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• Sanger sequencing sequenced one molecule per 4 reaction (= 4 lanes 
on a sequencing gel)

• NGS is highly parallelised, i.e., sequencing millions of molecules 
simultaneously

• One run takes hours to days
• Samples can be multiplexed
• Human Genome Project cost ~$3B over 15 years
• Can obtain whole genome sequences today for ~$1K

Many different NGS techniques



Illumina: Cyclic Reversible Termination

• Randomly fragment the DNA 
(genome) sample

• Ligate a Y-adapter to the DNA 
fragments

• Adapter can contain barcode 
sequence for multiplexing

• Amplify DNA
• Anneal single strands to flow-cell 

surface
• Bridge amplify the generate 

clusters
• Wash out one strand
• Perform sequencing with 

fluorescent nucleotides
• Perform bridge amplification to re-

generate clusters, wash out 
”other” strand

• Sequence from other end of 
original fragment (paired-ends)

Shin et al. 2014
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Reversible terminators

1. Sequencing primer extended in the 
presence of fluorescent dNTPs

2. Remove unincorporated nucleotides
3. Record image of clusters
4. Cleave of fluorophore and 3’-block using 

tris(2-carboxyethyl)phosphine (TCEP)
5. Repeat from step 1
6. The series of colours for each cluster is 

the sequence of that cluster
7. Can re-synthesize strand and sequence 

from other end (paired ends)

Structure of fluorescently labelled dTTP used in Illumina 
sequencing

Metzker 2010
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PacBio Single Molecule Real Time

• Hairpin adaptors (green) are ligated to the ends of a 
double-stranded DNA molecule (yellow and purple), 
forming a closed circle ( = SMRTbell)

• The polymerase (gray) is anchored to the bottom of a zero-
mode waveguide (ZMW) and incorporates bases into the 
read strand (orange)

• Each single molecule real time (SMRT) cell 
contains 150,000 ZMWs

• Approximately 35,000–75,000 of these 
wells produce a read in a run lasting 0.5–4 
h, resulting in 0.5–1 Gb of sequence

• A SMRTbell (gray) diffuses into a ZMW, and the adaptor binds to a polymerase immobilized at the bottom
• Incorporation by the polymerase of the fluorescent nucleotide places it at the bottom of the well, allowing 

detection of fluorescence
• Each of the four nucleotides is labeled with a different fluorescent dye (indicated in red, yellow, green, and 

blue)



There any many NGS technologies

Metzker 2010



Typical NGS pipeline
• A pipeline is a series of programs or scripts, used consecutively, to perform a complete analysis

Typical starting data file



FASTQ file format

@HWI-D00466:62:C6UETANXX:5:1101:1270:2163 1:N:0:CGATGT
TGTCAGTATAAAAAAATTTTCCGCAGGATATAGAAAAAAAAGAAATGAAATTATAGTAGCGGTTATTTCCGTGGGGTGCTTTTTTACACCTGTACATCTGTT
+
BBBBBFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFBF//77BBF<FFFFFFFFFFFFFFB/<F
@HWI-D00466:62:C6UETANXX:5:1101:1332:2180 1:N:0:CGATGT
GCCAATGAAGAAAATACGATGAAACCATGGCAGATCGGAAGAGCACACGTCTGAACTCCAGTCACCGATGTATCTCGTATGCCGTCTTCTGCTTGAAAAAAA
+
BBBBBFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFBBFFFFFFFFFFFFFFFFFF<FFF<//FFFFFFFFFFBBBFFFFFFFFFB<F##
@HWI-D00466:62:C6UETANXX:5:1101:4490:2229 1:N:0:CGATGT
GAATCTTATTATTTTCTTTATTTAAATTTATAAAAATATAAAGTCCCCGCCCCCTTTTTATTTTATTTAATTAAGAAGGTATTTTAAAAAAGGAGTGAGGGA
+
BBBBBFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFBF<FFF<FFFFFFFFFFFFFFFFFFFBFFFFFFFFFFFFFFFFFFFFFFFFFFFFBF

.

.

.

The FASTQ file is a text file composed of blocks of text, with each 
block containing the following:

1. @Sequence name
2. Sequence
3. +Sequence name (may be absent)
4. Phred quality score



Phred score

Phred was an early base calling program written by Phil Green 
of University of Washington Genome Center, and was probably 
derived from “Phil’s Read Editor”
The Phred score (Q) is a quantity, where the probability (p) that 
the assignment is incorrect is given by:

p = 10
−𝑄𝑄
10

∴ if Q = 30, 𝑝𝑝 = 10
−30
10 = 10−3 = 0.001

∴ a 1 in 1000 chance that the assigned base is incorrect

Why are Phred scores given as letters?



The classic 7 bit (0-127) ASCII table

ASCII = American Standard Code for Information Interchange

The first “real” character (!) 
has an ASCII value of 33



Accuracy 
(p)

Phred
score (Q)

Q+33 ASCII code

1.0 0 33 !

0.1 10 43 +

0.01 20 53 5

0.001 30 63 ?

~0.0002 37 70 F



10-9.3 93 126 (127 is 
“DEL”)

~

@HWI-D00466:62:C6UETANXX:5:1101:1270:2163 1:N:0:CGATGT
TGTCAGTATAAAAAAATTTTCCGCAGGATATAGAAAAAAAAGAAATGAAATTATAGTAGCGGTTATTTCCGTGGGGTGCTTTTTTACACCTGTACATCTGTT
+
BBBBBFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFBF//77BBF<FFFFFFFFFFFFFFB/<F

• Each sequenced nucleotide is assigned a quality score
• A Phred score higher than 20 (99% accurate) is generally OK

Phred score table
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