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Since the days of Sanger sequencing, next-generation sequencing technologies have significantly evolved
to provide increased data output, efficiencies, and applications. These next generations of technologies
can be categorized based on read length. This review provides an overview of these technologies as
two paradigms: short-read, or ‘‘second-generation,” technologies, and long-read, or ‘‘third-generation,”
technologies. Herein, short-read sequencing approaches are represented by the most prevalent technolo-
gies, Illumina and Ion Torrent, and long-read sequencing approaches are represented by Pacific
Biosciences and Oxford Nanopore technologies. All technologies are reviewed along with reported advan-
tages and disadvantages. Until recently, short-read sequencing was thought to provide high accuracy lim-
ited by read-length, while long-read technologies afforded much longer read-lengths at the expense of
accuracy. Emerging developments for third-generation technologies hold promise for the next wave of
sequencing evolution, with the co-existence of longer read lengths and high accuracy.
� 2021 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
1. Introduction

Nearly 25 years after the structure of DNA was discovered, the
first method for sequencing DNA was published [1,2]. This method
involved the addition of chain-terminating and radioactively
labeled (earlier approach) or fluorescently labeled (later approach)
dideoxynucleotides to perform sequencing of a DNA strand com-
plementary to the interrogated template strand. The fragments
were then size separated and analyzed by gel electrophoresis to
determine the sequence. Known as Sanger-sequencing, the method
continued to improve with the introduction of capillary elec-
trophoresis and gained wide acceptance as a ‘‘first-generation
sequencing” method to sequence small and large genomes from
bacteria and phages, to humans. Given that only one sequencing
reaction could be analyzed at a time, the method was of limited
throughput. Sequencing of diploid DNA also complicated the dis-
cernment of haploid sequences critical to many diagnostic and
investigative purposes, necessitating subcloning, plating, and
DNA preparation of individual subclones before sequencing. These
labor-intensive processes contributed to the first human genome
project, taking over a decade and costing $2.7 billion to complete
[3]. Despite additional advancements permitting additional human
genome sequencing for $10 million, the technology had reached its
ceiling for time and cost [4]. It was evident that in order to expand
our sequencing capabilities, new technologies had to be developed.

Between 2004 and 2006 ‘‘next-generation sequencing (NGS)”
technologies were introduced, which transformed biomedical
inquiry and resulted in a dramatic increase in sequencing data-
output [5]. The significant increase in data output was due to the
nanotechnology principles and innovations that allowed massively
parallel sequencing of single DNA molecules. The combined fea-
tures of high throughput and single-molecule DNA sequencing
are hallmarks of NGS, irrespective of the sequencing platform.
The technology’s evolved procedures were better merged with
data acquisition and analysis, freeing the community from more
labor-intensive and low-efficiency historical Sanger sequencing
approaches and facilitating an extraordinary increase in data out-
put. Second-generation approaches, such as on the Illumina or
Ion Torrent platforms, generally start with DNA fragmentation,
DNA end-repair, adapter ligation, surface attachment, and in-situ
amplification. These ‘‘short-read” sequencing technologies involve
the massively parallel sequencing of short reads, whereby millions
of individual sequencing reactions occur in parallel. However, by
nature of being short-read technologies, sequencing data over long
stretches of DNA must be reassembled, presenting challenges with
structural variations or low-complexity regions.
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Third-generation sequencing, such as on the Pacific Biosciences
or Oxford Nanopore technology platforms, can achieve read
lengths upwards of 10 kb, well beyond Sanger or short-read
sequencing technologies. These ‘‘long-read” technologies can over-
come issues encountered with short-reads, such as genome-wide
repeats and structural variant detection. Compared to second-
generation methods, process changes include minimal library
preparation steps and direct targeting of unfragmented DNA mole-
cules in real-time, where the limiting factor is the production of
high molecular weight DNA for these purposes. An early limitation
of these third-generation technologies compared to second-
generation methods was the accuracy of the reads, which contin-
ues to improve over time, particularly with software analysis
advancements.

Considering the currently available technologies and related
advantages or disadvantages, the use of short-read or long-read
sequencing depends on the research or clinical application. Thus
far, research and clinical needs have dictated additional technolog-
ical advancements. However, the limitations of these technologies
have hindered additional scientific discoveries or clinical applica-
tions. The future direction of these technologies is an evolution
from limiting factors to potentiating ones, giving rise to new
research and clinical applications.

This review provides an overview of available NGS technologies
categorized as short versus long reads, their benefits and limita-
tions, remaining questions, and their future. While detailed clinical
applications, data analysis software, and algorithms are beyond the
scope of this review and are covered elsewhere in this Special
Issue, human leukocyte antigen (HLA) genotyping by NGS is refer-
enced to illustrate each technology.
2. Short-read sequencing

Short-read NGS, or second-generation sequencing, refers to the
next advancement of sequencing technologies after traditional
first-generation Sanger sequencing. The common feature of
short-read technologies is massive sequencing of short (250–
800 bp), clonally amplified DNA molecules sequenced in parallel
[6]. NGS workflow includes library preparation, sequencing, and
data analysis [7].

2.1. Library preparation

A pre-requisite for NGS is a good quality library. Library prepa-
ration includes first obtaining templates corresponding to mole-
cules of interest for sequencing and subsequently prepare the
fragments to make them compatible with the sequencing platform
used [8]. NGS can be broadly divided into DNA sequencing (DNA-
Seq) and RNA sequencing (RNA-Seq) [9-11].

2.1.1. DNA-seq library preparation
Depending on the sequencing template, DNA-Seq can include

Whole Genome Sequencing (WGS), Whole Exome Sequencing
(WES), Epigenome Sequencing, or Targeted Sequencing (TS) [9,12].

Two approaches for template preparation include polymerase
chain reaction (PCR) and hybridization capture-based approaches.
PCR-based methods are commonly used to prepare template for TS
[8,13]. In its early stages, amplicon sequencing focused on a limited
number of genes or exons (short-range PCR). Such was the case for
early HLA genotyping, which focused on the amplification of exons
encoding the antigen-recognition site (ARS), but this approach pre-
sented the same issues of typing ambiguities seen with Sanger-
based typing [14]. The advent of long-range PCR (LR-PCR) lead to
shotgun sequencing (sequencing of randomly broken, shorter than
the amplicon, fragments) as a dominant approach, and entire
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genes, including intronic, untranslated, upstream, and downstream
regions, could be sequenced. Thus, LR-PCR improved issues of
sequence ambiguities seen with short amplicon sequencing
[15,16]. It should be noted, however, that the LR-PCR-based
approach, especially for HLA genotyping, is occasionally character-
ized by allele dropouts.

Hybridization capture-based preparation of templates is uti-
lized forWES and TS [17,18], whereby complementary biotinylated
probes are hybridized with regions of interest, which are then iso-
lated using streptavidin-coated magnetic beads. Compared to PCR-
based approaches, this target enrichment approach is a cost-
effective method for TS of larger genomic regions and a greater
number of genes with decreased instances of allele dropout. That
said, these two methods are not mutually exclusive. A combined
approach, Regional-specific extraction (RSE), has been reported to
capture the large genomic region of the major histocompatibility
complex (MHC) [19] and other genomic regions [20,21]. The RSE
methodology involves enzymatic extension of a non-biotinylated
oligonucleotide hybridized to a particular sequence and incorpo-
rating biotinylated nucleotides as it extends. The extended DNA
is then captured with streptavidin-coated magnetic beads,
enriched with whole-genome amplification techniques, and pre-
pared for sequencing.

The most common tools for studying epigenetic modifications
and their impact on gene regulation are Whole-genome bisulfite
sequencing (WGBS) and chromatin immunoprecipitation, followed
by NGS (ChIP-Seq) [8,22,23]. WGBS enables a genome-wide analy-
sis of DNA methylation (5mC) at base-pair resolution. Preparation
of genomic samples for WGBS is commonly performed through the
post-bisulfite treatment of DNA and de-tagging before index adap-
tor ligation for NGS sequencing [8]. ChIP-Seq allows for genome-
wide mapping of DNA-binding proteins and histone modifications
at base-pair resolution. To prepare samples for ChIP-Seq,
formaldehyde-fixed or natural chromatin is fragmented by micro-
coccal nuclease (MNase) or sonication, which is further immuno-
precipitated with target-specific antibody conjugated to magnetic
beads. Isolated DNA from the precipitated protein-DNA complexes
is used to generate libraries [8].

DNA-Seq library construction involves the core steps of frag-
mentation, end-repair, adaptor ligation, and size selection [24].
Fragmentation shears DNA into the optimal platform-specific size
range. Three approaches for fragmentation include physical (i.e.,
acoustic shearing or sonication), enzymatic (i.e., fragmentase or
transposase tagmentation), or chemical (heat with divalent metal
cation) methods [8]. The integration of fragmentation into tem-
plate preparation for WGBS and ChIP-Seq obviates additional frag-
mentation steps. Fragmentation, which permits representation of
both small and large fragments, is a key consideration with respect
to HLA genotyping on the Illumina MiSeq, a short-read sequencer.
Smaller fragments contribute to high-quality sequencing data,
whereas longer fragments provide distal phase information [25].
Subsequent end-repair prepares libraries for adaptor ligation by
ensuring DNA fragment ends are free of overhangs that contain
50 phosphate and 30 hydroxyl groups, by blunt ending and dA tail-
ing (addition of non-template deoxyadenosine 50-monophosphate
to blunted ends for ligation to adaptors with complementary dT-
overhangs) for Illumina, or blunt ending only for Ion Torrent.

Adaptors include platform-specific sequences for fragment
recognition by the sequencing instrument, such as DNA fragment
binding to the flow cells of Illumina platforms. Adaptors also
increasingly include a short, unique sequence, known as a barcode
or index, to identify individual samples, allowing large numbers of
samples to be pooled and sequenced simultaneously in a single run
(multiplex sequencing). These barcodes can be identified and used
to assign reads to individual samples during the data analysis. In
the context of HLA genotyping, multiple HLA loci from a single
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sample are prepared together with a single barcode and permits
multiple samples to be simultaneously sequenced and differenti-
ated during the analysis [25].

Following adaptor ligation, size selection enriches DNA frag-
ments within a defined size range and removes contaminants to
improve sequencing efficiency. Size selection can be performed
using bead-based (Beckman Coulter’s SPRIselect and Agencourt
AMPure XP beads) or electrophoretic-based (Sage Sciences’ Pippin
Prep) approaches. Bead-based methods have the advantage of
simultaneously concentrating pools, while electrophoretic-based
methods improve precision. Proper size selection optimizes the
sequencing run, increases the number of samples sequenced, pro-
vides higher-quality data, and maximizes phasing, the last of
which is especially important for HLA typing [25]. The size-
selected library can be sequenced directly or PCR-amplified before
sequencing.

Illumina’s Nextera technology offers an alternative method to
prepare DNA fragments, utilizing an on-bead tagmentation library
prep, which integrates the library preparation steps of DNA nor-
malization, fragmentation, and size selection. Following tagmenta-
tion, a limited PCR is performed to integrate the adapters for
sequencing and barcodes for sample indexing. This workflow is fast
and simple, enabling sequencing-ready libraries to be generated in
less than 90 min, with less than 15 min of hands-on time.
2.1.2. RNA-seq library preparation
RNA-Seq is useful for functional genomic studies such as differ-

ential gene expression, alternative splicing, and variant discovery
[8,26-28]. RNA-Seq can be divided into Whole Transcriptome
Sequencing (WTS), mRNA sequencing (mRNA-Seq), and small
RNA sequencing (smRNA-Seq). Sample preparation generally
includes three steps: total RNA isolation, target RNA enrichment,
and reverse transcription of RNA into complementary DNA (cDNA).

Given that rRNA comprises at least 90% of total RNA extracted
from mammalian cells or tissues, rRNA depletion must be included
in the sample preparation forWTS [8]. Illumina Stranded Total RNA
Prep with Ribo-Zero, a popular kit for preparing libraries for WTS,
involves removing rRNA from total RNA, chemically fragmenting
remaining RNA, and random priming for reverse transcription
[29]. Subsequent end-repair, adaptor-ligation, and final PCR ampli-
fication result in a cDNA library. For mRNA-Seq sample prepara-
tion, mRNA is captured by oligo-dT magnetic beads and
separated from total RNA. Library preparation for mRNA is similar
to that of WTS, using the Illumina TruSeq Stranded mRNA kit [30].

Small RNAs are a class of non-coding RNAs that are shorter than
200 nucleotides. The most common and well-studied species are
microRNAs (miRNA), which play critical roles in gene regulation.
The library preparation of the smRNA-Seq is simple due to a 50 ter-
minal phosphate present in the native state of miRNA [8,31]. The
library prep starts with a two-step ligation. A 30-end blocked
adenylated DNA adapter is first ligated to the RNAs using a special
T4 RNA ligase 2, after which a second 50 RNA adapter is ligated with
RNA ligase 1. After ligation, reverse transcription-PCR is performed
to convert ligated miRNAs into cDNAs, and the amplification pro-
duct, following gel size-selection, is processed for sequencing.
2.2. Sequencing platforms

Short-read sequencing processes include two consecutive ele-
ments: clonal amplification and sequencing [5,32-34]. Clonal
amplification involves solid-phase amplification of DNA fragments
to produce strong, detectable signals during sequencing. The solid-
phase to which single DNA fragments bind can be beads (Ther-
mofisher’s Ion Torrent) or flow cell surfaces (Illumina). Depending
on the sequencing platform, emulsion PCR (Ion Torrent) or ‘‘bridg-
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ing” PCR (Illumina) is used to amplify the anchored DNA fragments
into millions of spatially separated template fragments.

The sequencing principle for both Illumina and Ion Torrent plat-
forms is based on the ‘‘sequencing by synthesis (SBS)” approach,
which involves DNA-polymerase-dependent nucleotide incorpora-
tion on the extended DNA chain [34]. These two platforms are
reviewed below. Key characteristics of each of these two types of
sequencing platforms are presented in Table 1.

2.2.1. Ion Torrent
Clonal amplification on the Ion Torrent platform is achieved by

a bead-based method on Ion Sphere particles in a micro-well via
emulsion PCR. In this process, adapter sequences are ligated to
DNA fragments, and are subsequently captured in a water-in-oil
emulsion droplet (micelle), along with a bead covered with com-
plementary adapters, deoxynucleotides (dNTPs), primers, and
DNA polymerase. Each micelle functions as a micro-PCR reactor,
allowing PCR amplification independent of one another. The Ion
torrent semiconductor chip consists of a flow chamber and a com-
plementary metal-oxide semiconductors (CMOS) pH sensor.
Micelles are loaded onto a semiconductor chip with microwells,
and the chip is flooded with unmodified A, T, G, or C nucleotides
sequentially during sequencing. Incorporating a single nucleotide
results in the release of a hydrogen ion detected by the CMOS pH
sensor. Ion Torrent is the first to perform semiconductor sequenc-
ing without optical sensing [33,34]. This technology delivers fast
sequencing run times (between 2.5 and 4 hrs) with reads between
200 and 600 bp [35]. An intrinsic weakness of the Ion Torrent
chemistry is difficulty sequencing through homopolymer regions.
With the incorporation of multiple identical bases, there may be
a loss of linearity of response from inaccurate measurements of
voltage pulse magnitudes, which may appear as insertion/deletion
errors in a single read. On the other hand, the technology has a low
substitution error rate (per base rate of <0.1%) [36]. Ion Torrent
platforms include the Ion PGM Dx, Ion GeneStudio S5, and Genexus
instruments [37].

2.2.2. Illumina
llumina’s NGS technology is based on SBS with a fluorescent-

labeled reversible terminator technology [5,34]. Prior to sequenc-
ing, clonal amplification (cluster generation) of DNA libraries
occurs through ‘‘bridge amplification’’ PCR, which occurs on the
sequencing flow cell and is controlled by the sequencing instru-
ment. Sequencing is based on the optical readout of incorporating
fluorescent nucleotides coupled to a reversible terminator by a
DNA polymerase. A single fluorescently labeled reversible
terminator-bound dNTP is incorporated into the nucleic acid chain
during each sequencing cycle, and the resulting fluorescent signal
is imaged. The terminator and fluorescent dye are cleaved from
the incorporated dNTP to allow the next labeled dNTP to be added.
An animation of this technology can be found on the Illumina web-
site [38]. In addition, Illumina NGS platforms are capable of paired-
end sequencing, sequencing that occurs from both ends of a DNA
fragment, which generates high-quality sequence data with in-
depth coverage and high numbers of reads. Paired-end sequencing
is useful for HLA typing because the sequencing of both ends of a
long fragment permits phasing across distal polymorphic posi-
tions. The Illumina MiSeq instrument, commonly used for clinical
HLA typing, favors fragment sizes of 350–500 bases long, but frag-
ments 600–900 bases or longer are optimal for phasing distal poly-
morphisms, which is permitted by paired-end sequencing [25,39].

Illumina’s reversible terminator technology, along with paired-
end sequencing, makes it the most accurate base-by-base sequenc-
ing technology on the market, with an error rate of 0.1% (primarily
substitution errors, very rarely insertions/deletions). Illumina has
five benchtop sequencers with differing sequencing outputs and



Table 1
Short-read Sequencing Platforms and various characteristics.

WGS = whole genome sequencing, WES = whole exome sequencing. TS = targeted sequencing
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total reads per run (iSeq, MiniSeq, MiSeq, NextSeq 550, NextSeq
1000, and NextSeq 2000) [40] and two in-vitro diagnostic instru-
ments (MiSeqDx and NextSeq 550Dx) [41]. A weakness of Illumina
platforms is the relatively long run time, with a total sequencing
time of up to 56 h for MiSeq using a reagent kit version 3 with a
read length of 2 � 300 bp. More recent models, such as MiniSeq,
NextSeq 550, and NovaSeq 6000, use two-channel SBS technology
with two images per cycle to make all four base calls, which
reduces sequencing time and data processing while maintaining
high quality and accuracy [42].
804
2.3. Data analysis

Given that massively parallel sequencing produces large vol-
umes of data, streamlined bioinformatics data analysis, and data
management are essential for implementing these technologies.
The data analysis workflow is typically subdivided into primary,
secondary, and tertiary analyses [43-45].

Primary analysis is usually performed by the instrument soft-
ware following sequencing and involves base-calling for each clon-
ally amplified DNA fragment. Quality control procedures, such as
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read filtering and trimming, also happen in this phase. Sequence
information is recorded along with the quality scores (Phred val-
ues) and stored in a FASTQ format. Specifically for the Illumina
platform, paired-end sequencing generates two FASTQ files linked
through sequence identifiers. Sequencing run quality on the Illu-
mina instruments is assessed using three indicators: cluster den-
sity, percentage of clusters passing filters, and percentage of base
calls with a quality score of at least Q30 (1 in 1000 probability of
an incorrect base call).

Secondary analysis includes read alignment and variant calling.
Short reads, either single-end or paired-end, are stored in FASTQ
files and are first aligned against the human reference genome
(currently Genome Reference Consortium Human Build 38). The
Burrows-Wheeler Aligners (BWA) tool, commonly used for fast
and accurate alignment, is based on a hash-table algorithm allow-
ing for gapped alignment [46]. The alignment results are stored in a
binary alignment/map (BAM) format. Alignments can be viewed
using user-friendly and freely available software, such as the Inter-
active Genome Viewer (IGV) [47]. Another quality indicator for
evaluation at this stage is coverage, which includes depth of cover-
age (number of times a base is sequenced) and breadth of coverage
(percentage of a reference genome covered). Coverage ensures that
sensitivity and specificity are sufficient for supporting variant
detection [48].

After read alignment, the next step is variant calling. Since reads
are aligned, the variants, SNPs, indels, or larger structural variants,
can be identified by comparing the sample to a reference genome.
Open source tools, such as GATK and Freebayes [49,50], are avail-
able for this analysis. The sequence variation data are stored in
the Variant Call Format (VCF).

Tertiary NGS analysis involves variant annotation and interpre-
tation. This analysis usually involves functional annotation of dis-
covered variants (e.g., SNP, INDEL, and CNV interpretation) to
determine their biological and pathological functions. ANNOVAR
and VAT are common tools for this analysis [51-53].

Regarding HLA typing, specialized software programs have been
developed for secondary and tertiary analyses. Due to the high
density of polymorphisms throughout the length of the HLA genes,
alignment to the human reference genome is inefficient for accu-
rately determining the HLA alleles present within a sample, and
instead rely on alignment to the IMGT/HLA database, a dictionary
of all known HLA alleles [54]. Depending on the protocol, coverage
profiles may not be uniform throughout the amplicon, and lack of
coverage in key regions such as exons may affect the accuracy of
the typing. Software analysis programs typically have built-in fil-
ters to define the minimum coverage required for accurate typing,
although certain circumstances may permit going below this
threshold, such as when the polymorphisms of two alleles of a
locus are phased, or when the region with low coverage does not
affect the genotyping (i.e., introns, untranslated regions) [25]. An
additional consideration for HLA typing data analysis is the assess-
ment for adequate allele balance to detect issues due to allele drop-
out, caused either by preferential amplification due to technical
issues or a disease state whereby one of the two alleles has been
eliminated.

Similar to DNA-Seq analysis, RNA-Seq data analysis involves
primary (base calling), secondary (reads mapping and transcrip-
tome reconstruction), and tertiary (expression quantification and
differential expression analysis) analyses [27,55,56]. However,
RNA-Seq analysis can be more challenging given the complexities
of alternative splicing and the dynamic range of gene expression.
Read mapping is a crucial first step in transcriptome profiling since
over 90% of human transcripts cross exon–intron junctions. Instead
of the conventional mapping tool BWA, the more commonly used
tools are TopHat and STAR [57-59]. After alignment, the mapped
reads can be assembled into transcripts. The reconstruction of
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transcripts from short-read data can be challenging, for which
two strategies have been employed: reference-guided and
reference-independent approaches, the former assembling over-
lapping reads on the reference into transcripts using tools like Cuf-
flinks [60], and the latter making de novo reconstruction of
transcripts using tools such as Trinity [61]. Many application tools
are available for transcript quantification and differential expres-
sion analysis, such as RSEM, Cufflinks, edgeR, and DESeq2
[60,62,63]. Differentially expressed genes can be visualized using
heatmaps and clustering. More advanced analyses are usually
required for functional interpretation of differential expressed
genes, such as gene ontology (GO), pathway, and network enrich-
ment analysis.

2.4. Benefits and limitations

The hallmark of NGS is high-throughput, multiplexed, and clo-
nal sequencing [6]. NGS has several advantages over traditional
Sanger sequencing [64]. Gene and sample multiplexing dramati-
cally reduce the cost per sample. Additionally, NGS can resolve
most phasing problems encountered in Sanger sequencing due to
clonal sequencing of haploid fragments. Short-read sequencing
has dominated the current sequencing market. With the advance-
ment of NGS technologies, the third-generation sequencing plat-
forms have gained more attention given longer read lengths and
real-time single-molecule sequencing [65]. Compared to long-
read sequencing, short-read sequencing limitations include longer
running times and difficulties with de novo assembly, haplotype
phasing, and identification of transcript isoforms and structural
variants. An advantage of short-read sequencing is that many com-
putational tools are designed and dedicated to short-read data
mining. Until recently, short-read sequencing also had the advan-
tage of being more accurate than long-read sequencing.
3. Long-read sequencing

Compared to short-read sequencing technologies, long-read
technologies, also called third-generation sequencing technologies,
can generate sequences > 10 kb directly from native DNA. While
early iterations of these technologies were plagued with inaccura-
cies, more recent modifications and improvements have enabled
much higher accuracy and offer exciting possibilities to sequence
large DNA molecules, such as for the diagnosis of genetic diseases
[66]. Long-read sequencing is particularly desirable for HLA geno-
typing because it would permit complete phasing of alleles and
address the issue of typing ambiguities. Two primary long-read
technologies, Pacific Biosciences (PacBio) and Oxford Nanopore
Technology (ONT), which operate on different principles, are
reviewed. Key characteristics of each of these two types of
sequencing platforms are presented in Table 2.

3.1. Pacific biosciences (PacBio)

3.1.1. Technology
Pacific Biosciences (PacBio) or SMRT (Single Molecule, Real-

Time) sequencing is a third-generation sequencing method. In this
sequencing process, the DNA to be sequenced exists as a single-
stranded circular DNA, termed SMRTbell template. The SMRTbell
template is generated by ligation of hairpin adaptors (SMRTbell
adapters) to both ends of the double-stranded DNA (dsDNA) tem-
plate molecule. The sequencing reaction occurs in an ‘‘SMRT Cell”
chip with many small pores called zero-mode waveguides
(ZMW), each approximately 70 nm in diameter and 100 nm in
depth. PacBio sequencing platforms include the older PacBio RS II
system, which has 150,000 ZMWs per SMRT cell, and the newer



Table 2
Long-read Sequencing Platforms and various characteristics.

aYields depend on sample and preparation methods. Outputs in the following ranges per flow cell using latest chemistries and protocols
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sequel system, which has a million ZMWs per SMRT cell [67-70].
An individual DNA polymerase molecule immobilized in each
ZMW enables the sequencing of a single SMRTbell template.

The SMRTbell library is loaded in the SMRT Cell, the polymerase
binds to the adapter of the SMRTbell, and replication begins. Four
fluorescently labeled A, T, G, and C nucleotides with unique emis-
sion spectra are used during replication. The binding of a nucleo-
806
tide to the polymerase produces a signature light pulse, which
occurs during replications across all ZMWs in the SMRT cell and
is captured in a ‘‘movie.” Light pulses are interpreted as nucleotide
sequences, and the sequence obtained from each ZMW is called a
‘‘Continuous Long Read” (CLR). Since the hairpin adaptors make
the DNA template circular, the polymerase can continue sequenc-
ing through the adapter to replicate the second DNA strand.
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Sequencing of a DNA strand once is referred to as a ‘‘pass,” and the
DNA may be sequenced multiple times as ‘‘passes.” The CLR
sequence can be broken down during analysis, whereby the adap-
ter sequence is discarded, and the DNA template existing between
the adapters is retained, which is referred to as a subread. Thus,
each pass produces a subread, and multiple subreads are produced
from multiple passes. Each polymerase molecule has a limited life-
time for which it can effectively sequence the SMRTbell template;
therefore, more passes are possible over shorter DNA templates
compared to longer DNA templates [67-70]. An animation of this
technology can be found on the PacBio website [71].

If multiple subreads exist from a CLR, these can be collapsed
down to create a single-molecule circular consensus sequence
(CCS, also known as HiFi), whereby the accuracy of the CCS will
be improved over the individual accuracy of each subread because
the random errors in each subread will be corrected by the other
subreads. Given the improvements to the technology that have
been accomplished with the Sequel II system, highly accurate, long
reads are possible, with reports of up to 99.8% accuracy. Addition-
ally, this method has a precision rate of 99.91% for single-
nucleotide variants (SNVs), insertions and deletions (95.98%), and
structural variants (95.99%) when the human HG002/NA24385
genome was sequenced [72]. Although HiFi sequencing provides
shorter reads than traditional PacBio sequencing, which can pro-
vide up to 60 kb reads [67], HiFi reads are more accurate [72]
and still provide many folds longer reads (13.5 ± 1.2 kb) compared
to short-read methods. HiFi sequencing is available on the Sequel
IIe system [73].

PacBio technology can also be used for RNA sequencing by a
technique termed Iso-Seq. Using the Iso-Seq method, entire tran-
scripts, including any isoforms, can be sequenced. In this method,
RNA is converted to cDNA, and HiFi sequencing is used to generate
sequencing data. Reference sequences are then used to identify
transcript isoforms.

3.1.2. Data analysis
Analysis of PacBio data typically requires software that can

assemble large-sized reads accurately. For de novo assembly, Pac-
Bio sequence data can be analyzed with software such as HGAP
(used for assembling the reads and polishing), Falcon (diploid
assembly program), Canu (useful for single-molecule sequencing
data with high noise), Sprai (used to assemble larger contigs), Cel-
era� Assembler (allows assembly of subreads), MHAP (detection of
overlaps) in addition to SMRT� Analysis suite offered by Pacific
Biosciences [74].

RNA sequencing analysis can be done by the Iso-seq analysis
tool offered by PacBio. Additionally, tools such as SQANTI, TAMA,
DNAnexus, Comptutomics, and LoReAn are useful for this analysis
[75].

3.1.3. Advantages and disadvantages
As a long-read technology, the PacBio technology has several

advantages. Generated reads can be very long. It has been reported
that the top 5% of reads can be greater than 135 kb in length [76].
Given this feature, phasing polymorphic genes such as the HLA
genes is possible. With this method, data is collected in real-
time, therefore offering a faster turnaround time than second-
generation methods. Additionally, while targeted short-read meth-
ods frequently require PCR amplification, PacBio does not require
DNA amplification and thus avoids pitfalls (AT and GC rich regions
amplification difficulty) associated with PCR. This method can be
used for DNA and RNA sequencing to identify DNA modifications
N6-methyladenine (m6A) and N4-methylcytosine (m4C) and novel
isoforms.

Until more recently, a significant disadvantage of the PacBio
method was the high level of error (~14%). To overcome high
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error-rate, hybrid sequencing approaches that combine short-
read and PacBio methods have been used [77]. As reviewed above,
the high accuracy of HiFi sequencing has led to decreased error
rates seen with this technology. Additional disadvantages, particu-
larly compared to Oxford Nanopore Technology sequencing, as
reviewed below, are the more considerable financial investment
required for start-up and the comparatively large size of these
instruments.

More recent reports describe the use of unique molecular iden-
tifiers (UMI) for PacBio CCS and Oxford Nanopore Technologies
(ONT) to provide high-accuracy single-molecule consensus
sequences of large genomic regions. UMIs are oligonucleotides
with sequences of random bases that tag each template molecule
in the sample for subsequent sorting and analysis of reads to filter
out chimeras. This approach has been reported to decrease the
consensus error rate of PacBio CCS and ONT to 0.0041% and
0.0007%, respectively [78].

3.2. Oxford nanopore technology (ONT)

3.2.1. Technology
Oxford Nanopore Technology (ONT) sequencing can generate

reads greater than 1 Mb [79] and computationally stitched
together, greater than 2 Mb [80]. ONT sequencing is based on the
passage of single-stranded nucleic acid (DNA or RNA) through a
staphylococcal a-hemolysin (aHL) protein pore [81]. Adaptor liga-
tion to double-stranded DNA facilitates its capture by the protein
pore. The libraries are loaded onto a flow cell containing a mem-
brane embedded with hundreds to thousands of nanopores. A pre-
loaded motor enzyme on the adapter at the 50 end, along with an
applied ion current, moves the single strand through the pore.
The passage of each nucleotide through the pore results in a char-
acteristic disruption in ion current detected by sensors and is
recorded. Animations of this technology can be viewed on the
ONT media resources webpage [82].

This technology’s pore chemistry allows the uninterrupted
traversing of long sequences, with the limiting factor being the
preparation of high molecular weight DNA [79,83,84], which deter-
mines standard long reads (10–100 kb) vs. ultra-long reads
(>100 kb). Both standard long and ultra-long reads are reported
to have an accuracy of 87–98%, and about 91% and 93% of
homopolymers at least five bases long are called accurately in
raw reads, respectively [66]. The 92–93% accuracy for ONT reads
limits this technology for single nucleotide variant calling [83].
Sequencing errors are likely related to the motor enzyme and fluc-
tuation of the nucleotide procession rate, whereby faster rates may
result in missed bases, and shorter rates may result in a single base
being detected as a repetitive sequence. Additionally, the pore’s
physical properties are such that up to five neighboring bases on
the DNA strand may affect the instruments’ ion current levels.
The accuracy of ONT raw reads is dependent on the base-calling
(translation of the electrical signal to DNA sequence) algorithm
that is used, which continues to improve over time [85].

Standard long reads can be generated on three ONT platforms,
which differ in their flow cell capacity. The MinION, a portable,
pocket-sized device, holds one flow cell, and the GridION holds
up to five flow cells of the same type with 512 channels, each chan-
nel containing four nanopores, totaling 2048 nanopores per flow
cell. Given that there is only one active pore per channel that gen-
erates sequences at a given time, during which the other three are
inactive, the number of channels corresponds to the number of
DNA molecules that can be simultaneously sequenced [86]. Please
see Figure 1D of the reference by Ip et al. 2015 for an illustration of
this concept. The PromethION can hold up to 48 flow cells of a dif-
ferent kind, with 12,000 nanopores divided over 3000 channels.
Consequently, the PromethION, which has approximately six times
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as many channels, can deliver six-fold more throughput per flow
cell and generate 50–100 Gb long-read data per flow cell vs. 2–
20 Gb of long-read data compared to the two other platforms
[66]. For applications where low-throughput is adequate, a flow
cell dongle, or ‘‘Flongle,” is compatible with the MinION or GridION
and uses a flow cell with 126 nanopores, each with its own chan-
nel, which permits sequencing with all nanopores. The Flongle
allows for low-cost and rapid sequencing. When coupled with
the MinION, the Flongle allows for a portable approach to sequenc-
ing in various fields. In contrast to technologies such as the MiSeq,
sequencing analysis can occur in real-time, shortening turnaround
times and permitting clinically impactful testing not previously
possible. Recent reports describe turnaround times of less than
six hours for high-resolution HLA typing that would permit the
HLA typing of deceased donors [87,88].

Also generated through these platforms are ultra-long reads,
which are reads over 100 kb and reportedly up to several mega-
bases long [80]. Ultra-long reads permitted the complete phasing
of the 4 Mb major histocompatibility complex region, which would
not otherwise be accomplished with short-read sequencing [83]. In
contrast to standard long reads, however, the throughput for ultra-
long reads is lower, with generally 500 Mb to 2 Gb of ultra-long
read data per flow cell on the MinION and GridION. To date, the
generation of ultra-long reads has not been successful with the
PromethION [84], likely due to the lack of compatible sequencing
kits for such long DNA fragments [66].

Beyond DNA sequencing, ONT may be used to sequence RNA
and detect DNA and RNA modifications. Similar to PacBio, ONT
can sequence full-length RNA as cDNA [89,90]. However, ONT also
has the ability to use native RNA, which has advantages over cDNA
synthesis by including long transcripts that may otherwise be
missed and avoiding PCR amplification biases [90]. Modifications
to native DNA or RNA are detected from the characteristic disrup-
tions in ion current that result from these modifications.

As described earlier, the error rates of ONT and PacBio sequenc-
ing are significantly higher than current second-generation meth-
ods. An acceptable error rate is the one that our software
systems can potentially neutralize computationally. The current
status of ONT in the context of Immunogenetics is that our soft-
ware systems can handle the error rate of these platforms [88].
However, there is uncertainty associated with this approach. The
error rates of PacBio HiFi sequencing are approaching appropriate-
ness for clinical utility [91]. Any technological advancements that
will reduce the error rates are welcome.

3.2.2. Data analysis
After introducing this technology, ONT launched the MinION

Access Programme (MAP), a beta-testing program for a developer
community of more than 1000 laboratories that allowed research
groups to evaluate the base throughput, read quality, and perfor-
mance of the platform [92]. This community has developed several
computational approaches and algorithms to manage and analyze
ONT data, including base-calling, read mapping, de novo assembly,
and variant detection and discovery.

The operating software of ONT devices is MinKNOW, which car-
ries out data acquisition, real-time analysis, and local base-calling
to produce raw signal data (FAST5 file) that can be used for
base-calling. Examples of base-calling software include Albacore,
Guppy, Scrappie, and Flappy [93]. Improved base-calling algo-
rithms, which are applied to raw data, allow sequencing accuracy
to increase [85].

A developing unique feature of ONT sequencing is adaptive sam-
pling of reads during the sequencing experiment [94,95], which
allows the operator to specify regions of the genome to target based
on software configuration. If the DNA strand entering the pore is not
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of interest, it is flagged by the real-time data-streaming and ejected
from the nanopore. As the DNA strand of interest is processed, the
system identifies it as the target strand, and sequencing continues.
Adaptive sampling, therefore, enables the system only to select the
strands of interest and reject those that are irrelevant, resulting in
high coverage of sequencing data for the region of interest without
the need for extensive sample preparation.

3.2.3. Advantages and disadvantages
The general advantages of ONT as a long-read technology com-

pared to short-read technologies are similar to those of PacBio.
These include better phasing of polymorphic genes, detection
and proper characterization of structural rearrangements, data col-
lection in real-time, and faster turnaround times. Additionally,
since native DNA is used, any errors introduced during the DNA
amplification process of short-reads are eliminated. When com-
pared to PacBio or second-generation sequencing platforms, ONT
instruments have the advantages of being lower cost, portable,
and of significantly smaller size, characteristics that can be very
useful for low-income settings or field applications [96].

General disadvantages of ONT as a long-read technology
include the fact that the data is subject to signal-to-noise con-
straints that result in a higher level of error (2–15%) relative to that
seen with short-read technologies. Modifications to the nanopore
protein to allow for slower nucleotide procession rates have per-
mitted better data acquisition and improved error rates. Further-
more, these high-error rates decrease over time with improved
base calling models [97]. Additionally, ONT errors are primarily
systematic, which cannot be resolved as easily as random errors
from increased coverage [97].

4. Conclusion and future directions

Since the first fully sequenced human genome, sequencing
underwent a paradigm shift with technological changes that
enabled massive data output and improved efficiencies. Ulti-
mately, the goal of ongoing technological advancement is to better
serve research and clinical applications. For a sequencing technol-
ogy to be used in a clinical setting, the technology must provide
sensitive, specific, and reproducible results within a certain time-
frame and at a reasonable cost. Massive amounts of generated data
must be reliably distilled and appropriately formatted to provide
clinically meaningful and actionable results. The ability to satisfy
these factors has enabled short-read sequencing to traverse from
the research to the clinical setting readily, including detecting rare
variants in hereditary disorders [98], diagnosis and management of
patients with solid tumors or hematologic malignancies [99,100],
and HLA typing for transplant, pharmacogenomics, and disease
associations [15,39,101-103].

Despite highly accurate sequencing data that permits the
described applications, short-read sequencing technologies remain
limited due to PCR amplification and short read-lengths. This tech-
nological limitation halts ongoing clinical progress. Third-
generation technologies afford much longer read-lengths from
native DNA, permitting a more uniform, direct assessment of the
sequence and circumventing the limitations of short-read tech-
nologies. The main limiting factor of these third-generation tech-
nologies was a high-error rate that made them clinically
unsuitable. Continual refinement of these third-generation tech-
nologies and bioinformatics tools to increase accuracy holds pro-
mise for the next wave of advancements with significant impact.
Not only will there be cost-effective, highly accurate long reads
with a faster turnaround in the clinical setting, but more impor-
tantly, critical genetic information will be available as complete
haplotypes will be generated with all detected variants resolved.
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Long-read sequencing technologies can reliably detect structural
variations frequently associated with pathological phenotypes, a
task that is practically impossible with short-read technologies.

With the ability of these technologies to provide both accurate
sequencing of long DNA fragments and information on methyla-
tion patterns and chromosomal inactivation, these technologies
will add a dimension to interpretation beyond the base-pair char-
acterization of the DNA sequence, bringing us closer to the physi-
ological state of the cell. Meanwhile, advances characterizing the
different RNA species of the cell using RNA-seq technologies will
further promote our understanding of gene expression and its role
in the physiology of different cell types and their interactions.
Although DNA sequencing technologies have been used exten-
sively for clinical immunogenetics to advance the field, RNA char-
acterization technologies that have been used for research
Immunogenetics [104,105] have yet to be used for immunogenet-
ics diagnostic applications. It is anticipated that advancements in
RNA profiling and the study of interactive relationships between
different regions within the MHC, and therefore of gene expression,
will promote our understanding of the role of other genes and
regions besides HLAs, and provide a more comprehensive picture
of MHC-controlled immune responses. The gained knowledge
would naturally lead to new clinical applications.

In conclusion, new developments in sequencing technologies
that hold the promise of robust, reproducible, accurate sequencing
of long fragments at even higher throughput and lower cost will
likely be the next wave of sequencing platforms [106,107]. This
third generation of sequencers may form the basis for yet another
wave of unprecedented discoveries, as the characterization of the
genomes and transcriptomes of many organisms and large
populations will become feasible, promoting not only scientific
discoveries but also other applications with significant economic
and health-related impact.
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