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Perspective
Third generation sequencing: technology and its potential
impact on evolutionary biodiversity research
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Next generation sequencing transformed the ﬁeld of evolutionary biology and high throughput sequencing platforms are
routinely used in phylogenomic, population genomic or metagenomic studies. Here I review the recent technical
advancements of third generation sequencing instruments, thereby covering nanopore sequencing and single molecule realtime (SMRT) sequencing. The output and error rates are compared with sequencing platforms of the second generation
(454 pyrosequencing, Illumina and Ion Torrent). Third generation sequencers produce sequence reads in hitherto
unprecedented lengths and will help to strongly increase the quality of genome assemblies. Moreover, the speed of
sequencing and ease of sample preparation enables sequencing in the ﬁeld. Even though the output and error rate of the new
generation of sequencer remains to be improved, new possibilities for evolutionary research will open up in the near future
by these new techniques.
Key words: assembly, evolution, genome, metagenomics, nanopore sequencing, next generation sequencing, single
molecule real-time sequencing

Introduction
DNA sequencing was dominated by Sanger’s chain termination method (Sanger, Nicklen, & Coulson, 1977) for
decades. A milestone in the use of DNA sequencing was
the sequencing of the human genome, which was
announced in 2001 by two competing consortia. The costs
for the human genome sequencing project were estimated
to reach US$3 billion (Collins, Morgan, & Patrinos,
2003). Subsequent projects exploring the diversity and
functionality of the human genome triggered a much
needed advancement in DNA sequencing methods. Massively parallelized high throughput approaches were
developed, known as next generation sequencing (NGS)
techniques (Glenn, 2011; Metzker, 2010). 454 pyrosequencing (Margulies et al., 2005) became widely used in
evolutionary studies early on, as a high number of reads
which were comparable in length to those from Sanger
sequences (now up to 1000 bp) were the output of single
runs. Even higher outputs of literally billions of reads per
run are available from Illumina sequencers based on
reversible terminator sequencing (Bentley et al., 2008).
Correspondence to: Christoph Bleidorn. E-mail: bleidorn@
uni-leipzig.de
ISSN 1477-2000 print / 1478-0933 online
Ó The Trustees of the Natural History Museum, London 2015. All Rights Reserved.
http://dx.doi.org/10.1080/14772000.2015.1099575

However, read lengths are much shorter in this technique,
with the newest generation of Illumina machines now outputting high quality reads approaching 250 300 bp
(http://www.illumina.com/systems/sequencing.html). The
most recent of the second generation technologies to
become available is Ion Torrents’ Ion Proton sequencer
(Rothberg et al., 2011). This technique, which in contrast
to Sanger, 454 and Illumina does not rely on an optical
approach, enables fast and cheap sequencing with
machines that are less expensive to purchase.

NGS transformed biodiversity research
In 2015, 454 pyrosequencing is ready to be retired and
will not be supported by the distributing company (Roche)
after 2016. However, 454 sequences are still commonly
used in amplicon-based metabarcoding studies (Petrosino,
Highlander, Luna, Gibbs, & Versalovic, 2009; Yu et al.,
2012). Illumina as the leader on the DNA sequencing market announced the sequencing of human genomes for less
than $1000 (doi: 10.1038/nature.2014.14530). Phylogenomic studies using transcriptome sequencing, target
enrichment strategies or whole genome sequencing usually rely on this technique (Gerth, Gansauge, Weigert, &
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Table 1. Comparison of the output of selected sequencing platforms. Numbers are according to companies or recent publications.
Platform

Sequencer

Costs sequencing
platform

Sanger
454
Illumina
Illumina
Illumina
Ion Torrent
Ion Torrent
PacBio
Nanopore

ABI 3730xl
GS FLX
HiSeq 3000
NextSeq500
MiSeq
Proton II
PGM 318
RS II
MinION

$100,000
$450,000
$750,000
$250,000
$100,000
$224,000
$50,000
$700,000
$1,000

Reads per
run/lane

Output per
run/lane

Maximal
read lengths1

Average run duration

96
1,000,000
300,000,0002
400,000,000
25,000,000
330,000,000
5,000,000
50,000
80,0004

100 kbp
700 mpb
150 gbp3
120 gbp3
15 gbp3
66 gbp
2 gbp
400 mbp
490 mbp4

1000 bp
1000 bp
250 bp
150 bp
300 bp
200 bp
400 bp
54 kbp
150 kbp

2 3 hours
24 hours
4 days
30 hours
24 hours
4 hours
7 hours
3 hours
n.a.4

1

Estimated for high quality reads, individual reads could be longer.
Single read run on one lane, capable of paired-end runs.
Output for paired-end runs (in case of HiSeq a single lane).
4
Machine run time is usually adjusted to need of sequencing depth, example given for an 48 hours run.
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Bleidorn, 2014; Johnson, Walden, & Robertson, 2013;
Lemmon, Emme, & Lemmon, 2012; Misof et al., 2014;
Moroz et al., 2014; Weitemier et al., 2014). Likewise,
affordable genome sequencing for non-model organisms
helped to transform the ﬁeld of population genetics to
population genomics (Ellegren, 2014). Moreover,
sequencing strategies reducing genome complexity as
established in various RADseq-approaches provide an
efﬁcient method for genotyping large sample sizes
(Andrews et al., 2014; Puritz et al., 2014). Adapted protocols for Ion Torrents’ Ion Proton sequencer make such
studies even more attractive for smaller labs, due to faster
handling and less expensive (see Table 1) sequencing
machines (Recknagel, Jacobs, Herzyk, & Elmer, 2015).

Third generation sequencing
A third generation of sequencing techniques recently
became available either commercially or at least for
selected beta-tester. Sequencers distributed by Paciﬁc
Biosystems (PacBio) use Single Molecule Real-Time
(SMRT) sequencing (Eid et al., 2009), whereas Oxford
Nanopore Techniques (ONT) developed a device for
nanopore sequencing (Branton et al., 2008). In contrast to
second generation techniques (454, Illumina, Ion Torrent)
these methods do not include an ampliﬁcation step during
sequencing library preparation, therefore enabling single
molecule sequencing. Moreover, the expected read
lengths are much higher than those of second generation
techniques, with average read lengths exceeding 6 8 kbp
and maximal read lengths exceeding 30 150 kbp (see
Table 1 for a comparison of sequencing platforms).
Single Molecule Real-Time (SMRT) sequencing is
based on monitoring polymerase activity while incorporating differently labelled nucleotides into the DNA strand

(Eid et al., 2009). Each nucleotide carries a base-speciﬁc
ﬂuorescent label on its phosphate group, which is released
when being incorporated by the polymerase. Incorporated
nucleotides are detected by real-time imaging during
strand synthesis. This basically means that the incorporation of nucleotides by a polymerase is ﬁlmed. The whole
process takes place in a small well which is surrounded by
aluminium walls called Zero-mode waveguide (ZMW).
Single DNA polymerase molecules are attached on the
surface of these wells, where their activity can be monitored. With a diameter of 70 nm and a depth of 100 nm
these wells are extremely small and »150,000 ZMWs are
comprised on so-called SMRT-cells for sequencing. For
the sequencing process, ﬂuorescent labelled nucleotides
are ﬂooded into these small cavities and their presence
while ﬂoating in and out is measured as background noise.
However, whenever a labelled nucleotide is associated
with the template DNA in the polymerase active site a
pulse of ﬂuorescence intensity can be recorded for the corresponding dye (Fig. 1, step 2). Such an emission of light
lasts some milliseconds and will be detected by the ZMW
sensor. After incorporation, the ﬂuorescent label is
cleaved away by the normal activity of the polymerase,
leading to a diffusion of the dye in the background and
subsequent drop of the emission signal (Fig. 1, step 3).
Now the next nucleotide can be incorporated and the
emission signal of its dye can be recorded (Fig. 1, step 4).
With this technique approximately 2 4 nucleotides are
synthesized per second. The emission spectra not only
help to unravel the DNA sequence of the template molecule, but also reveal possible epigenetic modiﬁcations due
to subtle differences in emission patterns (Flusberg et al.,
2010). The sequencing process is rather fast and takes
about 4 hours per SMRT-cell. Reads are considerably longer than those of second generation sequencers, averaging
more than 10 kbp, including reads as long as 54 kbp (Lee
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Fig. 1. In Single Molecule Real-Time (SMRT) sequencing the emission spectra of ﬂuorescent labelled nucleotides are detected while
being incorporated by the polymerase. Reprinted by permission from Paciﬁc Biosciences.

et al., 2014). However, a caveat of the technique is the
high error rate, which is estimated to be up to 20% (Hackl,
Hedrich, Schultz, & F€orster, 2014). The output per
SMRT-cell is, at »400 mbp, also relatively small
(Table 1).
With the MinION, ONT have developed the ﬁrst available device for nanopore sequencing. These sequencing
devices are the size of a small cell phone and can be
plugged into the USB of a laptop (Fig. 2), making them
ideal for ’sequencing to go’. The ﬁrst MinIONs were distributed to selected laboratories for beta-testing in early
2014. The principle of the underlying technique is based
on biological nanopores. Some toxins, such as the staphylococcal a-hemolysin protein, are able to form a pore
within a phospholipid bilayer, thereby creating a small
channel measuring a few nm in diameter (Feng, Zhang,
Ying, Wang, & Du, 2015). When placing the bilayer in a
salt solution, electrodes can be used to form an ionic gradient. Negatively charged DNA can be forced by this gradient to pass the nanopore and each nucleotide passing the

Fig. 2. ONTs MinION sequencing device attached to a laptop
computer. With permission of Oxford Nanopore Techniques.

pore characteristically decreases the amplitude of the ion
current, which can be detected by a sensor (Branton et al.,
2008; Clarke et al., 2009). The MinION sequencing
device is equipped with 512 channels containing nanopores, each detecting »10 bp per second. The sequencing
is conducted by a method called strand sequencing. For
sequencing library preparation the ends of each DNA molecule are modiﬁed and a hairpin adapter is ligated to one
end of the molecule, while a motor protein is ligated to
the other (Goodwin et al., in press). The motor protein
ratchets the DNA molecule through the nanopore, by
which it becomes single-stranded (Fig. 3). However, single strands of one molecule are not separated, as they are

Fig. 3. Ratcheting of a DNA strand through a biological nanopore. Reprinted by permission from Macmillan Publishers Ltd:
Nature Biotechnology (Schneider & Dekker, 2012), copyright
(2012).
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connected by the hairpin-adapter. In the ideal case, one
strand passes through the nanopore, followed by the hairpin-adaptor and the second strand of the molecule. By this
it is possible to generate a consensus sequence (or 2Dsequence) for the sequenced DNA double strand. Due to
the length of the nanopore tunnel and the speed of the
process, more than one nucleotide is always present in
the pore at a time. Accordingly, usually the signal of
overlapping 5-mers is recorded, which means that the
cloud-based base-calling software MinKNOW needs to
distinguish 45 (1024) possible ionic current states for all
possible 5-mers to generate the raw sequence. Not surprisingly a high error rate is reported for all reads produced by
this technique so far, ranging from 25% to 40%. The output of the published studies ranged from 90 to 490 mbp
per 48 hours, with average read lengths around 6 kbp and
maximum read lengths of up to 150 kbp (Ashton et al.,
2015; Goodwin et al., in press; Laver et al., 2015; Quick,
Quinlan, & Loman, 2014). A benchmark study of the MinION Analysis and Reference Consortium reported that a
typical experiment yields »20,000 2D-reads comprising
115 mbp with an error of »12% (Ip et al., 2015). A successor for the MinION sequencing device, the MkII, was
announced at the ’London Calling 2015’ conference organized by ONT (http://events.nanoporetech.com/events/lon
don-calling-2015). This device should be available in
2016. Expected improvements include a higher output and
a lower error rate. The exact pricing scheme has still to be
announced. However, given that such devices may be used
for $20 an hour it will surely have a gigantic impact on
the ﬁeld of evolutionary biodiversity research.

Outlook
Third regeneration sequencing immediately offers three
key advantages: it generates long reads, it is fast, and it is
easy. The availability of long reads will have a major
impact on evolutionary studies involving assembly or barcoding approaches. Assembling genomes solely based on
short reads without any available reference genome
remains a challenge (Koren & Phillippy, 2015). De novo
assembly is usually conducted by k-mer assemblers
(Miller, Koren, & Sutton, 2010). For these methods
sequence reads are fragmented into even smaller pieces,
so-called k-mers, which usually range between 21 and
101. However, if genomes bear repetitive regions exceeding the length of a k-mer it becomes impossible to reconstruct them correctly, leading to highly fragmented
assemblies. Long reads (e.g., >8000 bp) allow signiﬁcant
improvements of genome assemblies (Koren & Phillippy,
2015). Instead of using k-mer assemblies, long reads can
be assembled with an overlap-layout-consensus approach
(Miller et al., 2010). Such methods were also used for
Sanger sequence reads, e.g., for the initial assembly of the

human genome. Long sequencing reads are overlapped
and this information is subsequently used for error correction. Corrected overlapping reads are then connected in a
graph, where nodes represent the sequence reads and
edges correspond to the overlap. Based on this information reads are laid out and consensus sequences are created. The potential of SMRT long reads has recently been
demonstrated as they are powerful in resolving long
repeat regions and might soon become the gold standard
in prokaryote genome sequencing (Chin et al., 2013). The
resulting assemblies were comparable in quality and contiguity to assemblies from Sanger sequencing. Moreover,
SMRT long reads have been used to resolve complex
genomic regions of chimp and human (Chaisson et al.,
2015; Huddleston et al., 2014). Initial results from nanopore sequencing also show that it is possible to reconstruct
a bacterial genome sequence solely with this technique
(Loman, Quick, & Simpson, 2015). Hybrid assembly
strategies have been developed to overcome the high error
rates of current nanopore derived sequences. Long nanopore reads were error corrected using high accuracy Illumina reads and subsequently assembled (Madoui et al.,
2015). Currently, massive sequencing of genomes from
organisms all over the tree of life is envisaged by different
consortia, many of them driven by research questions in
the ﬁeld of evolution (e.g., GIGA Consortium of Scientists, 2014; Grigoriev et al., 2014; i5K Consortium, 2013;
Koepﬂi, Paten, & O’Brien, 2015). In contrast to prokaryote (bacterial and archaeal) genomes, eukaryote genomes
are often characterized by a high percentage of repetitive
sequences (Brown, 2007), which are difﬁcult to assemble
with short reads. Long reads will signiﬁcantly improve de
novo genome assemblies for non-model organisms. This
will allow the methodological gap between model and
non-model species to be bridged, helping to elucidate the
hidden biology of many organisms (Dunn, Leys, &
Haddock, 2015).
Long sequence reads are not only desired for improving
genome assemblies, but also for metabarcoding and metagenomic studies. In both cases automated identiﬁcation of
species from environmental DNA (e.g., soil, water, etc.),
microbiomes, or from samples containing entire organisms is achieved (Taberlet, Coissac, Pompanon,
Brochmann, & Willerslev, 2012). Sequenced DNA reads,
usually 16S rRNA (prokaryotes), matK or rbcL (plants),
ribosomal ITS (fungi), or cox1 (animals) amplicons, are
compared with a reference database (e.g., Barcoding of
Life Database, NCBI GenBank) for identiﬁcation (Pawlowski et al., 2012). Longer reads will allow a more reliable assignment of DNA sequences to reference species
or bacterial strains, as complete genes instead of less
informative fragments could be targeted (Mitra, Schubach, & Huson, 2010). First studies using SMRT long
reads for amplicon identiﬁcation show that the longer
reads improve the species assignment of individual
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Fig. 4. Circular consensus sequencing (CCS). Sequencing libraries are constructed as SMRTbells, which consist of a doublestranded DNA fragment (separate strands in darker grey tones)
which has single stranded hairpin-adapters (light grey) ligated to
its ends. A primer site is within the hairpin-loop. Polymerase
with strand-displacement activity can copy the strands several
times, while sequence data are recorded. The resulting sequence
consists of several copies of the sequence fragments (subreads),
always interrupted by an adaptor sequence. As the sequencing
error is randomly distributed, subreads can be used to create a
high quality consensus sequence.

sequence reads, though the comparatively high error rate
limits the usefulness of this approach as species richness
will be overestimated (Mosher, Bernberg, Shevchenko,
Kan, & Kaplan, 2013; Schloss, Westcott, Jenior, &
Highlander, 2015). However, with SMRT sequencing it is
possible to sequence the same molecule several times by
circular consensus sequencing (CCS) (Fig. 4) (Travers,
Chin, Rank, Eid, & Turner, 2010). For library preparation,
sequence fragments are capped with single stranded hairpin-loops as adaptors, resulting in circular molecules.
Starting from a primer site within the hairpin-loop, molecules can be sequenced multiple times. As the sequence
error seems to be randomly distributed, these sequences
are used to generate consensus sequences with an accuracy of 99%. Such sequences from CCS seem to be appropriate for metabarcoding studies (Fichot & Norman,
2013). Other applications for CCS include assembly free
genotyping of transcripts from complex gene families.
This has been demonstrated for MHC alleles from macaques and vomeronasal gene receptors of mouse lemurs
(Larsen, Heilman, & Yoder, 2014; Westbrook et al., in
press). Transcriptome analyses have become an important
tool to understand the genomic basis of adaptations or to
investigate phenotypic plasticity (Elmer & Meyer, 2011;
Schlichting & Wund, 2014; Stapley et al., 2010). Third
generation sequencing has the potential to eliminate
the step of transcriptome sequence assembly in general
(Martin & Wang, 2011).
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Third generation sequencing is fast and sequences are
retrieved in real-time. In the case of the MinION, raw data
are analysed using cloud computing by internet access.
MinION nanopore sequencing was used to genotype Salmonella strains from an outbreak in an English hospital
(Quick et al., 2015). The time from DNA sequencing to
strain typing was 6 hours, which included 1 hour of
sequencing and two hours of data analysis. Similar results
have been obtained for metagenomic analysis of human
blood samples for an unbiased screen for viral pathogens
(Greninger et al., 2015; Kilianski et al., 2015). Despite
producing highly erroneous reads viral strains could be
correctly assigned within less than one hour of sequencing. Nanopore sequencing is also easy to handle. The
sequencer is the size of a small cell phone, making it
highly portable. At the moment the bottleneck with the
use of this approach is access to the internet. The library
preparation is simple and takes around two hours. Using
this setup it was possible to sequence Ebola strains in the
ﬁeld. The virus genomes of 14 patients in Guinea (West
Africa) could be completely sequenced within 12 days, and
in one case it took only 48 hours after sample collection
(Hayden, 2015). All these studies beneﬁt from the fact that
the amount of sequencing needed can be controlled by parallel data analysis. That means, during sequencing it is possible to monitor if the desired sequences or sequence
coverage are approached. Currently, cartridges for automatic sample preparation (Voltrax) are under development,
which can be docked to the nanopore sequencing device
(https://www.nanoporetech.com/products-services/voltrax).
By using such a device the realization of the Star Trek
inspired DNA barcoding tricoder would ﬁnally be possible.
The speed of sequencing and ease of sample preparation
will open up further interesting possibilities, e.g., monitoring of metagenomic communities over time, or the realtime detection of environmental DNA.
The comparatively high error rate and low output of
third generation sequencers means that they cannot yet
replace Illumina or Ion Torrent sequencing. For many
evolutionary research questions in the ﬁeld of population
genomics, phylogenomics or metagenomics second generation techniques will remain state of the art for at least the
next few years. It has been demonstrated for SMRT
sequencing that methodological improvements strongly
improved the quality and length of sequence reads
(Mosher et al., 2014). A similar development is expected
for nanopore sequencing. Besides handheld MinION
sequence devices, ONT also announced the development
of high throughput bench-top sequencers (PromethION).
These machines will sequence with thousands of nanopores in parallel and output of several terabases per day is
expected (http://blogs.nature.com/tradesecrets/2015/05/
27/two-days-of-minion). A new sequencing revolution is
underway and will further transform the ﬁeld of evolutionary biodiversity research.

6

C. Bleidorn

Appendix
Amplicon
An amplicon is a fragment of DNA or RNA which has
been replicated by PCR. Usually speciﬁc genes for subsequent species or strain identiﬁcation are targeted with
next generation sequencing, e.g., cox1 for animals, rbcl
and matk for plants, ribosomal ITS for fungi, or 16s rRNA
for prokaryotes.

is the layout, where the relative position of sequence reads
(nodes) of every overlap graph is determined and arranged
accordingly into an alignment. This is conducted by
searching for a mathematical path describing a way to go
over every node exactly one time (Hamilton path). In the
last step, the resulting alignments are used to determine
consensus sequences which represent contigs.

Paired-end
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Assembly
Assembly is the process of constructing contiguous
sequences from sequence reads. A sequence derived from
assembling several sequence reads is called contig. Three
main types of assembly methods are currently in use:
greedy, overlap-layout consensus methods and k-mer
assemblies. De novo assemblies are those which do not
rely on an available reference genome.

Ion semiconductor sequencing
Ion semiconductor sequencing (as used in Ion Torrent
sequencers) analyses changes of hydrogen ion concentration. Any time when a nucleotide is incorporated into a
DNA strand by a polymerase, a hydrogen (or proton) is
released. The release of these protons is measured in realtime by so-called ion-sensitive ﬁeld-effective transistors.
As in pyrosequencing, the wells where the sequencing
takes place are ﬂooded in cycles with one sort of nucleotide at a time. Detection of changes in pH allows inferring
if and how many bases have been incorporated into a
sequence read.

k-mer
k-mers represent all possible substrings, of a given length,
of a sequence. Every analysed sequence will be fragmented in all possible k-1 overlapping fragments of this
size. For assembly, de Bruijn graphs are constructed,
where nodes represent sequences (k-mers) which are connected by edges in case they show a k-1 overlap. Contigs
are retrieved by traversing every edge of the graph exactly
once (Euler path). k-mer assemblies are the standard for
short read assemblies.

Overlap-layout-consensus (OLC) assembly
The OLC assembly can be divided into three steps. In the
ﬁrst step pairwise alignments of all sequence reads are
conducted. The information of overlapping reads is stored
in graphs, the so-called overlap-graphs. The nodes in the
graph represent sequence reads, whereas edges indicate
which reads are connected by an overlap. The second step

Sequencing of the same molecule from both ends is called
paired-end sequencing. This can typically be conducted
using the Illumina technique.

Pyrosequencing
Pyrosequencing (as used in 454 sequencers) is a technique
where nucleotides are released one after another and
washed over the template DNA strand to be sequenced. A
cascade of enzymatic reactions leads to the emission of
detectable light signal which is in its strength proportional
to the number of nucleotides incorporated during this step.

RADseq
Restriction-site associated DNA sequencing (RADseq) is
a method that sequences a reduced part of the target
genome. Therefore, target DNA is sheared by the use of
restriction enzymes and a size-selected subset of these
fragments is later sequenced. Several modiﬁed RADseq
protocols are in use and the choice of restriction enzymes
allows controlling the number of fragments to be
sequenced. RADseq is widely used for SNP (single nucleotide polymorphisms) discovery and genotyping in population genomic studies.

Reversible terminator sequencing
Reversible terminator sequencing (as conducted by Illumina sequencing machines) takes place on a ﬂow cell,
where billions of sequences can be processed. Based on a
sequencing-by-synthesis approach all four nucleotides are
added simultaneously to the ﬂow cell, together with polymerase. Every incorporated nucleotide is chemically
blocked at its 3’ OH-group and carries a removable ﬂuorophore for identiﬁcation by laser. After detection, the
blocking and the ﬂuorophore are removed and the process
of sequencing is continued by incorporating the next
nucleotide.

Target enrichment
By target enrichment genomic regions are selectively captured from a DNA sample before sequencing. Enrichment

Third generation sequencing
can be facilitated either by PCR, molecular inversion
probes or hybridization to target speciﬁc probes. In evolutionary diversity research target enrichment is often used
to generate datasets for phylogenomic studies or to enrich
for complete mitochondrial genome sequencing.
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