
Introduction to Genome 
Sequencing

Dr Liz Batty



How do we sequence bacterial genomes?

@SEQ_ID 
GATTTGGGGTTCAAAGCAGTATCGATCAA
+
!''*((((***+))%%%++)(%%%%).1*



Technology Machine Read length Output from one run Error Rate

Illumina
HiSeq 75-150bp 250-300Gb

<1%
MiSeq 75-300bp 15Gb

Ion Torrent 200-400bp 2Gb ~1%

PacBio Tens of kb Up to 10Gb ~15%

Oxford Nanopore Tens of kb, up to 1Mb ~15Gb ~15%



Illumina and Ion Torrent

• Cut DNA into short fragments
• Amplify 
• Add bases and detect incorporation



Illumina sequencing - amplification

Images from www.illumina.com
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Illumina sequencing – detection

Images from Metzker, M.L. (2010). Sequencing technologies - the next generation Nat. Rev. Genet. 11, 31–46.
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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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Illumina sequencing - detection

Images from illumina.com



https://www.flickr.com/photos/97397973@N05/19092162353/



Ion Torrent Sequencing – amplification

Images from Metzker, M.L. (2010). Sequencing technologies - the next generation Nat. Rev. Genet. 11, 31–46.

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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Ion Torrent Sequencing – detection

Image from Mardis, E.R. Next-Generation Sequencing Platforms. Annu. Rev. Anal. Chem. 2013. 6:287–303

AC06CH13-Mardis ARI 13 May 2013 16:4

Sensor plate

a
dNTP

Sensing layer

∆V

∆Q

∆pH

Bulk Drain Source

Silicone substrate

To column
receiver

H+

b

5' 3'
3' 5'

5' 3'
5'

Example

4 dNTPs

C

P
P

P

OH

Primer

dNTPs

Template

P5' P P

P P P P P P P
3' 5'

P

C T A G

H+

C T A G C T A G

OH

Figure 4
(a) Structure of the Ion Torrent Ion Chip used in pH-based sequencing. (b) pH sensing of nucleotide incorporation.

the chip, thereby providing a metric of single-base incorporation signal strength with which to
calibrate the remaining responses during the ensuing incorporation steps.

Because the Ion Torrent sequencer uses native nucleotides for the sequencing reaction, there
are no sources of noise akin to those identified for Illumina sequencing due to fluorescence or
blocking groups on the reactants. Rather, noise accumulates due to phasing wherein not all the frag-
ments are extended by nucleotide incorporation at each step. This effect is especially pronounced
at sites in the library fragments with multiple bases of the same identity (so-called homopolymers).
Coincidentally, the error model of Ion Torrent sequencing is defined largely by insertion or dele-
tion errors that are also most prevalent at homopolymers. Here, the effect is most pronounced
as the length of the homopolymer increases mainly due to loss of quantitation and ultimately
saturation of the pH detector. Substitution errors also occur, albeit at very low frequency, and
may be due to carryover effects from the previous incorporation cycle. Overall, the error rate of
this instrument on a per read basis averages approximately 1% (i.e., 1 in 100 bases).

During the 2 years since the Ion Torrent was introduced, the average read length obtained
has increased from 100 to 200 bp, produced as single-end reads. Unlike reversible terminator
sequencing, the use of native nucleotides and the different sequences present on each bead loaded
in the chip mean that incorporation rates differ from one bead to the next by incorporation cycle and
according to sequence. As a result, a wide range of read lengths are obtained from any sequencing
run, and this range increases as the total number of incorporation cycles increases. Throughput
has increased over time, from 10 Mb per run average to 1 Gb per run average, by coupling longer
reads with higher well density on the Ion Chip, which allows more beads to be sequenced per run.
Each run requires approximately 2 h to complete; an intermediate series of washes requires an
additional hour before the instrument can perform another run. Reaction volume miniaturization
and the mass production of the Ion Chip using standard semiconductor techniques make this

www.annualreviews.org • Next-Generation Sequencing Platforms 297
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https://www.flickr.com/photos/fdaphotos/8754348757/



PacBio and Nanopore - single molecule 
sequencing
• No amplification needed
• Reduces GC bias
• Allows for longer reads 
• Currently higher error rates



Pacific Biosciences (PacBio)

Images from Metzker, M.L. (2010). Sequencing technologies - the next generation Nat. Rev. Genet. 11, 31–46.
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Figure 4 | Real-time sequencing. Pacific Biosciences’ four-colour real-time sequencing method is shown.  
a | The zero-mode waveguide (ZMW) design reduces the observation volume, therefore reducing the number of stray 
fluorescently labelled molecules that enter the detection layer for a given period. These ZMW detectors address  
the dilemma that DNA polymerases perform optimally when fluorescently labelled nucleotides are present in the 
micromolar concentration range, whereas most single-molecule detection methods perform optimally when 
fluorescent species are in the pico- to nanomolar concentration range42. b | The residence time of phospholinked 
nucleotides in the active site is governed by the rate of catalysis and is usually on the millisecond scale. This 
corresponds to a recorded fluorescence pulse, because only the bound, dye-labelled nucleotide occupies the ZMW 
detection zone on this timescale. The released, dye-labelled pentaphosphate by-product quickly diffuses away, 
dropping the fluorescence signal to background levels. Translocation of the template marks the interphase period 
before binding and incorporation of the next incoming phospholinked nucleotide.

Fluorescence resonance 
energy transfer
This is generally a system that 
consists of two fluorescent 
dyes, one being a donor dye  
(a bluer fluorophore) and  
the other an acceptor dye  
(a redder fluorophore). When 
the two dye molecules are 
brought into close proximity 
(usually ≤30 nm), the energy 
from the excited donor dye is 
transferred to the acceptor 
dye, increasing its emission 
intensity signal.

Structural variants
All sequence variants other 
than single-nucleotide 
variants, including block 
substitutions, insertions or 
deletions, inversions, 
segmental duplications and 
copy-number differences.

Genome alignment and assembly
After NGS reads have been generated, they are aligned to 
a known reference sequence or assembled de novo8,44,45. 
The decision to use either strategy is based on the 
intended biological application as well as cost, effort and 
time considerations. For example, identifying and cata-
loguing genetic variation in multiple strains of highly 
related genomes, such as those found in specific species 
of bacteria46–51, C. elegans25,30,38 and Arabidopsis thal-
iana52, can be accomplished by aligning NGS reads to 
their reference genomes. This approach is substantially 
cheaper and faster than Sanger sequencing. SNVs can be 
readily identified, although in many cases, validation of 
these findings is required.

There are limitations to the alignment approach, such 
as placing reads within repetitive regions in the reference 
genome or in corresponding regions that may not exist 
in the reference genome28; the latter situation may result 
from gaps in the reference genome or the presence of 
structural variants (SVs) in the genome being analysed. 
Mate-pair reads can resolve the correct genome assign-
ment for some repetitive regions as long as one read in 
the pair is unique to the genome. A study by Egholm, 
Snyder and colleagues53 showed that Roche/454 read data 

(averaging 258 bases), derived from 3-kb sized mate-pair  
genomic libraries, could capture a larger fraction of 
SVs in the human genome, although this approach 
still identified fewer SVs than traditional fosmid-end  
sequencing approaches54.

De novo assemblies have been reported for bacte-
rial genomes and mammalian bacterial artificial chro-
mosomes55–59, but substantial challenges exist for their 
application to human genomes. A reasonable strategy for 
improving the quality of the alignment or assembly has 
been to increase the read coverage. An article by Frazer 
and colleagues26 challenges this approach by reporting 
systematic variability in local sequence coverage that 
was specific to different human genomic regions for the 
Roche/454, Illumina/Solexa and Life/APG platforms 
(other commercially available platforms were not evalu-
ated). Because each NGS platform examined produced a 
uniquely reproducible pattern of variable sequence cov-
erage, the mixing of different NGS read types in the align-
ment or assembly may remedy this shortcoming. Recently 
it was reported that mixing Roche/454 and Illumina/
Solexa read data resulted in improved de novo assem-
blies of microbial genomes compared with assemblies  
based on data from either platform alone60,61.
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https://www.flickr.com/photos/doe_jgi/3481004
5553/



Nanopore Sequencing



Nanopore Sequencing - detection

Loman, Nicholas (2014): Wiggle plot showing Oxford Nanopore signal data for a P. aeruginosa read. figshare.




