrane proteins RhD and RhCE
have 92% sequence similarity [43]. With well over 50
antigens and hundreds of known alleles encoding weak
(i.e., reduced expression) and partial (i.e., missing epit-
opes) phenotypes, the RHD/CE system is highly poly-
morphic and shows ethnically highly diverse allele fre-
quencies. One of the major difficulties in sequencing
RHD/CE is the frequent occurrence of SVs such as hybrid
alleles that have arisen from translocation events.

TheMNS blood group is another notoriously challenging
system containing over 50 reported antigens with ethnically

distinct allele frequencies. The system is based on the
homologous genes GYPA and GYPB, encoding glycophorin
A andB proteins. A third homologous gene,GYPE, is usually
silent but can be involved in rearrangements resulting in
hybrid gene alleles [44]. Those also occur between GYPA
and GYPB [45], which show genetic sequence similarity of
95% across the large homologous part of the genes [46].
Similar to the RHD/CE system, there are fully identical exons
between genes (e.g., exon 2 on GYPA*M and GYPE [47]).

Currently, discrepant results between geno- and pheno-
typing in these blood group systems cannot unambiguously
be resolved with conventional molecular methods. Sanger
sequencing, which is state-of-the-art methodology for diag-
nostic SNV detection, is inappropriate to find structural
variation or build haplotypes. Short-read sequencing ap-
proaches generally suffer from ambiguous readmapping due
to the high sequence similarity of the paralogues genes.
Notwithstanding this, they helped characterizing alleles for
the RHD/CE system involving great efforts [10, 48–51] and
construct RHD haplotypes from hemizygous RHD samples,
where no phasing is required [52].

Fig. 1. Graphical illustration of the haplotype phasing concept.
Paternal and maternal haplotypes of a genomic region harboring
three SNVs are shown at the top. For each generation of sequenc-
ing technology, the obtained sequence data for this genomic region
are illustrated. With classical Sanger sequencing, the haplotype
phase cannot be resolved due to overlapping signals in the

chromatogram (gray box). In short-read sequencing, physical
phase information is limited by read length. Hence, for both of
these technologies, the eight possible haplotype combinations of
the three SNVs cannot be resolved. Using TGS, the maternal and
paternal haplotype can be reconstructed thanks to overlap between
longer reads.
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Resolving Other SVs
Long-read sequencing holds great potential for the iden-

tification and characterization of SVs which have remained
hidden by traditional Sanger and short-read sequencing
[53]. Namely, long reads reduce the risk of missing SVs by
spanning over one or both of the breakpoints. A recent
example of this is the detection of a large, ~5 kb deletion in
the Kidd blood group system by ONT sequencing [38].
Sanger sequencing only amplified the wildtype allele as
primers failed in the deleted region of the other allele.

At the genomic scale, TGS has demonstrated that human
genomes harbor significantly more SVs than previously
estimated [54]. Given that SVs are responsible for an
estimated ~30% of rare heterozygous (allele frequency
<1%) gene inactivation events per individual [55], it is
striking that very few SVs have been reported in blood
group genes other than belonging to the RHD/CE andMNS
systems. This apparent absence of SVs, apart from rear-
rangements between homologous genes, is likely at least
partly a result of inappropriate methodology. With the
advancement of TGS, it is expected that a larger number
of SVs will be uncovered in diverse blood group genes.

A Field in Its Infancy: Published Applications of TGS in
Blood Group Genetics

Despite the great potential in the field of immunohe-
matology, published applications of TGS are still scarce
(Table 2). There is, however, a wide variety of how they
make use of the advantages of TGS. For instance, the
authors of the first paper ever reporting usage of TGS on
blood groups used PacBio sequencing to confirm several
novel ABO alleles found by short-read sequencing [9]. In
this study, Lang and colleagues argue that the use of
PacBio sequencing as an orthogonal technology allows
for the exclusion of systematic sequencing errors as the
error profile is vastly different from the Illumina
platform.

Since the introduction of TGS in immunohematol-
ogy, long-read sequencing has been employed several
times to resolve ambiguities not addressable by conven-
tional methods. For instance, Lane and colleagues [47]
used a whole-genome sequencing (WGS) approach on
ONT’s PromethION to resolve a complex case of a large,
compound heterozygous deletion in the MNS blood
group system of a rare U-individual. Similarly, Mon-
temayor et al. [56] used ONT sequencing to phase
variants they detected with short-read sequencing in a
genotype-phenotype discrepant case in the Kidd system.
Also, Gueuning et al. [38] could resolve complex
genotype-phenotype discrepancies in the Kidd system
by TGS and Thun et al. [39] in the ABO blood group.
These four studies clearly show the benefit of sequencing
and phasing blood group gene haplotypes across their

entire length (including introns and regulatory ele-
ments) using long-read sequencing.

Other studies listed in Table 2 used TGS as a main
sequencing tool for characterizing either single or several
full-length blood group genes. For instance, two studies used
TGS to define reference alleles for the short ACKR1 gene
(Duffy blood group). While Fichou and colleagues [30] used
a combination of long-range PCR and PacBio sequencing to
define reference alleles for a large number of samples of the
ACKR1 gene, Srivastava et al. [31] used long-range PCR
amplicon sequencing on ONT to tackle a similar question.
Nanopore sequencing has lately also been used as primary
tool for building a large collection of fully resolved ABO
haplotypes by Gueuning et al. [29]. In a proof-of-principle
study, Tounsi et al. [58] performed amplicon-based sequenc-
ing of the RHD gene locus. Finally, Zhang et al. [59] and
Steiert et al. [57] have developed hybridization capture-based
protocols for characterizing the complete RHD/CE locus and
all known blood group genes, respectively.

Methodological Strategies for Sequencing
Data Generation

There are two conceptually alternative ways to produce
TGS genomic data for blood group genes (Fig. 2), namely,
WGS and targeted-gene sequencing, and their application
will depend on the specific question, budget, and resour-
ces. In the following sections, we outline different wet-
laboratory strategies, their strengths and weaknesses, as
well as their utility for transfusion medicine.

Whole-Genome Sequencing
In theWGS strategy, the entire genome is sequenced at

equal coverage without targeting specific loci (e.g., blood
group genes). This strategy is themost straightforward for
detecting variation without prior knowledge on its loca-
tion and, when carried out with TGS, particularly power-
ful to resolve SVs and large repetitive elements. Com-
pared to targeted approaches, sequencing library prepa-
ration for WGS is less demanding. Specific DNA
extraction protocols are available with emphasis on se-
curing long fragments from shearing forces, which is
particularly valuable for nanopore sequencing where
read length is not limited by technology but only by
DNA template integrity.

One key limitation of WGS is the legal restrictions
imposed in many countries due to ethical concerns regard-
ing person’s privacy and confidentiality [61, 62]. Further-
more, 30× long-read WGS remains costly (>1,000 Euro/
genome) and ideally requires access to high-throughput
sequencing platforms (Table 1). Given that for blood group
diagnostic purposes only a tiny fraction of the genome is of
interest (the entire “blood group genome” is ~2.5Mb), costs
per targeted base pair is particularly high. Finally, the large
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amount of sequencing data produced renders analyses
lengthy and computationally intense and additionally in-
cludes hidden costs of data storage.

Targeted-Gene Sequencing
Targeted-gene sequencing strategies focus on the enrich-

ment of specific genomic regions either by PCR amplifi-
cation, capturing, or other isolation and enrichment meth-
ods (Fig. 2). By targeting a small fraction of the genome,
they are more cost-effective than WGS and scalable for
routine purposes. In principle, both PacBio and ONT allow
pooling hundreds of samples per flow cell (multiplexing)
using unique molecular identifiers (barcodes).

We describe here four different targeted-gene TGS
strategies for the field of immunohematology, three of
which are currently emerging approaches. Key differences
among methods include the integration of PCR amplifi-
cation, maximal read length, achieved coverage, cost-
efficiency by pooled sequencing of several samples, and
preservation of epigenetic base modifications. Targeted-
exome sequencing approaches are not considered here as
there is limited benefit of using TGS solely for exons,
which are predominantly shorter than 200 base pairs.

Amplicon Sequencing
Sequencing long-range PCR amplicons of the target

region is currently themost straightforward TGS strategy
in transfusion medicine (Fig. 2). Besides low input
requirement, this approach is flexible and cost-
effective, especially if several samples are pooled by
multiplexing on one flow cell. Sequencing can be per-
formed at high depth of coverage, which increases
sensitivity to detect variants with unequal allele distri-
bution. The maximum amplicon length achieved by
long-range PCR is highly dependent on PCR compo-
nents and conditions, DNA integrity, and template
complexity. So far, blood group gene amplicon sizes
ranging from 3 to 17 kb were generated (Table 2). For
most blood group genes, full-length sequencing requires
several overlapping PCR amplicons (~60% of the blood
group genes are >20 kb) [23, 25, 63]. For instance,
complete sequencing of the RHD gene (~58 kb) requires
around six overlapping long-range PCR amplicons [52].
Shorter genes like ABO (~25 kb) need two fragments
[29]. Importantly, PCR amplicons need to overlap to
enable resolving full-length haplotypes. Required size of
the overlapping region depends on its genetic variability
as heterozygous variation is necessary for phase recon-
struction. Because of the number of amplicons required,
sequencing large genes in many samples quickly gets
unpractical. Hence, amplicon sequencing is most suit-
able for single gene analyses. Another caveat of amplicon
sequencing is that amplification of alleles harboring
SNVs located in the PCR primer annealing sites can
lead to allelic biases or in worst case allelic dropout [35].Ta
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Similarly, SVs can be problematic if PCR primers fall
within such a region and – without noticing – only the
wildtype allele is amplified [38].

Hybridization Capture
Hybridization capture approaches have been widely

used in combination with short-read sequencing across
fields and are currently adapted for TGS applications. The
principle of hybridization capture relies on annealing and
capturing of single-stranded DNA or RNA oligonucleo-
tides – also named “probes” or “baits” – specifically
designed for the regions of interest. Probes are usually
biotinylated, which allows to pulldown targeted DNA
fragments using streptavidin-coated magnetic beads. The
main advantage of this approach is that several megabases
of sequence can be targeted using thousands or even
millions of probes in a single reaction [64]. Since no
specific PCR primers are required, it is also less prone to
allelic dropouts and generally less affected by template
complexity than amplicon sequencing. A main challenge
of hybridization capture approaches, however, is enrich-
ment efficiency. On-target rates and coverage uniformity
across targeted regions vary greatly, depending on factors
such as DNA quantity and quality, or number of probes
and their overall genome coverage.

Adapting hybridization capture approaches to TGS
requires overcoming several challenges, mainly related to
optimal fragment and probe sizes, as well as post-capture

PCR amplification. Currently, only a few studies have
adapted hybridization protocols to PacBio [65, 66] or
ONT [67, 68] sequencing across research fields. In trans-
fusion medicine, a first study was recently published by
Steiert et al. [57], describing the development of a PacBio-
compatible protocol for enriching genes relevant to 35
blood groups and two transcription factors using over
8,000 probes (Table 2). While more optimization is still
required, this first assessment was promising [57].

Cas-Enrichment
Another novel promising strategy to enrich genes for

TGS – which has not yet been applied to blood group
genes – relies on the CRISPR/Cas9 molecular complex
and is available for both ONT and PacBio platforms [69,
70]. It is a completely amplification-free method, allowing
targeting multiple genomic loci as long fragments. En-
richment is based on the specific endonuclease activity of
the Cas-protein (often Cas9, but also possible with other
Cas-proteins depending on PAM motif [71]), cleaving
genomic DNA at exact sites with respect to custom-
designed CRISPR-RNAs (crRNAs). In a single reaction,
it is possible to pool up to 100 crRNAs [70, 72, 73]. Only
fragments cut by the Cas-protein can serve as templates
during TGS, which allows enriched targeted sequencing.
Since the approach is PCR free, even epigenetic mod-
ifications are maintained and can be analyzed down-
stream. Challenges include low on-target rates, partly

Fig. 2. Flowchart showing different se-
quencing strategies and workflows when
working with TGS. Methods for which
epigenetic information is not lost during
library preparation are marked by asterisk
(*). The “submit to public databases” step is
encircled by dashes to illustrate that it is not
imperative for most applications, nonethe-
less highly recommended and beneficial to
the community.
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due to incomplete cutting efficiency [70, 74], and cover-
age heterogeneity when long fragments are targeted [75].
Finally, protocols are laborious to establish and per
sample costs are relatively high.

Adaptive Sampling with ONT
Another promising amplification-free approach for

targeted-gene sequencing is the emerging so-called
“adaptive sampling” method offered by ONT only. Dur-
ing adaptive sampling, regions of interest are enriched by
selectively ejecting reads from off-target regions in real
time during actual sequencing. Strands passing nano-
pores are instantly mapped against reference sequences of
the regions of interest. This can either happen directly
from the electrical signal [76] or during the live-
basecalling process [77]. In case the sequence does not
map to a target region, the strand in the nanopore is
ejected by reversing the ionic current, liberating the pore
for a new stand. To make this approach efficient, reads
need to be classified as on or off target within the first few
hundred base pairs of sequencing. A key advantage of this
method is that no previous laborious and costly DNA
manipulation is required. As downside, constantly re-
versing the ionic current appears to prematurely obstruct
pores, hence reduces overall sequencing output and thus
depth of coverage.

Bioinformatic Analyses of Sequencing Data

We focus here on the workflow in a variant calling
pipeline as this application is most frequently needed to
analyze blood group genes. We first outline general
requirements for bioinformatic data analysis before de-
scribing the workflow in more detail.

General Requirements
PacBio as well as ONT offers basic standard pipe-

lines provided as graphical interfaces in their analysis
software platforms SMRT Link and MinKNOW, re-
spectively. While SMRT Link for PacBio’s sequel IIe
requires additional computing capacity of a local net-
work, ONT’s GridION and PromethION devices do
not need additional computing power and run Min-
KNOW completely on instrument. ONT’s pocket-
sized MinION sequencer can in principle be operated
using a laptop; however, it best runs on GPU work-
stations in particular when computationally demand-
ing basecalling models are used. Both PacBio and ONT
also offer cloud-based analysis options, though data
privacy issues may need to be considered in medical
fields.

More sophisticated data analysis with flexible and
optimized data processing requires building modified
pipelines, for which familiarity with the command-line

environment is needed. Crucial in this regard is also the
ability to evaluate as well as integrate novel and updated
analysis tools into pipelines. Bioinformatic data anal-
ysis also requires critical revision and, where appro-
priate, manual curation of results of intermediate steps.
Such tasks require skilled knowledge in both bioinfor-
matics and molecular genetics. Advanced bioinfor-
matic knowledge with profound programming skills,
however, is only needed for the development of own
applications.

Workflow
Current instruments from PacBio carry out the circular

consensus sequencing workflow on the instrument itself
and directly output HiFi reads in BAM format (unaligned),
including kinetic information that can be used to call base
modifications (see Perspectives). ONT uses a specific
FAST5 file format to store the electrical signals and trans-
lates them into nucleotide sequences (FASTQ file format)
during the basecalling process. After de-multiplexing (if
samples were pooled), trimming of adapter/barcode se-
quences, and filtering out low quality reads, sequencing
reads are mapped with long-read aligners to either the
human reference genome or the specific reference sequen-
ces of the respective blood group genes. Alternatively,
sequencing reads may be assembled de novo,
i.e., reference free, for each sample. In such an iterative
workflow, an assembled and polished sample-specific con-
sensus sequence serves as individual reference sequence
[29]. This approach can be highly beneficial to overcome
allelic biases from standard reference-based mapping in
case of high genetic difference between the reference
sequence and the sequenced allele [37, 78]. In blood group
systems with high genetic diversity, reference sequences
may occasionally strongly deviate from the sequenced
allele, for example, for intronic regions of ABO*O2 or
RHCE*C alleles [29, 79], or in case of hybrid alleles of
the RHD/CE andMNS systems. After mapping sequencing
reads, specific tools are used to call, filter, and annotate
genetic variants (stored in VCF file format). If possible,
genetic variants are subsequently phased, allowing to build
final haplotype sequences (FASTA file format). Large SVs
are often called in a separate pipeline as bioinformatic tools
differ and evolve rapidly [80, 81].Most tools are command-
line based and not platform specific, i.e., can be used
interchangeably between PacBio and ONT data.

Excursus: Machine Learning in Long-Read Sequencing
Advances in bioinformatic analyses of long-read se-

quencing data are narrowly intertwined with steep devel-
opments in deep learning approaches, in which neural
network architectures compute complex features merely
by taking the results of preceding operations as input [82].
For instance, the constant increase of ONT’s read accuracy
is strongly related to improvements of neural networks to
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decode the raw electrical signal into a nucleotide sequence.
While segmented electrical signal data were transformed
using “hidden Markov models” at the beginning, “recur-
rent” and later “convolutional neural networks” working
directly with the raw electrical signal took over [21]. Deep
learning models are also central in variant calling pipelines
[20]. Unlike for short reads, where statistical methods are
still prevalent, variant calling algorithms for long reads are
based on deep learning approaches [83, 84]. The success of
deep learning methods is promoted by the growing avail-
ability of training data to refine model features.

Perspectives

Long-Read Sequencing to Decipher the Blood
Group “Regulome”
Long-read sequencing offers great potential for sig-

nificant advancements in systematic investigation of the
cellular regulation of blood group genes, which is still in
its early infancy. Both PacBio and ONT provide com-
prehensive and elegant solutions for investigating epige-
nomes and transcriptomes across cell types. We focus
here on sequencing DNA base modifications and long
RNA molecules as these are areas in which the two TGS
technologies are forecasted to particularly excel short-
read sequencing.

Epigenetics
Epigenetic modifications contribute to phenotypes by

regulating gene expression. The most widespread technique
to detect cytosine methylation (5mC) across the entire
genome is whole-genome bisulfite sequencing [85], which
was also adapted to TGS [86]. Specific PacBio and ONT
workflows, however, detect a much wider variety of epi-
genetic DNA modifications without prior chemical treat-
ment.With PacBio, epigeneticmodifications are detected by
the pulse width and interpulse duration from the fluorescent
base signals representing the characteristic time duration in
nucleotide incorporation [87]. Machine learning methods
were introduced to increase sensitivity and specificity [14].
With ONT, all types of modified bases are detected by their
unique electrical signal profiles, which is a hallmark of ONT.
Basecalling algorithms allow direct identification of DNA
base modifications and accuracy for the most relevant 5mC
methylation is already as high as for canonical basecalling
(99.5%, Table 1). Future perspectives to measure all base
modifications in one run look promising once training data
have reached sufficient breadth and depth.

RNA Sequencing
Sequencing of the transcriptome is another area, which

has been dominated by short-read sequencing for a long
time. However, there are major drawbacks when sequenc-
ing long mRNA molecules with short reads. First,

mRNAs are reverse transcribed into cDNA, and the
need to fragment cDNA renders the computational as-
sembly of transcripts error prone, in particular since
transcript processing is a very dynamic process [88,
89]. Second, epigenetic information is lost because of
the reverse transcription.

As key advantage, both TGS methodologies enable the
identification of full-length isoforms via cDNA sequenc-
ing [90, 91]. However, due to the PCR amplification step,
transcript quantification remains biased and base mod-
ifications are lost. Since ONT does not sequence by
synthesizing, native RNA molecules guided through
the nanopore can also be sequenced (Table 1) [92] and
even distinguished by their base modifications. This
direct RNA sequencing (dRNA-seq) opens up the field
of epitranscriptomics [93]. Current limitations include
the output (RNA nucleotides pass the pore five times
slower than those from DNA), the high amount of input
material (500 ng polyA RNA), and the still mediocre read
accuracy (~90%).

In transfusion medicine, a very recent publication used
ONT for cDNA sequencing of RHD transcripts in a DEL
phenotype finding remarkable splicing variety (Table 2)
[60]. In fact, RNA sequencing has the potential to serve as
sensitive alternative to the adsorption-elution technique to
differentiate null from weak blood group antigen expres-
sion. However, a significant challenge in utilizing cDNA
sequencing or dRNA-seq for this application is that the
expression of transcripts for certain blood group genes is
very tissue specific. Furthermore, the transcriptional and
translational dynamics may be temporally restricted to
different stages of erythrocyte progenitor cells in the bone
marrow and peripheral blood [94]. A comprehensive
elucidation of the transcriptome and epigenome in pro-
genitor cells as well as erythrocytes is hence paramount to
understand the regulation of blood group genes [95].

Continued Technological Evolution
Long-read sequencing is a rapidly evolving area that is

expected to see significant progress in the coming years.
Technologically, it is forecasted that the accuracy of ONT
will soon reach the same level as PacBio. As presented in
the latest Nanopore Community Meeting [22], sequencing
the complimentary strand in the same pore (“duplex,”
Table 1) has already reachedQ30 (99.9%).Moreover, ONT
is currently addressing the issue of homopolymer accuracy
by developing longer pores with multiple sensing regions
and increasing the stability of transit speed. Additionally,
the use of voltage reversion, as implemented in adaptive
sampling, has the potential to further increase accuracy by
allowing sequencing a molecule several times back and
forth, approaching the concept of PacBio’s circular con-
sensus sequencing. In dRNA-seq, a newly designed nano-
pore and motor protein as well as more diverse training
sets for the neural network is about to significantly
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improve read accuracy and lower input requirements.
PacBio, on the other hand, may further increase its insert
size (read length) by optimizing polymerase durability and
throughput as demonstrated in the recently presented
Revio system [19]. Illumina, the most popular short-
read sequencing provider, also works on synthetic long
reads [96].

It is foreseen that long-read sequencing will be widely
adopted in diagnostic laboratories to replace, for instance,
alternative technologies for the assessment of samples with
discordant or complex serology. With the role model of
rapid solutions for HLA characterization, we can antici-
pate that software for predicting blood group phenotypes
will be expanded [97, 98] or newly developed to automati-
cally process TGS data.

Curation and Terminology of Blood Group
Allele Haplotypes
With the implementation of short- and long-read se-

quencing technologies to determine blood group alleles,
the detection of novel alleles occurs at steadily increasing
pace. This is posing new challenges for the curation and
terminology of blood group alleles. In addition, blood
group alleles can now be resolved as full-length haplotype
sequences. Anticipating that this is an emerging standard,
nomenclature guidelines will need to be updated, including
adjusting the definition of a unique blood group allele. A
collection of alleles solely based on exonic and splice-site
variants no longer adequately represents the fast progress
of available haplotype-resolved sequences for whole genes.
Finally, commonly depositing haplotype sequences, ideally
along with ethnicity frequency information and serology,
in a dedicated database would be highly valuable.

Conclusions

Long-read sequencing has great potential to address
some of the key limitations associated with short-read
sequencing. Thanks to recent technological advance-
ments, TGS is becoming a vital tool for medical diagnostic
applications. In the field of transfusion medicine, it opens
up new avenues to tackle relevant questions in the most
complex blood group systems RHD/CE and MNS. It also
allows characterizing blood group alleles as complete
haplotype sequence, an upcoming standard. Additionally,
TGS holds great promise for exploring new domains,
such as the transcriptomic and epigenetic analysis of
blood group systems.
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