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Sequencing At a Glance

• The process of determining a sequence of 
nucleotides and producing a digital representation 
(known as a read or reads) for further analysis.

In a perfect world, we could sequence entire 
chromosomes in real-time and get a single error-free 

read for each chromosome as our output. 
(we don’t live in a perfect world)

A FASTQ file



The Dawn of Sequencing

• For close to 40 years, the Sanger method was 
the dominant approach for sequencing.

• Originally required a lot of lab work, 
but progressively automated.

• Various organisms sequenced
for the first time using the Sanger
method, including Homo sapiens!

• The famous Human Genome
Project (HGP) took 13 years to
‘complete’ (earlier than expected!).



How does Sanger work? 1/2

PCR amplified and denatured 

sequence

+

Mixture of dNTPs and 

fluorescently-labelled ddNTPs
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etc…

Base incorporation stops when 

labelled ddNTP is added.

Base incorporation continues 

in unlabeled strand

Complement with a 

single nucleotide.

Complement with 

two nucleotides.

Complement with 

three nucleotides.

This process gives us multiple incomplete complement fragments of various lengths. The 

length is a proxy for the location at which the chain terminating ddNTP was incorporated.

dNTP = Deoxynucleoside triphosphate

ddNTP = Dideoxynucleoside triphosphate (chain-terminating)

How can we determine the 

sequence of this fragment?



How does Sanger work? 2/2

• Complement fragments are passed through a 
capillary tube using electrophoresis, their final 
ordering determined by size.

• Smaller fragments pass through first.

• Fluorescence is captured via laser excitation.
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Sanger method’s attributes

• To this day, Sanger’s single read per base quality 
remains unmatched.

• For a fragment 400-500 base pairs (bp), per base 
accuracy reaches 99.999%.

• Fragments can now reach up 
to 1000 bp in length.

• How can you sequence the 3 billion base pairs of 
the human genome with sequencing technology 
that only takes fragments of up to 1000 bp at a 
time?



Shotgun Sequencing

• The HGP began with clone-by-clone sequencing…

• Genome broken into large 150 kbp fragments, the 
position of each fragment carefully recorded.

• Fragments were clonally amplified and then broken 
into smaller overlapping fragments themselves 
clonally amplified…

• ..then moved to shotgun.

• Genome directly broken up into small overlapping 
fragments and clonally amplified. Faster but no 
ordering is conserved in the process.

laborious

costly

slow

cheaper

faster



Assembly/mapping after shotgun



Next-generation Sequencing

• Mid 2000s: several high-throughput/massively 
parallel sequencing (HTS/MPS) platforms 
released.

• Eventually, what took 13 years to complete now 
takes hours and costs around 1000$.



The First Three

• Next-generation sequencing (NGS) originally 
referred two three sequencing platforms:

2005 
Roche 454

2006 
Solexa (now Illumina) 

Genome Analysis 
System

2007 
ABI SOLiD



Innovations of the NGS Platforms

• NGS platforms (and subsequent iterations) use 
various distinct biochemical processes to produce 
reads from shotgun sequencing, but they do have 
some attributes in common:

• PCR amplification is used to turn weak 
bioluminescent signals generated by a small 
fragment, into the strong signal of a cluster of 
identical fragments.

• Sequencing-by-synthesis!

https://youtu.be/fCd6B5HRaZ8

https://youtu.be/fCd6B5HRaZ8


Limitations of NGS

• While sequencing-by-synthesis makes high-
throughput sequencing possible, it does place 
constraints on read length and accuracy.

• Determining the bases of a sequence (aka base 
calling) via bioluminescence has some pitfalls:

 Signals from clusters in close proximity can interfere 
with each other.

 Synchronicity between strands in a cluster is gradually 
lost (one big reason for short reads).

 The intensity of a signal can vary.

 A signal can be ambiguous when bases repeat
(e.g. Did the machine detect C-C or C-C-C?).



Sequencing Platforms 2/2

• Since the mid-2000s, NGS platforms have either 
been further refined or fallen out of favour.

• E.g. Illumina now offers a wide range of platforms 
tailored to different throughput needs.

• New platforms have also been developed to 
address some of the flaws of NGS technologies.
(Problem = they have their own flaws…)



Sequencing Platform Comparison

Illumina (NGS) Oxford Nanopore

Method Sequencing by synthesis Nanopore Sequencing

Read length
MiniSeq, NextSeq: 75-150 bp; MiSeq: 50-
300 bp; HiSeq 2500: 50-250 bp; HiSeq
3/4000: 50-150 bp; HiSeq X: 150 bp

Dependent on library prep, not the device, 
so user chooses read length. (up to 500 kb 
reported)

Accuracy (single read not consensus) 99.9% (Phred30) ~92–97% single read

Reads per run

MiniSeq/MiSeq: 1-25 Million; NextSeq: 
130-00 Million, HiSeq 2500: 300 million - 2 
billion, HiSeq 3/4000 2.5 billion, HiSeq X: 3 
billion

Dependent on read length selected by user

Time per run
1 to 11 days, depending upon sequencer 
and specified read length.

Data streamed in real time. Choose 1 min 
to 48 hrs

Cost per 1 million bases (in US$) $0.05 to $0.15
$500–999 per Flow Cell, base cost 
dependent on experiment.

Advantages
Potential for high sequence yield, 
depending upon sequencer model and 
desired application.

Longest individual reads. Accessible user 
community. Portable (Palm sized).

Disadvantages
Equipment can be very expensive. Requires 
high concentrations of DNA.

Lower throughput than other machines,
single read accuracy in 90% range.



Sequencing Outputs

Illumina HiSeq 4000 Output range 105 – 1500 Gb

Reads per run 2.1 – 5 billion

Max. read length 2 x 150 bp

Run time < 1 – 3.5 days

Samples sequenced per: Flowcell Lane

polyA
Ribodepleted
3’ mRNA
CHIPseq

80
40

384
80

10
5

48
10

Illumina HiSeq 2500
Output range 9 – 1000 Gb

Reads per run 0.3 – 4 billion

Max. read length 2 x 250 bp

Run time < 1 – 6 days

Samples sequenced per: Run Lane

Small RNA 168 21
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Read Length

• Read length is constrained by the platform being 
used. It should not vary within a particular run.

• A read is obtained from a fraction of a DNA/RNA 
fragment. Two reads can be obtained from a single 
fragment.



Single-End/Paired-End Reads

• From a DNA fragment, we can generate:

A single read from one end Reads from both ends 

Single-end read

Paired-end reads



Read Length and Repeats

• Distance between paired-end reads is conserved 
and can be use to resolve difficult repeat/low 
complexity regions



Fragment/Insert Size



Data processing and evaluation:

File Formats and Quality Control
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FASTA File format

• One of the simplest sequence files for storing 
sequence data.

• It contains at least one identifier line followed by a 
sequence (of any length).

• It can contain several separate sequences stored 
one after the other. 
(e.g. human genome reference, sequences per chromosome)

Let’s take a look at an example on the cluster!



FASTQ File format

• Builds on FASTA, but crucially with an additional 
line for base calling quality. 

• When handling sequencing data, this is likely the 
first format you will encounter.

• Base call quality for each nucleotide in the 
sequence is shown as ASCII values instead of a 
number. 

• ASCII character corresponds to the quality of the 
base right above it.

Let’s take a look at an example on the cluster!



Phred base Quality Score 1/2

• As mentioned earlier, the process of
base calling is imperfect. 

• Some of the resulting uncertainty 
captured by Phred quality scores.

• Every base call has an estimated probability P of 
being incorrect (e.g. T called where there was a C).

• This probability can be expressed in logarithmic 
form:

𝑄 = −10 log10 𝑃

Giving us our Phred base quality score.



Phred base Quality Score 2/2

• The conversion between score and probability is 
fairly intuitive.

Phred quality score Probability of incorrect base call Base calling accuracy

10 1/10 90%

20 1/100 99%

30 1/1 000 99.9%

40 1/10 000 99.99%

50 1/100 000 99.999%

𝑄 = −10 𝑙𝑜𝑔10𝑃 



Phred+33 Encoding

• In FASTQ, sequence of Phred quality scores 
encoded in ASCII.

• Phred+33 now the standard. 
(i.e. a quality of 0 encoded by ASCII symbol 33 or ‘!’)



The First Step: Quality Control

FastQC
Widely used for Illumina data because it’s 
fast. It works on a subset of reads.
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

PRINSEQ
Used for smaller datasets because 
it computes every sequence.
http://prinseq.sourceforge.net/

Raw Reads

Quality Controlled Reads

Quality Checking

• Absolutely crucial step. 

• Bad quality data lead to dissapointing results 
(garbage in  garbage out). 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://prinseq.sourceforge.net/


Per Base Sequence Quality (FastQC)



Per Sequence Quality (FastQC)



Sequence Length Distribution (FastQC)

E.g. 454/Roche

E.g. Illumina



Per Base Sequence Content (FastQC)



GC Content Distribution (PRINSEQ)



N Base Content (PRINSEQ)



Adapter Content (PRINSEQ)

Presence of adapter towards 
reads end.

Presence of adapter early 
in the reads.



Sequence Duplication (PRINSEQ)



Data processing and evaluation:

Sequence Alignment
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Alignment to a Reference

• The first genome of a species has to be 
assembled from scratch (de novo assembly), a 
computationally intensive operation.

• Luckily, once a (reference) genome exists, we can 
align/map any new individuals of the same species 
to that genome.

• Many reads will align perfectly due to strong intra-
species similarities.

• Many other reads will only deviate from the 
reference by one or two bases.

• The human genome reference can be found here: 
http://hgdownload.soe.ucsc.edu/downloads.html#human

http://hgdownload.soe.ucsc.edu/downloads.html#human


Challenges of Alignment

• Despite being less computationally demanding 
than de novo assembly, aligning to a reference 
does have its challenges:

• A lot of short reads to align to an entire genome (a 
data structure like a hash table and some dynamic 
programming is needed to do this fast).

• The presence of both errors and individual variation 
complicates alignment process.

• Low complexity and repetitive regions are difficult 
to align to (paired-end reads help).



Types of deviation

• Errors and variation come in different forms. For 
alignment, we don’t need to distinguish the two 
(that’s what variant calling is for).

• Single nucleotide alteration. source: variant (SNV) or error.

• Insertion. source: real insertion or error.

• Deletion. source: real insertion or error.

Ref …ATGATGCCATGACTGACCCTGAT…

Read …ATGATGCCATGACTGACACTGAT…

Ref …TCCATGTGTGACTA******CACC…

Read …TCCATGTGTGACTATTTGTCACC…

Ref …AAACTTAGTGCAACAGTGCACGAG…

Read …AAAC**AGTGCAACAGTGCACGAG…

Referred 
together as 
indels



Phred Quality Score Revisited

• Phred quality scores are also used to quantify 
mapping uncertainty.

• Mapping quality is apply to a single read rather 
than individual bases.

• We also need to account for insertions and 
deletions in relation to the reference. This is done 
using a CIGAR.

ATTTGAACCATGAATTTGCCGATCAGATCCATGCA



Basecall quality score (BQ o BASEQ). Encoded in Phred-33.

Mapping quality score (MQ o MAPQ). Not encoded.



Sequence Alignment/Mapping Format

• Most popular fast-aligners (e.g. BWA, Bowtie2) 
take FASTQ as input and produce SAM/BAM files.

• The SAM format complements information from the 
FASTQ file with alignment information (i.e. position 
relative to reference, quality, presence of indels).

Let’s take a look at an example on the cluster!

(Using SAMtools)



Alignment Information

• Here is what information a SAM/BAM file contains 
about the alignment.

• Position in the reference where read is aligned
(chromosome and locus) and the other half of the base 
pair (including relative to the first half).

• Mapping quality (MAPQ).

• The CIGAR (Concise Idiosyncratic Gapped Alignment Report)

• A Bitwise flag for additional information about the read.



Bitwise flag and CIGAR

• Crucial bits of information about a given read can 
be stored in a single bit.

• A CIGAR signals where a reads needs an 
insertion/deletion to match the reference.

40M5I30M2D25M (agnostic about single nucleotide alterations)

ATGATGCCATGACTGACCCTGATGGTCCATGTGTGACTA*****CACCACATGCTGGATAGGTGCCCGTGAAACTTAGTGCAACA

GTGCACGAGATGAGGAGTG

ATGATGCCATGACTGACCCTGATGGTCCATGTGTGACTATTTGTCACCACATGCTGTATAGGTGCCCGTGAAAC**AGTGCAACA

GTGCACGAGATGAGGAGTG

The bit is a sum of the 

statements that are true about 

a read (e.g. 1033 corresponds 

to 1, 8 and 1024).



Data processing and evaluation:

Inspecting Alignment Data
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Getting Alignment Stats with bam.iobio.io



Checking a locus with IGV



Checking a locus with IGV



Read Depth/Coverage

• While base call accuracy for NGS platforms is only 
~99.9%*, the high throughput nature of these 
platforms make it so that a region or locus can be 
covered by multiple reads.

• The more reads cover a particular locus, the more 
accurately bases that deviate from a reference 
(variants) can be distinguished from error.

*Remember, Sanger has a 99.999% base call accuracy.



Questions

Thanks for listening

Any questions?


