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Abstract
Recent advances in genetics have been enabled by new genetic sequencing techniques called massively parallel sequencing (MPS) 
or next-generation sequencing. Through the ability to sequence in parallel hundreds of thousands to millions of DNA fragments, 
the cost and time required for sequencing has dramatically decreased. There are a number of different MPS platforms currently 
available and being used in Australia. Although they differ in the underlying technology involved, their overall processes are very 
similar: DNA fragmentation, adaptor ligation, immobilisation, amplification, sequencing reaction and data analysis. MPS is being 
used in research, translational and increasingly now also in clinical settings. Common applications include sequencing of whole 
genomes, whole exomes or targeted genes for disease-causing gene discovery, genetic diagnosis and targeted cancer therapy. 
Even though the revolution that is occurring with MPS is exciting due to its increasing use, improving and emerging technologies 
and new applications, significant challenges still exist. Particularly challenging issues are the bioinformatics required for data 
analysis, interpretation of results and the ethical dilemma of ‘incidental findings’.

Introduction
For those who learnt about molecular-based techniques 
prior to 2005, it was a landscape dominated by bacterial 
cloning, polymerase chain reactions (PCR) and Sanger 
sequencing. Using these techniques, the Human Genome 
Project (HGP) was completed in 2003, taking 13 years at the 
cost of US$2.7 billion.1,2 The publication of the 2.85 billion 
nucleotide sequence was heralded as a landmark event, 
laying the foundation for a new genomic era. At the time, 
a major contributor to the HGP published its ‘vision for the 
future of genomics research’ and one goal that seemed ‘so 
far off as to be almost fictional’, was the ability to sequence 
the human genome for less than $1,000.3 Yet in less than 11 
years, it appears this dream may be a reality, with a recent 
manufacturer’s claim that 18,000 whole human genome 
sequences could be produced in a year at a cost of less than 
$1,000 each.4 What has driven such a rapid and dramatic 
decline in costs and time? The answer is massively parallel 
sequencing (MPS). Given how it is revolutionising practice 
in many areas of clinical medicine, we in laboratory medicine 
should at least have a basic understanding of the technology 
and its current and future applications.

What is Massively Parallel Sequencing?
MPS is also referred to as next-generation sequencing (NGS). 
In MPS, hundreds of thousands to millions of DNA sequencing 
reactions are performed simultaneously, or ‘in parallel’, 
with each sequencing step being coupled with detection. 
This is in contrast to traditional Sanger sequencing (or 1st 
generation sequencing), where sequencing of each separate 
DNA sequence with fluorescent-labelled dideoxy terminator 
nucleotides is completed before the labelled DNA fragments 
are separated and detected by capillary electrophoresis. The 
throughput of automated Sanger sequencing is limited by 
the capacity of thermal cyclers and capillary electrophoresis 
analysers, with the most advanced capillary analysers capable 
of an output of approximately 500 kilobases (kb) in 24 h,5 
orders of magnitude less than MPS.

Though the various MPS platforms employ different 
technologies, their underlying workflow is similar:
1. Fragmentation of DNA- randomly by enzymatic

digestion, nebulisation or sonication. Optimum fragment
length is platform-dependent, ranging from 50 to 20,000
base pairs (bp).
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2. Ligation to adaptor sequences- these are platform-specific
sequences that are ligated to the ends of DNA fragments,
creating the sequencing library.

3. Immobilisation- through the adaptor sequence to a solid
surface, such as a bead or a glass slide.

4. Amplification- most platforms require amplification to
increase the signal for detection. This can be achieved
through emulsion bead PCR or surface cluster PCR.

5. Sequencing- cycles of base incorporation by synthesis
or ligation are followed immediately by signal detection.
Signals are converted to base calls, from which a
nucleotide sequence or ‘read’ is produced. The read length
is platform-dependent but is usually shorter than Sanger
sequencing reads, which may be 800 to 1000 bp. Each
template DNA region is also sequenced a number of times
(depth of coverage). Sequencing may also be paired-end
or mate-paired. In paired-end sequencing, <1000 bp length 
fragments are sequenced from both ends. In mate-paired
sequencing, >1000 bp length fragments are circularised by 
ligating the ends to a single adaptor. These are fragmented
to create linear fragments with a central adaptor, another
two adaptors are ligated to the ends and fragments are
sequenced from both ends.6

6. Data analysis- due to the short read lengths, there is limited 
ability to reassemble a genome through overlapping
sequences. Greater certainty in alignment can be achieved
with longer read lengths or using paired-end or mate-

paired sequencing as paired reads are aligned together. 
Most applications of MPS involve ‘resequencing’, where 
sequencing is used to search for variations from ‘normal’ 
using a known reference genome to provide a template 
for read alignment. Differences between the alignment 
and reference sequence are identified (‘variant calling’), 
filtered and annotated to identify those that may be 
clinically significant.7

The general advantages when using MPS for sequencing 
multiple genes compared to Sanger sequencing are the 
requirement for less template DNA, greater speed and lower 
cost per base.

MPS Platforms Available
The MPS platforms available are still evolving, with 
improvements in current technologies and the development 
of even newer technologies. It is such a rapidly changing 
field that one of the pioneering instruments, the 454 by Life 
Sciences/Roche, is already in the process of being phased 
out and will not be supported past mid-2016.8 Following is 
a description of the major commercially available platforms 
worldwide. 

a. 454 Life Sciences/Roche (Genome Sequencer Junior/
FLX) - Pyrosequencing
Double-stranded DNA (dsDNA) is fragmented into

Box 1. Glossary of terms.

Term Definition

Adaptor Platform specific oligonucleotides which are ligated to DNA fragments. May immobilise 
library to solid support or act as an amplification primer or sequencing primer.

Alignment Process of mapping read sequences to a reference sequence.

Annotation Process of adding biological information to a sequence, such as identifying known 
pathogenic variants and their clinical significance. 

Base calling Conversion of the sequencing signal produced to a nucleotide sequence.

Coverage The percentage of target bases that are sequenced a given number of times. Often used 
interchangeably with depth of coverage.

Depth of coverage The number of times a particular nucleotide has been sequenced. Usually refers to only 
high-quality aligned reads.

Filtering Process of using bioinformatics tools to reduce the amount of data analysed, usually with 
user-defined criteria.

Library The collection of adaptor-ligated DNA fragments to be sequenced.

Read Nucleotide sequence of a single DNA fragment.

Read length Number of nucleotides sequenced per DNA fragment.

Variant calling Process of identifying differences between aligned read sequences and a reference sequence.
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Figure 1. Workflow of different next-generation sequencing technologies. i. DNA fragmentation and ligation of adaptors. 
ii. Immobilisation to a solid surface. iii. Amplification. iv. Sequencing reaction. v. Signal detection.
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400–600 bp lengths, adaptors are attached the ends, after 
which the dsDNA is denatured to produce single-stranded 
DNA (ssDNA) fragments with different adaptors at each 
end. This DNA library is mixed with capture beads, PCR 
reagents and an emulsion oil at a limiting dilution so as to 
create water droplets, each containing a single bead and 
a library fragment. PCR is performed within this droplet 
(emulsion PCR), creating millions of copies of amplified 
DNA fragments immobilised onto the bead. The beads 
are put in a plate comprised of 1.6 million, 75 picolitre 
wells, with each well designed so it can accommodate 
only one capture bead per well. In each sequencing cycle 
in turn, reagent containing only one of the four possible 
nucleotides (A, C, G or T) is washed over the plate and 
if the nucleotide is incorporated into the DNA template, 
there is release of a pyrophosphate. Within each well 
are also smaller beads coated with ATP sulfurylase and 
luciferase, which generate a chemiluminescent signal in 
the presence of pyrophosphate. This signal is detected 
by a camera, and is proportional to the number of bases 
incorporated. During a sequencing run, this cycle is 
repeated with the four possible different bases, always in a 
set order. Thus by monitoring the light signal generated by 
each well after a particular base is added, a ‘flowgram’ is 
created through which each DNA fragment sequence can 
be deduced (Figure 1a).9-11 

b. Illumina (MiSeq/NextSeq/HiSeq) - Sequencing by
synthesis
DNA is fragmented into ssDNA fragments of less than
600 bp. The fragment ends are repaired, creating an ‘A’
overhang for ligation of different adaptors at each end.
The DNA library is immobilised onto a lane of a flow
cell, consisting of a glass surface coated with millions of
primers complementary to the ligated adaptor sequences.
Each library fragment is amplified by ‘bridge-PCR’,
whereby different reagent washes initiate annealing of the
free adaptor end with a complementary primer, extension
by DNA polymerase, then denaturation of the double
stranded ‘bridge’. Through repeating this cycle, a ‘cluster’ 
of thousands of copies of each library fragment is created,
with up to 10 million clusters per square centimetre on
a flow cell. Sequencing is initiated by the addition of
fluorescent reversible terminator nucleotides, DNA 
polymerase and universal sequencing primers. In each
cycle, only a single base is incorporated, a laser excites the 
fluorophore and the emitted light is detected by a camera.
A cleavage reagent is added to remove the fluorophore and
terminator, allowing the next cycle of nucleotide extension 
and detection (Figure 1b).12-14

c.	 Applied Biosystems (SOLiD 5500/5500xl W)- Sequencing 
by ligation
DNA is fragmented into 400–850 bp length fragments and
different adaptors are ligated to each end. Emulsion PCR
is used to immobilise and amplify the library fragment
onto a paramagnetic bead, which is then immobilised on a
glass slide. A universal sequencing primer is hybridised to
an adaptor, then a ligation cycle commences with ligation
of a dye-labelled probe complementary to the next two-
base sequence, fluorescence detection, then removal of the
label by cleavage. This ligation cycle is repeated a number 
of times, with each ligated probe assaying a two-base
sequence every cycle, creating a sequence of fluorescent
signals called a colour string. The extension product is
then removed and a second universal sequencing primer
offset by one base from the previous is bound and a second 
round of ligation cycles ensues. In total, 5 primer rounds
are completed so that in theory, each base is interrogated
by two independent ligation reactions. Four different
fluorescent dyes encode for the 16 possible two-base
combinations. Colour strings from each primer round are
converted to all possible two-base sequence combinations
and compared to deduce the correct read sequence (Figure
1c).15-17 

d. Pacific Biosciences (PacBioRS II)- Single-molecule
real-time (SMRT) sequencing
DNA is randomly fragmented into 10–20 kb double-
stranded fragments. The ends are repaired and ligated
to an adaptor with a ‘T’ overhang. A hairpin shaped
universal adaptor is then ligated to each end, creating a
circular template. Sequencing primers are annealed to
the templates, which are then bound to DNA polymerase.
Prepared template is loaded onto a SMRT cell,
consisting of 150,000 zero-mode waveguides (ZMW),
nanostructures measuring 100 nm in diameter in which a
single primer bound template-DNA polymerase complex
is immobilised. Fluorescently-labelled nucleotides are
incorporated by DNA synthesis and the fluorescence
signal is detected in each ZMW. Incorporation cleaves the
fluorophore allowing the subsequent labelled nucleotide to
be added. Smaller fragments may be sequenced in both the 
sense and antisense direction multiple times, increasing
base calling accuracy (Figure 1d).18-20

e. Life Technologies (Ion Torrent Ion Proton/Ion PGM)-
Sequencing by monitoring pH
DNA is fragmented into 200–250 bp length fragment and
different adaptors are ligated to each end. The sequencing
library is amplified on capture beads by emulsion PCR.
Beads now coated with amplified template are put onto
a chip containing up to 7 million wells, each able to
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accommodate a single coated bead. In each sequencing 
cycle, reagent containing one of the four possible 
nucleotides is washed over the chip and, if the base is 
incorporated, there is release of a proton. The change in 
pH (~0.02 pH units per base incorporation) within a well 
is detected by the ion sensor and converted to a digital 
signal. In successive cycles, the different nucleotides 
are washed over the chip in a set order to produce a read 
(Figure 1e).21-23 

Applications of MPS
MPS is being increasingly used in many areas of medicine, 
both in the research and clinical setting. Depending on the 
purpose, different nucleic acid targets may be sequenced:
• Whole genome
• Whole exome
• Targeted genes
• Transcriptome - RNA sequence including mRNA, tRNA
• Mitochondrial genome
• Metagenome-microbial DNA in biological samples
•	 Methylome - DNA sequence including cytosine methylation 

state
• Chromatin immunoprecipitation-Sequencing (ChIP-Seq):

regions of DNA that bind to transcription factors, co-
factors or chromatin proteins

Whole Genome Sequencing
MPS can be used for the de novo assembly of whole genomes, 
or to identify genetic variations in the genome that may be 
associated with or cause disease. The advantage of whole 
genome sequencing (WGS) is that it can identify a wide range 
of genetic variations such as single nucleotide polymorphisms 
(SNPs), small insertions or deletions (indels), copy number 
variations (CNVs) and structural variants. The 1000 Genomes 
Project, for example, is an ongoing international collaboration 
involving WGS of individuals of different ancestry with an 
aim of providing reference data for common SNPs in different 
population groups.24 The public data can then be used in the 
analysis of genome-wide association studies or to help identify 
disease-causing variants. WGS is also being performed on 
cancer tissue to identify somatic mutations which may aid 
in cancer diagnosis, prognostication and targeted therapy.25 
The identification of CNVs is possible using specialised 
bioinformatics tools that for example estimate copy number 
based on the number of reads or distance between paired-
end reads, although not all CNVs are currently detected. The 
better resolution and overall coverage of WGS combined with 
improvements in data analysis may see it supplant cytogenetic 
techniques as the preferred test for CNVs in the near future.26

Whole Exome Sequencing
Only ~1–2% of the human genome consists of exons, the 

protein-coding regions of DNA, yet this is where 85% of 
disease-causing variants are located.27 Accordingly, whole 
exome sequencing (WES) has become the more favoured 
cost- and time-effective approach, particularly for discovering 
causative gene mutations for Mendelian disorders. To perform 
WES, exome-containing libraries are captured and enriched 
by kit-specific oligonucleotide baits before undergoing 
sequencing.28 WES was first used to identify the cause of 
rare genetic disorders in 2009 and by the end of 2012, over 
180 novel disease-causing genes had been described. It 
has been predicted that the remaining causes of Mendelian 
disorders will be identified before 2020.29 To demonstrate its 
use in clinical practice, 250 patients with a suspected genetic 
disorder had WES performed and a genetic diagnosis was 
made in 62 patients. This diagnostic rate of 25% is generally 
higher than that of other genetic tests and is likely to improve 
as further novel disease-causing variants are identified.30

Targeted Gene Sequencing
Where there is a specific genetic question in mind, it may 
be more efficient to sequence specific genes rather than the 
entire genome or exome. This approach could also be used to 
resequence areas of interest identified through WGS or WES 
as the overall and depth of coverage is usually greater. Similar 
to WES, libraries of interest may be captured and enriched 
by specific baits. Targeted genes may also be selected by 
multiplexed PCR followed by amplicon library preparation. 
Panels are commercially available for disease groups such 
as cancers and cardiomyopathies, and it is possible to design 
customised baits or primer pairs for specific targets.31,32 Another 
consideration is that targeted gene sequencing generates less 
data than WGS or WES. When one is interested only in a 
specific genomic region, having less data means a simpler 
bioinformatics analysis, and may also avoid completely the 
issue of incidental findings (see later) being generated. 

While this approach is well suited for batched high volume 
testing, it is not efficient for low volume testing. Furthermore, 
with the speed at which disease-associated genetic variations 
are being discovered, the need to update panels or resequence 
a patient may also negate the initial efficiency of targeting 
sequencing.

Limitations of MPS
Errors and Incomplete Coverage
Errors and biases can be introduced during any of the steps 
involved in MPS. The different technologies are all prone 
to different sequencing errors to varying degrees. For 
example, the Ion PGM has difficulty accurately sequencing 
homopolymers greater than 8 bases long, while the Illumina 
MiSeq has difficulties with GC-rich motifs.33,34 Base calling 
errors are estimated by a base call quality score (Qscore). 
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Quality scores in MPS are a similar concept to the Phred 
quality score developed for Sanger sequencing.35 If p is 
the estimated error probability, Qscore = -10.log10(p). For 
example, if the error probability of a base call is 1/100, the 
base call Qscore is 20. Base calling algorithms are platform 
specific, and convert the signal detected to a base call with 
a Qscore. The probability of base call errors depends on 
parameters such as the signal to noise ratio, cluster/bead 
density and dephasing (loss of sequence cycle synchronicity 
due to incomplete or extra extension). These errors may be 
better identified (and therefore not be translated into errors 
in variant calling) by increasing depth of coverage, replicate 
sequencing or sequencing across different platforms,36 but this 
increased volume of sequencing may significantly increase 
overall costs. Due to these limitations, Sanger sequencing, 
which has a lower raw error rate, is still considered the ‘gold 
standard’ and used to confirm variants identified through 
MPS.30,32 

The overall error rate is a determinant of the sensitivity 
and specificity for detecting low frequency variants. This is 
often the case when identifying somatic changes in cancers, 
where samples may be heterogeneous due to low amount of 
tumour tissue vs normal tissue or presence of multiple tumour 
subclones. A 30X depth of coverage is generally considered 
sufficient to identify SNPs, while for cancer genomes it 
may need to be much higher (500–1000X), depending on 
the mutation frequency and platform used.37,38 Incomplete 
coverage, where regions are not sequenced or poorly 
sequenced, is also a problem seen with all MPS technologies. 
This may be due to amplification or enrichment biases and 
inherent difficulty in sequencing particularly GC-rich and 
GC-poor regions.34 It may be necessary to perform Sanger 
sequencing to fill-in these gaps in coverage and completely 
sequence areas of interest.

Bioinformatics and Interpretation
One of the major challenges of MPS is making sense of 
the data generated, which may be millions to billions of 
read sequences. It has been remarked that though a genome 
may cost $1000 to sequence, its analysis and interpretation 
may cost over $10,000.39 Powerful computational and 
bioinformatics tools are required to store the data and perform 
the various steps involved in read alignment, variant calling 
and annotation. Filtering of data is important to ‘clean up’ 
and help to reduce the amount of data analysed and reported 
variants. For example, low-quality reads or reads that map 
to multiple regions may be excluded from further analysis. 
Variant filtering may be used to select for variants only in 
exonic regions, particular genes of interest or remove common 
SNPs. Numerous software tools and packages are available to 
analyse MPS data and depending on the preferences of the 

end-user, are combined in an analysis workflow, sometimes 
referred to as a bioinformatics pipeline. 

Both false positive and false negative variant calls may be 
made due to errors in alignment, alignment with an unsuitable 
reference sequence or too stringent or lenient filtering. Correct 
annotation is highly dependent on the accuracy of information 
obtained from interrogated databases, such as those containing 
known disease-causing mutations, common polymorphisms 
or mutations in cancer.7 Functional characterisation of novel 
variants is also difficult. The pathogenicity of a variant may be 
inferred by examining conservation across species, predicted 
changes in protein structure and function or by performing 
functional studies, but often the significance is uncertain. 

Furthermore, with the fast pace at which genetic discoveries 
are being found, variants currently thought to be of unknown 
significance may later be found to disease-associated or 
associated with a polygenic condition; the converse may also 
apply, in that a variant currently thought to be pathogenic may 
turn out to be a harmless variant. This has led to currently 
active discussion on where the responsibility lies for possibly 
re-annotating variants based on new data.40 While the testing 
laboratory is in the best position to re-annotate the known 
sequence, the requesting clinician in consultation with the 
patient may, or may not, wish this to occur. Conversely, 
leaving it to the patient or the clinician to instigate re-
annotation may lead to delayed or overlooked reporting of 
a newly-recognised pathogenic variant that the laboratory 
could readily identify, but for which it may either lack consent 
or operational capability.

Incidental Findings
WGS and WES are unlike most diagnostic tests where the 
test performed is specific to the clinical indication. Thus, 
it is inevitable that WGS and WES identifies pathogenic 
or likely pathogenic alterations in genes that are unrelated 
to the clinical indication i.e. incidental findings. In 2013, 
the American College of Medical Genetics and Genomics 
(ACMG) published recommendations that incidental findings 
in 57 genes should be reported, regardless of patient age 
or preference, due to the benefit of early identification and 
intervention in the 24 conditions they could cause.41 These 
recommendations created controversy and were not endorsed 
by other national or supranational peak professional bodies, 
including the Human Genetics Society of Australasia (HGSA), 
as the ACMG recommendations conflicted with various local 
guidelines in other jurisdictions regarding patient autonomy 
and predictive testing in minors.42 Only recently have the 
ACMG recommendations been updated to allow patients to 
opt out of receiving incidental findings results.43 If incidental 
findings are to be reported, then both HGSA and now also 
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ACMG recommend comprehensive pre-test counselling 
to obtain informed consent. With MPS being more widely 
adopted and possibly moving out of the specialist genetic 
laboratory arena, the ability of requesting clinicians to give 
this complex counselling or whether there are sufficient 
experts (e.g. genetic counsellors, clinical geneticists) to play 
this role, needs to be addressed.

The Future
Numerous new MPS technologies and applications are on 
the horizon. Oxford Nanopore Technologies have developed 
a single molecule, nanopore-based MPS technology that 
is currently being tested in laboratories worldwide. Their 
MinION system is a disposable, USB flash-drive sized 
device that can be plugged into the USB port of a computer 
and works directly with blood or serum.44 The prospect of 
newborn screening by WGS or WES could also become 
a possibility with recent US government funding of a pilot 
study to investigate whether it improves the understanding 
and treatment of disorders in newborns and the ethical, legal 
and social implications.45 In Australia, the state of genetic 
testing will change significantly with the increased adoption of 
MPS. For example, the Garvan Institute of Medical Research 
in Sydney is one of the first four sites worldwide to acquire 
the high-throughput ‘USD$1000 Genome’ instruments and 
will soon be offering WGS for making genetic diagnoses and 
guiding cancer treatment.46

Genomics has the potential to make major contributions to our 
understanding of disease pathogenesis, and will undoubtedly 
lead to changes in diagnostic pathology practice. 
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