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Abstract

Oxford Nanopore’s third-generation single-molecule sequencing platform promises to decrease costs for reagents

and instrumentation. After a 2-year hiatus following the initial announcement, the first devices have been released

as part of an early access program. We explore the performance of this platform by resequencing the lambda phage

genome, and amplicons from a snake venom gland transcriptome. Although the handheld MinION sequencer can

generate more than 150 megabases of raw data in one run, at most a quarter of the resulting reads map to the refer-

ence, with less than average 10% identity. Much of the sequence consists of insertion/deletion errors, or is seemingly

without similarity to the template. Using the lambda phage data as an example, although the reads are long, averag-

ing 5 kb, at best 890 � 1932 bases per mapped read could be matched to the reference without soft clipping. In the

course of a 36 h run on the MinION, it was possible to resequence the 48 kb lambda phage reference at 163 cover-

age. Currently, substantially larger projects would not be feasible using the MinION. Without increases in accuracy,

which would be required for applications such as genome scaffolding and phasing, the current utility of the MinION

appears limited. Library preparation requires access to a molecular laboratory, and is of similar complexity and cost

to that of other next-generation sequencing platforms. The MinION is an exciting step in a new direction for single-

molecule sequencing, though it will require dramatic decreases in error rates before it lives up to its promise.
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Introduction

We live in a period of amazing technological change. In

the past 10 years, an explosion of sequencing technolo-

gies has challenged dominance of venerable, decades-old

Sanger sequencing. These include massively parallel,

second-generation sequencing technologies such as the

widely used pyrosequencing (Roche 454), sequencing by

synthesis (Illumina), ion semiconductor sequencing (Ion

Torrent) and sequencing by ligation (SOLiD) platforms

(Margulies et al. 2005; Bentley et al. 2008; McKernan et al.

2009; Rothberg et al. 2011). Before second-generation

sequencing technologies peaked, single-molecule third

generation sequencing platforms started to appear, such

as those developed by Helicos and Pacific Biosciences

(Pushkarev et al. 2009; Korlach et al. 2010). Some technol-

ogies came and went in a matter of years, such as those

by Helicos and Roche, being replaced by their more rap-

idly evolving competitors. Others, like Ion Torrent and

SOLiD, have struggled to gain market share from

Illumina, which capitalized on an early edge with more

rapid improvements in sequencing chemistry, and more

extensive bioinformatic tools. Use of all next-generation

sequencing platforms requires substantial investments –

in the sequencers themselves, which run in the hundreds

of thousands of dollars, and in sequencing reagents,

which cost in the thousands (Glenn 2011; Quail et al.

2012). In addition, developing analytical pipelines

involves considerable expenditure of human capital.

Therefore, choosing the right platforms has become a

critical decision for individual researchers, and even for

sequencing centres, as they pool their resources to afford

emerging technologies.

Each of the new technologies comes with significant

limitations. Most of them, such as Illumina, SOLiD and

Ion Torrent generate short reads, rarely exceeding

several hundred bases. Pacific Biosciences real-time sin-

gle-molecule sequencing offers reads on the scale of kilo-

bases, but at the cost of significantly increased error rates

(Carneiro et al. 2012). Illumina’s sequencing platforms

currently attain the best balance between read lengths,

error rates and cost (Loman et al. 2012). While the overall

cost per base has been dropping at a rate exceeding
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Moore’s law, the rate of decrease has recently slowed,

with recent advances providing steady but incremental

improvements (Wetterstrand 2014).

The promise of longer reads, and at a lower cost, has

fuelled excitement about new sequencing applications,

unattainable by current technologies. Although short-

read platforms are the current standard for resequencing

applications, short reads can produce mismappings and

misalignments, making regions heterozygous and repeti-

tive regions of the genome inaccessible (McKenna et al.

2010; Li 2011). Similarly, short reads alone cannot resolve

genomic structural variation, or haplotypic structure,

which are important for many applications from popula-

tion genetics to disease mapping (Kitzman et al. 2011).

The relatively high cost of sequencing has impeded the

progress of personal genomics, as few can afford it at the

current prices (Desai & Jere 2012). Finally, the extreme

expense of the sequencers, which may cost more than a

million dollars (Glenn 2011), prevents most laboratories

and even many universities, from having one on site. In

general, the relatively high cost of next-generation

sequencing can only be borne by relatively well-funded

laboratories, and even they often have to spend time

waiting in queues before their runs are scheduled.

Despite their limitations, advances in next-generation

sequencing have been so rapid that they have ceased to

amaze. New single-molecule methods, particularly nano-

pore sequencing, promise to significantly expand

the realm of possibilities by greatly decreasing costs

(Stoddart et al. 2009). Two years ago, a startup called

Oxford Nanopore announced the launch of a new third-

generation single-molecule sequencing platform. By

moving single-pore sequencing technologies to market,

Oxford Nanopore promised read lengths orders of mag-

nitude longer than existing technologies, together with

low per-base costs, and a tiny futuristic USB-powered

sequencer. The hand-held $1000 sequencer, with a sim-

ple library preparation process, promised to democratize

sequencing, making it affordable to a larger community

and perhaps even to citizen-scientists. After announcing

their disruptive technology, and generating a viral

amount of interest on the Internet, the company went

silent for 2 years (Fig. 1).

After the long hiatus, Oxford Nanopore finally

released its portable MinION sequencer for beta testing

by a broader community of users as part of the MinION

Access Program (MAP). This report reviews the Min-

ION’s performance and compares it to existing technolo-

gies. A comparison between the earliest available

versions of a technology and that of its more mature

competitors may seem premature and unfair. We also

caution readers that the results we report here are among

the very earliest available for the MinION, and its perfor-

mance will likely improve. For instance, base calling for

the MinION sequencers is carried out using a hidden

Markov model (Timp et al. 2012), and the massive

amount of data obtained during the MAP should allow

the model to be substantially improved. However, it is

also important for the scientific community to receive

timely objective peer-reviewed evaluations of the new

technologies, to allow potential users to determine

whether the level of performance is appropriate for their

applications, or whether they should await a major

upgrade. We can also use the history of other platforms

as a guide to see whether any shortcomings of the new

technology will be easy to overcome. Here, we overview

early results and discuss their utility for existing applica-

tions in molecular ecology.

Library preparation and sequencing on the
MinION

Detailed methods for these analyses are available as an

electronic supplement; source code and data are likewise

available (see Data Accessibility). We used two of the

library preparation kits provided by Oxford Nanopore,

genomic DNA, and amplicon sequencing kits. The for-

mer was used to sequence the lambda phage genome

(Sanger et al. 1982), while the latter was used to sequence

cDNA from the venom gland of the pitviper, Protobothr-

ops flavoviridis, which has been extensively characterized

by Illumina sequencing and mass spectrometry (Aird

et al. 2013). The runs were performed on separate flow

cells.
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Fig. 1 Buzz surrounding Oxford Nanopore sequencing technol-

ogy as measured by Google Trends based on search volume.

The plot shows a continuing increase in interest in illumina’s

sequencing technology, and rapid decline in the popularity of

Roche’s. Oxford Nanopore’s announcement of its sequencing

technology and the MinION went viral, when it was unveiled in

early 2012, but interest gradually decreased as the actual plat-

form failed to materialize for the next 2 years. The search was

conducted by searching for platform names as listed in the leg-

end, plus the word ‘sequencing.’
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Library preparation is similar to that for other next-

generation applications, requiring DNA shearing, end

repair, adaptor ligation and size selection. Once these

steps are complete, the library must be conditioned, and

then it is ready to load on the sequencer. Library prepa-

ration takes about half a day and is of comparable com-

plexity and cost to library preparation for other

platforms. Finally, DNA is ‘conditioned’ by the addition

of a motor protein, a step that requires a 30-min incuba-

tion that can be extended to overnight, for a greater num-

ber of 2D calls. The libraries are then mixed with buffer

and a ‘fuel mix’ and loaded directly into the sequencer.

The run parameters are configured using Oxford Nano-

pore’s MINKNOW software. As the sequencer runs, base

calling takes place in real-time using Oxford Nanopore’s

Metrichor cloud service. For optimal yield, the MIN-

KNOW must be refilled with additional library every 4 h

during a 48 h run, which is the lifetime of a flow cell. To

comply with the refill schedule, we worked in shifts,

except for an 8-h break at night when there were no

refills. Data can be analysed using either 1D or 2D

workflows. The ingenious 2D workflow uses a hairpin

adaptor, which links the top and bottom strands of

double-stranded DNA into one strand. The base caller

recognizes the hairpin sequence and aligns both strands

of the template molecule, with the goal of improving

sequencing accuracy.

Read lengths, yield and accuracy

We acquired sequence data from Enterobacteria phage

lambda genomic DNA for 36 h (Fig. 2). This period of

data acquisition is close to the life of one flow cell, which

fully ceased to generate data by about 48 h. For all

libraries, reads were mapped to the reference using

BLASR, a mapper developed for long, relatively inaccurate

reads of the Pacific Biosciences sequencer (Chaisson &

Tesler 2012), and also using BLASTN (Altschul et al. 1990)

(Table 1).

Although the raw yield of the MinION is impressive,

both in terms of read lengths and data output, the accu-

racy was extremely low. For the lambda phage, about

10% of the reads actually mapped to the reference using

BLASR; their identities were 2.2% and 8.9% for the 1D and

2D workflows, respectively. This means that much <1%
of all the generated sequence faithfully matches the ref-

erence. BLASTN produced similar results, although more

short sequences were detected, resulting in a higher per-

centage of mapped reads, but not leading to greater

overall coverage (Table 1). Many of the mapped reads

had only short segments of similarity, although there

were a number of 7–10 kb reads with matches along

much of their length (Fig. 3a). However, the mean iden-

tity was low for each mapped read, with fewer than one

in ten sites being correctly sequenced (Table 1). The

major sources of error in MinION data were indels,

particularly insertions that introduce spurious data

(Fig. 3b). Most of these errors do not appear systematic,
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Fig. 2 Read length distribution of raw data visualized as a

stacked histogram. A black trace overlays the DNA fragment

size distribution of the input DNA, as measured on an Agilent

Bioanalyzer. Read lengths were comparable for both workflows,

although the 2D workflow produced only about one-third as

many reads. Sequenced read lengths were about 2 kb shorter

than those in the input library. Although data acquisition soft-

ware indicated that 7 kb reads were the most common class of

reads during data acquisition, they were under-represented in

the final analysis.

Table 1 Sequencing and mapping statistics for one MinION

run of the lambda genome. ‘Aligned bases’ include all those

without soft clipping, but not necessarily with the correct

sequence. ‘Mapped read identity’ refers to the percentage of

bases in an aligned read that exactly match the reference. Over-

all, considering that the vast majority of the reads did not map,

much <1% of the overall sequence generated by the MinION is

identical to the reference. We do not present quality score data,

as they are derived by solving the HMM and are back calibrated

to the data; they do not correspond to quality scores produced

by other platforms. BLASR and BLASTN produced similar results

overall, although the total number of reads was higher with

BLASTN, which tended to find shorter matches. Means for aligned

bases per read are give � standard deviation

Workflow

1D 2D

Reads 29 458 11 094

Total sequenced bases 155 370 698 55 854 289

Reads mapped by BLASTN 7997 (27%) 2746 (25%)

Reads mapped by BLASR 3472 (12%) 909 (8%)

BLASR aligned bases 648 756 808 539

BLASTN aligned bases 687 148 772 443

BLASR aligned bases/read 187 � 243 890 � 1932

BLASTN aligned bases/read 23 � 73 70 � 423

BLASR coverage (fold) 13.5 16.8

BLASTN coverage (fold) 14.3 16.1

BLASR mapped read identity (%) 2.2% 8.9%

BLASTN mapped read identity (%) 0.4% 1.1%
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and the consensus sequence can be called in most cases

using 16 9 coverage, although even deeper coverage

would be necessary for an error-free haploid sequence.

The high rates of indels may be due to thermodynamic

noise causing uneven movement of the DNA strand

through the pore, resulting in regions without signal, or

with spurious signal. The reliance on a HMM may also

make this method sensitive to reaction conditions,

which may be different from those used in the model’s

training.

Results were far worse for the snake cDNA library

amplicon sequencing run, which generated only 1429

1D reads (1.0 mb), in the course of 24 h (and just 16 2D

reads). Reads were mapped to a reference assembly of

the P. flavoviridis transcriptome (Aird et al. 2013), but

few 1D reads aligned (10 by BLASR and 21 by BLASTN). In

an attempt to possibly correct errors in the MinION

data, we also mapped GAII reads from Aird et al. (2013)

to the MinION reads. This was not a successful strategy;

most of the mapped Illumina reads were localized to

relatively short regions within MinION reads that had

homology to the template, with most of the read having

no coverage. Despite aggressive alignment settings, per-

mitting a divergence of 12% between template and read,
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Fig. 3 Alignment of 909 MinION reads processed by the 2D workflow to the lambda phage reference genome. (a) Positions of reads are

colour-coded by their identity to the reference. There were relatively few long reads with more than 20% identity; however some of the

mapped reads reached nearly 10 kb in length. The longest read from the 2D workflow was 21 kb, far longer than the mean fragment

size. (b) Representative alignment over a short genomic region, highlighting errors made by the MinION. Most errors resulted from

insertions and deletions, resulting in low overall sequence identity. Insertions, in particular, are associated with spurious sequence that

does not match the template. For insertions within BLAST-aligned reads, all the nucleotides (A, C, G, T and N) were approximately

equally distributed, but with a slight excess of Gs and Cs (55%), relative to As and Ts. It was possible to call a consensus sequence at

most, but not all of the sites.

© 2014 John Wiley & Sons Ltd

1100 A. S . MIKHEYEV and M. M. Y . T IN



overall alignment rate was only 1.4%. Poor mapping

performance by the MinION was not due to incorrect

transcriptome assembly, as the most abundant proteins

were previously validated by mass spectrometry (Aird

et al. 2013). Only five of the 22 BLAST hits from MinION

reads to NCBI’s nr database actually matched snake

sequences, though not necessarily the correct species,

and one read matched a synthetic spike-in added to the

total RNA (See Data S2, Supporting information). Curi-

ously, the GC content of the MinION reads was close to

that of the lambda reference even for the snake libraries,

despite the fact that the transcript assembly is highly

AT biased (Appendix S1). This suggests that the base

caller model may be over-trained on lambda genomic

sequence.

Utility and possible applications

Sequencing by synthesis currently dominates molecular

ecology (Narum et al. 2013). One of the great potential

advantages of having a portable low-cost sequencer,

such as the MinION, and of simple library prep, is that

laboratory work could move closer to the field. Many

applications would benefit from shortening the time

from specimen collection to first sequence data. For

instance, mobile laboratories could conduct DNA associ-

ated with disease outbreaks in the field, or teams

deployed at a remote field station could use molecular

barcoding to track endangered species. Provided that

there is an Internet connection plus access to basic labo-

ratory facilities and refrigeration, these applications

might actually work with the MinION. Given an anony-

mous sample, the MinION data could be matched to a

given reference and may work for some diagnostic appli-

cations. With the use of a spike-in control, the amount of

the target sequence in the sample might even be quantifi-

able, although given that the number of reads from the

MinION is relatively low, it will not have sufficient

dynamic range to resolve anything but course-grained

quantitative differences.

Templates that are difficult to amplify, such those

high in GC content or containing inverted repeats, pose

problems for sequencing by synthesis platforms

(Nakamura et al. 2011). Because it does not rely on PCR,

Oxford Nanopore’s technology may be useful for such

samples. Direct sequencing could also benefit a range of

molecular ecology applications, such as sequencing of

gut contents without PCR-introduced biases, which

would be useful for trophic ecology (Andrew et al. 2013).

Currently, the low number of reads and relatively high

DNA input requirements (1 lg), offset any benefits of

eliminating PCR. If these parameters can be improved,

the MinION might become a useful tool for direct

sequencing of field-collected samples.

Because of its extraordinarily high error rates, the cur-

rent iteration of Oxford Nanopore technology is close to

useless for genotyping applications, which account for

much of genomics research. Together with other kinds of

data, such as more accurate Illumina reads, it may assist

genome assembly through scaffolding, similar to the

way Pacific Biosciences reads are used now (Quail et al.

2012). However, our attempt to do this has not been suc-

cessful, because large regions of a MinION read have no

homology to the template. Although there is a need for a

low-cost scaffolding solution, the yield and accuracy of

the MinION will need to increase dramatically for this to

work for large genomes, where scaffolding is most

needed. Scaffolding might even work without an overall

decrease in error rate, but reads would need to contain

multiple regions homologous to the template to be pres-

ent, allowing different contigs to be joined. Because of

their length, Oxford Nanopore reads may also be useful

in phasing Illumina data. However, a series of niche

applications in symbiosis with another platform may not

make this technology worthwhile, or even commercially

viable.

Conclusions and outlook

The current iteration of the MinION is not ready for rou-

tine use. A 36-h run was largely able to reconstruct the

sequence of 48 kb-lambda phage by mapping (Fig. 3). By

contrast, it would take more than 100 MinION-days (and

50 or more flow cells) to sequence the 4.6 mb genome of

its host bacterium (Escherichia coli) (Blattner et al. 1997) to

the same depth. By comparison, existing desktop plat-

forms, such as the 454 GS Junior and the Illumina MiSeq,

can accomplish this in two runs, and about 1% of a run,

respectively. The snake cDNA data were useless for any

practical purpose. Poor performance does not automati-

cally damn an early version of a technology, as all next-

generation sequencing platforms started with major

shortcomings, typically short reads. Some, most notably

Illumina, have managed to overcome them; others like

Roche 454 and Helicos, have not, and have gone bank-

rupt, or have been shut down. So, how much better does

the MinION need to be, and is it likely to get there?

We can use the evolution of other platforms as a

guide. Yields have increased across the board, in the case

of Illumina technology, by three orders of magnitude,

from a gigabase to a terabase. By contrast, platform error

rates have not improved comparably. In addition to

improvements in sequencing chemistry, which gradually

enhance performance, platforms like Pacific Biosciences

mitigate errors by resequencing the same DNA fragment

multiple times (Travers et al. 2010). Such strategies

depend on the topology of the template and will be

much more difficult with a pore-based technology,

© 2014 John Wiley & Sons Ltd
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although Oxford Nanopore increases its accuracy four-

fold with 2D sequencing (Table 1). It seems likely that

Oxford Nanopore can greatly increase the yield by

increasing the number of pores used for sequencing.

However, as <1% of the raw base calls were identical to

the reference, an improvement of at least two orders of

magnitude is in order for the technology to find a wide

range of uses. If the error rates will be lowered so drasti-

cally, such an improvement would be unprecedented in

the history of next-generation sequencing. Then again,

with a fundamentally new technology, anything seems

possible.
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