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Third generation sequencing
and the evolution of NGS

Innovations in short read sequencing are increasing the number of next generation sequencing
(NGS) applications every year. NGS applications include discovery of Mendelian disease
variants, detection of SARS-CoV-2, and novel methods of cancer diagnosis. While faster and
easier to perform than previous sequencing techniques, standard short read NGS methods still
have limitations. They cannot answer all the difficult questions in cell biology, disease research,
and agrigenomics. Advances in third generation (or long-read) sequencing, however, are now
providing solutions for these challenges and giving insight into obscure genomic regions
unreachable by existing NGS methods.
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Next-generation sequencing
technology

The introduction of NGS in the mid-2000s marked the
beginning of a new age of human discovery, granting us
unparalleled access to the genetic code. The fundamental
importance of the genome to biological systems and their
function makes NGS an extremely versatile tool used widely
in research, clinical, and industrial applications.

Fig 1. The introduction of NGS platforms in the mid-2000s marked the
beginning of a new age of human discovery.

NGS was developed to address the need for a faster, lower-
cost alternative to Sanger sequencing, the dominant method
since its inception in 1977 (1). Based mainly on 'sequencing by
synthesis' (SBS) technology, prominent manufacturers of NGS
systems include US-based companies like lllumina and Thermo
Fisher, as well as BGI, which developed a competing approach
called DNA nanoball sequencing.

Innovations in NGS are driving scientific breakthroughs
and transforming healthcare, enabling and advancing
personalized medicine. Several clinical NGS initiatives
including the 100 000 genomes project, the Actionable
Genome Consortium, and the NCI MATCH trial aim to
harness its full power by bringing NGS data into the hands
of clinicians and have helped cement NGS as a diagnostic
tool. Innovations in sample prep reagents by companies
like lllumina are pushing the boundaries of what is possible
with short read sequencing, expanding the number of NGS
applications every year.

Find out more about key clinical NGS initiatives
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NGS is vital for new methods of cancer diagnosis such as liquid
biopsies, and is also used for assessment of cancer patients for
targeted drug therapies. These types of applications are driving
large growth in the sequencing market, which is predicted to
reach $24.4 billion by 2023 (2). Other important markets for
NGS include synthetic biology and direct-to-consumer testing,
both of which are expanding rapidly.

The current trend for labs to automate their NGS process is
also driving rapid progress in medicine. With the increased
reproducibility and scalability that comes with automating
processes like DNA isolation, target enrichment, and library
prep, automated NGS protocols might soon be routine in
diagnostic applications for diseases such as cancer (3) and
HIV-1 (4).

So, what is the future of NGS? We are fortunate to already have
a variety of different technologies at our disposal, including
those of third generation sequencing, which provides a
comprehensive array of approaches for investigating disease,
optimizing crop yields, and deepening our knowledge of cell
biology. The immense potential of third generation sequencing
is only now becoming clear, and the technology is shedding
light on complex genomic processes that are not easily studied
using other methods.

The emergence of third generation
sequencing

What is third generation sequencing?

Third generation sequencing, also known as long-read
sequencing, emerged in the late-2000s, and provides a
method of sequencing a single DNA molecule without the
need for any substantial prior fragmentation or amplification.
There are currently two methods in widespread use: single
molecule, real-time (SMRT™) sequencing from Pacific
Biosciences (PacBio™), and Nanopore™ sequencing from
Oxford Nanopore Technologies (ONT).

Base calling with SMRT sequencing involves measuring
fluorescence that occurs when labeled nucleotides are added
to a growing chain by DNA polymerases affixed to the bottom
of a zeptoliter (102" L) well. Nanopore sequencing uses a motor
protein to drive DNA molecules though a nanoscale pore
and achieves base calling by analyzing the change in current
through the pore. Figure 2 compares these two approaches
to long-read sequencing.

While ‘'second generation’ sequencing technologies like the
Illumina platform have enabled discoveries and revolutionized
medicine over the last decade, there are still some questions
that they simply can't answer, especially when the target
genomic region has complex rearrangements or repetitive
regions. In these cases, third generation sequencing is often a
viable alternative. With some vendors even offering portable
sequencers, the possibilities for discovery and practical
applications are continually expanding.


https://www.genomicsengland.co.uk/about-genomics-england/the-100000-genomes-project/
https://www.nature.com/articles/nbt1014-965d
https://www.nature.com/articles/nbt1014-965d
https://www.cancer.gov/about-cancer/treatment/clinical-trials/nci-supported/nci-match
https://info.cytivalifesciences.com/NGSWhitepaper.html
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Fig 2. Overview of the main NGS methods in widespread use. A) lllumina sequencing by synthesis (SBS). DNA fragments bind to oligos on a flow cell and
undergo steps of clonal amplification. Complementary strands are then synthesized using nucleotides labelled with specific fluorophores and the sequences
read upon laser stimulation. B) Third generation SMRT sequencing by Pacific Biosciences. Hairpin sequences are added to double-stranded DNA to form a
SMRTbell template, enabling continuous circular sequencing. Then, fluorescently labelled nucleotides are incorporated into a complementary strand by DNA
polymerase fixed to the bottom of a zeptoliter volume well, and sequencing performed by laser stimulation and measurement of fluorescence signal from
each well. C) Third generation Nanopore sequencing by Oxford Nanopore Technologies. Leader and hairpin sequences with motor proteins are attached to
the sample DNA. The motor protein then drives the DNA through a nanoscale pore formed of alpha-hemolysin. Measuring the specific changes in current
through the pore provides the sequencing output.
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NGS facilitates pioneering
discoveries

Of the 5,740 single gene Mendelian disorders identified by
the Online Mendelian Inheritance in Man™ (OMIM) catalog,
only 69.7% have been linked to a causative gene. Rare
Mendelian conditions affect 20-30 million people in the US
alone, which is why research into their genetic etiology is of
such critical importance (5).

Researchers have discovered gene variants responsible for
several genetic diseases using NGS, taking advantage of the
massively parallel nature of SBS technology that provides

a rapid and inexpensive method of variant discovery.
Innovations in third generation technology are now also
enabling identification of novel disease-causing variants
that conventional methods could not sequence.

Discovering gene variants responsible for rare
Mendelian diseases

Traditional techniques for identifying disease-causing genes,
such as linkage analysis, rely on there being many cases from
the same family for success. This requirement means that
these techniques are unable to reveal variants responsible
for many rare Mendelian diseases, which might be associated
with low reproductive fitness or early lethality (6).

In these challenging cases, NGS offers a viable solution,

and scientists are now able to identify rare disease-

causing variants by sequencing only a small number of
unrelated individuals. Often, these studies use whole exome
sequencing (WES), which involves enrichment of exonic
(protein coding) DNA using microarrays or magnetic beads
with attached oligonucleotides.

The first use of WES to discover the genetic basis of a
Mendelian disease was in 2010, when variants in the DHODH
gene were found to be responsible for Miller syndrome
(postaxial acrofacial dysostosis) (7). The same year also

saw identification of gene variants responsible for rare
multi-system disorders including Kabuki syndrome and
Sensenbrenner syndrome (8)(9).

By extending the region of the genome that can be analyzed,
whole genome sequencing (WGS) can also identify variants
in noncoding DNA and shed light on the etiology of diseases
that can't be fully explained by other methods. For example,
WGS was used recently to identify variants in enhancers that
lead to Hirschsprung disease, and discover promoter region
variants that lead to Baratela-Scott syndrome (10)(11). Our
understanding of both of these rare Mendelian diseases has
improved thanks to NGS.
Learn how to streamline your WES or WGS process
in our eBook

CY19115-11Mar21-WP

Using NGS to identify disease-causing variants
with complex genetic etiology

An important limitation of short read sequencing, however,

is the need to fragment DNA to 150-300 bp, making it
difficult to accurately assemble short genomic regions with
structural variations (SV) or repetitive sequences, which can
be highly individual or population-specific and might not be
represented in the reference genome (12). The conventional
method of handling these regions on SBS platforms is with
paired read sequencing, which involves sequencing from both
ends of a fragment, and enables more accurate alignment of
genomic regions with SVs or repetitive sequences.

Using a combination of paired read and third generation
sequencing, recent studies have identified retrotransposition
to be responsible for a certain form of Parkinsonism, and
showed that expansion of pentanucleotide repeats causes a
subtype of epilepsy (13)(14). These discoveries have important
implications for the study of disease and could inform future
diagnostics and treatment options for patients.

In some cases, paired read sequencing cannot identify

a complex causative gene variant, leading scientists to

rely solely on the long read lengths of third generation
sequencing for answers. In one instance, SMRT sequencing
was used to identify a disease-causing deletion and secure a
diagnosis of Carney complex, which is a rare genetic disorder
characterized by widespread neoplasia that is difficult to
diagnose with short read methods (15).

Clinical uses of NGS

Discover more clinical applications of NGS in our
whitepaper

Fig 3. NGS has a variety of clinical uses including testing of individuals with
family histories of cancer.
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NGS has a variety of clinical uses, such as prenatal testing
for diseases of chromosome aneuploidy and BRCA testing of
individuals with a family history of ovarian cancer (16)(17).

Novel applications of NGS are providing a critical link between
research and medicine, and techniques such as liquid biopsy
sequencing are steadily surpassing traditional methods

of cancer diagnosis and enabling targeted treatment of
specific cancers. NGS-based methods are also well suited for
detection of pathogens for rapid diagnosis and better disease
control strategies, such as the SARS-CoV-2 virus.

Detection of SARS-CoV-2

As the COVID-19 pandemic seized the world in 2020,
implementing efficient mass testing programs became a
top priority for disease control agencies, especially since
the pathogen can be spread by pre-symptomatic and
asymptomatic carriers.

Multiplexed NGS provides the potential for high-throughput
detection of SARS-CoV-2. One example is lllumina’s dual
index COVIDSeq test, which can sequence up to 3000 patient
samples in one run with a 24-hour turnaround (8). Other
similar studies have described the potential for sequencing
tens of thousands of patient samples for SARS-CoV-2
detection in a single run (9).

While SBS tests are an effective tool for diagnosis of
COVID-19, it is the third generation platform from ONT that
is revolutionizing the way we can monitor different strains

of SARS-CoV-2.The ONT MinlON™ platform can sequence
the entire SARS-CoV-2 genome in less than 24 hours. This
capability means the technology can be used by scientists to
monitor healthcare-associated COVID-19 cases for effective
infection tracking and control in hospital and community
settings (8).

Fig 4. Multiplexed NGS provides the potential for high-throughput detection
of SARS-CoV-2.

Liquid biopsies

NGS is revolutionizing cancer diagnosis, and therefore
increasing survival rates. While traditional biomarkers are
often not specific to a particular cancer and might provide
only low diagnostic sensitivity, sequencing of circulating
tumor DNA (ctDNA) from liquid biopsies, released by cancer
cells undergoing apoptosis or necrosis, provides a versatile
method for early detection of a range of cancers that is both
rapid and precise. This DNA contains vital clues about the
tissue of origin and the molecular signature of the tumor (18).

Fig 5. Sequencing of circulating tumor DNA (ctDNA) from liquid biopsies
provides a versatile method for early detection of a range of cancers.

Steadily surpassing tissue biopsies as a diagnostic tool,
sequencing of liquid biopsies has been used to identify
predisposing mutations up to two years before a cancer was
confirmed, making it a promising method for early diagnosis
(19). Liquid biopsies are also enabling the diagnosis of tumors
from previously unreachable regions including the brain,
where repeat sampling and neuroimaging are particularly
challenging (20).
Read more about the challenges and opportunities
with liquid biopsy in our whitepaper
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Targeted treatments

With the emergence of NGS, researchers are now able to
put their knowledge of cancer genetics to clinical use. NGS
has proved indispensable in cancer diagnostics testing,
which involves identifying the molecular profile of a tumor
to assess the suitability of a patient for targeted treatment.
Examples of FDA-approved targeted therapies include
PARP inhibitors for BRCA1/2 mutated breast, ovarian, and
prostate cancers and ALK inhibitors for lung cancers with
rearrangements in EML4-ALK (11).

Fig 6. NGS has proved indispensable in cancer diagnostics testing to assess

the suitability of a patient for targeted treatment.

One of the main challenges to implementing NGS for
routine mutation detection in clinical laboratories
worldwide has been the large initial investment required
for instrumentation setup. As a result, many labs continue
relying on the more laborious and time-consuming method
of Sanger sequencing for these procedures. However,
current research suggests that Nanopore sequencing
could offer a promising alternative method, with detection
of treatment-informing mutations reported to be more
sensitive, manageable, and cost-effective than Sanger
sequencing, and run at a fraction of the cost of SBS
platforms (12).

Read our 10 top tips to reduce the cost of your
NGS assay
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Third generation sequencing
provides novel genetic insights

As our understanding of the regulation of gene expression
has deepened, it has become critical to develop sequencing
technology that can effectively study these processes. Read
lengths on third generation platforms average around 30 kb
for both SMRT and Nanopore sequencing, although DNA
molecules up to 2.3 Mb have been sequenced using Nanopore
technology (21). Such high read lengths enable these
platforms to handle sequencing of whole large genomes and
intact MRNA molecules, and provide an efficient and novel
means of measuring DNA methylation (22).

One early limitation of third generation technology was

the potential for base calling errors. However, continued
development of SMRT sequencing chemistries over the last
few years has increased the raw base calling accuracy from
85% to 99%. The accuracy of Nanopore sequencing has also
improved, with the introduction of adaptor reagents pushing
base calling accuracy as high as 98% (21).

Fig 7. Understanding epigenetic processes is crucial for a better
understanding of human biology, as modifications can be acquired by
exposure to environmental factors.

Third generation sequencing simplifies study of the
epigenome

Epigenetics refers to dynamic and inheritable chemical
modifications that control gene expression by altering DNA
accessibility and chromatin structure. Common modifications
include acetylation of histones and methylation of DNA.
Understanding epigenetic processes is crucial for a better
understanding of human biology, as modifications can be
acquired by exposure to environmental factors, and are
important in the development of several diseases including
cancer, heart disease, and obesity (23)(24)(25).

Conventional approaches to methylation sequencing on
Illumina platforms rely on bisulfite conversion, in which
unmethylated cytosines are converted to uracil and then
thymine during library prep. While this technique has


https://www.cytivalifesciences.com/news-center/sanger-sequencing-past-and-present-10001
https://www.cytivalifesciences.com/news-center/ngs-10-top-cost-saving-tips-10001

enabled many discoveries, it has some disadvantages, such
as unwanted DNA fragmentation, as well as the potential
for unwanted conversion of 5-methylcytosine to uracil and
underestimation of methylation status (26).

By integrating measurement of methylation status into
the sequencing workflow without the need for additional
steps of chemical conversion, third generation sequencing
methods can rapidly and efficiently probe epigenetic
changes. As well as 5-methylcytosine, third generation
methods can also detect bases with several other non-
canonical epigenetic modifications (27)(28).

SMRT sequencing enables measurement of methylation
status by recording differences in arrival time and duration
of fluorescence pulses that occur when nucleotides are
incorporated into the growing chain. This platform has
been used recently to investigate how genome methylation
affects virulence and can prolong outbreaks of different
pathogenic bacteria such as E. coli and MRSA (29)(30).

The specific waveforms generated during base calling

in Nanopore sequencing enables the identification of
methylated and non-methylated DNA. This ability means
researchers can now distinguish viral and host DNA during
analysis of viral epigenetic status and map differences

in chromatin accessibility between cancerous and
noncancerous cells (18)(19).

RNA isoform sequencing

It is only recently that we have begun to appreciate the
extent to which RNA molecules are processed. Genes can
be transcribed from different start sites, pre-mRNAs can
be alternatively spliced, and the transcripts can also be
polyadenylated at different sites (20). All these events lead
to an astonishing variation in RNA transcripts and protein
products beyond that apparently encoded in the genome.

While sequencing these different isoforms can reveal
valuable biological information, SBS methods require cDNA
to be fragmented prior to sequencing: this step risks losing
information about the multitude of different RNA variants in a
cell. Third generation technology does not have this limitation,
so it is extremely useful for studies of RNA isoforms.

Aberrant splicing and intron retention have recently been
identified in a gene linked to X-linked Dystonia-Parkinsonism
(XDP), a discovery made possible by the long read capability
of PacBio's SMRT sequencing platform (13). ONT's Nanopore
sequencing is also making an impact in this area, with one
group successfully sequencing and quantifying complex
isoforms of B-cell receptors at the single cell level. This is a
great stride in analytic capability and another step towards
truly personalized medicine (31).

NGS and plant genomics

Building reference genomes for crop species using NGS is crucial
for enabling the genetic modification of crops for resistance to
biotic or abiotic stresses and higher yields. One major challenge
to this process, however, is that many plant genomes are

polyploid — meaning they contain more than two complete
chromosome sets — which makes de novo genome assembly
on conventional SBS platforms extremely challenging.

Agrigenomics often uses a statistic called the N50 to
describe the completeness of a genome assembly, which

is a type of median contig length. Only a small number of
plant species sequenced using SBS have complete genome
assemblies with N50s greater than 5 Mb, the size at which
whole chromosomes can be reconstructed (32).

Recent studies using third generation sequencing are producing
assemblies with higher contig lengths, with N50 values of
10.53 Mb for Asian rice and 15.78 Mb for maize (33)(34). These
long reads can give a deeper insight into genomic architecture
that can complement both genomics-based breeding and
gene editing technologies for higher crop yields (32).

Conclusions

While optimization of SBS technology is improving read lengths
and reliability of conventional SBS technology, the multitude
of new approaches offered by third generation sequencing
promises to usher in a new age of scientific discovery.

Long-read sequencing is shedding light on the multi-layered
processes of gene expression and providing insights into
fundamental cell biology and disease processes. This third-
generation sequencing technology is also helping us to
develop hardier crops with higher yields, which is essential for
addressing the food needs of growing populations worldwide.
Long-read sequencing of RNA molecules at a single cell level
has the potential to revolutionize immunology and could lead
to breakthroughs in our understanding of infectious diseases,
autoimmunity, and cancer.

The sequencing market is growing, driven in a large part

by new direct-to-consumer and clinical applications.

With companies such as BGI planning to bring the cost of
sequencing whole genomes to less than $100, the potential
for more widespread application is huge. These advances

in sequencing could even see DNA become a medium of
information storage that replaces computer hard drives, and
collaborations between industry and academia are currently
working to make this a reality (35).

One thing is certain: we now have access to a
comprehensive set of sequencing tools and technologies
that researchers could barely conceive during the height
of Sanger sequencing and the Human Genome Project.
The continued evolution of both short- and long-read
sequencing will shape the world of medicine and clinical
practice for years to come.
Discover how we can support your sequencing
process
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