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● History and future of DNA sequencing
● Workflow
● Different platforms
● Quality scores in sequencing
● Applications
● Run types
● Data analysis
● Considerations

Next Generation Sequencing
= 

High-throughput Sequencing
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1953: Discovery of DNA structure by Watson and Crick

1967: First DNA sequence of 11 bp published (20 pages)
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5/165History and future of DNA sequencing

1953: Discovery of DNA structure by Watson and Crick

1977: Sanger sequencing method published

1983: development of PCR

1980: Nobel Prize Wally Gilbert and Fred Sanger
1982: Genbank started

1996: Capillary sequencer: ABI 310

2000: Human genome sequenced

1976: First genome sequenced: Bacteriophage MS2 (3569 bp) by Walter Fiers
1967: First DNA sequence of 11 bp published (20 pages)
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1953: Discovery of DNA structure by Watson and Crick

1977: Sanger sequencing method published

1983: development of PCR

1980: Nobel Prize Wally Gilbert and Fred Sanger
1982: Genbank started

1987: 1st automated sequencer: Applied Biosystems Prism 373

1996: Capillary sequencer: ABI 310
1998: Genome of Caenorhabditis elegans sequenced (100 million bp)
2001: Human genome sequenced (3,2 billion bp)

2005: 1st 454 Life Sciences Next Generation Sequencing system: GS 20 system(† mid 2016) 

2007: 1st Applied Biosystems Next Generation Sequencer: SOLiD († Dec 2017)
2006: 1st Solexa Next Generation Sequencer: Genome Analyzer (Illumina)

2011: 1st Ion Torrent Next Generation Sequencer: PGM
2009: 1st Helicos single molecule sequencer: Helicos Genetic Analyser System(† Nov 2012) 

          1st Pacific Biosciences single molecule sequencer: PacBio RS Systems
2012: Oxford Nanopore Technologies demonstrates ultra long single molecule reads

2016: 1st Oxford Nanopore Technologies sequencer: MinION

1976: First genome sequenced: Bacteriophage MS2 (3569 bp) by Walter Fiers

2015: 1st BGI Next Generation Sequencer: BGISEQ-500 (sold in China only)

1967: First DNA sequence of 11 bp published (20 pages)

2017: SeqLL announces tSMS sequencer: single molecule (Helicos technology) 

2014: Roche acquires Genia: development of NanoTag single molecule sequencing 
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●  Illumina (Solexa)

- iSeq 100
- MiniSeq
- MiSeq
- NextSeq 500 - 550
- HiSeq 2500 - 3000 – 4000
- HiSeq X Five – Ten
- NovaSeq 5000 - 6000

●  Thermo Fisher Scientific (Applied Biosystems -> Life Technologies)

- Ion Torrent Personal Genome Machine (PGM)
- Ion Torrent GeneStudio S5, S5 Plus, S5 Prime
- Ion Torrent Proton

●  Pacific Biosciences
- Sequel System
- PacBio RS II

●  Oxford Nanopore Technologies
- SmidgION
- MinION
- GridION X5
- PromethION

● SeqLL
- tSMS sequencer

Third Generation Sequencing, 
Next Next Generation Sequencing,
Single Molecule Sequencing

Next Generation Sequencing
Amplified Single Molecule Sequencing
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Pyrosequencing 
(454)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Good fragments:
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Pyrosequencing 
(454)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR



14/165Workflow

Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
different micro reactors: only 15 % are good ones
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Pyrosequencing 
(454)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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Next Generation Sequencing: Amplified Single Molecule Sequencing “Polony” PCR
Bridge amplification: Illumina 
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Next Generation Sequencing: Amplified Single Molecule Sequencing “Polony” PCR
Bridge amplification: Illumina 
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Pyrosequencing 
(454)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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Next Generation Sequencing: Amplified Single Molecule Sequencing “Polony” PCR
Wildfire amplification: SOLiD 
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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SOLiD

                                               5500 W SOLiD Sequencer (end of support Dec 2017)

Next Generation Sequencing: Amplified Single Molecule Sequencing

5500 W 5500 xl W

Read Length 75 bp or 2 x 50 bp 75 bp or 2 x 50 bp

Throughput 120 - 160 Gb 240 - 320 Gb

Reads per run 1,2 Billion 2,4 Billion

Accuracy 99,99 % 99,99 %

Run Time 7 days 7 days
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing

Workflow: Library preparation Wildfire PCR Sequencing by Ligation

dual base encoding
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing

2nd run:
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing

3th run:
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing

4th run: 
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing

5th run: 
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing
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SOLiD
Next Generation Sequencing: Amplified Single Molecule Sequencing

More accuracy: 3-base encoding probes
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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Illumina
Next Generation Sequencing: Amplified Single Molecule Sequencing

HiSeq 2500 / 3000 / 4000

MiSeqMiniSeq

NextSeq 500 / 550

iSeq 100
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Illumina
Next Generation Sequencing: Amplified Single Molecule Sequencing

HiSeq X NovaSeq 6000
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Illumina
Next Generation Sequencing: Amplified Single Molecule Sequencing

iSeq 100 MiniSeq MiSeq NextSeq 550 

Read Length 2 x 150 bp 2 x 150 bp 2 x 300 bp 2 x 150 bp

Throughput 1.2 Gb 7.5 Gb 15 Gb 120 Gb

Reads per run 4 million 50 million 50 million 800 million

Accuracy 99,9 % (>80%)  99,9 % (>80%)  99,9 % (>70%) 99,9 % (>80% of the bases)

Run Time 17.5 hours 24 hours 55 hours 29 hours

Workflow: Library preparation Bridge amplification Reversible termination 
sequencing

HiSeq 2500 / 3000 / 4000 HiSeq X NovaSeq 6000

Read Length 2 x 125 / 2 x 150 / 2 x 150 bp 2 x 150 bp 2 x 150 bp

Throughput 1000 / 750 / 1500 Gb 1800 Gb 850 – 3000 Gb

Reads per run 4 / 2,5 / 5 billion 6 billion 2.8 – 10 billion

Accuracy  99,9 % (>80% of the bases) 99,9 % (>75%)  99,9 % (>75% of the bases)

Run Time 6 / 3,5 / 3,5 days < 3 days 36 – 44 hours



53/165Different platforms

Illumina: Reversible termination sequencing
Next Generation Sequencing: Amplified Single Molecule Sequencing

4 nucleotides with different dye 
flow simultaneous

Illumina 2- and 4 channel SBS (sequencing by synthesis) sequencing technology‑
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Illumina
Next Generation Sequencing: Amplified Single Molecule Sequencing

Movie time

Illumina sequencing (youtube)

https://youtu.be/fCd6B5HRaZ8


55/165Workflow

Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing 
(Ion Torrent)

Reversible terminator sequencing 
(Illumina)

Sequencing by ligation 
(SOLiD)
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

PGM 
(Personal Genome Machine)

ProtonGeneStudio S5 / S5 Plus / S5 Prime

PGM GeneStudio S5 / S5 Plus / S5 Prime Proton

Chip 314 - 316 - 318 510 - 520 - 530 - 540 - 550 PI – PII

Read length 400 bp 400(600) - 400(600) – 400(600) – 200 - 200 200 bp - ?

Throughput 0,1 - 0,6 - 2 Gb 1 - 2 - 8 - 15 - 25 Gb 15 -100 Gb

Reads per run 0,5 - 3 - 6 million 3 - 5 - 20 - 80 - 130 million 80 - 250 million

Accuracy 99 % (raw read) 99 % (raw read) 99 % (raw read)

Run Time
Data processing

4 - 5 - 7 hours
2 - 4 - 6 hours

4 - 4 - 4 - 2,5 hours
6,5 - 8 - 17,5 - 16,5 hours /(up to 4x faster for Plus 

and Prime)

2,5 hours
2,5 hours
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Sequencing
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Workflow: Library preparation Emulsion PCR Semiconductor Sequencing
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Workflow: Library preparation Emulsion PCR Semiconductor Sequencing

Picture of the wells in a 
318 chip 
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

4 nucleotides flow sequentially

No camera, just a pH sensor
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

ATCGTGTTTTAGGGTCCCCGGGGTT...

Key sequence
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Size selection - > maximizing sequencing yield
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Size selection -> maximizing sequencing yield
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Emulsion PCR: OneTouch Instrument

15 min hands-on; 4-8 hours amplification; 35 min enrichment
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Enrichment: select only the beads that contain DNA
-> maximizing sequencing yield
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

W1 bottle: 350µl 100 mM NaOH
W2 bottle: 2 liter W2 solution (contains pcr solution)
W3 bottle: 50 ml W3 (= buffer with known pH)
4 tubes with 20 µl of the different dNTP's 
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Movie time

Ion Torrent Sequencing (youtube link)

https://youtu.be/WYBzbxIfuKs
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Ion Torrent
Next Generation Sequencing: Amplified Single Molecule Sequencing

Torrent Server pipeline
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●  Illumina (Solexa)

- MiniSeq
- MiSeq
- NextSeq 500 - 550
- HiSeq 2500 - 3000 – 4000
- NovaSeq 5000 - 6000
- HiSeq X Five - Ten

●  Thermo Fisher Scientific (Applied Biosystems -> Life Technologies)

- Ion Torrent Personal Genome Machine (PGM)
- Ion Torrent S5 and S5XL
- Ion Torrent Proton

●  Pacific Biosciences
- Sequel System
- PacBio RS II

●  Oxford Nanopore Technologies
- SmidgION
- MinION
- GridIONx5
- PromethION

● SeqLL
- tSMS sequencer

Third Generation Sequencing, 
Next Next Generation Sequencing,
Single Molecule Sequencing

Next Generation Sequencing
Amplified Single Molecule Sequencing
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Third Generation Sequencing: Single Molecule Sequencing
Pro’s: 

- Less sample preparation (no PCR, no loss in sequences)
- Longer read lengths (PacBio and Oxford Nanopore) 
- No amplification 

-> all reads are unique
-> no PCR errors or PCR bias
-> fewer contamination issues
-> no GC-bias
-> analyze every sample (un-PCR-able / unclonable)
-> analyze low quality DNA (museum, archaeological, forensic samples)

- Absolute quantification (low abundance transcripts)
- Sequence RNA directly → easy detection of isoforms
- Detection of base modifications (methylation)
- Detection of structural variants (copy number variants, gene duplications, deletions, 
   insertions, inversions, and translocations)
- start and stop sequencing as required (PacBio and Ox. Nanopore)
- data available in real time (Ox. Nanopore)
- Possibility for real-time targeted sequencing (Ox. Nanopore) (if no match with target, 
  DNA strand is ejected and a new is captured and sequenced)
- Possibility to flatten coverage variation: “read untill”: stop reading if gene has enough 
  coverage, load an other strand and sequence.  Less sequencing to cover all variants. 

Cons:
- Lower read quality
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences 

Pacbio RS

Pacbio RS Sequel System

Read Length 50 % > 20 kb (max > 60 kb) 50 % > 20 kb (max > 60 kb) 

Throughput 1 Gb/SMRT cell (max 16/run) 5-8 Gb/SMRT cell (max 16/run)

Reads per run 55,000 365,000

Accuracy 86 % 86 %

Run Time 30 minutes – 6 hours/ SMRT cell 30 minutes – 10 hours/ SMRT cell

Sequel System
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences 

Quality 
score

Probability of 
incorrect bases

Base call 
accuracy

10 1 in 10 90 %

17 1 in 50 98 %

20 1 in 100 99 %

30 1 in 1000 99,9 %

40 1 in 10.000 99,99 %

50 1 in 100.000 99,999 %

60 1 in 1.000.000 99,9999%

Quality scores in sequencing:
Q17, Q20, Q30, ...

- Circular Consensus Sequencing (CCS reads)
- Consensus by sequencing many reads 
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences 

Workflow: Library preparation Sequencing
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences 
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences 

2-4 nucleotides/sec
2-20 Kb read length
6 TB raw data in 30 minutes

laser damages polymerase

4 nucleotides with different 
fluorescent dye simultaneous
present
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences 

Movie time 

Pacific Biosciences  (YouTube)

https://www.youtube.com/watch?v=v8p4ph2MAvI
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore 

SmidgION MinION

SmidgION MinION GridION X5 PromethION

Read 
Length

? > 200 kb
(record: 1,2 Mb)

Throughput 1 Gb (1 flow cell with 
256 pores) ?

10-20 Gb (1 flow cell 
with 512 pores)

100 Gb (5 flow cells 
with 512 pores/cell)

2560 pores

50 – 250 Gb per flow 
cell/48hours ?

(48 flow cells, 3000 
pores/cell) 144,000 pores

Reads per 
run

? 10,000 –  >300,000

Accuracy 90 % (1D) – 96 %(1D2)

Run Time 1 – 4 hours 1 - 48 (70) hours 1 – 48 hours 1 - 48 hours

PromethION

consensus accuracy improved to 99.5% at 30× coverage  

GridION X5
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore 
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore 

R9.4: 450 nucleotides/second
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore 

Accuracy will improve to 99% with new basecaller
Homopolymer reads will improve with Scrappie basecaller
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore 

Movie time 

Oxford Nanopore Sequencing (YouTube)

https://youtu.be/3UHw22hBpAk
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Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit) 

tSMS sequencer

tSMS Sequencer

Read Length 20-55 bp 

Throughput 21-35 Gb/run (2x25 channels/run)

Reads per run 600 – 1000 Million

Accuracy 95-96 % ?

Run Time 30 hours ?



85/165Different platforms

Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit) 



86/165Different platforms

Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit) 

Nucleotides flown sequentially

Sequencing by synthesis
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Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit) 

Movie time 

SeqLL sequencing by synthesis (Youtube link)SeqLL sequencing by synthesis (Youtube link)

https://youtu.be/s4UXK8vFhAY
https://youtu.be/s4UXK8vFhAY
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Which Next Generation Sequencer to choose for your project ?
Capacity Speed Read Length Read

Homopolymers
Cost/run (*)

10,000 reads
Amplification

SOLiD 120 - 320 Gb 7 days 75 bp + 5.000 € ? Yes

Illumina 7,5 - 3000 Gb 1 - 6 days 125 - 2x300 + 3.000-5.000 € Yes

Ion Torrent 20 Mb - 15Gb 4 - 17 hours 200 - 400 bp - 800-3.000 € Yes

PacBio 1 – 8 Gb 0,5 – 10 h > 20,000 bp + 600-800 € ? No

Oxford 
nanopore

10 – 20 Gb 1 – 48 h >20,000 bp +- < 1000 € No

SeqLL 21-35 Gb 30 h ? 20-55 bp + ? No

(*) only sequencing cost, for a minimum of 10,000 reads (more reads → becomes cheaper) 
https://genohub.com/     https://www.scienceexchange.com/browse?category=ngs
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Sequencing: homopolymer problems

Ion Torrent
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Sequencing: homopolymer problems

Ion Torrent
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Sequencing: homopolymer problems

Illumina HiSeq
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Sequencing: homopolymer problems

Illumina HiSeq
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Sequencing: homopolymer problems

Illumina MiSeq
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Sequencing: homopolymer problems

Illumina MiSeq
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Sequencing: quality scores (Phred scores) and accuracy

Quality 
score

Probability of 
incorrect bases

Base call 
accuracy

8 1 in 6 84 %

10 1 in 10 90 %

15 1 in 30 97%

17 1 in 50 98 %

20 1 in 100 99 %

30 1 in 1000 99,9 %

40 1 in 10.000 99,99 %

50 1 in 100.000 99,999 %

60 1 in 1.000.000 99,9999%

Quality scores in sequencing: Q17, Q20, Q30, … is a probability

1 Gb genome: 1 time coverage:
Q20: possible 10.000.000 errors
Q30: possible 1.000.000 errors
More coverage reduce the errors

Q10: 90,0% chance that the base is correct
Q30: 99,9% chance that the base is correct 
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

Ion Torrent
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

MiSeq forward sequence
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

MiSeq reverse sequence
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

HiSeq
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

SOLiD
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

PacBio  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/pacbio_srr075104_fastqc.html)
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Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

MinION
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Sequencing: quality scores (Phred scores) and accuracy
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Sequencing: quality scores (Phred scores) and accuracy
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Sequencing: quality scores (Phred scores) and accuracy
Ion Torrent PGM

Illumina MiSeq

Illumina HiSeq

SOLiD
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Sequencing: quality scores (Phred scores) and accuracy

Ion Torrent PGM

Illumina HiSeq
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Sequencing: quality scores (Phred scores) and accuracy

Illumina MiSeq

MinIon
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Sequencing: quality scores (Phred scores) and accuracy

IonTorrent Assembly ?? how important are quality scores ??
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Sequencing: quality scores (Phred scores) and accuracy

MiSeq Assembly (Halomonhystera sp.)

→ consensus sequences is ok

?? how important are quality scores ??
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Sequencing: quality scores (Phred scores) and accuracy

What can cause sequencing errors ?
- Oxidation artifact induced by acoustic shearing of DNA in library prep.
(Costello, 1013. Discovery and characterization of artifactual mutations in deep coverage targeted capture sequencing data due to oxidative DNA damage
during sample preparation

- PCR errors in library prep
- PCR errors in emulsion PCR or Polony PCR

- indel sequencing errors (Illumina 0,005% - Ion Torrent 1%) 
- substitution sequencing errors (Illumina 0,1% - Ion Torrent 0,08%)
- DNA damage: oxidated G to T transversion during amplification step 
(Chen, 2016. DNA damage is a major cause of sequencing errors, directly confounding variant identification.)

- DNA damage in cells by aging
- … ?

Polymerase 600 bp template
(% PCR products with an error)

MiSeq 50 M reads
(# reads with an error)

5 cycles 20 cycles 5 cycles 20 cycles

Taq (error rate 2,28x10-5) 6,84% 27,36% 3,42M 13,68M

High Fidelity Taq
(error rate 4,4x10-7)

0,132% 0,528% 66,000 264,000

Taq: 2,28x10-5 → 2,28 errors in 100,000 bases polymerized
600 bp template: 100,000/600=167 fragments
2,28 fragments per 167 fragments contain 1 wrong base (1,36%) after 1 pcr cycle
50M reads (MiSeq) => 680,000 reads with 1 error.
High Fidelity polymerase: 4,4x10-7 → 4,4 errors in 10,000,000 bases polymerized
600 bp template: 10,000,000/600=16,667 fragments
4,4 fragments per 16,667 fragments contain 1 wrong base (0,026%) after 1 pcr cycle
50M reads (MiSeq) => 13,000 reads with 1 error.
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Sequencing: quality scores (Phred scores) and accuracy

Quality trimming of reads with sliding window 30, cutoff 15 
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...
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●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Applications 

Not random errors, but 2 possible 
bases at one position.
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●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscrip
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Se
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Applications Single nucleotide variation (SNV)

Insertions and deletions
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing = PCR fragments
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Fusion method: pcr fragments of 400 bp (IonTorrent)
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●... Sequence multiple genes at once prepared in separate 
PCR’s: lot of work, chimera formation possible !

Herbold et al. A flexible and economical barcoding approach
 for highly multiplexed amplicon sequencing of diverse target 
genes. 2015

Species 1 Species 2
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●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Applications 

Sequence multiple genes at once prepared in multiplex 
PCR: difficult to optimize, chimera formation possible ! 
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●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Applications 
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Phylogenomics draws information by comparing 
entire genomes, or at least large portions of genomes.

Phylogenetics compares and analyzes the sequences
of single genes, or a small number of genes, as well 
as many other types of data

●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

* Different expression profiles of genes in different conditions
  (avoid rRNA)
* Determine the genes in the transcriptome (also lncRNA)
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

* Different expression profiles of genes in different conditions
  (avoid rRNA)
* Determine the genes in the transcriptome (also lncRNA)



125/165Applications 
●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Isoforms: 
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2D transcriptomics: spatialtranscriptomics.com ●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Visualization and analysis of gene expression in tissue sections by 
spatial transcriptomics
Patrik L. Ståhl et all.  Science 1 July 2016
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

microRNA is approx 21 bases long
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●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Applications 

Sequence 17 bp of the transcription start or stop site 
-> discovery of new start and stop sites, 
    antisense transcription possibilities
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Protein-DNA interactions●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : 
● ChIP sequencing

●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...
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●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...

Applications 

- changes in level of expression of genes
- fusion of genes → proteins with abnormal function
- genes controlled by different promoter →change the 
  expression of the protein



131/165Applications 

Study of genomes recovered from environmental samples
●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogeneti

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq 
● RRLs 
● GBS 

●...
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●Genome Sequencing

● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...



133/165Applications 
Microsatellite sequencing

Based on sizing on capillary sequencer
→ one number as result

Small peaks before or after big one ???

275

274
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Microsatellite sequencing

Fragment of 111 bases (all identical), fragment of 108 bases (all identical), fragment of 112 bases (some different)
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Microsatellite sequencing
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Genome-wide genetic marker discovery and genotyping using next-generation sequencing.
Davey et all. 
NATURE REVIEWS, GENETICS VOLUME 12, JULY 2011

●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...
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Genome-wide genetic marker discovery and genotyping using next-generation sequencing.
Davey et all. 
NATURE REVIEWS, GENETICS VOLUME 12, JULY 2011

●Genome Sequencing
● De novo sequencing
● Resequencing
● Targeted (re)sequencing
● Mitochondrial sequencing
● Mutation detection
● Amplicon sequencing
● Amplicon Cancer Panel
● Phylogenomics- Phylogenetics

●Transcript Expression Profiling
● RNA sequencing
● miRNA sequencing
● Deep-SAGE
● Deep-CAGE
● PAS: polyadenylation site

●Transcription factor binding : ChIP sequencing
●Structural variation
●Metagenomics / Metagenetics / Metatranscriptomics
●Microsatellite sequencing
●Genetic marker discovery

● Microsatellite development
● RADSeq (Restriction-site-Associated Sequencing)
● RRLs (Reduced-Representation libraries)
● GBS (Genotyping By Sequencing)

●...
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●Single-end sequencing
●Paired-end sequencing
●Mate-pair sequencing
●Barcoding samples

OR
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●Single-end sequencing
●Paired-end sequencing
●Mate-pair sequencing
●Barcoding samples

- Short fragments: overlap possible between forward and reverse reads
- Longer fragments: no overlap (insert between 200 -1200 bp long)
Better for detecting rearrangements, repetitive sequences, gene fusions, 
novel transcripts, 
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●Single-end sequencing
●Paired-end sequencing
●Mate-pair sequencing
●Barcoding samples

Long inserts possible: 0.6-25 kb
Better for detecting complex rearrangements, denovo sequencing, genome finishing, 
structural variant detection.
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●Single-end sequencing
●Paired-end sequencing
●Mate-pair sequencing
●Barcoding samples
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●Single-end sequencing
●Paired-end sequencing
●Mate-pair sequencing
●Barcoding samples

10-12 bp unique sequence is 
added tot the DNA
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Sanger sequencing: e.g.: one gene sequenced with 6 primers

Manually check the assembly and correct errors.
2000 bp takes 5-10 minutes.
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Sanger sequencing: simplified:
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Sanger sequencing: simplified:
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Next Generation sequencing: simplified:

Impossible to assemble manually
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Next Generation sequencing: simplified:
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Next Generation sequencing: simplified:

Same dataset, different parameters
Determining which assembly is the best is not an easy question. (Monya Baker. Nature Methods Volume 9 No.4, 333-337 (2012)) 
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Next Generation sequencing: Impossible to check manually
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Next Generation sequencing: Example of a bacteria sequenced on a 314 chip
100 bp reads: 11,97 Mb: not enough to assemble
complete genome. 
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Next Generation sequencing: Assembly of the largest contig
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Next Generation sequencing: Light blue: forward 
dark blue: reverse sequence
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Next Generation sequencing: CV: coverage of a specific part
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Next Generation sequencing: expectations from a run.

MiSeq run 2 x 250 bp
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Next Generation sequencing: expectations from a run.

Ion Torrent PGM run 400 bp
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One SOLiD run: 90 Gb (gigabases)
-> 200 GB (gigabytes) of raw data
-> mapping to reference: 
          4 h on 250 cores server

1 Gb genome, 15 x coverage =
15 Gbases to assemble or 
to map to a reference !

Total DNA sequencing:
1x gDNA
100x mDNA
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Lots of programs available: commercial or open source

Pro's:
- free
- most run on Linux platforms (stable)
- endless possibilities
- you can make your own pipelines
- (sometimes) clear methods

Con's: 
- most run on Linux platforms (requires 
  bioinformatics skills in Linux operating 
   system and shell scripting)
- lots of small programs that only do one
   specific job
- maintenance
- time consuming (in the beginning)

Pro's:
- user friendly 
- plug and play
- automated processing available
- integrated packages
- support

Con's:
- “limited” set of options
- expensive
- black box
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FastQ format: 

Depending on the application: 

- Pre-assembly:
Quality trimming, demultiplexing, adapter-barcode removal, data statistics, ...

- Assembly: 
denovo, mapping to reference

- Post-assembly: 
Quality Control, statistics, SNP calling, annotation, blasting,...

Header 1
Sequence
Header 2
Quality score

Barcode

Quality score using the ascii table
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- Can Next Generation Sequencing solve my problem ?
- What application do I need (de novo, RNA, amplicon, ...) ?
- What is the best platform to run it on ? (capacity, price, speed, accuracy, read length...)
- What is your experimental design ?
- What about bioinformatics ?
- Are your results correct ? (XY - XX chromosome for SNP)
- In cancer research: mutation in gene increase “probability” for developing cancer 
- What about statistics ?
- 15x coverage is probably not over the whole genome

- Rubbish in = rubbish out (contamination, sample degradation, mixed samples)

- If you don't know, ask and discuss with others.
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Thanks for your interest !

http://users.ugent.be/~avierstr/

Andy.Vierstraete@ugent.be

Center for Molecular Phylogeny and Evolution

http://users.ugent.be/~avierstr/
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