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In this class we will learn 
• How high-throughput (NGS) sequencing technologies 

arose 
• How NGS technologies transformed our capacity to 

acquire large amounts of genomic information ‘ 
• Get acquainted with the common NGS techniques 

available in the market

Learning objectives
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The sequencing revolution

– 3 –For Research Use Only. Not for use in diagnostic procedures.

I. Welcome to Next-Generation Sequencing 

a. The Evolution of Genomic Science

DNA sequencing has come a long way since the days of two-dimensional chromatography in the 1970s. With the 
advent of the Sanger chain termination method1 in 1977, scientists gained the ability to sequence DNA in a reliable, 
reproducible manner. A decade later, Applied Biosystems introduced the first automated, capillary electrophoresis 
(CE) based sequencing instruments—the AB370 in 1987 and the AB3730xl in 1998—instruments that became 
the primary workhorses for the NIH-led and Celera-led Human Genome Projects.2 While these “first-generation” 
instruments were considered high throughput for their time, the Genome Analyzer emerged in 2005 and took 
sequencing runs from 84 kilobase (kb) per run to 1 gigabase (Gb) per run.3 The short read, massively parallel 
sequencing technique was a fundamentally different approach that revolutionized sequencing capabilities and 
launched the “next-generation” in genomic science. From that point forward, the data output of next-generation 
sequencing (NGS) has outpaced Moore’s law—more than doubling each year (Figure 1). 
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Figure 1: Sequencing Cost and Data Output Since 2000—The dramatic rise of data output and concurrent falling cost of sequencing since 
2000. The Y-axes on both sides of the graph are logarithmic. 

In 2005, with the Genome Analyzer, a single sequencing run could produce roughly one gigabase of data. By 
2014, the rate climbed to a 1.8 terabases of data in a single sequencing run—an astounding 1000× increase. It is 
remarkable to reflect on the fact that the first human genome, famously copublished in Science and Nature in 2001, 
required 15 years to sequence and cost nearly 3 billion dollars. In contrast, the HiSeq X™ Ten, released in 2014, can 
sequence over 45 human genomes in a single day for approximately $1000 each (Figure 2).4

Beyond the massive increase in data output, the introduction of NGS technology has transformed the way scientists 
think about genetic information. The $1000 dollar genome enables population-scale sequencing and establishes 
the foundation for personalized genomic medicine as part of standard medical care. Researchers can now analyze 
thousands to tens of thousands of samples in a single year. As Eric Lander, founding director of the Broad Institute 
of MIT and Harvard and principle leader of the Human Genome Project, states, “The rate of progress is stunning. As 
costs continue to come down, we are entering a period where we are going to be able to get the complete catalog 
of disease genes. This will allow us to look at thousands of people and see the differences among them, to discover 
critical genes that cause cancer, autism, heart disease, or schizophrenia.”5
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High-throughput sequencing techniques

• Pyrosequencing 

• Sequencing by synthesis  

• Sequencing by ligation


• Ion semiconductor


• Nanopore sequencing 

• Single Molecule Real Time 
Sequencing (SMRT)
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Pyrosequencing - 1

attached oligos complementary to the specific adapters that
are ligated onto the library fragments. Hybridization of
these DNAs to the oligos on the flow cell occurs by an active
heating and cooling step, followed by a subsequent incu-
bation with reactants and an isothermal polymerase that
amplifies the fragments in a discrete area or ‘cluster’ on
the flow cell surfaces (see http://www.illumina.com/pages.
ilmn?ID=203 for an animation of this process). The flow cell
is placed into a fluidics cassettewithin the sequencer, where
each cluster is supplied with polymerase and four differen-
tially labeled fluorescent nucleotides that have their 30-OH
chemically inactivated to ensure that only a single base is
incorporated per cycle. Each base incorporation cycle is
followed by an imaging step to identify the incorporated
nucleotide at each cluster and by a chemical step that
removes the fluorescent group and deblocks the 30 end for
the next base incorporation cycle. At the end of the sequen-
cing run (!4 days), the sequence of each cluster is computed
and subjected to quality filtering to eliminate low-quality
reads of between 32 and 40 bp (as specified by the user).
A typical run yields !40–50 million such sequences.

Applied Biosystems SOLiD sequencer
This instrument, which achieved commercial release in
October 2007, uses a unique sequencing process catalyzed
by DNA ligase. Each SOLiD (Sequencing by Oligo Ligation
and Detection) run requires !5 days and produces 3–4 Gb
of sequence data with an average read length of 25–35 bp.
The specific process couples oligo adaptor-linked DNA

fragments with 1-mm magnetic beads that are decorated
with complementary oligos and amplifies each bead–DNA
complex by emulsion PCR. After amplification, the beads
are covalently attached to the surface of a specially treated
glass slide that is placed into a fluidics cassette within
sequencer. In the SOLiD system, two slides are processed
per run; one slide receives sequencing reactants as the
second slide is being imaged. The ligation-based sequen-
cing process starts with the annealing of a universal
sequencing primer that is complementary to the SOLiD-
specific adapters on the library fragments. The addition of
a limited set of semi-degenerate 8mer oligonucleotides and
DNA ligase is automated by the instrument. When a
matching 8mer hybridizes to the DNA fragment sequence
adjacent to the universal primer 30 end, DNA ligase seals
the phosphate backbone. After the ligation step, a fluor-
escent readout identifies the fixed base of the 8mer, which
corresponds to either the fifth position or the second pos-
ition, depending on the cycle number (see Table 2 for
details). A subsequent chemical cleavage step removes
the sixth through eighth base of the ligated 8mer by
attacking the linkage between bases 5 and 6, thereby
removing the fluorescent group and enabling a subsequent
round of ligation. The process occurs in steps that identify
the sequence of each fragment at five nucleotide intervals
(Table 2), and the synthesized fragments that end at
base 25 (or 35 if more cycles are performed) are removed
by denaturation and washed away. A second round of
sequencing initiates with the hybridization of an n-1 posi-

Figure 1. 454 Workflow: library construction ligates 454-specific adapters to DNA fragments and couples amplification beads with DNA in an emulsion PCR to amplify
fragments before sequencing. The beads are loaded into the picotiter plate (PTP). The bottom panel illustrates the pyrosequencing reaction that occurs on nucleotide
incorporation to report sequencing by synthesis.
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Pyrosequencing - 2
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Reacción enzimatica

chemoluminiscente
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Advantages 

• Reasonable cost 

• Long sequences (500 
nts)

Pyrosequencing

Disadvantages 

• Few sequences produced 

• High number of errors in 
regions with the same 
nucleotide (homopolymers) 

• With the rise of other 
technologies and given its 
high level of errors it was 
ultimately discontinued
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Illumina - sequencing by synthesis - 1

• The process starts by joining 
adapters to the DNA or RNA 
fragments that we want to 
sequence.

TECHNOLOGY SPOTLIGHT: ILLUMINA® SEQUENCING

5. DENATURE THE DOUBLE-
STRANDED MOLECULES

1.  PREPARE GENOMIC DNA 
SAMPLE

Randomly fragment genomic DNA 
and ligate adapters to both ends of 
the fragments.

2.  ATTACH DNA TO SURFACE

Bind single-stranded fragments 
randomly to the inside surface of the 
flow cell channels.

3.  BRIDGE AMPLIFICATION

Add unlabeled nucleotides and en-
zyme to initiate solid-phase bridge 
amplification.

4.  FRAGMENTS BECOME 
DOUBLE-STRANDED

The enzyme incorporates nucleotides 
to build double-stranded bridges on 
the solid-phase substrate.

6.  COMPLETE AMPLIFICATION

Several million dense clusters of 
double-stranded DNA are generat-
ed in each channel of the flow cell.

Denaturation leaves single-stranded 
templates anchored to the substrate.

SEQUENCING TECHNOLOGY OVERVIEW

DNA

Adapters Adapter

DNA 
fragment

Dense lawn 
of primers

Adapter

Attached 
terminus

Attached 
terminus

Free 
terminus

Attached

Attached

Clusters

�8



Theoretical and Practical HiC Workshop: Wet-lab and Bioinformatics 
Selene L. Fernandez-Valverde

• The templates are 
immobilized on a flow cell 

• In the case of RNA-Seq, 
complementarity with the 
adapter is used to 
synthesize a new cDNA 
chain in order to preserve 
information about the 
directionality of the 
transcript.
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DNA
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DNA 
fragment
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of primers
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Free 
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Attached

Clusters

Illumina - sequencing by synthesis - 2
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• A chain of DNA 
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flow cell surface.
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• A chain of DNA 
complementary to the DNA 
template is synthesized on the 
flow cell surface.

Illumina - sequencing by synthesis - 4
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• The templates are 
separated using high 
temperature.

Illumina - sequencing by synthesis - 5
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• This process is repeated 
hundreds of times until 
generating a "colony" or cluster 
of identical transcripts.

Illumina - sequencing by synthesis - 6
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TECHNOLOGY SPOTLIGHT: ILLUMINA® SEQUENCING

7.  DETERMINE FIRST BASE

The first sequencing cycle begins 
by adding four labeled reversible 
terminators, primers, and DNA 
polymerase.

8.  IMAGE FIRST BASE 9.  DETERMINE SECOND BASE

The next cycle repeats the incor-
poration of four labeled reversible 
terminators, primers, and DNA 
polymerase.

10.  IMAGE SECOND CHEMISTRY 
CYCLE

11.  SEQUENCING OVER MUL-
TIPLE CHEMISTRY CYCLES

12.  ALIGN DATA

After laser excitation, the image is 
captured as before, and the identity 
of the second base is recorded.

The sequencing cycles are repeated 
to determine the sequence of bases 
in a fragment, one base at a time. 

The data are aligned and com-
pared to a reference, and sequenc-
ing differences are identified.

After laser excitation, the emit-
ted fluorescence from each cluster 
is captured and the first base is 
identified.

Laser
Laser

GCTGA...

• Primers and fluorescent nucleotides (reversible 
terminators) are added in order (first A, then T, 
etc.) along with polymerase. When a 
nucleotide is incorporated a laser pulse 
coupled with imaging are used to identify 
which base was incorporated in each position.
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Illumina - sequencing by synthesis - 7
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poration of four labeled reversible 
terminators, primers, and DNA 
polymerase.

10.  IMAGE SECOND CHEMISTRY 
CYCLE

11.  SEQUENCING OVER MUL-
TIPLE CHEMISTRY CYCLES

12.  ALIGN DATA

After laser excitation, the image is 
captured as before, and the identity 
of the second base is recorded.

The sequencing cycles are repeated 
to determine the sequence of bases 
in a fragment, one base at a time. 

The data are aligned and com-
pared to a reference, and sequenc-
ing differences are identified.

After laser excitation, the emit-
ted fluorescence from each cluster 
is captured and the first base is 
identified.

Laser
Laser

GCTGA...

• This process is continued for 
all bases.

Illumina - sequencing by synthesis - 8
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• The images are analyzed spatially 
to reveal each sequence.
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Sequencing by Synthesis
Advantages 

• Undoubtedly the leader in 
the market = strong 
scientific support network 

• Produces large amounts of 
sequences (Up to 20 billion 
for NovaSeq) 

• Low error rate compared 
with other technologies 

•

Disadvantages 

• The sequences are short 
(150 to 300 bp) 

• The cost is high 

• Relatively slow sequencing 
(13–44 hr for NovaSeq)
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Nanopore sequencing
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Nanopore sequencing
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Nanopore whale watching

• Nanopore is capable of 
generating very very long 
reads or "whales" 

• The longest read detected 
to date has a length of 
2,272,580 bases
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Nanopore sequencing

Advantages 

• Real-time sequencing 

• You can stop sequencing when 
you have enough data 

• Very portable - useful for work in 
difficult areas 

• Simple preparation 

• Low cost - $ 80 USD per sample

Disadvantages 

• High number of errors 
although they have had a 
drastic increase in accuracy in 
the last year 

• Pores failed - sequence loss 
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• There are two main sources of error: 

• Human error: mixing of samples (in the laboratory or 
when the files were received), errors in the protocol  

• Technical error: Errors inherent to the platform (e.g., 
mononucleotide sequences in pyrosequencing) - All 
platforms have some level of error that must be taken 
into account when designing the experiment.

1/16/17

Sources of error
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Errors in sample preparation

• User error (e.g. mistakenly labeling a sample) 

• DNA / RNA degradation by preservation 
methods 

• Contamination with external sequences 

• Low amount of DNA start
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• User error (e.g. polluting one sample with another, contaminate with 
previous reactions, errors in the protocol) 

• PCR amplification errors 

• Bias for primers (binding bias, methylation bias, primer dimers [first 
dimers]) 

• Bias for capture (Poly-A, Ribozero) 

• Machine errors (misconfiguration, reaction interruption) 

• Chimeras 

• Index errors, adapter (contamination of adapters, lack of index 
diversity, incompatible codes (barcodes), overload)

Errors in library preparation
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Sequencing and image errors

• User error (e.g. cell overload) 

• Delay (e.g., incomplete extension, addition of multiple 
nucleotides) 

• Dead fluorophores, damaged nucleotides and overlapping 
signals 

• Context of the sequence (e.g. high GC content, homologous 
and low complexity sequences, homopolymers). 

• Machine errors (e.g. laser, hard disk, programs) 

• Chain biases
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The challenge - differentiate biological signals from

noise/errors

• Negative and positive controls - What do I expect? 

• Technical and biological replicas - help determine 
the noise rate 

• Know the types of common errors in a certain 
platform
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Now what?
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Practical - Fastq format and QC of NGS data

https://liz-fernandez.github.io/HiC-Workshop/01-quality.html

https://liz-fernandez.github.io/HiC-Workshop/01-quality.html

