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Genome = the entire set of

DNA molecules in a cell

• Nucleus - chromosomes

• Mitochodria, plastids

• Plasmids in bacteria



Human genome

• 23 pairs of chromosomes

• 3 billion bp (haploid genome)

= 3,000,000 bp

= 3 Giga bp



Genome size



Composition of human genome



• Individual genes

• Repetitive sequences (microsatelites)

• Transcriptomes (RNA)

• Individual chromosomes or set of genes

• Whole genome

• mt DNA

………

What can we sequence?



What can DNA sequence tell us?



How to sequence DNA?



Frederic Sanger

DNA sequencing

Nobel prize

1958 – inzulin structure

1980 – DNA sequencing

Sanger sequencing – based on extension of primers and 

dideoxynucleotide chain termination

Maxam-Gilbert sequencing – based on chemical modification of DNA

followed by cleavage at specific bases 



Sanger sequencing

• Sequencing of individual genes

ONE DNA FRAGMENT IN EACH 

SEQUENCING REACTION

- PCR amplification of the DNA fragments

- Sequencing reaction using

dideoxynucleotidtriphospates ddNTP

- Detection of fragments by electrophoresis on the gel  

genomic DNA

PCR
sequencing

reaction

http://genemol.org/biomolespa/Enzimas/enzima-01.jpg


Chromatogram

• cca 500-800 bp

• Lower quality at the beginnig and end of the sequence

• Sequencing from from forward or reverse PCR primers, or other primers



• High quality of data

• Detection of heterozygotes in diploid organisms



• 4 capillary 3130 Genetic Analyzer (2007)

• 16 capillary 3130xl Genetic Analyzer (2010) 

• 24 capillary 3500 Genetic Analyzer (2015)

Laboratory of DNA sequencing at Faculty of Science

Large sequencing facilities

• 96 capillary DNA sequencing machines

Sanger sequencers



• 1995 Haemophilus influenze

• 1996 Saccharomyces cerevisiae

• 1998 Caenorhabditis elegans

• 2000 Drosophila melanogaster

• 2001 Homo sapiens

• 2002 Mus musculus

First genomes were sequenced using Sanger sequencing



Stratton et al. 2009 Nature 458:719-724

Next-generation sequencing

(massively parallel sequencing)



• DNA fragmentation

• PCR amplification of all fragments in a single reaction.

• Parallel sequencing of millions or billions of fragments in a single reaction

• The length of obtained sequenes (reads) usually short cca 70 – 300 bp.

• Several hundreds or thousands Gb/run.

Next-generation sequencing

(massivelly parallel sequencing)

Sanger

sequencing

NGS





454 - 2005

• emulsion PCR

• pyrosequencing



FLX System
• 1 million of reads/run

• 400-650 bp/read 

GS Junior
• 0.1 millions of reads/run

• 400 bp/read

454 Genome Sequencers



Solexa (Illumina) - 2007
• bridge PCR 

• Sequencing by DNA synthesis









Solid (2008) sequencing by ligation

Ion Torrent (2010) Ion-semiconductor sequencing

Other next-generation sequencing platforms

Vyhrála illumina

Illumina is currently the most widely used NGS platform. 

The highest sequencing output, the lowest cost per bp.

But short reads.  



30-120 Gb

12-30 hours

400 million

2 x 150 bp

Everyday genome, exome, 

transcriptome sequencing, 

and more.

Small genome, amplicon, 

and targeted gene panel 

sequencing.

MiSeq NextSeq HiSeq

Output Range

Run Time

Reads per Flow Cell

Maximum Read Length

• 0.3-15 Gb

• 5-55 hours

• 25 million

• 2 x 300 bp

50-1000 Gb

<1-6 days

2 billion

2 x 125 bp

http://www.illumina.com/systems/sequencing.html

Production-scale genome, 

exome, transcriptome 

sequencing, and more.

Illumina sequencers



„Second generation“ next-generation sequencing

long reads

Sanger

sequencing

NGS

short reads

NGS

long reads



Pacific Biosciences (2010) 

• Single-molecule real-time sequencing. PCR is not needed.

• Sequencing during DNA replication. DNA polymerase uses fluorescently 

labelled nucleotides.  

• Long reads (860-1500 bp).

„Second generation“ next-generation sequencing

long reads



Pacific Biosciences (2010) 

• High error rate (cca 15%)

• Lower sequencing output and higher cost/bp in comparison with Illumina.



• Single-molecule sequencing. No PCR.

• Nucleotides are determined based on their conductivity during the

passage through the nonopore.

• Very long reads (several tens or thousands kbp)!

• High error rate and relatively high cost/bp.

Oxford Nanopore (2012)



MinION USB stick sequencer

2017

Enables to assemble

even repetitive

sequences (e.g. MHC 

genes), determine length

of telomeres or detect

structural variants

(duplications, 

translocations, inversion). 



Instrument Run time
Millions of

Reads/run
Bases / read Gbp/run cost/Gb

Applied Biosystems 3730 (capillary) 2 hrs. 0.000096 650 0.000 $2,307,692.31

454 GS Jr. Titanium 10 hrs. 0.1 400 0.050 $19,540.00

454 FLX Titanium 10 hrs. 1 400 0.400 $15,500.00

Illumina MiSeq v3 55 hrs. 22 600 13.200 $109.24

Illumina NextSeq 500 30 hrs. 400 300 120.000 $33.33

Illumina HiSeq 2500 - high output v4 6 days 2000 250 500.000 $29.90

Illumina HiSeq X (2 flow cells) 3 days 6000 300 1,800.000 $7.08

Ion Torrent – PGM 318 chip 7.3 hrs. 4.75 400 1.900 $460.00

Life Technologies SOLiD – 5500xl 8 days 1410 110 155.100 $67.72

Pacific Biosciences RS II 2 hrs. 0.03 3000 0.090 $1,111.11

Oxford Nanopore MinION (forecast) ≤6 hrs. 0.1 9000 0.900 $1,000.00

http://www.molecularecologist.com/next-gen-fieldguide-2014/

Comparison of sequencing platforms



Error rate

Instrument Primary Errors
Single-pass Error Rate

(%)

Final Error Rate

(%)

3730xl (capillary) substitution 0.1-1 0.1-1

454 All models indel 1 1

Illumina All Models substitution ~0.1 ~0.1

Ion Torrent – all chips Indel ~1 ~1

SOLiD – 5500xl A-T bias ~5 ≤0.1

Oxford Nanopore deletions ≥4* 4*

PacBio RS Indel ~13 ≤1

http://www.molecularecologist.com/next-gen-fieldguide-2014/

Comparison of sequencing platforms





Combination of long and short reads from the same sample allows to 

reconstruct the high-quality genome sequence. 

IlluminaPacific Biosciences or Oxford Nanopore



Hi-Fi (High Fidelity) Sekvenování

Uses PacBio sequencing
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