
A Primer to Sequencing
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Sanger (1977) sequencing

In 4 tubes, a template, primer, polymerase, the 4 nucleotides ATP, CTP, GTP, and TTP are added, plus one out of the
4 possible ddNTPs, where the DNA-polymerization cannot continue if built in.

The polymerization reaction is started and whenever a ddNTP is incorporated, a copy exists, exactly ending with that
nucleotide. . . and many will be produced ending at different bases in the sequence.

After the reaction, the 4 probes will be run on a gel, where they will separate according to their length, shorter ones
migrating faster.

From order of bars in the 4 lane on the gel, one can determine the sequence of the original template.
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Sanger (1977) sequencing
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Sanger (1977) sequencing
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Automated Sanger sequencing (ABI 3130xl)
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Automated Sanger sequencing
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Some Specs for Automated Sanger sequencing

Sequencer reads/run length/read time/run error (%, type)

3730 capillary 96 650-1000 2h 0.1− 1%, substitutions
according to Glenn (2011/2016)
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Next-generation sequencing

The 2nd Generation
(not Sanger based)
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Illumina
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Illumina - a next-generation sequencing method (1)
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Illumina - a next-generation sequencing method (2)
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Illumina - a next-generation sequencing method (3)
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Illumina - a next-generation sequencing method (4)
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Illumina - getting the sequence

Nature Reviews | Genetics
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Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3 -O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3 -OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2 -deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 

REVIEWS

36 | JANUARY 2010 | VOLUME 11  www.nature.com/reviews/genetics

Nature Reviews | Genetics

C
C C

C

Each cycle, 
add a 
different
dye-labelled 
dNTP

G
C

T

A

G
G

G

G
A

G
C T

A

F

C

C

C

C

GC
G

GC
G

GC
G

a  Illumina/Solexa — Reversible terminators

Incorporate 
all four 
nucleotides, 
each label 
with a 
different dye

Repeat cycles Repeat cycles

TGC

TGC

TGC
G CA

TGC

G CA
TGC

G CA
TGC

F

F

F F

FF
F

F F F F F F

F

F F
F

FF

F

F

F
F F

F
F

F
F

F

F

FF

F F F

Cleave dye
and terminating
groups, wash

Cleave dye
and inhibiting
groups, cap,
wash

Wash, four-
colour imaging

Wash, one-
colour imaging

C

G

A

T

T A G

C T A G

CTAGTG

c  Helicos BioSciences — Reversible terminators

b

Incorporate 
single, 
dye-labelled 
nucleotides

C

d

Bottom:
Top:

CATCGTTop:
Bottom: CCCCCC

CAGCTA

Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3 -O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3 -OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2 -deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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Metzker (2012)

Note, that each of the glass-bound

molecules on the left represents a colony

of sequencing templates.
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Some Specs for Illumina sequencing

Sequencer reads/run length/read time/run error (%, type)

MiSeq v3 25mio 2x75PE − 2x300PE 21-56h 0.1%, substitutions

HiSeq 4000 2500mio 50SE − 2x150PE 1-3.5d same

PE - 2 paired-end reads, SE - single-end reads
according to Glenn (2011/2016)
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Ion Torrent Sequencing
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Ion Torrent Sequencing (1)

www.iontorrent.com
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Ion Torrent Sequencing (2)

www.iontorrent.com
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Ion Torrent Sequencing (3)

www.iontorrent.com
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Ion Torrent Sequencing (4)

www.iontorrent.com
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Ion Torrent Sequencing (5)

www.iontorrent.com
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Some Specs for Ion Torrent sequencing

Sequencer reads/run length/read time/run error (%, type)

PGM 312 v2 5.5mio 400 7h ∼ 1%, indels

S5 540 80mio 200 2.5h same
according to Glenn (2011/2016)
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Excursion: DNA Amplification by PCR
(W

ik
ip

ed
ia

)

1 separate the DNA strands (denaturation)

2 add primers and let them anneal to the
templates

3 polymerases elongate the primers producing
complementary strands

4 repeating steps 1-3 the part between (and
including) the primers is amplified
exponentially.

For the efficient Polymerase Chain

Reaction (PCR) method Kary Mullis

got the Nobel Prize (1993).
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Amplification steps

PCR variants are typically used to amplify the DNA first:

emulsion PCR (used by Roche/454, ABI SOLiD, Ion Torrent)

Nature Reviews | Genetics
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Figure 1 | Template immobilization strategies. In emulsion PCR (emPCR) (a), a reaction mixture consisting of  
an oil–aqueous emulsion is created to encapsulate bead–DNA complexes into single aqueous droplets. PCR 
amplification is performed within these droplets to create beads containing several thousand copies of the same 
template sequence. EmPCR beads can be chemically attached to a glass slide or deposited into PicoTiterPlate  
wells (FIG. 3c). Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the 
single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
dNTP, 2 -deoxyribonucleoside triphosphate.

Mate-pair templates
A genomic library is prepared 
by circularizing sheared DNA 
that has been selected for a 
given size, such as 2 kb, 
therefore bringing the ends 
that were previously distant 
from one another into close 
proximity. Cutting these circles 
into linear DNA fragments 
creates mate-pair templates.

are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
tical templates for a given cycle. This places a greater 
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solid phase or bridge PCR (used by Illumina)

Nature Reviews | Genetics
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an oil–aqueous emulsion is created to encapsulate bead–DNA complexes into single aqueous droplets. PCR 
amplification is performed within these droplets to create beads containing several thousand copies of the same 
template sequence. EmPCR beads can be chemically attached to a glass slide or deposited into PicoTiterPlate  
wells (FIG. 3c). Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the 
single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
dNTP, 2 -deoxyribonucleoside triphosphate.

Mate-pair templates
A genomic library is prepared 
by circularizing sheared DNA 
that has been selected for a 
given size, such as 2 kb, 
therefore bringing the ends 
that were previously distant 
from one another into close 
proximity. Cutting these circles 
into linear DNA fragments 
creates mate-pair templates.

are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
tical templates for a given cycle. This places a greater 
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Next-generation sequencing

The 3rd Generation
(no amplification step)
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Helicos Helioscope (discontinued)
the first single-molecule sequencer
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Helioscope - the first single-molecule sequencer (discontinued)

Nature Reviews | Genetics

C
C C

C

Each cycle, 
add a 
different
dye-labelled 
dNTP

G
C

T

A

G
G

G

G
A

G
C T

A

F

C

C

C

C

GC
G

GC
G

GC
G

a  Illumina/Solexa — Reversible terminators

Incorporate 
all four 
nucleotides, 
each label 
with a 
different dye

Repeat cycles Repeat cycles

TGC

TGC

TGC
G CA

TGC

G CA
TGC

G CA
TGC

F

F

F F

FF
F

F F F F F F

F

F F
F

FF

F

F

F
F F

F
F

F
F

F

F

FF

F F F

Cleave dye
and terminating
groups, wash

Cleave dye
and inhibiting
groups, cap,
wash

Wash, four-
colour imaging

Wash, one-
colour imaging

C

G

A

T

T A G

C T A G

CTAGTG

c  Helicos BioSciences — Reversible terminators

b

Incorporate 
single, 
dye-labelled 
nucleotides

C

d

Bottom:
Top:

CATCGTTop:
Bottom: CCCCCC

CAGCTA

Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3 -O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3 -OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2 -deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3 -O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3 -OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2 -deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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Metzker (2012)

Note, that each of the
glass-bound molecules on the
left represents a single
sequencing template.

A real sequencing image:
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Examples for the 3rd Generation

Munroe + Harris (2010)

a PacBio SMRT (single-molecule real-time) DNA sequencing

b Life Technologies FRET (fluorescence resonance energy-transfer
technology) sequencing platform

c Oxford Nanopore

d Single molecule + Ion Torrent
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Pacific Biosciences (PacBio)
single molecule real time sequencing (SMRT)
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PacBio single molecule sequencing

Heiko A. Schmidt Bioinformatik für Biologen 389



PacBio sequencing cycles

Heiko A. Schmidt Bioinformatik für Biologen 390

Some Specs for PacBio SMRT sequencing

Sequencer reads/run length/read time/run error (%, type)

RS II 55k 12000 up to 6h 13% raw, indels

Sequel 385k 12000 up to 6h
according to Glenn (2011/2016)
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Oxford Nanopore PromethION and MinION

Heiko A. Schmidt Bioinformatik für Biologen 392

Nanopore sequencing

www.nextbigfuture.com
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Nanopore sequencing - directions through the pore

template: TAGGCT
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Nanopore sequencing

www.technologyreview.com
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Nanopore base calling with HMMs
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(Timp et al. 2012)

The signal change is influenced by the 3-4 contiguous nucleotides in
the center of the pore and the signals can be similar.
Thus, HMMs are used to deterine the best sequence from the signal,
e.g., applying the Viterbi algorithm.
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Nanopore Base calling with HMMs
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(Timp et al. 2012)

Viterbi shows much lower error rates compared to calling the nucleotides
one-by-one.
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Oxford Nanopore MinION

The technique can be miniaturized (picture: P. Rescheneder)
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Some Specs for Oxford Nanopore sequencing

Sequencer reads/run length/read time/run error (%, type)

MinION 0.6-4.4mio 10000 varies 4%, deletions

PromethION 26mio/flowcell 10000 varies same
according to Glenn (2011/2016)
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Generations of Sequencing

1 1st Generation:

mainly Sanger-based techniques
Maxam-Gilbert (discontinued)

2 2nd Generation (a.k.a. next-generation sequencing or NGS)
New techniques, usually incorporating an amplification step.

Roche/454 Pyrosequencing (discontinued)
Illumina
ABI SOLiD (Sequencing by Oligonucleotide LIgation and Detection)
(discontinued)
Ion Torrent

3 3rd Generation
Techniques which aim at avoiding the amplification step, single
molecule sequencing.

Helicos (discontinued)
PacBio (Pacific Biosciences)
Oxford Nanopore
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Sanger vs. NextGen Sequencing

Sanger can produce (high-quality) read for about 96 samples with
read-length up to 1000bp.

NextGen Sequencing methods like Illumina can produce only
read-lengths between 36 and 300, however, millions of them.

This results in much larger numbers of bases per run and is much
cheaper than Sanger, but the short read-lengths pose severe problem
in the later processing.
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Sequencing Costs
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Sequencing Costs vs. Storage Costs

http://ivory.idyll.org/permanent/lstein-ngs-capacity.pngHeiko A. Schmidt Bioinformatik für Biologen 403



Genome Sequencing, Assembly and NGS Data
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Shotgun sequencing

− de−novo assembly (reconstruct directly from reads)

− reference−guided assembly (map against reference)

Aim: reconstruct template sequence from reads

many sequencing reads

b)a)

reads
paired−endsingle−end

reads

sequence the ends of the fragments

build sequencing library (add adaptors etc)

break template into random fragments

template (e.g. genome)
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Reference-based Genome Assembly

If a reference genome of the sequenced species exists (or a relatively
close taxonomic relative), we can use it to guide the assembly.

The reads are mapped to the reference genome using approximative
search algorithms.

The closer the reference is to the sequenced genome, the easier is the
mapping and assembly.

From mapped contiguous reads we construct consensus sequences -
the contigs.
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Why re-sequencing

Why re-sequencing if a close reference genome already exists?

Typically one does not re-sequence exactly the same individual the
reference originated from.

Usually one uses the reference to find

the differences in an individual carrying a disease (e.g. personalized
medicine),
the characteristic changes in a new infectious virus (epidemiology),
the abundance of alleles in a population (population genetics),
or just to make the assembly of the (yet unassembled) genome of a
related species a little bit easier.
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de novo Genome Assembly

If no reference genome exists, assembling the sequenced genome is
much harder.

We have to find overlapping reads to stitch them together to longer
and longer contigs.
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Overlap Layout Consensus (as in CAP3): Overlap search

nothing new7:

...
3

76

3
3:

6

2

3

2
2:

2

6

5

1
1:

3

1

local alignments for:

6531 742

concatenate with separation letters:

3
2
1

4

6
5

7

reads:

1 concatenate reads (separated by a separation character)
2 identify candidate overlaps (local alignments of reads against the

concatenated string)

discard the trivial matches (i.e. read i matches itself)
each pair only once (result of i vs j should be identical to j vs i)
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Overlap Layout Consensus (as in CAP3): Filtering

3

7

2

6

2

6

1

5

6

3

3

2

3
1

3 remove poor quality reads
4 compute global alignment for high quality pairs.
5 evaluate alignments due to

1 minimum length
2 minimum identity
3 minimum similarity
4 number of high-quality (true) mismatches

6 remove pairs that do not match thresholds 5.1-5.4.
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Overlap Layout Consensus (as in CAP3): Contig building

7 4 2

6

2

6

1

5

6

3

3

2

3
1

7 add all reads without overlaps

8 generate a general layout using overlapping reads
(ordered with decreasing overlap scores)

9 check for incompatibilities

1 in the layout (remove greedily from layout)
2 between overlap candidates (remove candidate greedily)

10 construct consensus sequence for each contig
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Overlap Layout Consensus (as in CAP3): Contig building

contigcontigcontig

ca b

consensus

2

5

6

7 4
3

1

7 add all reads without overlaps

8 generate a general layout using overlapping reads
(ordered with decreasing overlap scores)

9 check for incompatibilities
1 in the layout (remove greedily from layout)
2 between overlap candidates (remove candidate greedily)

10 construct consensus sequence for each contig
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Overlap Layout Consensus (as in CAP3): Scaffolding

wvu

(now, assume that all above contigs were constructed from many shorter reads.)

11 the set of contigs can often be extended

12 using additional information like paired-end reads (if available)

13 order contigs to bring matching paired-ends next to each other

14 orientate contigs according to the paired-ends

15 fill the gaps with N’s according to the insert sizes used when
preparing the sequencing library

16 the joined contigs are called super-contigs or scaffolds
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Overlap Layout Consensus (as in CAP3): Scaffolding

super−contig / scaffold

vwu

(now, assume that all above contigs were constructed from many shorter reads.)

11 the set of contigs can often be extended

12 using additional information like paired-end reads (if available)

13 order contigs to bring matching paired-ends next to each other

14 orientate contigs according to the paired-ends

15 fill the gaps with N’s according to the insert sizes used when
preparing the sequencing library

16 the joined contigs are called super-contigs or scaffolds
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Assembly Completeness and Contig Location

usually it is not possible to easily assemble each chromosome into a
single contig or scaffold
(e.g. due to repeats, low quality regions, too low read coverage)

thus, it can be important to locate scaffolds in the genome using,
e.g., FISH (fluorescence in-situ hybridization) with genetic markers.
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Assembly from 2nd and 3rd generation sequencing reads

CAP3 has been developed for Sanger sequencing reads.

NGS reads are typically shorter and come in huge numbers.

Thus, also the overlaps are short, producing false positives easily.

Assembly of NGS data works along the same principles.

However they have to employ more elaborate methods to deal with
the amount of data, the short overlaps and to efficiently detect false
positive overlaps.

A number of such tools apply approaches like de Bruijn graphs.
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